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ARTICLE INFO ABSTRACT

Keywords: We analyze the clustered microseismicity recorded over more than one decade in the Irpinia region, an active
Microseismicity seismic area in Southern Italy. We studied the spatiotemporal properties of rate, source parameters and slipping
Clustering

mechanisms of the clustered seismicity in relationship with local medium properties and the deformation signal.
Spatial pattern of both medium properties and source parameters indicates a segmentation along strike of the
fault network with evidence of a high- and a low-coupling segments separated by a region with diffused
microseismicity and high b-value. The high-coupling segment shows high fraction of clustered seismicity, low b-
value, high relative coseismic slip, low Vp/Vs (1.7-1.75) and near-repeating earthquakes. We find that the
seismicity in this high-coupling segment is triggered by non-tectonic loading, such as the recharge of a karst
aquifer, suggesting a system close to critical conditions. The high-coupling segment can be identified as a po-
tential strong motion area for future earthquakes, while the intermediate segment can mark the edges of an
extensional transfer zone, which can act as a discontinuity for slip propagation. The low-coupling segment is the
same where the Ms. 6.9, 1980 Irpinia earthquake nucleated. This segment shows today both relatively high b-
values and high coseismic slip, but above all it shows temporal dependencies in its properties, which leads us to

Fault segmentation
Normal faulting
Irpinia

pay attention to it for the future spatiotemporal evolution of microseismicity in this area.

1. Introduction

Frictional and mechanical properties of the faults rule the accom-
modation of the tectonic loading and eventually determine where and
when an earthquake nucleate and to which extent the fracture propa-
gates along the interface (e.g., Lay and Kanamori, 1981; Lay et al., 2012;
Niemeijer and Vissers, 2014). Many observations in the last decades
have shown that frictional properties can sharply change both along
strike and depth leading to the definition of fault interface domains with
peculiar frictional regimes and coupling (Bilek and Lay, 2002; Johnson,
2006; Moreno et al., 2012; Avouac, 2015). Such faults segmentation
finds its origin in their long-term history (‘structural maturity’) and
geometry (Manighetti et al., 2007).

Italy is one of the most seismically hazardous countries in the Med-
iterranean region. Despite the worst historical earthquakes along the
Apennine chain in Italy were all characterized by magnitude between 6
and 7 (i.e., the 1908 Mw 7.0 Messina earthquake; the 1915 Mw 6.7
Fucino earthquake; the 1980 Ms. 6.9 Irpinia earthquake; the 2009 Mw
6.1 L’Aquila earthquake; and the 2016 Mw 6.5 Norcia earthquake),
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>120,000 people were killed by earthquakes during the last century
(Valensise and Pantosti, 2001). A peculiar feature of large earthquakes
in Italy is of being followed within seconds to months by large after-
shocks of magnitude like the initial quake or even larger, demonstrating
the complexity of the Apennines’ faults system (Gentili and Di Gio-
vambattista, 2017). Such mechanical behavior of faults finds its origin in
the alternation of compressional and extensional regimes during the
Apennines buildup phases (Barchi, 1998). Recent seismicity in the
Apennines highlighted that segmentation and the complex evolution of
the rupture are related to the interference of normal faults with preex-
isting thrust structures (Chiarabba and Amato, 2003). In this framework,
a crucial role is also played by crustal fluids. Indeed, the large shocks of
the 2016 central Italy seismic sequence were likely triggered by high
pore pressure at the footwall (Chiarabba et al., 2018). Recent studies
hypothesize a dominant role for high crustal fluid pressure as triggering
mechanism for the nucleation of large earthquakes in pre-existing faults
in the Apennines in several cases, which in turn leads to the activation of
other closely spaced fault segments (Di Luccio et al., 2010; Doglioni
et al., 2014).
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Unveiling the segmentation and the complex interaction between
adjacent faults during the interseismic period becomes a crucial goal
with important implications for seismic hazard. The seismological
community is thus seeking for new tools to achieve a better under-
standing of crustal strength without waiting for the final stages of the
processes that lead to the rupture. A possible means way to achieve these
goals is the analysis of the spatiotemporal evolution of small magnitude
earthquakes (hereinafter, microseismicity), which can improve our un-
derstanding of fault structures and mechanical properties, and to cap-
ture any preparatory process that anticipates large earthquakes as well
(Picozzi et al., 2022¢c, 2022d). In particular, the spatiotemporal clus-
tering of microseismicity can provide insights on the accumulation and
transfer of tectonic stress and can be considered a proxy of the local
coupling conditions over the fault interface (Liu et al., 2022). Long-term
monitoring of the microseismicity can thus provide information on both
the small-scale mechanical properties of rocks hosting the faults and
their evolution (Amoroso et al., 2017; Doetsch et al., 2018; De Landro
et al., 2022; Herrmann et al., 2022) and on the earthquake rupture dy-
namics through the inversion of seismic data (Wang et al., 2019; Picozzi
et al., 2022a).

