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Abstract: A pilot study employing a template-matching approach on the detection of repeating
earthquakes (or repeaters) in a small volume of the Irpinia fault (Southern Italy) is presented here. A
catalog of repeaters nucleating over about a decade with local magnitudes ranging between ML 0.4
and ML 1.7 is generated. The events nucleate at depths of about 11 km over a fault patch with a size
of about 600 m. Assuming a constant stress drop for all repeaters, the yearly coseismic slip rate of the
patch is estimated in the range of 1–4.8 mm with a mean value of about 3.4 mm, which is close to the
fault slip rate estimated by geodetic approaches. Given the mechanical properties of the medium in
the source region of the repeaters revealed by previous tomographic studies, and in particular the
high Vp/Vs ratio (close to 1.95), it is postulated that these events are fluid triggered, consistently
with the mechanism proposed for the generation of most of the microseismicity in the area. The
encouraging outcomes of this study suggest to focus future measurement campaigns on this area and
open perspectives to extend this approach to other segments of the Irpinia fault to reveal small-scale
frictional properties in an area capable to generate M7 earthquakes.

Keywords: repeating earthquakes; irpinia fault network; near fault observatory; machine learning

1. Introduction

Improving our understanding of the physical processes leading to large earthquakes
is one of the main goals of near fault observatories [1]. This goal is tightly connected to
the knowledge of the mechanical and frictional conditions of a fault or a network of faults,
which in turn can be inferred by studying the source of small or moderate earthquakes [2,3].

A very peculiar class of seismicity that can be used to precisely constrain the local
spatiotemporal interface slip and related frictional properties is constituted by the repeating
earthquakes or repeaters. Repeaters are defined as earthquakes displaying very similar
waveforms when recorded at the same sensor and repeating over time [4].

Repeaters nucleate stably on a segment of the fault, so that path and site effects
between source and station are common [5,6]. Due to their stability over time, the source of
the repeaters is usually modeled as the repeated activation of an asperity surrounded by
domains with different frictional properties. Moreover, repeaters appear to be a good proxy
of the interface coupling, can give insights on the very local interface frictional properties,
and can be considered as a natural strainmeter located at depth. The size of the asperities
producing the repeaters can be as small as few hundreds of meters or even less, making the
analysis of the repeaters a powerful and unique tool to map the local interface stress state
at depth [7].

Repeaters usually show a time pattern with typical recurrence intervals of a few
years or less and are often modeled as nucleating over locked patches distributed on an
otherwise creeping fault zone. This modeling accounts for the evidence that the crustal
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stress accumulation rates (1–50 kPa/year in plate boundary zones [4]) are a small fraction
of typical earthquake stress drops (1–10 MPa), indicating a heterogeneous loading rate over
the fault interface—higher over the asperities producing the repeaters [4,6,8].

Repeaters have been found in several areas all over the world and in different tectonic
contexts, ranging from subduction margins to volcanic areas and geothermal fields [9,10].
Advanced studies of the phenomenon have been carried out along the Japan subduction
trench and the San Andreas fault, where they have been related with the standard seismicity
and the aseismic slips allowing the modeling of the strike-dependent segmentation of the
interface [11–13]. In Italy, near-repeaters have been detected in the Central Apennines
including the Alto Tiberina Fault and the areas of the 2009 and the 2012 Emilia L’Aquila
earthquakes [14–17].

Recently, near-repeating earthquakes have been observed to nucleate within a volume
of the Cervialto segment of the Irpinia fault, in Southern Apennines, by using a multi-
channel clustering approach [18]. The Irpinia area hosts an active extensional fault system
arranged in subparallel structures with trends mainly ranging from WNW-ESE to NW-
SE disseminated predominantly over the Apennines axial sector [19–21]. This area was
hit on 23 November 1980 by the Ms 6.9 Irpinia earthquake, which was characterized by
three main rupture episodes occurring within 40 s and which caused about 3000 fatalities
and severe damage [22–24]. The seismicity of the Irpinia area has been monitored since
2005 by the Irpinia Seismic Network (ISNet http://isnet.fisica.unina.it [25], accessed on
22 December 2023), which consists of 31 seismic stations. The present-day seismicity is
distributed over a large crustal volume around the fault segments that generated the Ms
6.9 Irpinia earthquake; the hypocentres span depths from 2 km to 20 km and show the
largest earthquake density around the depths of 7 km and 12 km, that is, in carbonate
lithology [20,26].

Recent studies on the microseismicity characteristics have provided evidence for
structural segmentation and evolution of both crustal and source properties, as, for instance,
the medium properties (e.g., [27]), the stress drop [3] and the ground motion intensity [28].

