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Surface faulting earthquakes are known to cluster in time, from historical and
palaeoseismic studies, but the mechanism(s) responsible for clustering, such
as fault interaction, strain-storage, and evolving dynamic topography, are
poorly quantified, and hence not well understood. We present a quantified
replication of observed earthquake clustering in central Italy. Six active normal
faults are studied using **Cl cosmogenic dating, revealing out-of-phase periods
of high or low surface slip-rate on neighbouring structures that we interpret as
earthquake clusters and anticlusters. Our calculations link stress transfer
caused by slip averaged over clusters and anti-clusters on coupled fault/shear-
zone structures to viscous flow laws. We show that (1) differential stress
fluctuates during fault/shear-zone interactions, and (2) these fluctuations are of
sufficient magnitude to produce changes in strain-rate on viscous shear zones
that explain slip-rate changes on their overlying brittle faults. These results
suggest that fault/shear-zone interactions are a plausible explanation for

clustering, opening the path towards process-led seismic hazard assessments.

Introduction

It has long been known that earthquake recurrence is not strictly periodic, with
evidence for temporal earthquake clusters and elevated slip rates lasting hundreds to
thousands of years and containing several large-magnitude (M.>6) earthquakes on
single faults, separated by times of relative fault quiescence’?. Currently, we lack
understanding of what controls such aperiodicity. This confounds our attempts to
understand uncertainties and time-dependencies of seismic hazard, because the
greater the uncertainty in aperiodicity, the greater the uncertainty in recurrence

intervals, a vital input for time-dependent probabilistic seismic hazard assessment®.

The processes that produce slip-rate variations associated with the temporal clustering
of surface faulting earthquakes are debated?, but include (1) fault interaction, (2) strain-
storage in the crust and (3) evolving dynamic topography. Fault interaction occurs
where slip on a fault deforms the surrounding volumes of rock, modifying stresses that
alter the timing of slip on other structures in that volume?*®. Strain may be stored in
the crust due to deformation, or microstructural evolution and/or fluid infiltration
(rheological changes), both within the brittle fault zones and within their downward
continuations in the viscous lower crust known as shear zones®®’. There may also be
storage of residual elastic strain because strain release during individual earthquakes

lags behind the rate of elastic strain accumulation during the preceding interseismic
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period®®. Additionally, where dip-slip motion occurs across combined fault/shear-zone
structures, this builds topography, and this in turn alters the stresses acting on
fault/shear-zones and alter the potential for faulting and/or viscous slip and the timing
of deformation pulses®. Although we have this understanding, we lack quantified
examples where numerical models of the above processes replicate, and hence are
calibrated by, measurements of earthquake clustering. Therefore, the relative
contribution of the three processes listed above to earthquake clustering is unclear,
which is a challenge to developing a process-led approach to seismic hazard analysis

that includes clustering®*1°.

The hypothesis we investigate is whether the changes in differential stress (defined as
the difference between the largest (o;) and smallest (o3) principal stresses, o/—o3)
produced by fault/shear-zone interactions are of sufficient magnitude to drive changes
in strain-rate in viscous shear zones that in turn drive periods of rapid or slowed slip
on overlying brittle faults during clustering/anti-clustering. This hypothesis arises
because we note that the middle crust (~15-24 km) is weaker than the upper crust so
the former undergoes continuous viscous creep in shear zones that drives periodic
brittle slip on overlying faults''2. Slip on the combined fault/shear-zone structures will
produce changes in differential stress on neighbouring fault/shear-zones during their

interaction, and differential stress is related to strain-rate in the viscous material® by ¢

oc ¢, where ¢ is strain-rate, and o is differential stress raised to the power n. Thus,

changes in differential stress will produce changes in viscous strain-rate, but it is
unclear whether the magnitudes of these changes are sufficient to drive the changes
in slip-rate that occur over the time periods of hundreds to thousands of years

associated with surface faulting earthquake clusters and anti-clusters.

In this work, we present our findings concerning slip-rate changes on brittle faults in
central Italy (see location in Fig. 1a), and attempt to replicate the findings through
modelling (Fig. 2 & 3). The slip-rates and slip-rate changes are derived from in situ **Cl
cosmogenic exposure dating of bedrock fault scarps (Figs. 4 and 5)'*. The data confirm
the slip-rates and strain-rates averaged over 15 +3 ka in Figure 1, but reveal periods
of rapid slip on some faults, with up to 15 m of slip in as little as 3,500 years, that are
contemporaneous with periods of low or no slip on neighbouring faults across strike.
The faults are relatively short, 20-40 km in length, and scaling between fault length
and coseismic offsets suggests they should only be able to experience slip of ~1-2 m

in a single earthquake', so we interpret the periods of rapid slip as temporal
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earthquake clusters, and periods of low or no slip as anticlusters (following ref.?). The
finding that periods of rapid slip do not occur synchronously on all faults rules out a
regional explanation for the rapid exposure of the fault planes®'®. Instead, periods of
rapid slip are restricted to a sub-set of the faults, and these periods are
contemporaneous with periods of low or zero slip on other faults (e.g. Fig. 4). Out-of-
phase behaviour observed on neighbouring faults hints at interaction between these
structures over millennial timescales®"". Firstly, we show that the slip-rate changes
must be accompanied by strain-rate changes on underlying shear zones, otherwise
implausibly large stresses would build up on faults during anti-clusters lasting many
millennia. Secondly, we present the results of modelling that links interaction between
neighbouring fault/shear-zone structures, strain-rate changes and slip-rate changes

that produce earthquake clustering.

Results

Background to the modelling approach

An important insight into the potential cause(s) of clustering comes from recent work'®,
consistent with a classic idea'"'?, that slip on brittle faults in the upper crust is driven
by the slip on underlying viscous shear zones in the middle crust. On timescales longer
than that for a single coseismic slip event, the upper crust is relatively strong compared
to the middle crust because friction increases with depth before viscous deformation
initiates due to increasing temperature with depth (Fig. 2c). For example for the specific
case of the Whipple extensional detachment in eastern California and Arizona, the
upper crust has been shown to support differential stresses increasing from zero at the
surface to ~100-150 MPa or more at its base at ~10-12 km, with values decreasing to
as low as ~10 MPa over the ~12-20 km depth range where viscous flow initiates'®. The
change in crustal strength implies that slip on viscous shear zones occurs as creep
during the build-up stresses that lead to earthquake rupture. In other words, the
viscous slip drives the slip on the overlying brittle faults. Recent work'® confirms this
relationship, and the link to dynamic topography, because it revealed a correlation
between strain-rates derived from measurements of slip-rates on surface fault scarps®
and topographic elevation in the Italian Apennines (Fig. 1). The strain-rates were
averaged over a time period (15 £ 3 ka) longer than the timescale of clustered slip.

The correlation takes the form of a power law, where strain-rate, ¢ is related to the

elevation, h, in the form ¢ oc h”, with n = 3.26 (a similar exponent value was determined

for the extensional Walker Lane zone in the USA?'). These authors'® considered that
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h contributes to the differential stresses driving the deformation, alongside tectonic

forcing, because h contributes to the vertical stress. Hence ¢ o< h" resembles the

classic quartz flow law for dislocation creep in quartz shown in equation (1)'3, where,
¢ is strain-rate, A is a material parameter, fH-O is water fugacity, mis the water fugacity
exponent, o 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= AfH,0™(61—03)"exp(-Q/RT) 1)

The power law form & oc ¢" implies that slip-rates on the brittle faults we study are

driven by the strain-rate associated with the underlying viscous shear zones, implying
consistency of the finite strain between the brittle and viscous crust over timescales
involving multiple large magnitude earthquakes (Fig. 2a). This is consistent with
modelling where the strain produced by coseismic slip accrues in a few seconds, and
the strain in the middle crust catches up over the entire interseismic period, re-loading
the brittle fault?®. Thus, the strain over time periods containing multiple earthquake
cycles, and the strain-rates averaged over time periods longer than postseismic
deformation from a single earthquake, are the same in the upper and middle crust®*2*
(Fig. 2a).

The important question that arises is what would result if the differential stresses within
underlying shear zones varied over shorter timescales due to interaction with nearby
faults/shear-zones, and were not simply controlled by body forces and regional
tectonic forcing acting over the timescale of multiple seismic cycles'®. As described
above, fault slip produces shear strains that deform the surrounding volumes of rock,
imposing stresses that alter the timing of slip on other structures in that volume. The
same is true of slip across shear zones at depth, because viscous slip will deform the
surrounding rocks. The initial elastic deformation imparted onto a shear zone by
viscous slip across a neighbouring shear zone (Figs. 2c and d), will drive subsequent
deformation through viscous creep. Similar deformation behaviour is seen in laboratory
experiments, in that imposed transient stress changes induce an initial elastic
deformation of the rock/mineral sample which is followed by viscous creep?®®. We point
out that it is possible to link stress changes produced by slip on natural fault/shear-
zone systems to changes in the rates of viscous flow because differential stress is a
factor in the flow law for dislocation creep in quartz (Equation 1), and it is also a factor

in Equation 2. Equation 2 describes the relationships between shear stresses, the
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principal stresses and the angle of the fault plane relative to o7, and this is used within
elastic half-space models to investigate static stress changes* and for brittle failure in

general®®, where 7 is shear stress, and fis the angle between the failure plane and o7.
T= %(01 — a3)sin2f (2)

Our key point is that differential stress appears in both equations (1) and (2) implying
that elastic interactions between fault/shear-zone structures will alter viscous strain-
rates associated with both underlying and neighbouring shear zones, a fact that is well-
known from existing observations and modelling of postseismic and interseismic

22,23,27

deformation after earthquakes , but has not been used to study the longer

timescales and slip-rate changes associated with earthquake clustering.