Here, we investigate the potential of microseismicity in character-
izing a complex set of faults responsible for the 1980, Ms. 6.9 Irpinia
earthquake in southern Italy (hereafter 1980 EQ); the latter was a pure
normal-faulting event characterized by cascading rupture episodes
occurred at 10, 18, and 39 s after the first shock, which in total activated
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four different faults: Marzano, Cervialto, San Gregorio and Conza
(Bernard and Zollo, 1989; Pantosti and Valensise, 1990) (see Fig. 1). The
Irpinia earthquake caused about 3000 fatalities and severe damage,
which stimulated the development of the Irpinia Near Fault Observatory
(INFO, https://www.epos-eu.org/tcs/near-fault-observatories).
Studying the microseismicity in the Irpinia region and its spatio-
temporal clustering properties can be relevant for understanding key
features of the fault segmentation and the generation of large earth-
quakes in extensional context (Festa et al., 2021; Picozzi et al., 2022a,
2022b). The recent seismicity in the area appears: i) mostly confined
within the same volume where the mainshock of 1980 EQ and its af-
tershocks were located, but the long time passed from such mainshock
let us be confident of studying the faults within an interseismic period;
ii) This area is monitored since 2005 by the Irpinia Seismic Network
(ISNet, Weber et al. (2007); Iannaccone et al. (2010)) made of 31 sta-
tions, which in the framework of the EPOS has developed into a Near
Fault Observatory (NFO). The ISNet network thus represents a real-
world seismological laboratory. iii) source parameters and ground mo-
tion intensity show temporal variation and a heterogenous spatial dis-
tribution suggesting faults with different mechanical properties (Picozzi
etal., 2019; Picozzi et al., 2022a, 2022b). iv) The background seismicity
is modelled to be controlled by high pore fluid pressure, whereas an
intensely fractured damage zone of main faults, where currently
microseismicity concentrates, acts as conduit system allowing fluid
circulation (Amoroso et al., 2014). v) A tight interconnection has been

Fig. 1. Tectonic setting of the Irpinia Fault System.

6' (a) Geological sketch map. The orange and gray boxes
are the Irpinia Faults as reported by Pantosti and
Valensise (1993). The two orange boxes correspond to
the Cervialto (CRV) and to the Marzano (MRZ) fault
segments considered in this study. The gray dashed
contoured areas represent the Apennines carbonate
rocks. The grayscale represents the topographic map.
The blue triangles are the ISNet stations and the blue
square is the MCRV geodetic station. The circles
indicate the events used in this study that are coloured
according to their depth. The black cross represents
the Caposele spring. (b) Distribution of seismicity in
cross-section along longitude. In both subplots the
white star marks the hypocenter of the 1980 EQ. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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observed also between groundwater recharge of karst aquifers and
background seismicity (D’Agostino et al., 2018), suggesting that
external forcing can induce pulsating, pore pressure changes at depths
where large earthquakes nucleate (i.e., 10-12 km, De Landro et al.,
2022).

These aspects made the Irpinia area an ideal setting for investigating
how microseismicity can contribute to unveil the segmentation and the
complex interaction between adjacent faults and enlighten the complex
fault network and their stress conditions in a region potentially able to
generate a M7 earthquake.