It is noteworthy that although this sector of central-southern Apennines is rather far
from active volcanism (>70 km), several works have reported high outgassing of volatiles
of deep origin, with CO2 being the dominant gaseous species [29,30]. Crustal fluids have
been shown to play an important role in driving regional seismicity [31]. Similarly to other
forms of crustal seismicity in different tectonic contexts [32,33], also in Irpinia, the back-
ground microseismicity appears partially controlled by fluids of different origin [34–36].
For instance, 3D velocity images and rock physical modeling suggest a porosity in carbon-
ates around 4–5% and a fluid composition consisting of brine-CO2 and/or CH4-CO2 for
the crustal area where the 1980 earthquake nucleated [37]. Often, the seismicity in the area
occurs in seismic sequences, for which a mainshock triggers aftershocks by local stress
re-distribution [38,39]. Recent evidence from studies on sequences [2,40] highlighted both
stress drops and focal mechanisms compatible with the main orientation of the large faults
that generated the 1980 Irpinia earthquake.

The main goal of this work was the identification and characterization of repeating
earthquakes in the volume of the 1980 Irpinia earthquake. Given the source mechanism of
these events, they can provide a unique constraint on the fault slip at depth. This kind of
estimates is especially important in low-tectonic rate regions, where the limited resolution
of geodetic observations does not allow an accurate measurement of small-scale co- and
inter-seismic fault slips. This is also the case of Irpinia, where this limitation prevents
detailed knowledge of the seismic (and potentially aseismic) accommodation over the
complex fault network. In that sense, this work may be intended as a pilot study on the
feasibility of detecting the slippage of very small fault domains, and thus eventually on
the identification of small-scale segments of the Irpinia fault system by repeaters. The
extent tp which these events can enlighten the local fault slip kinematics was investigated
given the characteristics of the current monitoring seismic network and the low-magnitude
earthquakes of the area, and we tried to depict how a proper development of the monitoring
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system can promote their detection and characterization. For these aims, the densest cluster
of near-repeaters defined in Palo et al. [18] was focused on, and an enhanced catalog of
repeating earthquakes was built using the events of this cluster as template and scanning
the continuous seismic signal with a similarity search approach; eventually, a set of events
radiated from a common small-scale fault patch was identified.

The paper is structured as follows: the dataset and the numerical approach used to
generate the catalog are first introduced. Then, the events of the enhanced catalog are
characterized in terms of magnitude, fault size, coseismic slip and differential tS − tP to
constrain the size of a slipping fault patch. Finally, the results are critically discussed in the
context of the seismotectonic setting of Irpinia.

2. Data and Methods

This work took advantage of the results shown in Palo et al. [18], a paper that critically
analyzed the spatial pattern of medium properties and source parameters of a set of
487 earthquakes detected at the ISNet spanning about 14 years, manually revised, and
broadly located in a volume enclosing the Cervialto and Marzano fault segments of the
Irpinia fault (see Figure 1). The authors found indications of an along-strike segmentation
of the fault network, that is, of high- and a low-coupling segments. The high-coupling
segment was characterized by high fraction of clustered seismicity, low b-value, high
relative coseismic slip, low Vp/Vs (1.7–1.75). Moreover, in this segment, using multi-
channel hierarchical agglomerative clustering, the authors identified a domain where
clusters of microearthquakes with the characteristics of repeaters nucleate. Specifically, they
found five clusters of “near-repeaters”: this term was adopted (similarly to the definitions
used by other authors, e.g., [41,42]) because the clusters were defined based on the similarity
between only the P phases of earthquake pairs and because the “near-repeater” clusters
showed a relatively large dispersion of the hypocentres (up to about 1 km). The number
of earthquakes over the 14 years composing these clusters ranged between 4 and 20.
Here, the focus was on the largest of these clusters (Cluster 14 of the indexing of Palo
et al. [18]—hereinafter SET-CL) and on the ISNet station where all events of the cluster
were detected (labelled as SNR3 and referred to as reference station hereinafter). However,
as the differential P and S arrival times of four events of SET-CL appeared inconsistent with
the others, only 16 earthquakes of SET-CL were relocated in Palo et al. [18]. In Figure 1,
the epicenters of the template set and the reference station together with the background
seismicity of the area are displayed.