Our model utilises localized shear zones because evidence from field exposures of
mylonitic shear zones ?® and numerical modelling of viscous shear zones? indicate
that intra-plate mylonitic shear zones are typically hundreds of metres thick or less.
Thus, they resemble the localized structures we envisage beneath brittle faults (Fig.
2). The stress transfer model we have developed quantifies stress changes in 3D,
allowing the relationship between differential stress changes and viscous strain-rates

to be examined in relation to the geometries of neighbouring fault/shear-zones.

In summary, the key point that leads to our hypothesis is that slip on localized viscous
shear zones and their overlying brittle faults will deform the surrounding volumes of
rock, including mineral phases within neighbouring viscous mylonitic shear zones,

changing differential stress values and hence altering the implied strain-rates given the

relationship ¢ oc 6". The question is whether such interaction can produce changes in

slip-rate that replicate observations of temporal clustering of surface faulting

earthquakes.
We examine this question in central Italy by attempting to replicate our **Cl derived
findings concerning earthquake clustering through differential stress modelling

involving both the viscous shear zones and brittle faults (Fig. 2 & 3).

Cosmogenic analyses of fault scarps reveal millennial earthquake clusters
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The measurements in our study come from the Italian Apennines, a region of extension

since 2-3 Ma3%?!

, with active normal faults deforming a pre-existing alpine fold and
thrust belt®?3®, Observations from geodetic, seismological and field-based datasets
confirm extension rates of up to ~3 mm/yr across the Apennines®—®. Historical and
instrumental seismicity indicates that large (Mw 5.5-7.0) magnitude normal faulting

37.38 and produce surface carbonate fault scarps®'2**! (Fig. 1e). The

earthquakes occur
surface fault scarps have been preserved since the demise of the last glacial maximum
(LGM, 15 + 3 ka), due to a reduction in erosion rates relative to throw rates at that
time*? (Fig. 1). These scarps have been studied with in situ **Cl cosmogenic exposure
analyses, confirming the post-LGM slope stabilisation age and fault slip rate histories

94345 In places, dense *°Cl sampling has

that are variable during the Holocene
revealed correlation of high slip-rate events with the timing of damaging earthquakes

that affected Rome*.

We focus on six %*Cl sample sites around the Mt. Vettore fault that ruptured in the
August-October 2016 sequence, which included Mw 6.2, 6.1 and 6.6 earthquakes*®“®.
We had sampled the faults before the 2016 earthquakes, in the period 2012-2015, to
investigate why faults in the region share similar bedrock fault scarp morphologies, but
some had ruptured in historical earthquakes whilst others had not, despite being
subject to the same regional tectonic stress field. We suspected earthquake clustering
might be the cause of such patterns, and quantifiable, prompting our study. In detail,
the Mt. Vettore fault ruptured to the surface in the 2016 earthquakes (Fig. 1e), yet
paleoseismological studies suggest that before 2016, this SW-dipping active normal
fault had not ruptured to the surface for several thousand years, with suggestions of
the elapsed time ranging between 1316-4155 years BP*', and 1444-1759 years BP*®.
However, during this period, five other nearby faults have ruptured to the surface in
damaging historical earthquakes with elapsed times in the order of a few hundred
years or less, (1349 AD, Fiamignano fault; 1639 AD, Laga fault; 1703 AD, Norcia and
Barete faults; 1997 AD Mt. Le Scalette fault; late Holocene, Leonessa fault), revealed

144955 In summary, prior

by historical accounts, palaeoseismic studies and *Cl studies
to 2016, the situation was that one fault had not slipped on a millenial timescale, whilst

its neighbours had slipped in the same time period (Fig. 5).

We sampled the six faults, sampling parallel to the slip-vector up the fault plane and
within shallow (<~1m) trenches. We constrained the sample sites with geological
mapping and topographic surveys (see Supplement 1). These surveys confirm the

exposed fault scarps are formed solely due to tectonic slip and not
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erosional/depositional processes, because erosional gullies or alluvial fans are not
present at these sites, and the footwall and hangingwall cut-offs of the slope that
formed at 15 + 3 ka are parallel and horizontal (see® for criteria for choosing a
cosmogenic site). We measured **Cl concentrations using accelerator mass
spectrometry, and statistically inferred the slip from the **Cl data using a Bayesian
Markov chain Monte Carlo (MCMC) approach™ (Supplement 2, 3 and 4; methodology
fully described in ref.", see Methodology for a summary). We model the full scarp
height and allow the model to initiate **Cl production (using a Brownian Passage model
that allows clustering) when it is needed to replicate the measured values', rather than

biasing results by adding an arbitrary pre-exposure valug****

or searching for a single
constant peri-glacial fault slip-rate*®. The results from our least squares solutions and
ensembles of least square solutions, as well as highest likelihood solutions that take
account of uncertainties and are penalized by priors, show evidence of slip-rate
changes that imply temporal earthquake clustering (Figs. 4 and 5; Supplements 2, 3
and 4). We define earthquake clusters to be periods of rapid slip with slip magnitudes
that are too large to be explained by a single earthquake, hence implying that several
large magnitude surface rupturing earthquakes and their post-seismic episodes have
occurred within the cluster. We supplement our ¢Cl-derived slip histories with

published paleoseismology from other nearby faults (Fig. 5).

We have five key findings from our modelling of the **Cl data that help to reveal the

cause of the slip-rate changes (Figs. 4 and 5).

(1) The slip-rate on the Mt. Vettore fault decreases at ~4 ka and the fault directly across
strike from it, the Leonessa fault, accelerates at ~3.5 ka (Fig. 4); palaeoseismology for
the Norcia fault may also show acceleration at ~3.5-4.0 ka (Fig. 5). This out-of-phase
behaviour, revealed by **Cl data on the Leonessa and Mt. Vettore faults (Fig. 4), is the
most striking finding in this study, and this has not been reported to date, despite the
concentration of studies that surrounded the 2016 earthquake sequence. The faults
share similar climate histories, so the differing timings of rapid slip are inconsistent with
the notion that fault plane exposure is produced by climate-controlled erosion'®. We
suggest that the out-of-phase slip behaviour hints at tectonic interaction between these

two structures.

(2) Other faults in the region also accelerated at ~3.5 ka. The Laga, Mt. Le Scalette,
Fiamignano and Barete faults all show clusters of activity starting at ~3.5 ka in their

least squares solution and across their ensembles of least squares solutions (Fig. 5),
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as well their highest likelihood solutions (Supplement 2). These faults are along strike
from the transect that crosses the Leonessa and Mt. Vettore faults. This finding
prompted us to develop a 3D model of fault/shear-zone interaction to include the

effects of both across-strike and along strike interaction.

(3) Prior to ~4 ka, the Mt. Vettore fault underwent a relatively high slip-rate phase

compared to its slip-rate averaged since ~15 * 3 ka (Fig. 4).

(4) Prior to ~3.5 ka, the other faults had slip-rates that were relatively low compared to

their 15 + 3 kyrs average slip rate (Figs 4 and 5, and Supplement 2).

(5) We note that rapid slip occurred synchronously on the SW and NE flank of the
Apennines (e.g. compare slip in the last few thousand years on the Laga and
Fiamignano faults; Fig. 5). This finding is inconsistent with the hypothesis that activity
migrates, producing clustering, simply due to least-work constraints imposed by spatial
changes in dynamic topography®.

Our findings are challenging to compare with existing paleoseismic observations*®*',
because we have sampled different sites along the faults compared to the trenching
sites, and slip magnitudes can be difficult to derive from degraded colluvial wedge
geometries at trenching sites. Our results are consistent with the palaeoseismic trench
site findings in that our results suggest a relatively-long elapsed time for surface
faulting on the Mt. Vettore fault prior to 2016, and surface faulting on the other faults

in the late Holocene (Fig. 5).

Overall, we suggest that our **Cl results demonstrate clear slip-rate fluctuations
through time. The question that arises is what the combined effect of slip-rate changes
on brittle faults and implied viscous strain-rate changes at depth have on differential
stress values on receiver shear zones, and how these affect strain-rates across the

fault/shear-zone system. We investigate this with our modelling described below.