2. Dataset

We analyze the microseismicity (M < 3.5) of the Irpinia area from
February 2008 to March 2020 recorded by ISNet and reported in the
seismic bulletin. Among this seismicity, we extract the earthquakes
broadly located in the volumes of the two fault segments of Cervialto
and Marzano (marked with orange lines in Fig. 1a). We select for this
area the seismicity between 8 km and 15 km of depth that corresponds to
the range where large magnitude earthquakes nucleate. In this way, the
final catalog consists of 487 earthquakes with magnitude (Mw) ranging
in the interval 1-3.2. Hypocentres of the selected events were obtained
by De Landro et al. (2022) inverting manually picked P and S arrivals
times with a nonlinear location method (NLLoc, Lomax et al., 2009) in
3D P- and S-wave velocity models optimized for the area.

The volume embedding the fault segments of Cervialto and Marzano
was activated during the first rupture episode of the 1980 EQ. A large co-
seismic slip was recorded on these segments during the mainshock of the
1980 EQ, while the “Sele plain”, that separates the two segments, was
nearly aseismic during the event (Bernard and Zollo, 1989). Currently
Marzano and Cervialto segments host most of the local microseismicity
(Picozzi et al., 2022a).

3. Methods

We look for families of earthquakes sharing similar waveforms
(hereafter clusters) by a new clustering approach (hereafter multi-
channel clustering, or shortly MCC) based on the Hierarchical
Agglomerative Clustering (HAC) applied to the cross-correlation (CC)
matrix built pairwise on the signals of the earthquakes. Similarly to
other applications (e.g., Rowe et al., 2002; Shearer et al., 2005; Hotovec-
Ellis and Jeffries, 2016; Trugman and Shearer, 2017), MCC starts from
the calculation of the one-station CC matrices built with the pairs of
earthquakes recorded at one station. Here, we form these matrices using
the P phase. The similarity between a pair of earthquakes i,j can be thus
measured either using CCj; at a reference station (that detects, for
example, the largest number of earthquakes of the catalog) or evaluating
a statistics (e.g., the average or the median) of the CC; at different sta-
tions. This step is included also in MCC, where we use as statistic
parameter the largest CCjj over the stations. However, this step implies
that potentially a cluster index can be assigned only to a subset of the
catalog. Moreover, if two earthquakes are not detected at any common
station, a measure of their similarity is not possible. Nevertheless, the
MCC approach is able to overcome this issue, and an estimate of the
similarity for such cases is provided. We implement the method as fol-
lows: we first define one-station clusters of signals sharing similar
waveforms. Then, we consider signals belonging to the same one-station
cluster of an earthquake not detected at a given station as a good rep-
resentation of it. In this framework, if a pair of earthquakes i is not
detected at any common station, we search for stations detecting one or
more earthquakes of their one-station clusters, calculate the CC between
them and properly combine the results to get an estimate of the simi-
larity between the earthquake pair ij. In the end, in MCC a matrix
describing the similarity between all pairs of earthquakes of the catalog
is built. We finally apply HAC to MCC to assign a cluster label to each
earthquake. An extensive description of the algorithm and all numerical
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details are provided in Appendix.

The cluster indexing from MCC therefore: 1. does not depend on a
specific station chosen for CC calculation - in that sense, MCC assigns a
cluster index to the “source” of the earthquake and not to its recordings
at one station; 2. combining single- and multi-station clustering, can be
more accurate and complete in defining families of earthquakes and less
sensitive to fictitious signal similarities at individual stations (due for
example to strong site effects).

We remark that MCM assigns a cluster label to the earthquakes of an
already defined catalog, and no new earthquakes are detected by this
technique, differently from other approaches that aim to enlarge the
earthquake catalog and that, using the fingerprints of an earthquake as a
template, look for similar samples and build therefore families of pre-
viously unknown events (e.g., Shelly et al., 2016).

Among all clusters found by MCC, we select only those with high CC
values (see Appendix) to isolate the earthquakes that can be considered
as generated by multiple activations of common or close faults. We
define these selected clusters as forming the clustered seismicity,
whereas the rest of seismicity is defined as background. Out of the 487
earthquakes of the catalog, 143 events belong to the clustered seismicity
(see Supplemental Material for the catalog of the clustered seismicity).
Interestingly, Marzano and Cervialto segments show very different
fractions of clustered seismicity, respectively about 10% and 44%. In
Fig. 2 the occurrence times of the events of each selected cluster are
plotted together with an example of the waveforms of a cluster. An index
has been assigned to each cluster; it ranges between 1 and 20 and in-
creases moving from NW to SE.