The catalog of repeaters searching for similar earthquakes (missing in the starting cata-
log of Palo et al. [18]) was extended using the template matching technique EQCorrscan [41]
on velocimetric data. EQcorrscan is a template matching detection algorithm tailored for
the analysis of similar earthquakes and repeating seismicity. It computes the normalized
cross-correlations between the templates and the continuous data according to relation

cc(y) = ∑n
x=0(t(x)− t̄)(d(x + y)− d̄(y))√

∑n
x=0(t(x)− t̄)2 ∑n

x=0(d(x + y)− d̄(y))2
, (1)

where cc is the normalized cross-correlation coefficient for every sample y, t is the template,
n is the length of the template, d is continuous data, d(y) is the local mean of continuous data
between sample y and sample y + n, and t is the mean value of the template. Differently
from other template matching detectors, EQCorrscan also returns a cross-correlation arrival
time for the P/S waves on the detected events grounding on the time lag in the cross-
correlation alignment with the most similar template.

The daily velocimetric recordings at the reference station were scanned from 1 January
2012 to 22 April 2022, which is the time interval of the available continuous signal at
this station. For the scan, the same parametrization of Palo et al. [18] for the clustering
analysis was adopted: the template events for Cluster 14 were extracted by bracketing the
vertical component of 50 Hz downsampled velocity records from 0.4 s before to 1 s after the
manual identification of P arrival times. As in Palo et al. [18], templates were filtered in the
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frequency band of 1–20 Hz using a 4th-order Butterworth bandpass filter. Continuous data
were preprocessed matching the parameterization adopted for generating the templates. In
both cases, preprocessing also included a linear detrend and a demeaning of the signals.

Figure 1. Event locations of Cluster 14 of Palo et al. [18] (blue dots) represented with the Irpinia
background seismicity (gray dots) and the projection of the Irpinia fault segments involved in the
1980, Ms 6.9 earthquake (black dotted parallelograms—CRV: Cervialto; MRZ: Marzano; Conza; SGM:
San Gregorio). ISNet stations are marked as black triangles, while reference station SNR3 is marked
in red. Black lines display the projection on the surface of the main active faults of the area.

An event was declared when the cross-correlation (CC) between the portion of the
continuous window and a template overcame 0.8, which was the threshold fixed in Palo
et al. [18] to localize via a double-difference approach the events of SET-CL. In this way,
59 events (SET-A hereafter) were detected over the scanned time interval. This set of events
also included some earthquakes belonging to the original SET-CL; in fact, the template-
matching algorithm correctly recognized the events of SET-CL as one of the templates.
It should be remarked that SET-A was defined based on only the P phase, according to
the approach of Palo et al. [18], and hence only potentially formed an extended set of
repeaters originating from the slip of a common fault patch. For this reason, SET-A was
then refined introducing a threshold in the value of CC between P and S phases of each
event of SET-A and an event (master event—EV-M) chosen from SET-CL, selecting in this
way only the waveforms with high similarity over the whole signals and therefore sharing
a common source fault area. EV-M was chosen as the earthquake with the largest Mw (2.7)
and signal-to-noise ratio (about 15) among the events of SET-CL. Expected S arrival was
fixed using the value of tS − tP predicted by the 3D velocity model of De Landro et al. [27]
and the hypocenter of EV-M from Palo et al. [18]. The vertical ground motion component
was used for the P phase, and NS or EW components were used for the S phase.

Different lengths of time windows enclosing P and S phases, frequency intervals
of a 4th order Butterworth band-pass filter, and CC thresholds were tested; eventually,
the combination that allowed extraction of a subset of SET-A with clearly overlapping
waveforms and aligned P and S phases was selected, that is, a set of repeating earthquakes.
In the end, the parameters were chosen as follows: 0.6 s (tw) for the time windows used
for CC for both P and S phases, a band-pass frequency filter between 5 Hz and 20 Hz,
and 0.75 and 0.6, respectively, for the CC thresholds between P and S phases. In all cases,
preprocessing included a linear detrend and a demeaning of the traces. The time windows
for CC started 0.1 s and 0.2 s before the manually picked P arrival and the expected S arrival,
respectively. With these criteria, 12 events were selected that formed the SET-REP. From
this set, EV-M was excluded as occurring in 2009, that is, beyond the analyzed time interval.
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On the other hand, at this stage, the inclusion of the 4 events already belonging to SET-CL
was imposed to check the relation between near-repeaters and repeaters in terms of relative
position of the radiating fault patches; further selection was performed, detailed below,
based on the differential tS − tP times to exclude events of SET-CL far from a common
slipping fault patch.

For the sake of clarity, in summary, SET-CL was the original cluster of near-repeaters
(occurring broadly in the time interval 2008–2021) from Palo et al. [18] that was used as
a template to first identify SET-A, which in turn was composed of 59 events occurring in
the time interval analyzed in this paper (2012–2021). A subset of SET-A with very high
similarity with EV-M formed SET-REP, which was composed of 12 events over 2012–2021.
It must be remarked that SET-A was introduced as an intermediate numerical step for the
definition of SET-REP and neglected in the rest of the analysis.