Calculating the effect of fault interaction on faults and shear zones

We developed a modelling approach to examine fault/shear-zone interaction, linking
3D elastic half-space modelling of the fault slip with 3D elastic half-space modelling of
the shear zone slip followed by viscous slip defined by a flow law for dislocation creep

(Fig. 3). The modelling includes both across and along strike interactions and details
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of strike changes along the fault planes®. The magnitude of total slip used for the
modelling is determined from scaling relationships' and the *Cl slip histories (see
Methods), and this slip is applied to the brittle fault and the underlying shear zone
(assuming that the horizontal strain and cumulative slip with depth is consistent??). The
modelling outputs the total differential stress changes over the timescale of each
cluster or anti-cluster on each of the 1 x 1 km elements that define the 3D geometry of

all the fault/shear-zone systems in the study region®®.

The modelling approach has a number of simplifying assumptions that we describe
here and in the methods section. Our approach is similar to visco-elastic models that
concentrate on understanding how postseismic deformation relates to single

coseismic slip episodes??2%%’

, in that we link an upper crust with uniform elastic
strength and frictional Coulomb behaviour with thermally activated power law creep in
the middle crust (15 - 24 km). However, a key difference is that instead of modeling
the effect of single episodes of coseismic slip solely on the underlying shear zone, we
model periods of rapid slip lasting several millennia that must include several large
magnitude earthquakes and their individual episodes of postseismic deformation, and
periods of low or no slip that we refer to as anti-clusters. Another key difference is that
we calculate the stress changes produced on neighbouring faults/shear-zones as well
as on the underlying shear zone. We assume that the most important value of
differential stress change is the most negative value on the shallowest portion of the
shear zone (i.e. the rate-limiting element). The strain-rate within a shear zone is related
to the viscosity?®*. The highest viscosity (and therefore lowest strain-rate) is in the upper
part of the shear zone, just below the brittle layer (Figure 2c). The most negative
differential stress change in this section will produce the lowest strain-rate, and thus
be the rate-limiting element for deformation within the shear zone. We emphasise that
the slip-rates we measure at the surface averaged over clusters will include any post-
seismic slip from individual earthquakes. We assume that the strain implied by the
rapid slip pulse during clusters on brittle faults matches the strain associated with their
underlying shear zones (see the spring, dashpot and ratchet inset in Fig. 2a), i.e. the
strain-rates in shear zones vary. Furthermore, an important point is that the total
differential stress change implied by slip (in a single earthquake or a cluster) is
proportional to the total magnitude of slip. Therefore, because we consider total slip
(coseismic and any postseismic) in a cluster, postseismic dissipation of differential
stress from individual earthquakes is accounted for in our model. Our approach means
that it is not necessary to explicitly model strain-rate changes produced by post-

seismic dissipation after individual earthquakes, although this could be implemented

10
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in the future if individual earthquakes could be reliably identified from **Cl data (which

we do not believe is possible with current 3*Cl datasets).

Our approach is to test the following hypothesis; that changes in viscous strain-rate of
shear-zones (and thereby changes in slip-rate on overlying brittle faults) are caused
by changes in differential stress induced by interactions between neighbouring
fault/shear-zones. To emphasise the importance of considering changes in viscous
strain-rate on underlying shear-zones, we explore whether constant strain-rates are
geologically feasible in our dataset. We generate a simple model (Fig. 2) of a shear
zone slipping at 1 mm/yr (a representative slip rate for the region; Fig. 5 implies fault
slip rates of 0.39 - 2.25 mm/yr). This model induces a ~0.01 MPa increase in differential
stress at the base of the brittle fault. The longest period of quiescence/anti-cluster in
our data is 10 kyr (on the Leonessa fault, Figure 4). A constant loading rate of 0.01
MPa per year for 10 kyr would result in an additional 100 MPa differential stress. Given
that the background differential stress is ~150 MPa at the base of the brittle faults (Fig.
2c), an increase of up to 100 MPa at the base of the brittle crust seems implausibly
large for a fault to remain stable/quiescent, especially if fluid pressure changes were
also to encourage earthquake rupture. Therefore, constant slip of ~1 mm/yr on an
underlying shear zone during an anti-cluster seems unlikely, and changes in shear-
zone strain-rate have been proposed by others in studies of present-day and
palaeoseismic slip-rates®® and in studies of shear zone microstructures'®. It could be
that some of the stress could be dissipated by pressure solution or other small-scale
deformation processes, but given the low-rate expected for pressure solution®, and
uncertainty in the density of active small-scale structures at any given time in the
natural crust, it is challenging to quantify whether such stress dissipation is plausible.
Therefore we focus our approach by examining whether we can explain our findings

of slip-rate changes via differential stress interactions between fault/shear-zones?2*%’,

To quantify interactions between the faults, shear zones, and neighbouing fault/shear-
zones, and their effect on strain-rates, slip-rates and clustering, we extracted the
amount of slip on each fault in the time period from ~3.5 ka to 2015 AD, and prior to
~3.5 ka (Figs. 4 and 5). We modelled both the Coulomb stress transfer (CST)® and
differential stress transfer (Aoui) onto receiver fault/shear-zones implied by the amount
of slip derived from the *CI modelling in each time period (Fig. 6; Supplement 5). We
concentrate our analysis on the Mt. Vettore and Leonessa faults, because these faults
are located centrally in the study area and receive stress from slip on both along-strike

and across-strike structures that we can constrain with *Cl and paleoseismic data®'*®

11
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(Figs. 4 and 5). The calculations reveal stress-loading histories during temporal
earthquake anti-clusters, on the Mt. Vettore and Leonessa faults and underlying shear
zones (Fig. 6, Supplement 6). We discuss the results for faults and shear zones

separately.

For faults, we do not find a consistent pattern of increasing or decreasing CST during
anti-clusters. For the Mt. Vettore fault, we find that the CST from slip on neighbouring
fault/shear-zones became mostly positive during its quiescence from ~3.5 ka to
present (Fig. 6ci), before it ruptured in 2016°°. This makes sense because an
earthquake after a relatively-long elapsed time is perhaps intuitively expected because
faults will be loaded through time by body forces and far-field tectonic forces®, and

t81. However, this intuitive view breaks down for the

CST may positively load the faul
Leonessa fault, because the CST became increasingly negative during its low slip-rate
time period from 17 ka to ~3.5 ka (Fig. 6¢ii). Despite the negative CST, the Leonessa
fault did not cease activity, with *Cl data indicating an accumulation of 6.5 m slip
between ~3.5 ka to present, with historical constraints narrowing this to 3.5 to 0.7 ka,
proving it is a Holocene active fault®. Overall, it appears that CST on brittle faults does
not directly explain why brittle faults experience anti-clusters and then rupture, as the

loading can be positive or negative due to fault interaction.

In contrast, for shear zones we do find a consistent pattern of stress loading during
anti-clusters. During the two anti-clusters we study, the differential stress changes for
shear zones are mostly negative. The Mt. Vettore shear zone experienced a stress
reduction of up to -1.8 MPa just below the brittle-viscous transition between 3.5 ka and
2015 AD (Figure 6bi). The Leonessa shear zone experienced a stress reduction of up
to -3.4 MPa just below the brittle-viscous transition between 17 and 3.5 ka (Figure 6bii).
These values are significant given that we expect the background differential stress in
shear zones in the middle crust to be only ~10 MPa, and essentially constant over the
~15-24 km depth range, from investigations of exhumed extensional shear zones'®, so
changes of -1.8 to -3.4 MPa would reduce the differential stresses produced by the
ambient conditions by 18-34%. Values of differential stress are negative everywhere
on the shear zones except where they intersect at depth in the model (Fig. 6). If our
assumption is correct, and these are rate-limiting elements, modelling their subsequent
deformation will be the key to understanding how strain is transferred upwards onto

the overlying brittle faults.
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Thus, our finding that differential stress change in the underlying shear zones was
negative when both overlying faults had very low slip-rates (anti-clusters) prompted us
to investigate whether the magnitudes of differential stress reduction generate strain-

rate changes comparable to our findings from *¢Cl.

Calculating changes in viscous strain-rate implied by differential stress changes

produced by fault/shear-zone interaction

To calculate the implied change in strain-rate for each shear zone within the two anti-
clusters, we input the reductions of differential stress into Equation 1, using appropriate
values for other variables'® (Figure 3 and Supplement 6). Assuming the patch with the

largest stress decrease is the rate-limiting element®*

, a key assumption in our
approach, it is implied that strain-rates would have decreased from 1.5 x 107 s (the
strain-rate before a stress change, see Supplement 6) to 7.7 x 107" s on the Mt.
Vettore shear zone between 3.5 ka and 2015 AD, and to 3.7 x 107" s™ on the Leonessa
shear zone between 17-3.5 ka (see Supplement 6). Thus, both shear zones were still
active during periods of earthquake quiescence, albeit with reduced strain-rates, giving
rise to long recurrence intervals. Even with reduced strain-rates, the shear zone
loading is eventually able to overwhelm the impact of negative stress changes on the

brittle faults, generating earthquakes that signify the end of an anti-cluster.