As reconstructing with high accuracy the cluster patterns is crucial to
confirm the proximity of the events and to detect repeating earthquakes,
earthquakes of the clustered seismicity are relocated with the double-
difference (DD) approach by the hypoDD code (Waldhauser and Ells-
worth, 2000). Being based on the high-precision differential arrival
times of pairs of earthquakes of one cluster, the DD approach can pro-
vide a small-scale imaging of the rupture faults.

The differential P and S arrival times between event pairs of the same
cluster are computed by maximizing the CC function, which is calcu-
lated respectively for P and S phase in a time window between —0.3 s
and + 0.5 s with respect to the manually picked P arrival, and between
—0.5sand + 0.7 s with respect to the theoretical S arrival time predicted
by the 3D velocity model.

In both cases, the signals are tapered with a Tukey window (alpha
factor: 0.4) to minimize inconsistent alignments. We use the differential
arrival times when the CC is higher than 0.5, weighting the data based
on the CC value. For the application of the DD location method, we use
the 1-D velocity model of Matrullo et al. (2013), optimized for the
Irpinia area. Hypocenters are updated for 10 iterations. In the first half
of the iterations, all available differential arrival times within each
cluster are used to constrain the relative locations at a large scale (>1
km). In the latter half of the iterations, we select CC solutions with
higher accuracy (CC >0.8) for event pairs within 1 km, to delineate
small-scale (<1 km) structures of each cluster.

The rms of final locations are lower than 0.05 s for most of the events
(Fig. S5a). To have a reliable evaluation of location errors, we compute
the Posterior Density Function (PDF, an example is in Fig. S6) of each
event with the NLDiffLoc code (De Landro et al., 2015), which performs
a global exploration of location parameters in a probabilistic framework
by using CC differential times, allowing the use of 3D velocity models.
We use the 3D velocity models of De Landro et al. (2015). We find that
the location errors inferred from the PDF (with a level of confidence of
68%) are lower than 60 m for most of the seismicity (Fig. S5).

Hypocenters of the DD-relocated earthquakes are plotted in Fig. 3. In
the main subplot, the centroid of the cluster is plotted on the plane if the
inter-earthquake spacing within a cluster after relocation is similar or
lower than the marker size. Each cluster in Fig. 3 is labelled with the
corresponding cluster index.

Clustered seismicity is not limited to a specific depth, but similarly to
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Fig. 2. (a) Time occurrences of the families of earthquakes belonging to the clustered seismicity (blue) and to the background seismicity (black). Cluster index
increases moving along the NW-SE profile. Size of the marker scales with Mw. (b) Example of the waveforms of one family of the clustered seismicity (cluster 14)
recorded at one station. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the background, it is spread in the range between 10 km and 15 km.
Most of the clusters are located in the south-western half of the slipping
area of the 1980 EQ on the Cervialto segment, and the density of the
clustered seismicity decreases when moving along the line of the
Apennines chain in the SE direction (Fig. 3). Along the anti-Apennines
direction, we can identify a gap of about 2 km between the clusters on
the Cervialto segment and the others (Fig. S1).

Few clusters appear outside the Cervialto fault segment: two at the
southern and northern border of Cervialto and Marzano segments,
respectively, and two very close to the hypocenter of the 1980 EQ.
Moreover, along the NW-SE profile two main disjoined along-strike
segments can be distinguished on the Cervialto segment. These two
segments host the groups of clusters 1-11 and 12-16, respectively, and

are marked on Fig. 3 as the domains C1 and C2. Interestingly, most of the
clusters that nucleate in C2 span over several years, showing thus the
characteristics of repeating earthquakes (Uchida and Biirgmann, 2019).
On the contrary, in C1 the clusters occur as mainshock-aftershock se-
quences. The clusters in C2 show on average a larger dispersion of the
hypocentres than in C1. This evidence, together with the definition of
clusters limited to the similarity of the P phase, suggests referring to
them as “near-repeaters” clusters (Vuan et al., 2018).