Retrieval of SET-REP was also attempted at the other two stations of the ISNet rela-
tively close to the source area of SET-CL (see Figure 1). However, due to several breaks in
the acquisition of these stations, only a subset of SET-A was available (40 events at most).
Moreover, and more importantly, no events were found for which the conditions on the CC
of P and S phases were met–as a reference, only few events (5 at most) showed a CC on
the P phase relative to EV-M higher than 0.6. Similar results were found, also changing the
reference event.

3. Results

In Figure 2, the signals (vertical ground motion component) of the earthquakes of
SET-REP are displayed. At the top of the figure, EV-M is plotted (red line). All amplitudes
are normalized, in that the maximum amplitude of each earthquake plotted in the figure is
made equal to one. On the right, the occurrence time of the earthquake is shown; in red,
the events belonging to SET-CL are indicated. On the left, the CC values for the P and S
phase between each event and EV-M are displayed. The dotted vertical lines mark the time
windows adopted for the calculation of the CC for P and S phases. Events belonging to a
seismic sequence are visible on 16 May 2016, when five events occurred on the same day.

Earthquakes of SET-CL were extracted from the ISNet bulletin, which included a value
of local magnitude ML. We assigned an ML value to the earthquakes of SET-REP through
the amplitude ratio, a well-established approach [40], by assuming co-location with EV-M.
Specifically, ML was estimated by equation ML = MEV−M + log10

AEV−M
A , where MEV−M is

the magnitude of EV-M; A and AEV−M are half of the peak-to-peak amplitudes of events of
SET-REP and EV-M, respectively. In this way, the inferred ML of SET-REP ranged between
0.4 and 1.7 (see Table 1).

Table 1. Occurrence time and source parameters of the earthquakes composing SET-REP. “D. from
EV-M” is the distance from the master event. SET-CL is 1 if the event belongs to the original SET-CL
of Palo et al. [18]. Events marked with a star (*) were also included in the ISNet catalog, but were
assigned to a different co-located cluster in the original paper (Cluster 13 in Palo et al. [18]).

Time ML MW Fault Size (m) D. from EV-M (m) Slip (mm) SET-CL

02.10.2013 05:55:04.959 0.620 1.553 28.594 0 2.312 0
16.03.2013 02:10:27.959 1.625 2.223 61.829 1158 4.998 1
18.09.2014 01:23:59.162 0.470 1.453 25.491 55 2.061 0
16.10.2014 16:41:11.299 1.278 1.992 47.384 275 3.831 1
*16.05.2016 02:21:21.476 1.610 2.213 61.155 −220 4.944 0
16.05.2016 02:23:27.376 1.323 2.021 49.032 −165 3.964 1
16.05.2016 07:03:17.217 0.978 1.792 37.652 −110 3.044 0
16.05.2016 08:15:26.757 0.885 1.730 35.057 −165 2.834 0
*16.05.2016 20:49:51.020 0.919 1.752 35.979 −165 2.909 0
20.06.2016 18:27:10.663 0.184 1.263 20.465 110 1.654 0
07.06.2017 17:44:10.523 1.427 2.092 53.161 −330 4.298 0
30.06.2017 23:33:51.279 0.686 1.598 30.100 110 2.433 1
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Figure 2. Waveforms of SET-REP (vertical component). EV-M is plotted in the first line in red. Events
with time marked in red are also those belonging to SET-CL. The vertical dashed lines show the edges
of the time windows used to enclose the P and S phases for the CC calculation. On the left, the CC
values between events of SET-REP and EV-M for the P and S phases are displayed. As explained
in the main text, the displayed CC value for the S phases is computed on one of the horizontal
components. The theoretical S wave arrival is predicted at about 3 s from the P onset.

In Palo et al. [18], the authors considered the source parameters obtained by Picozzi
et al. [28] and estimated the mean stress drop of the repeating earthquakes by averaging
those of the events nucleating over the fault subsegment that hosts the clusters of repeaters
(see Figures 6 and S8 in the original paper). Here, the stress drops inferred in Picozzi
et al. [28] were considered again, and the mean value of the events of SET-CL was calculated;
a common stress drop was assigned to all events of SET-REP equal to this mean stress drop
(∆σ). Moreover, an uncertainty to ∆σ equal to the standard deviation of the stress drops of
SET-CL was assigned. In this way, it was fixed ∆σ = 4.0 ± 3.3 MPa. Interestingly, this value
appears to be higher than the mean stress drops of the Irpinia microearthquakes [43], in
line with many observations worldwide showing that repeaters have, on average, larger
stress drops than usual interface seismicity [44].