To compare the effect of the implied strain-rate changes with our **ClI measurements
of the natural system, we converted the strain-rates in the shear zones into implied
slip-rates on the overlying brittle faults and compared them with the observed slip-rates
(Fig. 6d). We used the slip measured over the total time period constrained with *Cl
as a measure of the long-term (15 + 3 kyr) slip-rate’®. We compare these long-term
slip-rates with short-term slip-rates during clusters/anti-clusters by calculating slip-rate
enhancement factors (SRE, calculated by dividing the short-term slip rate by the 15 £
3 kyr slip rate) that describe how much the slip-rates were enhanced (SRE >1) or
impeded (SRE <1) compared to the long-term slip-rates (Fig. 6bii). SRE values range
between <1 to >4 in both the measured and implied slip-rate datasets. We find that
there is good agreement between the implied slip histories and those measured from
%Cl analyses (Fig. 6d). This implies that our relatively simple model, with the
assumptions stated above, can quantitatively replicate key slip-rate findings from our
investigation of the natural system, providing insight into the processes that drive

earthquake clustering and anti-clustering.
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By combining surface findings (**Cl-derived slip histories) with stress modelling and
rock mechanics experimental results', for the example described herein, we suggest
that interaction between neighbouring fault/shear-zones may be the dominant control

on temporal earthquake clustering.

Discussion

Earthquake clustering confounds our ability to understand and quantify seismic hazard
because the greater the unknown aperiodicity in recurrence intervals in fault-based
time-dependent hazard assessments, the greater the uncertainty that will need to be
communicated probabilistically with regard to recurrence of expected ground
accelerations within stated time periods®?. Greater uncertainty may lead to reluctance
to implement costly mitigation strategies and greater challenges in effective
communication that triggers action amongst those at risk. One approach to explain the
aperiodicity is to suggest that the processes that control slip are multiple, complex,
interacting, and difficult to quantify, and the system may be considered as approaching
random behavior®®. However, the key implication herein is that, instead, earthquake
clustering appears to have a dominant, quantifiable cause for the example we study,
and is therefore not random. Our results suggest that viscous shear zones slow or
accelerate due to changes in differential stress produced by slip on nearby viscous
shear zones and brittle faults. Our results suggest that upper crustal brittle fault
interaction®, or least-work constraints imposed by dynamic topography® are unlikely
to be the sole controls responsible for earthquake clustering. Our interpretation, where
shear zone strain-rates change due to stress transfer altering the differential stress,
may be linked to suggestions that tectonic strain is stored during anti-clusters®®,
and/or may be linked to the mechanism by which microstructural evolution leads to
shear zone strengthening during anti-clusters if microstructural changes occur during
strain-rate fluctuations®. Clearly, more work is needed to examine other viscous flow
laws, more complicated shear zone geometries, different fault arrays and interaction
over shorter timescales. However, the links we have made between geomorphic
offsets, cosmogenic dating of fault scarps, calculations of stress transfer, and viscous
flow laws, provide important new insights into continental mechanics and seismic
hazard that go beyond what can be achieved by simply studying instrumental
seismicity. In particular, our results suggest that we should expect slip-rate and strain-
rate changes through time on the timescale of earthquake clustering, as these are the
natural consequence of fault and shear zone interactions. These slip-rate changes will
alter earthquake recurrence rates, and therefore the calculated Tmean (inter-event

time®*) and the Coefficient of Variation (CV, the standard deviation of inter-event times
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divided by Tmean®®) during and across clusters and anti-clusters will be different. As
key inputs for fault-based seismic hazard assessments, we suggest that different
values of Tmean and CV within clusters and anti-clusters should be considered in
seismic hazard calculations, although, exactly how slip-rate fluctuations are
incorporated into PSHA for both data-rich and data-poor regions remains an open
question that requires further study. Our approach warrants further study and we
suggest that an independent test of our model will require calculations of stress change
due to slip within time periods with precise time constraints such as we provide herein.
Such studies will improve our ability to use values of slip-rate variability and aperiodic

earthquake recurrence within fault-based probabilistic seismic hazard assessments®.

Methods

Inversion of slip histories from *°Cl cosmogenic dating: Sites for cosmogenic sampling
from limestone bedrock faults planes are carefully selected to ensure that the scarps
are formed solely by tectonic exhumation (see Supplementary Figures 1 - 6 which
describes the characteristics of each sample site, and Supplementary Table 1 which
gives the site parameters required for **Cl modelling). A good site will have parallel
hanging wall/footwall intersections with the fault plane, a smooth lower slope on the
hanging wall devoid of erosional or depositional features, and will avoid active gullies
or other erosional features present on the footwall or fault plane. 15 x5 x 2.5 cm sized
samples of fault plane were taken parallel to the slip vector measured from frictional
wear striations. These samples were prepared following the approach of refs.®¢” and
were analysed with AMS to determine the concentrations of *Cl in each sample
(Supplementary Data 1). The concentration of **Cl increases up the fault plane as the
length of time of exposure increases. We used the Bayesian MCMC code of ref.™ to
inverse model the slip history from measured concentrations of **Cl (results of the
modelling are shown in Supplementary Figures 7 - 12). This code searches for the
probability distribution of the slip history conditioned on the measured data, and as an
outcome identifies a slip history of least-squares and highest likelihood fit, while
allowing a high flexibility of the magnitude and timings of slip events, uncertainties in
the density of the colluvium and *Cl production factors, and timing of *Cl initial
production. We have also iterated inputs, such as the total slip across the scarps
(Supplementary Figure 13), and find that the strain-rate and SRE results are relatively
insensitive to uncertainty in these values. We also show that sample spacings on the
fault planes we achieved are adequate to resolve the slip-rate changes we claim. We
do this by progressively degrading the dense sampling for the Fiamignano fault to a

point where two well-constrained historical earthquake sequences resolvable with the
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full data disappear (Supplementary Figure 14). The full approach to the statistical

modelling of slip histories using the 3*Cl data is described in detail in ref. .

Assumptions used in modelling slip on fault/shear-zones;

(1) We assume that shear zones have the same dip as overlying brittle faults® 18596869,
We make this assumption because where the structure of the middle/lower crust
beneath areas of extension has been clearly imaged with high quality seismic reflection
data (e.g. the DRUM profile offshore N. Scotland” and the Viking Graben of the North
Sea’"), shear zones have relatively steep dips that are similar to those of overlying
brittle faults. For the northern Apennines, Italy, deep seismic reflection images exist

for the middle/lower crust’?>"4

, and shear zones with relatively shallow dips have been
interpreted. However, further south, seismic quality is in places relatively poor,
especially where thick carbonates dominate the surface geology (e.g. parts of deep
seismic reflection line CROP 117%; Fig. 1). Low angle extensional detachments/shear
zones have been proposed to explain low angle reflections along the deep seismic
reflection line CROP 3 only where arenaceous turbidites outcrop at the surface, which
is ~70-100 km to the NW of the area we study. The interpretation of low angle
detachments is also debated due to the lack of low angle nodal planes for
microearthquakes located along the low angle reflection(s)’®, and the fact that Alpine
nappe geometries exhibit a transition from metamorphic Tuscan Nappe geometries in
the WSW to Miocene arenaceous turbidites in the ENE, implying that the low-angle
reflections dipping towards the ENE may be due to the general ENE dip to the Alpine

t’%. The area

geology of the nappe pile rather than a primary seismogenic detachmen
we study is closer to the line of CROP 11 (Figure 1), which is dominated by carbonates
at the surface in the extensional area of the Apennines, and low angle reflectors are
less prominent or absent compared to on CROP 3. Hence, we prefer to use the
structural style imaged in areas with clear images of the middle/lower crust and choose
to model shear zones that have the same dip as overlying brittle faults; future studies
can investigate the implications of modelling low-angle detachments if they prove

necessary.

(2) We assume that the shear zones are relatively localized so we can utilize an elastic
half-space model to model stress changes on receiver fault/shear-zones. We have
chosen this geometry (e.g. ref.'?), because numerical modelling of the scaling of
viscous shear zones with depth-dependent viscosity and power-law stress-strain

dependence imply that shear zones in the viscous crust are 1.7-3.5 km in thickness
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for a wide variety of parameter choices?. This is consistent with the T oc D scaling

relationships between shear zone thickness (T) and displacement (D) for exhumed
shear zones from a variety of magmatic and metamorphic rocks?®, which imply that if
shear zones exhibit similar offsets to their overlying brittle faults, the 1-2 km offsets of
pre-rift strata measured at surface in the area we study*' would be consistent with
shear zone thicknesses of only 1-2 km. This suggests that localized shear zones in the

t12

middle crust's and elastic half-space models of creep at depth may be widely

applicable?®, prompting the geometries we utilize in Fig. 2.