To better characterize the clusters that nucleate on common faults,
we calculate the composite focal mechanisms (CFM) for each cluster by
the software FPFIT (Reasenberg, 1985). We use as input the P and S
polarities of all earthquakes belonging to a cluster. By doing so, we as-
sume that all earthquakes of one cluster are generated by the same
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Fig. 3. Spatial distribution of clusters after double-difference re-location. Events with inconsistent differential P and S arrival times are discarded. a) Plane distri-
bution of clusters belonging to domains C1 (squares) and C2 (circles) — as shown in panel (b) - coloured according to the cluster subdivision. The numbers are the
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slipping mechanism. Hence, we have multiple polarities for each station,
which in our framework may be considered as redundant observations
of a common source mechanism. In the application of the technique, we
use only robust and well-defined readings of polarity.

The alignment in C2 of clusters 12, 13, 14, 16 suggests that they
nucleate on a common slipping fault. This is confirmed also by their
focal mechanisms, that consistently show a common normal fault
mechanism very similar to the fault mechanism found for the mainshock
of 1980 EQ (Westaway and Jackson, 1987).

Cluster 15 appears, instead, to be generated on a different, possibly
sub-parallel, fault.

Differently, when considering C1, even though earthquakes in this
domain mostly show a clear alignment within the single cluster, a
pattern defining a common slipping fault is hard to detect. The
complexity of this domain is also confirmed by the focal mechanisms,
which show a variability of the slip mechanisms ranging from normal
faulting to strike slip (Fig. 4). The cluster at the southern boundary of
Cervialto segment (cluster 17) shows a nearly pure strike-slip focal
mechanism. Differently, the slipping mechanisms generating the events
of clusters 18 and 20, respectively located at the northern edge of
Marzano segment and close to the hypocenter of 1980 EQ, show both a
normal fault component.

The fraction of clustered seismicity over time shows a nearly inter-
mittent behavior, with clustered seismicity disappearing for intervals
with low seismicity rate and in general decreasing when the overall
seismicity decreases too (Fig. 5).

In Fig. 6a and b, we compare the cluster distributions with the spatial
variability of the b-value of the Gutenberg-Richter (GR) law (Gutenberg
and Richter, 1942) derived by Picozzi et al. (2022a). The b-value was
estimated using the whole-magnitude-range method implemented in the
software package ZMAP (Wiemer, 2001) and obtained by the maximum
likelihood approach (Aki, 1965). The uncertainty on the b-values was
computed by a bootstrap approach (Efron, 2000) and ranges nearly in
the interval 10%-30% (see Fig. 8a and S7). More details can be found in
the original paper.

We observe that the clustered seismicity preferentially nucleates in
areas with relatively low b-values (Fig. 6a-b). In fact, the clustered
seismicity that nucleates in the C1-domain spatially matches an area of
b-value in the range 0.9-0.95; the latter edges at SE another area with
even lower b-values, spatially matching the C2-domain where the b-
values range in the interval 0.8-0.9 (Fig. 6). These results are giving
insights on a segmentation of the b-value along the Cervialto segment,
although the uncertainties in the estimates in this segment does not
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allow a conclusive interpretation. Moving towards SE from the C2-
domain, we see a sharp increase of the b-value (to about 1.1 —
Figs. 6ab, 8a). This high-b-value segment, which broadly corresponds
along-strike to a region between the southern boundary of the Cervialto
segment and the hypocenter of the 1980 EQ hosts clustered seismicity at
depths around 10 Km. The C2-domain appears thus to represent the
boundary between the low and the high-b-value segments located at the
southern edge of the Cervialto fault (Figs. 6a, b, blue dots).