Starting from the inferred values of ML, MW of each event of SET-REP was estimated
using an empirical relation proposed in Malagnini and Munafó [45]. The relation was
calibrated using a large set of ML-MW data points from earthquakes of the central and
northern Apennines, that is, in tectonic conditions similar to those of the Irpinia region.
The relation proposed in Malagnini and Munafó [45] is

MW =
2
3

ML + 1.14. (2)
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In turn, from these values of MW , estimates of the seismic moment M0 were inferred
using relation [46]

M0 = 101.5MW+9.1. (3)

Finally, to associate a size and a co-seismic slip to the source fault of each event of
SET-REP from the moment magnitudes, an earthquake source model was adopted that
assumes an instantaneous and homogeneous stress release on a circular fault of size a; in
this model, the stress drop ∆σ, the radius a of the fault, and the co-seismic slip s are related
by equations [47,48]

∆σ =
7π

16
µ

s
a

, (4)

M0 =
16
7

∆σa3, (5)

where µ is medium rigidity. Using the Equations (2)–(5), the fault size and the co-seismic
slip of each event of SET-REP were eventually inferred, as listed in Table 1.

Then, the differential tS − tP between EV-M and all events of SET-REP was estimated,
that is, the difference in the waiting time from P to S arrival times between the earthquakes
of SET-REP and the reference event. The following numerical workflow was adopted: ∆ti,j
was defined as the difference between P (S) arrivals of event i of SET-REP and of EV-M:

∆tP(S)i
= tP(S)i

− tP(S)M
, (6)

where tP(S)i
is the P (S) arrival time of event i of SET-REP, tP(S)M

is the P (S) arrival time of
EV-M, and i runs over the events of SET-REP. Quantity ∆ti was defined as

∆ti = ∆tPi − ∆tSi , (7)

that is, the differential tS − tP between the ith event of SET-REP and EV-M. Assuming
that EV-M and the events of SET-REP are nearly co-located (a reasonable assumption for
repeaters), ∆ti could be connected to VP and VS at the source and to the distance between
hypocentres of EV-M and event i:

∆ti =
γ − 1

VP
∆ri,M, (8)

where γ = VP/VS and ∆ri,M is the distance between the hypocentres of EV-M and the ith
event of SET-REP. As the travel path of the seismic rays from the hypocentres of EV-M and
the events of SET-REP differed from each other only at the source, γ and VP of Equation (8)
corresponded to those of the source volume of the repeaters. In Palo et al. [18], the events
of SET-CL were localized at a depth of 11–12 km. At these depths, tomographic studies
assigned values of γ = 1.95 and VP = 6 km/s [34,49], which were then the values that were
assumed for the application of Equation (8).

∆tPi was estimated as the time shift that maximizes the CC function between EV-M
and the ith event of SET-REP, both windowed by tw starting 0.1 s before the P onset, as
explained above. ∆tSi was estimated in the same way, but tw started, in this case, 0.2 s
before S onset.

Using Equation (8), estimates of the intra-hypocenter distances ∆ri,M were thus in-
ferred. These values are plotted in Figure 3 (right y scale) as a function of time. On the same
plot, each point is referred also to the corresponding ∆ti. It was found that all solutions
but one have ∆ti in the range of (−0.05 s:+0.05 s), which corresponded to a ∆ri,M within
±300 m from the hypocenter of EV-M. Noteworthy, only one event, belonging also to SET-
CL, showed a larger ∆ti corresponding to about 1.1 Kkm from EV-M, suggesting that this
event was originating from a different fault domain than the rest of the events of SET-REP.
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Figure 3. Differential tS − tP times between EV-M and all events of SET-REP and corresponding
distance between hypocentres. The marker size scales with the moment magnitude. Yellow symbols
highlight the events of SET-REP belonging to SET-CL (see Table. 1).

In Figure 4, the relative positions of the events of SET-REP with respect to EV-M are
shown. The markers have a radius equal to the asperity size estimated above. Yellow
dots also mark events in SET-CL. The empty circle shows the position and the fault size
of EV-M. The epicenters of the events of SET-REP were fictitiously located on the map
along the line connecting the reference station and the epicenter of EV-M. All events of
SET-REP except one (that belongs to SET-CL) were apparently generated on a common
fault domain of ∼500 m with partial overlap of the slipping areas. This result suggests
that the volume identified in Palo et al. [18] generating clusters of near-repeaters could be
further segmented into smaller sub-domains.