(3) We assume the shallowest parts of the shear zones have the highest resistance to
deformation®, and therefore control the rate at which shear strain and differential
stress are passed upwards onto the overlying brittle faults. We assume this because,
as mentioned above?, shear zones will have a depth dependent rheology, controlled
by the increase in temperature with depth. This translates into a depth dependent
viscosity, which for a geothermal gradient of 25 K/km, implies an effective viscosity
varying from ~10% Pa S at ~15 km depth to ~10"° Pa S at 30 km depth?*. Our model
allows us to calculate the changes in differential stress over the depth range of 15-20
km and deeper, and convert this into expected strain-rate changes, and how these
vary with depth, by including depth variation in lithostatic pressure and water fugacity
in our calculations (Supplement 5 and 6). However, we consider the region of highest
resistance to deformation near the top at the shear zone to be the rate limiting element
in passing shear strain and differential stress upwards onto the overlying brittle faults.
We use the minimum value in the depth range of 15-16 km as input to the quartz flow
law, appropriate for the depth of viscous flow in the area we study'®. Future studies
can explore the implications of using depth variation in viscosity and strain-rate, and

the notion of a rate-limiting element if thought appropriate.

(4) We assume that the rate of slip on the shear zone matches that of the overlying

fault (Fig. 2a), supported by the data in Figure 1'®

, and modelling of the links between
brittle surface slip and deeper ductile flow where the total strain accommodated by slip
on brittle faults over many seismic cycles is matched at depths where viscous

deformation occurs?>23?7,

5) We assume that slip-rates at the surface over numerous earthquake cycles implied

by our modelling **Cl data includes any localized post-seismic afterslip following
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individual earthquakes. This implies that the slip-rate variations we study should be

analysed over timescales longer than that of individual postseismic slip episodes.

Modelling Coulomb stress changes:

Non-planar strike-variable fault geometries are built as a series of rectangular
elements®® that are ~1km?. The geometry of the faults is based on extensive field data
collected from limestone bedrock fault scarps in the central Apennines®3'%57681 These
strike-variable fault geometries are utilized in Coulomb 3.4%' to model Coulomb stress
changes associated with earthquakes and slip on underlying shear zones. The brittle-
viscous transition is assumed to be at 15 km depth and we model the portions of shear
zones that extend from 15 — 24 km depth, as this is the depth range over which viscous
flow will initiate'®, and this is also the depth range that will have the highest resistance
to deformation and hence the rate limiting elements (i.e. the elements with the
minimum stress) for passing shear strains upwards onto brittle faults®*. Altering the
depth of the modelled brittle viscous transition will not alter the sense (positive or
negative) of deformation rates changes. For each fault, a characteristic earthquake
magnitude is calculated using the relationship between fault area and magnitude'®. A
simple concentric slip distribution is calculated, assuming 40% of the maximum slip at
depth reaches the surface, and the maximum slip is iterated to match the earthquake
magnitude. The 40% assumption is based on iterating this value to closely match the
ratios between (1) average subsurface displacement and maximum surface
displacement and (2) average subsurface displacement and average surface

displacement'®

(0.76 and 1.32 modal values respectively), which also matches the
findings of others®. We have been unable to exactly match the modal values, however
the values reported herein are within the variability reported'. The values used to

calculate the characteristic magnitude are given in Supplementary Table 2.

The contribution of each structure to the CST on the brittle faults is shown in
Supplementary Figures 15 - 18 and Supplementary Data 2. The annual magnitude of
slip on underlying shear zones is calculated from the Holocene throw profiles

measured through fieldwork, as these are suggested to be equivalent*®.

Calculating differential stress changes: Coulomb stress changes are defined as
ACST = At + uAo, 83, where At is the change in shear stress, u is the coefficient of

friction (herein 0.4 is used®®) and Ag,, is the change in normal stress. The shear stress
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can be defined as 7 = %(01 — 03)sin2f * where (0, — 03) is the differential stress and

B is the angle between g; and the fault plane. In the central Apennines, normal faulting
is dominant and therefore we assume g, is vertical. Therefore § = 90 — 6 where 6 is
the dip of the fault. We have calculated the differential stress using the equations above
and the shear stress calculated from Coulomb 3.4. The differential stress is calculated
for each 1 x 1km rectangular fault patch for the brittle and viscous portions of the faults.
The conversion between sig_reverse (direct output from Coulomb 3.4, which is shear

stress on the fault plane) and differential stress is given in Supplementary Data 2.

Calculating change in strain-rates: Viscous deformation via dislocation creep, derived
-Q

from laboratory experiments, is given by the following equation': ¢ = Afyf go"erT,

where & is the strain-rate, A is a material parameter, f{{n20 is the water fugacity, o is the

differential stress, n is the stress exponent, Q is the activation energy, R is the ideal
gas constant and T is the temperature. For the dislocation creep of wet quartz, the
following constant values are used: A = 6.31e-12 MPa/s, Q = 35kJ/mol', R = 8.31 m?
kgs?K'mol”, n=3.26"%, T = 710K / 440 °C™®, f",= 110 MPa (calculated given T = 440
°C and pressure = 0.4GPa @15 km depth using the online fugacity calculator®*#°). We
choose this flow law for the following reasons: (a) dislocation creep mechanisms are
common in natural quartz-bearing shear zones that dominate middle continental crust
at the temperature and pressure range described here®; (b) the chosen flow law"
considers the effect of water fugacity and is relatively well-constrained via comparison
to naturally deformed rocks; (c) the use of this flow law allows consistency with
previous studies in this region from which we take the stress exponent'®, and with other
visco-elastic models of postseismic deformation after earthquakes?2*?". We
implement the calculations using Supplementary Data 3 and following the method
detailed in Fig. 3. Although the published flow law'® uses n = 4, we substitute n = 3.26
as derived for the Apennines region“’. This has little effect on the resulting strain-rate,
which is the same order of magnitude at 10 MPa differential stress. The background
value of differential stress is taken to be 10 MPa as values across this depth range are
thought to be relatively uniform'. The change in differential stress is calculated from
the stress modelling. Sensitivity to the chosen values for differential stress and stress
exponent are shown in Supplementary Figure 19. Sensitivity to overestimating or
underestimating the amount of slip across the scarps for strain-rates is shown in
Supplementary Figure 20. We converted the implied strain-rates for the shear zones

into implied slip-rates and slip-rate changes for the overlying brittle faults by using (1)
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the ratio of strain-rates before and after the rate changes, and (2) the slip-rates over
the entire period constrained in terms of timing from *Cl, and offset using scarp profiles
at the surface (Supplementary Data 3). These 15 * 3 kyr slip-rates were multiplied by
the ratio of strain-rates before and after the rate changes, and amounts of slip were
recovered before and after slip-rate changes, by multiplying the ratio-modified slip-
rates by the time periods in question. We used these values to compare measured
and implied SRE values. We also show that implied earthquake recurrence intervals
for 1 m slip events (typical of the region) are of reasonable duration (a few millennia

from paleoseismology*’®")

, given the values we input into the quartz flow law, by
calculating the recurrence intervals for 1m heave events, given that we can measure
the across strike distance for the region, and can calculate heave rates before and
after strain-rate changes assuming faults and shear zones dip at 45°. Supplementary
Data 3 shows that recurrence intervals for 1 m heave events change from ~3.6 kyrs to
~10-19 kyrs during anti-clusters, comparable in terms of order of magnitude to values

from paleoseismology.

Data availability

The cosmogenic data utilized in study is published online in the British Geological
Survey repository and is freely available for  download at
https://www.bgs.ac.uk/services/ngdc/accessions/index.html#item128345. The
samples for cosmogenic analysis were collected responsibly with support from local
geologists. The processed *Cl data and strain rate calculations are provided in the

Supplementary Figures and Data.

Code availability

The code to model 3D strike-variable fault planes®® for use in Coulomb 3.4 is available
from https://github.com/ZoeMildon/3D-faults/releases/tag/v1.0. The code to model
interseismic  loading from underlying shear zones is available from
https://github.com/ZoeMildon/3D-faults-shearzones
(doi.org/10.5281/zenodo.7149495). The code used to invert for slip histories from *¢Cl
measurements’* is available  from https://github.com/beckjh/bed36ClI
(doi.org/10.5281/zenodo.1402093).

References

20


https://www.bgs.ac.uk/services/ngdc/accessions/index.html#item128345
https://github.com/ZoeMildon/3D-faults-shearzones/releases/tag/v1.0
https://github.com/beckjh/bed36Cl

730

731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

10.

11.

12.

Sieh, K., Stuiver, M. & Brillinger, D. A more precise chronology of earthquakes
produced by the San Andreas Fault in southern California. J Geophys Res Solid
Earth1 94, 603-623 (1989).

Dolan, J. F., McAuliffe, L. J., Rhodes, E. J., McGill, S. F. & Zinke, R. Extreme
multi-millennial slip rate variations on the Garlock fault, California: Strain super-
cycles, potentially time-variable fault strength, and implications for system-level
earthquake occurrence. Earth Planet Sci Lett 446, 123—-136 (2016).

Pace, B., Visini, F. & Peruzza, L. FISH: MATLAB Tools to Turn Fault Data into
Seismic-Hazard Models. Seism. Res Lett 87, 374-386 (2016).

King, G. C. P., Stein, R. S. & Lin, J. Static stress changes and the triggering of
earthquakes. Bull. Seismol. Soc. Am. 84, 935-953 (1994).

Mildon, Z. K., Roberts, G. P., Faure Walker, J. P. & Toda, S. Coulomb pre-stress
and fault bends are ignored yet vital factors for earthquake triggering. Nat.
Commun. 1-9 (2019) doi:10.31223/osf.io/pt829.

Dolan, J. F., Bowman, D. D. & Sammis, C. G. Long-range and long-term fault
interactions in Southern California. Geology 35, 855-858 (2007).

Oskin, M. et al. Elevated shear zone loading rate during an earthquake cluster in
eastern California. Geology 36, 507 (2008).

Cisternas, M. et al. Predecessors of the giant 1960 Chile earthquake. Nature
437, 404-407 (2005).

Cowie, P. A. et al. Orogen-scale uplift in the central Italian Apennines drives
episodic behaviour of earthquake faults. Sci. Rep. 7, 1-10 (2017).

Mignan, A., Danciu, L. & Giardini, D. Considering large earthquake clustering in
seismic risk analysis. Nat. Hazards (2016) doi:10.1007/s11069-016-2549-9.
SIBSON, R. H. Fault rocks and fault mechanisms. J. Geol. Soc. 133, 191-213
(1977).

Savage, J. C. & Burford, R. O. Geodetic determination of relative plate motion in

central California. J. Geophys. Res. 78, 832—-845 (1973).

21



758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783

784

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hirth, G., Teyssier, C. & Dunlap, W. J. An evaluation of quartzite flow laws based
on comparisons between experimentally and naturally deformed rocks. Int. J.
Earth Sci. 77-87 (2001) doi:10.1007/s005310000152.

Beck, J., Wolfers, S. & Roberts, G. P. Bayesian earthquake dating and seismic
hazard assessment using chlorine-36 measurements (BED v1). Geosci. Model
Dev. Discuss. 2018, 1-24 (2018).

Wells, D. L. & Coppersmith, K. J. New empirical relationships among magnitude,
rupture length, rupture width, rupture area, and surface displacement. Bull.
Seismol. Soc. Am. 84, 974—-1002 (1994).

Kastelic, V., Burrato, P., Carafa, M. M. C. & Basili, R. Repeated surveys reveal
nontectonic exposure of supposedly active normal faults in the central
Apennines, Italy: Nontectonic Fault Surface Exposure. J. Geophys. Res. Earth
Surf. 122, 114-129 (2017).

lezzi, F. et al. Temporal and spatial earthquake clustering revealed through
comparison of millennial strain-rates from 36CI cosmogenic exposure dating and
decadal GPS strain-rate. Sci. Rep. 11, 23320 (2021).

Cowie, P. A,, Scholz, C. H., Roberts, G. P., Faure Walker, J. P. & Steer, P.
Viscous roots of active seismogenic faults revealed by geologic slip rate
variations. Nat. Geosci. 6, 1036—1040 (2013).

Behr, W. M. & Platt, J. P. A naturally constrained stress profile through the
middle crust in an extensional terrane. Earth Planet. Sci. Lett. 303, 181-192
(2011).

Faure Walker, J. P. et al. Relationship between topography, rates of extension
and mantle dynamics in the actively-extending Italian Apennines. Earth Planet.
Sci. Lett. 325-326, 76-84 (2012).

Reitman, N. G. & Molnar, P. Strain and Velocity Across the Great Basin Derived

From 15-ka Fault Slip Rates: Implications for Continuous Deformation and

22



785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809

810

22.

23.

24.

25.

26.

27.

28.

29.

30.

Seismic Hazard in the Walker Lane, California-Nevada, USA. Tectonics 40,
€2020TC006389 (2021).

Shimamoto, T. & Noda, H. A friction to flow constitutive law and its application to
a 2-D modeling of earthquakes. J. Geophys. Res. Solid Earth 119, 8089-8106
(2014).

Erickson, B. A., Dunham, E. M. & Khosravifar, A. A finite difference method for
off-fault plasticity throughout the earthquake cycle. J. Mech. Phys. Solids 109,
50-77 (2017).

Allison, K. L. & Dunham, E. M. Earthquake cycle simulations with rate-and-state
friction and power-law viscoelasticity. Tectonophysics 733, 232-256 (2018).
Rutter, E. H., Atkinson, B. K. & Mainprice, D. H. On the use of the stress
relaxation testing method in studies of the mechanical behaviour of geological
materials. Geophys. J. Int. 55, 155—-170 (1978).

Jaeger, J. C., Cook, N. G. W. & Zimmerman, R. Fundamentals of Rock
Mechanics. (John Wiley & Sons, 2009).

Ellis, S. & Stockhert, B. Elevated stresses and creep rates beneath the brittle-
ductile transition caused by seismic faulting in the upper crust. J Geophys Res
Solid Earth 109, 1-10 (2004).

Fossen, H. & Cavalcante, G. C. G. Shear zones — A review. Earth-Sci. Rev. 171,
434-455 (2017).

Moore, J. D. & Parsons, B. Scaling of viscous shear zones with depth-dependent
viscosity and power-law stress—strain-rate dependence. Geophys. J. Int. 202,
242-260 (2015).

Cavinato, G. P. & De Celles, P. G. Extensional basins in the tectonically bimodal
central Apennines fold-thrust belt, Italy: Response to corner flow above a

subducting slab in retrograde motion. Geology 27, 955-958 (1999).

23



811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837

838

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

Roberts, G. P. & Michetti, A. M. Spatial and temporal variations in growth rates
along active normal fault systems: an example from The Lazio—Abruzzo
Apennines, central Italy. J. Struct. Geol. 26, 339-376 (2004).

Nijman, W. Tectonics of the Velino-Sirente area, Abruzzi, Central Italy, K. Koninkl

Nederl Akad. Van Wet. 156-184 (1971).

Doglioni, C. Some remarks on the origin of foredeeps. Tectonophysics 228, 1-20
(1993).
D’Agostino, N. et al. Contemporary crustal extension in the Umbria-Marche

Apennines from regional CGPS networks and comparison between geodetic and
seismic deformation. Tectonophysics 476, 3—12 (2009).

Faure Walker, J. P., Roberts, G. P., Sammonds, P. R. & Cowie, P. A.
Comparison of earthquake strains over 10*{2} and 10*{4} year timescales:
Insights into variability in the seismic cycle in the central Apennines, ltaly. J.
Geophys. Res. 115, B10418 (2010).

Selvaggi, G. Spatial distribution of horizontal seismic strain in the Apennines from
historical earthquakes. Ann. Geofis. 41, (1998).

Anderson, H. & Jackson, J. Active tectonics of the Adriatic region. Geophys. J. R.
Astron. Soc. 91, (1987).

Chiaraluce, L. et al. The 2016 Central Italy Seismic Sequence: A First Look at the
Mainshocks, Aftershocks, and Source Models. Seismol. Res. Lett. 88, 757771
(2017).

Alessio, G. et al. Evidence for Surface rupture associated with the Mw 6.3
L’Aquila earthquake sequence of April 2009 (central Italy). Terra Nova 22, 43-51
(2010).

Civico, R. et al. Surface ruptures following the 30 October 2016 Mw 6.5 Norcia

earthquake, central Italy. J. Maps 14, (2018).

. Galli, P., Galadini, F. & Pantosti, D. Twenty years of paleoseismology in Italy.

Earth-Sci. Rev. 88, 89-117 (2008).

24



839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864

865

42.

43.

44,

45.

46.

47.

48.

49.

50.

Tucker, G. E. et al. Geomorphic significance of postglacial bedrock scarps on
normal-fault footwalls. J. Geophys. Res. Earth Surf. 116, 1-14 (2011).

Palumbo, L., Benedetti, L., Bourles, D., Cinque, A. & Finkel, R. Slip history of the
Magnola fault (Apennines, Central Italy) from36CI surface exposure dating:
Evidence for strong earthquakes over the Holocene. Earth Planet. Sci. Lett. 225,
163—-176 (2004).

Benedetti, L. et al. Earthquake synchrony and clustering on Fucino faults (Central
Italy) as revealed from in situ 36 Cl exposure dating. J. Geophys. Res. Solid
Earth 118, 4948-4974 (2013).

Tesson, J. & Benedetti, L. Seismic history from in situ 36CI| cosmogenic nuclide
data on limestone fault scarps using Bayesian reversible jump Markov chain
Monte Carlo. Quat. Geochronol. 52, 1-20 (2019).

Livio, F. et al. Surface faulting during the August 24, 2016, Central Italy
earthquake (Mw 6.0): preliminary results. Ann. Geophyics 1-8 (2016).

Galadini, F. & Galli, P. Paleoseismology of silent faults in the Central Apennines
(Italy): The Mt. Vettore and Laga Mts. faults. Ann. Geophys. 46, 815-836 (2003).
Cinti, F. R. et al. 22-kyr-Long Record of Surface Faulting Along the Source of the
30 October 2016 Earthquake (Central Apennines, Italy), From Integrated
Paleoseismic Data Sets. J. Geophys. Res. Solid Earth 1-28 (2019)
doi:10.1029/2019jb017757.