Figure 4. Differential source position and fault size of the events of SET-REP. The size of the dots
equals the estimated fault size. Events belonging to SET-CL are highlighted in yellow (see Table 1).
The empty circle marks the epicenter and the fault size of EV-M. The epicenters were fictitiously
aligned along the line connecting the epicenter of EV-M to the reference station. All events but one
nucleated on a patch of ∼500 m with partial overlap of the slipping areas. One event (belonging to
SET-CL) nucleated instead more than 1 km apart from EV-M.
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In Figure 5, the co-seismic slip integrated over time (cumulative slip) is shown as a
function of time. Here, the slip was computed assuming the same stress drop of 4 MPa for
all the equal events. Please note that in the latter plot, the event of SET-REP (and SET-CL)
with a large ∆ti was removed to not mix up the contributions from clearly disjointed
slipping patches. The yellow dots mark the events belonging to SET-CL, too; the marker
size scales with the magnitude. A quite irregular occurrence of repeaters over time can
be noted; in fact, the events of SET-REP occurred mostly as doublets or swarm/sequence,
as in the case of the group of events in 2016. The cumulative slip for the average stress
drop value was about 35 mm, and groups of repeaters occurred every 1.2–1.8 years. Given
the variability in stress drop of the events of SET-CL mentioned above, the cumulative
slip was also computed using the boundary values of stress drop of 0.7 MPa and 7.3 MPa.
The slip corresponding to these solutions integrated over time is shown with gray lines
in Figure 5. The cumulative slip for these boundary solutions was equal to about 10 mm
and 50 mm, respectively, for the lower and upper stress drop bound. Remarkably, the
cumulative slip computed using the mean stress drop value decreased to about 21 mm
(ranging 6–33 mm including the stress drop uncertainty) if the aftershocks of the 2016
sequence were discarded assuming they were triggered by local stress re-distribution after
the mainshock.

Figure 5. Cumulative slip of the events of SET-REP using the mean stress drop of 4 MPa. Yellow
markers highlight earthquakes of SET-CL (see Table 1). The marker size scales with the moment
magnitude. Gray lines display the cumulative slips obtained with stress drops of 0.7 MPa and
7.3 MPa.

4. Discussion

The spatio-temporal evolution of repeating earthquakes occurring over a segment of
the Irpinia fault network in southern Italy was analyzed. The results highlighted that the
repeaters occurred over a fault patch of size in the order of 500 m that cumulatively slipped
about 30 mm over 14 years. This estimate was obtained after properly populating an initial
set of 20 near-repeating earthquakes (SET-CL) defined in Palo et al. [18] that nucleated
in a volume with a size of ∼1 km (Figure 1). In that sense, this analysis was a sort of
“zoom in” a volume of the Irpinia fault system that repetitively slips and could therefore
provide unique insights on the very local frictional properties that would be instead nearly
undetectable by other geodetic measurement systems currently monitoring the area.
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The region under study presents a complex structure, inherited by the different phases
of rifting, drifting and shortening that deformed the Corsica–Sardinia and Adriatic–Apulian
forelands during the Meso-Cenozoic era [20,50–52]. During Quaternary, the Southern
Apennine thrust belt was dissected by NW-SE-oriented normal faults that accommodated
an extensional tectonic phase, which is still ongoing [53]. The tectonic of the Irpinia region
is currently characterized by active, extensional faults arranged in subparallel structures,
mainly disseminated over the Apennines axial sector, with trends mainly ranging from
WNW-ESE to NW-SE [19–21].

The seismic active rock volume where microseismicity has its origin consists of the
Apulian Platform carbonates and their basement [26,36,37]. It was hypothesized that
the background microseismicity in this region is partly controlled by fluids of different
origins (e.g., [29,31,34,35]). Recent studies that have developed 3D velocity images and rock
physical modeling of the Irpinia faults system [29,34,36,37,54] suggested that the carbonates
associated to the Marzano segment at depths where the 1980 Irpinia earthquake enucleated
have a porosity around 4–5%, and that crustal fluids have a composition consisting in
brine-CO2 and/or CH4-CO2.

The nearby fault sector (i.e., Cervialto) where events of SET-CL nucleated (i.e., these
events were located at the southern margin of the Cervialto fault near the Marzano segment)
spatially matched an approximately 20 km long and 15 km wide low-Vp/Vs anomaly
between 6 km and 10 km that was interpreted as a pressurized CO2-rich rock volume
within the Apulian platform carbonates [29]. This velocity anomaly appeared to be well
correlated with high heat flow (100–215 mWm−2) observed along the Mount Forcuso
antiform and by a large natural emission of low-temperature CO2 rich gases from non-
volcanic environment known as “Mefite d’Ansanto” [55].