Guerrieri, L., Pascarella, F., Silvestri, S. & Serva, R. Evoluzione recente dea
paesaggio e dissesto geologico-idraulico: primo risultati in un’area campione
del’Appennino Centrale (valle del Salto—Rieti). Boll. Della Soc. Geol. Ital. 57,
453-461 (2002).

Boncio, P., Lavecchia, G. & Pace, B. Defining a model of 3D seismodenic
sources for Seismic Hazard Assessment applications: The case of central

Apennines (ltaly). J Seism. 8, 407—425 (2004).

25



866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891

892

51.

52.

53.

54.

55.

56.

57.

58.

59.

Galli, P. et al. Holocene paleoseismology of the Norcia fault system (Central
Italy). Tectonophysics 745, 154—169 (2018).

Galli, P. A. C., Giaccio, B., Messina, P., Peronace, E. & Zuppi, G. M.
Palaeoseismology of the L’Aquila faults (central Italy, 2009, Mw6.3 earthquake):
Implications for active fault linkage. Geophys. J. Int. 187, 1119-1134 (2011).
Vittori, E. et al. Ground effects and surface faulting in the September-October
1997 Umbria-Marche (Central Italy) seismic sequence. J. Geodyn. 29, 535-564
(2000).

Michetti, A. M. & Serva, L. New data on the seismotectonic potential of the
Leonessa Fault area (Rieti, central Italy). Rendiconti Della Soc. Geol. Ital. 13,
37-46 (1990).

Blumetti, A. M. Neotectonic investigation of evidence of paleoseismicity in the
epicentral area of the January-February 1703, central Italy, earthquakes.
Perspect. Paleoseismology 6, 83—100 (1995).

Mildon, Z. K., Toda, S., Faure Walker, J. P. & Roberts, G. P. Evaluating models
of Coulomb stress transfer: Is variable fault geometry important? Geophys. Res.
Lett. 43, (2016).

Gratier, J.-P., Guiguet, R., Renard, F., Jenatton, L. & Bernard, D. A pressure
solution creep law for quartz from indentation experiments. J. Geophys. Res.
Solid Earth 114, (2009).

Cinti, F. R. et al. Evidence for Surface Faulting Earthquakes on the Montereale
Fault System (Abruzzi Apennines, Central Italy). Tectonics (2018)
doi:10.1029/2017TC004780.

Mildon, Z. K., Roberts, G. P., Faure Walker, J. P. & lezzi, F. Coulomb stress
transfer and fault interaction over millennia on non-planar active normal faults:
the Mw 6.5-5.0 seismic sequence of 2016-2017, central Italy. Geophys. J. Int.

210, (2017).

26



893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919

920

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Reid, H. F. The mechanics of the earthquake. Calif. Earthq. April 1906 18, 192
(1910).

Toda, S., Stein, R. S., Richards-Dinger, K. & Bozkurt, S. B. Forecasting the
evolution of seismicity in southern California: Animations built on earthquake
stress transfer. J. Geophys. Res. Solid Earth 110, 1-17 (2005).

Pace, B., Peruzza, L., Lavecchia, G. & Boncio, P. Layered seismogenic source
model and probabilistic seismic-hazard analyses in central Italy. Bull. Seismol.
Soc. Am. 96, 107-132 (2006).

Main, |. G. Earthquakes as Critical Phenomena: Implications for Probabilistic
Seismic Hazard Analysis. Bull. Seismol. Soc. Am. 85, 1299-1308 (1995).

Pace, B., Bocchini, G. M. & Boncio, P. Do static stress changes of a moderate-
magnitude earthquake significantly modify the regional seismic hazard? Hints
from the L’Aquila 2009 normal-faulting earthquake (Mw 6.3, central Italy). Terra
Nova 26, 430—439 (2014).

Fay, N. & Humphreys, E. Dynamics of the Salton block: Absolute fault strength
and crust-mantle coupling in Southern California. Geology 34, 261-264 (2006).
Cowie, P. A, Roberts, G. P., Bull, J. M. & Visini, F. Relationships between fault
geometry, slip rate variability and earthquake recurrence in extensional settings.
Geophys J Int 189, 143—-160 (2012).

Stone, J. O, Allan, G. L., Fifield, L. K. & Cresswell, R. G. Cosmogenic chlorine-
36 from calcium spallation. Geochim. Cosmochim. Acta 60, 679-692 (1996).
Sgambato, C., Faure Walker, J. P., Mildon, Z. K. & Roberts, G. P. Stress loading
history of earthquake faults influenced by fault/shear zone geometry and
Coulomb pre-stress. Sci. Rep. 10, 12724 (2020).

Wedmore, L. N. J. et al. A 667 year record of coseismic and interseismic
Coulomb stress changes in central Italy reveals the role of fault interaction in
controlling irregular earthquake recurrence intervals. J Geophys Res Solid Earth

122, 5691-5711 (2017).

27



921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946

947

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Reston, T. J. The lower crust and the extension of the continental lithosphere:
Kinematic analysis of Birps Deep Seismic Data. Tectonics 9, 1235-1248 (1990).
Phillips, T. B., Jackson, C. A. L., Bell, R. E., Duffy, O. B. & Fossen, H.
Reactivation of intrabasement structures during rifting: A case study from
offshore southern Norway. J Struct Geol 91, 54—73 (2016).

Barchi, M., Minelli, G., Magnani, B. & Mazzotti, A. Line CROP 03: Northern
Apennines. Mem Descr Carta Geol D’It 62, 127-136 (2003).

Boncio, P. et al. Seismicity and extensional tectonics in the northern Umbria-
Marche Apennines. Mem Soc Geol It 52, 55 (1998).

Collettini, C., De Paola, N., Holdsworth, R. E. & Barchi, M. R. The development
and behaviour of low-angle normal faults during Cenozoic asymmetric extension
in the Northern Apennines, Italy. J. Struct. Geol. 28, 333—-352 (2006).

Finetti, |. R. et al. Lithospheric tectono-stratigraphic setting of the Ligurian Sea-
Northern Apennines-Adriatic Foreland from integrated CROP seismic data. Deep
Seism. Explor. Cent. Mediterr. Italy CROP Proj. 8, 119-158 (2005).

Roberts, G. P. Visualisation of active normal fault scarps in the Apennines, Italy:
a key to assessment of tectonic strain release and earthquake rupture. J. Virtual
Explor. 29, (2008).

Morewood, N. C. & Roberts, G. P. The geometry, kinematics and rates of
deformation within an en echelon normal fault segment boundary, central Italy. J.
Struct. Geol. 22, 1027-1047 (2000).

Wilkinson, M. et al. Slip distributions on active normal faults measured from
LiDAR and field mapping of geomorphic offsets: An example from L’Aquila, Italy,
and implications for modelling seismic moment release. Geomorphology 237,
(2015).

Mildon, Z. K., Roberts, G. P., Faure Walker, J. P., Wedmore, L. N. J. &

McCaffrey, K. J. W. Active normal faulting during the 1997 seismic sequence in

28



948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967

968
969
970
971
972
973
974
975
976
977

80.

81.

82.

83.

84.

85.

86.

Colfiorito, Umbria: Did slip propagate to the surface? J. Struct. Geol. 91, 102-113
(2016).

Papanikolaou, I. D., Roberts, G. P. & Michetti, A. M. Fault scarps and
deformation rates in Lazio—Abruzzo, Central Italy: Comparison between
geological fault slip-rate and GPS data. Tectonophysics 408, 147-176 (2005).
lezzi, F., Roberts, G., Faure Walker, J. P. & Papanikolaou, |. Occurrence of
partial and total coseismic ruptures of segmented normal fault systems: Insights
from the Central Apennines, Italy. J Struct Geol 126, 83-99 (2019).

Manighetti, |., Campillo, M., Bouley, S. & Cotton, F. Earthquake scaling, fault
segmentation, and structural maturity. Earth Planet Sci Lett 253, 429—438 (2007).
Harris, R. A. & Simpson, R. W. Changes in static stress on southern California
faults after the 1992 Landers earthquake. Nature 360, 251-254 (1992).

Withers, T. Fugacity calculator.
https://www.esci.umn.edu/people/researchers/withe012/fugacity.htm (2019).
Pitzer, K. S. & Sterner, S. M. Equations of state valid continuously from zero to
extreme pressures for H20 and CO2. J. Chem. Phys. 101, 3111-3116 (1994).
Faure Walker, J. P., Roberts, G. P., Sammonds, P. R. & Cowie, P. A.
Comparison of earthquake strains over 10*{2} and 10*{4} year timescales:
Insights into variability in the seismic cycle in the central Apennines, ltaly. J.

Geophys. Res. 115, B10418 (2010).