The strong relationship between seismicity and high-pressure deep CO2-dominated flu-
ids along a large part of the Apennines has been documented by several authors [31,36,50,56]
and believed to be also responsible for the nucleation of large earthquakes (e.g., the 1997
Colfiorito and the 2009 L’Aquila seismic sequences; see [57,58]). In this framework, [35]
showed that fluids in karst aquifers follow high multi-annual recharge and intense sea-
sonal rainfall that can lead to shallow poroelastic strain capable of modulating deeper
microseismicity and potentially induce large earthquakes.

Events of SET-CL nucleated at depths of about 11–12 km [18], within the basement of
the Apulian platform [34], where most of the microseismicity in Irpinia is currently gener-
ated and where tomographic studies have inferred a highly fractured rock with significant
fluid accumulation, as explained above. In particular, an active role of fluids in promoting
or triggering the microseismicity has been proposed by pore pressure increase on the
fault interface induced in turn by diffusion of gasses like CO2 and CH4-CO2 that saturate
the fault network and can change the mechanical properties of the medium reducing the
interface coupling [59,60]. In Amoroso et al. [34,37] it was proposed moreover that the
dense network of faults at depth characterizing the Irpinia fault system can act as a path
for fluid migration triggering earthquakes by pore pressure diffusion. In detail, it was
postulated that fluids are flushed along the fault zones during the coseismic slip, promot-
ing the creation of pathways for fluid migration through fractures within the cemented
fault core, while during interseismic periods, these faults continue to act as conduits for
along-fault flow due to the high permeability of the intensely fractured rock volume [34].
Spatio-temporal changes in seismic source properties and ground motion intensity in the
investigated area that might be related to crustal fluids migration were observed in Picozzi
et al. [3,28].

In this framework, it can be hypothesized that the events of SET-REP were fluid
induced, as well. The evidence that repeaters occurred preferentially in swarms or doublets
was indeed consistent with this source mechanism, as the occurrence of a repeater promotes
fluid migration and thus can locally favor the nucleation of multiple events. A similar
mechanism has been also advocated in Stabile et al. [39], who modeled the source of a
sequence in Irpinia to be due to the internal mechanical readjustments from fluid migration
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along fractured fault zones. Moreover, it has been proposed already by different authors
that an increase in pore pressure and/or fluid movements belong to the physical conditions
that trigger repeated failures away from rapidly slipping plate boundary faults (e.g., [61,62]).
This is, for example, the reason why repeaters have been detected also in volcanic and
geothermal areas (e.g., [63,64]), or in inland tectonic faults [10], where the loading rate is
usually low.

As shown in Palo et al. [18], the Cervialto segment hosted the vast majority of se-
quences and near-repeaters of the whole investigated area, including SET-CL. The authors
have shown, moreover, that such fault segment presented the highest level of correlation
with the annual poroelastic deformation of the shallower karst aquifers. This evidence
allows the hypothesis of the fact that the events of SET-REP nucleated on fault patches at a
critical stage that could be activated also in response to external impulses. In line with this
hypothesis, ref. [28] analyzed the source parameters of the microseismicity in Irpinia and
observed that the co-seismic stress drop and the energy required for the earthquake rupture
were anti-correlated with the geodetic displacement over about one decade; moreover, in
the same period, the authors found a very clear positive correlation between fault size
(and co-seismic slip) and geodetic displacement. On the other hand, the same authors
highlighted also that the correlation between co-seismic stress drop and geodetic displace-
ment became progressively positive after 2017; similarly, they found that the correlation
between fault size and geodetic displacement was totally lost after this year. The authors
interpreted this behavior as produced by a change in the fault coupling of the Cervialto
segment, which in turn could be an effect of a mechanical variation of the rock matrix,
for example by the closure of cracks and flaws [27]. In this scheme, the evidence that no
repeaters were identified after 2017 may be related to a change in the medium properties
and in particular to fluid–rock coupling at depth. In other words, the absence of repeaters
after 2017 is the very local effect of a large-scale medium change: the tectonic loading
(combined with stress perturbation from the karst aquifer oscillations [35]) acting on the
same fault patch (previously prone to slip repetitively) no longer triggered the slip because
of a modification in local frictional properties.

We found that groups of repeaters occurred every 1.2–1.8 years, suggesting that the
main triggering factor was a nearly constant loading, which can be straightforwardly
identified with the tectonic loading that modulated fluid circulation. We found, moreover,
a cumulative slip of about 35 mm over the analyzed time interval, corresponding to about
3.4 mm per year, which became about 2.0 mm per year assuming that the sequence of 2016
was triggered by a local stress re-distribution and thus discarding the aftershocks. From
geodetic analysis, a yearly mean tectonic slip in the Irpinia region has been estimated to be
about 3 mm [65,66]. Hence, under our hypothesis of a stress drop in the order of 4 MPa
for all repeaters and keeping in mind the limited resolution of our approach in estimating
the coseismic slip, the two values suggest a local fault coupling close to one. On the other
hand, discarding the aftershocks of 2016, the coupling decreases to about 0.6. Moreover,
considering the strong stress drop variability found in the original SET-CL, the yearly
coseismic slip ranged in the interval of 1–4.8 mm, which became 0.7–3.2 mm discarding
the aftershocks of 2016 sequence, implying local couplings as low as, respectively, about
0.3 and 0.2 (considering the lower edges of the two intervals). This is compatible with a
common source model of repeaters that is a patch of small strong interacting asperities
surrounded by a much weaker creeping fault [67]. Moreover, it is worth noting that
the repeaters were located at the transition between two fault segments (Marzano and
Cervialto) separated by the Sele plain. Interestingly, as observed during the 1980, Ms
6.9 Irpinia earthquake, the Sele plain could act as a discontinuity in the rupture propagation
and aftershock production [22,68]; it would be thus arguable that the region at the boundary
of the Cervialto fault segment and Sele plain—that is, where the repeaters nucleated—can
creep or aseismically slips. Moreover, the apparent variations in the medium properties
after 2017 indicated that the capability of the asperities to generate repeaters (and/or to
creep) can change over time, suggesting a potentially highly nonlinear and time-dependent
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mechanism of interaction between asperities at very small scale. However, the resolution
of the observations of these events (together with the magnitude of the tectonic loading in
Irpinia) makes it hard to further constrain this aspect currently.

5. Conclusions

A catalog of repeating earthquakes occurring in Irpinia (Southern Italy) between
2012 and 2021 was generated starting from a set of near-repeaters published in Palo
et al. [18] located on the segment of Cervialto of the 1980 earthquake fault and scanning the
continuous seismic data at one reference station of the Irpinia Seismic Network (ISNet). A
total of 11 repeaters were found with local magnitudes between 0.4 and 1.7 (corresponding
to moment magnitudes in the range of 1.3–2.2); they nucleated in a volume of size ∼500 m
and occurred irregularly every 1.2–1.8 years. Using a constant mean stress drop common
to all repeaters, a cumulative co-seismic slip of about 35 mm was found, corresponding to
a yearly slip of 3.4 mm, which is very close to the slip estimated by geodetic measurements
in the area; this suggested, therefore, a local coupling close to one, although considering
the uncertainty on the co-seismic slip estimates, a coupling lower than one could not be
excluded. Noteworthy, no repeaters were detected after 2017; this evidence was imputed
to a change in the medium property, i.e., to a modification of the local frictional response.
Similarly to most of the seismicity in Irpinia, a relevant role of fluids like CO2 or CH4 in
promoting or triggering the repeaters was postulated.

This work identified a target area worth investigating via ad hoc small-scale instrument
deployment for its potential consequences on the seismotectonic modeling of the region.
Moreover, it highlighted the importance of a dense seismic network to monitor the Irpinia
fault system for a more sensitive earthquake detection and better source modelling and
location. In fact, the results showed clearly that the study of such a class of low-magnitude
events that repetitively nucleate on a small asperity needs a denser seismic network possibly
integrated with high-sensitivity instruments allowing observations of different nature (such
as DAS or strainmeters). It also indicated, once again, the importance of microseismicity to
enlighten the kinematics of the faults allowing the highlight of small-scale asperities. This
is especially crucial for tectonic regions with low loading rates like Southern Apennines
that are nevertheless capable of generating destructive large earthquakes. This pilot study
opened the way to explore the possibility to constrain small-scale slip histories on the
Irpinia fault by low-magnitude repeating earthquakes. In that sense, it suggested that
this approach can be extended to other clusters of near-repeaters to potentially identify
other small-scale fault domains whose existence is suggested by the different fault sizes
between the source volumes of the original set of near-repeaters used as a template and
the inferred catalog of repeaters, as well as to other areas of Southern Apennines. This
task can be especially challenging because, as we showed in this work, the rate of this
kind of phenomena may be very low, and therefore the support of proper experimental
setup is crucial. Nevertheless, as the current research developments in the study of the
preparatory phases of the large earthquakes show, such an effort should be considered
definitely necessary for the understanding of the fault segmentation, the knowledge of the
local stress status and finally for seismic risk assessment.
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