Acknowledgements

This work was funded by NERC Standard Grant NE/I024127/1 (GR), NERC Large
Grant NE/J016497/1 (GR), NERC Standard Grant NE/E01545X/1 (GR and KM as co-
I's), NERC Studentship NE/L501700/1 (ZM), NERC Urgency Grant NE/P01660X/1
(JFW and ZM, EEFIT Reconnaissance Mission to the Amatrice, Italy, 24/09/2016
Earthquake), Japan Society for the Promotion of Science (JSPS) Short Term
Fellowship PE15776 (ZM), the Jeremy Willson Charitable Trust (ZM), Geological
Society Mike Coward fieldwork fund (ZM), and GBSF (Great Britain Saskawa

29



978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009

1010
1011
1012

1013

Foundation) grant 4602 (JFW). We thank Laura Gregory for discussions, participation
in fieldwork, chemical analyses and preparation of the *Cl samples. We thank
Patience Cowie for many discussions and ideas that helped to lead us to this study.
We thank Andrew Watson and Luke Wedmore for their assistance in the field during
sampling. We thank Richard Phillips for setting up the cosmogenic lab at the University

of Leeds where the sample preparation took place.

Author contributions

ZM performed all the Coulomb stress modelling, helped to locate, sample and process
some of the **Cl data, helped to develop our approach to fault/shear-zone interactions
and use of the quartz flow law, and co-wrote the manuscript, providing diagrams and
supplements. GR provided background knowledge of the regional geology, seismicity
and geodesy, helped to locate and sample *Cl sites, overseeing field constraints on
all sites, modelled the *°Cl data, helped to develop our approach to fault/shear-zone
interactions and use of the quartz flow law, and our comments on seismic hazard, and
co-wrote the manuscript, providing diagrams and supplements. JFW calculated strain-
rates for the region, developed figures, helped to locate 3**Cl sample sites, helped with
fieldwork, and helped to develop our approach to fault/shear-zone interactions, quartz
flow modelling and our comments on seismic hazard. JB led development of our
approach to modelling slip histories from the **Cl data, and helped with some of the
modelling. IP assisted with site sampling and characterization, provided knowledge of
the local geology, and helped develop our comments on seismic hazard. AM assisted
with site sampling and characterization and contributed knowledge on the local
geology, seismicity and geodesy, and advised on seismic hazard. ST helped to
determine how to calculate differential stress from Coulomb stress. Fl and CS helped
with discussions on interaction, seismic hazard and local geology, seismicity and
geodesy. LC contributed to understanding of shear zone deformation, quartz flow laws
and differential stress. KM helped with site characterization and tectonic
interpretations. RS conducted AMS for the **Cl samples and helped with some field
sampling. CS, JR and MM all contributed to the discussion and presentation of
datasets. EV advised on local geology, seismicity, geodesy, and seismic hazard. All

authors contributed to editing the manuscript.

Competing interests statement
The authors declare no competing interests.

30



1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046

Figures

Fig. 1 — Current knowledge of fault and shear zone interaction in the central Apennines.
(a) Map showing the spatial variation in principal horizontal strain (maximum, preferred
and minimum strain-rate values shown) calculated on a 5x90 km grid (delineated by
black lines and tick marks) traversing the lItalian Apennines (topography from SRTM
DEM), derived from the directions and magnitudes of faulted-offsets since 15 + 3 ka of
landforms dating from the demise of the Last Glacial Maximum, modified and updated

f2° The locations of **Cl sample site and deep seismic reflection datasets

from re
mentioned in the text are indicated in the inset map. (b) Topography against strain-
rate from (a), showing a power law correlation (ii) with an exponent of ~3.26 between
datasets, updated from ref.’®. The value of this power law relationship exponent implies
that the brittle faults are underlain and driven by viscous shear zones. The error bars
in (i) are 95% confidence intervals of the mean elevations (assuming a normal
distribution) and error in strain rate propagated from field measurements (see ref.2%
for more detail). (c) Topographic profiles across active fault scarps used in this study.
(d) Surface ruptures of the 2016 earthquakes on the Mt. Vettore fault scarp showing
how slip on the brittle faults generates surface offsets whose timing and magnitude

can be constrained via **Cl analyses.

Fig. 2 — Model set-up used to examine how stress changes produced by slip in normal
faulting earthquakes and by slip on underlying shear zones. (a) shows Coulomb stress
Transfer (CST) resulting from a normal faulting earthquake. Inset shows the brittle-
frictional-viscous components in the upper and middle crust. (b) shows the differential
stress changes resulting from a normal faulting earthquake. (c) shows CST resulting
from slip on a viscous shear zone. Insets show typical values for differential stress'®
and viscosity®* (for two isotherms) with depth. Note that the part of the shear zone that
is most resistant to deformation (i.e. rate-limiting) will be the shallowest part due to the
highest viscosity. (d) shows the differential stress resulting from slip on a viscous shear
zone. Both earthquakes and shear zone slip transfer negative differential stress (a
reduction in stress) onto the neighbouring shear zone, so a change in strain-rate on

the receiver shear zone is implied.
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Fig. 3 — Model workflow to link the surface findings (**Cl-derived slip histories) with
modelling stress changes throughout the crust and calculating the resulting changes

in strain-rates and slip-rates.

Fig. 4 - Slip histories for the Mt. Vettore and Leonessa faults that are located across
strike from each other. (a) and (b) show the best least squares slip histories with
stepped green lines, and the colour scale indicates the top 100,000 (after model burn-
in) least squares slip histories for each fault. These represent the best fits to the data
without penalization of results by priors used in the modelling during the operation of
the Markov chains. We also show the 90% confidence bounds (red lines) derived from
the posterior distributions produced by the Bayesian modelling. (c) and (d) show the
mean slip intensity results for the same model runs as (a) and (b), but here choices of
runs are penalized by uncertainties indicated by priors placed on the modeling, where
slip intensity is size of slip events multiplied by their frequency divided by bin size for
all model runs in the posterior distribution. Bin size is defined as the optimal bin size
for the distributions'. Both least squares and highest likelihood results reveal out-of-
phase slip on these two faults, with high slip-rate on one accompanied by lower slip-
rate on the other, indicating interaction between these two structures to maintain the

regional strain-rate indicated in Fig. 1.

Fig. 5 — Slip histories for individual faults in the study region. (a) Slip histories derived
from in situ *Cl cosmogenic exposure data for the six faults studied. At ~3.5 kyrs BP
(~3.5 ka), the least squares slip histories, the ensembles of least squares slip histories,
and the 90% confidence bands exhibit convex upward shapes for the Mt. Vettore fault,
and convex downward shapes for all the other faults. Concavity and convexity indicate
that slip-rates change for all the faults at ~3.5 kyrs B.P.; the Mt. Vettore fault slows in
activity and has a period of quiescence whilst all the other faults accelerate. Red boxes
give the date of the last known earthquake on the faults studied. (b) Slip histories from
some nearby faults from published paleoseismic trenching that broadly agree with our
cosmogenic data. (c) Map showing the locations of the faults studied, **Cl sample sites

and paleoseismic trenches (topography from SRTM DEM).
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Fig. 6 — Stress changes and effects on slip rates during periods of quiescence for the
Mt. Vettore and Leonessa faults. (a) Fault map showing the locations of the six faults
studied. (b) Cumulative differential stress changes (Acqir) during anti-clusters. (i) On
the Mt. Vettore shear zone, which is the sum of (ii) contributions from nearby faults.
(iii) On the Leonessa shear zone, which is the sum of (iv) contributions from nearby
faults, except the Mt. Le Scalette and Barete faults because Acair are negligible
(<+0.05 MPa). The periods of quiescence are shown in the slip histories in Fig. 4 and
5. (c) Cumulative Coulomb Stress Transfer (CST) on the (i) Mt. Vettore and (ii)
Leonessa faults during the studied anti-clusters. (d) Comparison between measured
slip histories from **Cl and slip histories inferred from differential stress changes and
the quartz flow law. (i) Slip histories for the Mt. Vettore and Leonessa faults normalised
to the total measured slip. (ii) Slip Rate Enhancement (SRE) values are calculated
relative to the long-term (15 £ 3kyr rate) slip rate, where SRE<1 implies a slowing of
slip and a reduction in activity. The similarity between measured and implied slip
histories suggests the approach we use, combining stress changes with quartz flow

laws, to generate the implied slip histories replicates the natural system.
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a) Fault map

b) Ao, on shear zones during anticlusters for the Mt Vettore and Leonessa faults

[
4740

Leoness

rete

e
Vg

due to shear
zone intersection

Surface fault | ;" cymulative Ao, on ii. Aoy, from  FIA| |iii. cumulative Ao on iv. Ao . from
N T Br;trii/:i:gtr:le Mt Vettore (3.5 - 0 ka) ~ nearby ‘\ Leonessa (16 - 3.5 ka) nearby faults
Mt Lo\ > N T 1 faults positive values MTV
Scalette Vettore

‘!
\

_’f

Sy | 5
\ ©
o
\ =
5 km o%
— . ﬁ _5

LA

‘4

FIA

/
/
/
/
/

— measured
- - implied

Predicted SRE

i. Mt Vettore ,§5 - Oka) |ii. Leonessa (16 - 3.5 ka)
I 1.0
N \ 5 km i.
| s
- \

10 km \ §
— (—; |
_ 2 ) £

5 N 2
= y

% ' 0.0
Q-2

-15 -10

-5

Time (kyrs BP)

c) cumulative CST on faults during anticlusters d) Comparing modelled and measured slip rate changes
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