Fig. 6¢ shows the spatial variation of the stress drop, Ac, derived by
Picozzi et al. (2022a) via a generalized inversion technique (GIT - Castro
et al., 1990). In the latter approach, the apparent source spectra derived
after having removed the contribution of attenuation and site effects
were inverted considering a ®' source model; then My and f. were then
used to estimate Ac according to Brune (1970). More details on the
inversion procedure can be retrieved in Picozzi et al. (2017, 2022a).
Fig. 6¢ is obtained averaging Ac over 3-km bins along the mean strike of
the fault segments and distinguishing among background seismicity,
sequences, and near-repeaters. Pictures of the along-strike spatial dis-
tribution of Ac and its uncertainty for the whole seismicity occurred in
Irpinia between the 2007 and 2019 are displayed in Fig. S8a,b. We
observe that the clustered seismicity in the C1-domain shows on average
lower Ao values than those of the background seismicity, which in turn
shows on average lower Ac than the earthquakes of the C2-domain
(Fig. 6¢). This is especially true for the earthquakes of the Cervialto
segment, where the density of the clustered seismicity is higher, making
the statistics more robust.

A segmentation of the frictional properties along strike appears also
from the relative slip fraction (RSF, Fig. 8b, red line). RSF is computed
starting from the slip (D) of each earthquake using the source parame-
ters estimated by Picozzi et al. (2022a) and using the relation D = (16/
7?31 /M3 A6 3/p between slip and stress drop of Kanamori et al.
(2000), with p shear modulus. Then, the same analysis is repeated
considering for all events their M, but a constant stress drop equal to the
average over all events (i.e., 3 MPa). In this way, we obtain a second set
of slips that we consider representative of a homogeneous crustal me-
chanical condition, Dy,. Therefore, for each 3-km along-strike bin, we
cumulate the D and Dy, values and compute the ratio of the two values.
This ratio gives thus insights on a slip excess or deficit between the
recorded seismicity properties and the ideal case with all earthquakes
sharing the same rupture dynamic (i.e., the same Ac). Further details
can be found in Picozzi et al. (2022a). RSF along strike broadly shows
high values over both segments of Cervialto and Marzano while it de-
creases crossing the Sele Valley that separates the two segments.
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Clustered seismicity mostly occurs in regions with Vp/Vs equal to 1.8
or lower, as inferred from previous tomographic studies (Amoroso et al.,
2014; De Landro et al., 2022), which reveals also overall larger values of
Vp/Vs in the volume of the Marzano segment (1.8-2) than in that of
Cervialto segment (1.6-1.9) (Fig. S2). Apparently, the clustered seis-
micity of C2 domain nucleates within a patch with especially low Vp/Vs
(1.75 or lower). An along-strike contrast in Vp/Vs is also confirmed by
the application of the Wadati method (Wadati, 1928) on the differential
travel times of two clusters (excluded in the definition of the clustered
seismicity) crossing the Cervialto segment (Fig. S3). Although this
approach has a lower spatial resolution than the tomography, it can be
an independent estimate of Vp/Vs along the Cervialto segment. Simi-
larly to the results of tomography, this approach shows that the northern
part of the Cervialto segment has higher Vp/Vs than the lower part
(Fig. S3), suggesting that C1 and C2 domains are characterized also by
different Vp/Vs ratios.

Comparing the occurrence times of the earthquakes (clustered and
nonclustered) and the nearly periodic deformation signal inferred from
the GNSS recordings at the station of MCRV (Fig. 7), we observe a cor-
relation between the clustered seismicity and the deformation. In
particular, the clustered seismicity preferentially occurs in phases of
large deformation of the karst aquifer, while it falls during periods of
contraction. We highlight moreover that it is the clustered seismicity
from domain C2 that shows the higher synchronization with the extreme
values of the GNSS signal.

In line with these results, the Schuster test (Schuster, 1897; Petrosino
et al., 2018 - Fig. S9) finds that the clustered seismicity is triggered at
specific ranges of phases of a modulating cycle with a 1-year period,
while the occurrence times of the background seismicity result distrib-
uted over a wider phase interval. The test however shows also that the
phases of both clustered and background seismicity are unlikely
generated by a purely random process, confirming that the earthquake
rate in Irpinia has an overall imprinting of a cyclic phenomenon, which

however appears more effective on the generation of the clustered
seismicity.

4. Discussion

The first clear conclusion that can be inferred from the results of our
study is that the two fault segments — Cervialto and Marzano — show very
different tendency to produce clustered seismicity. In fact, although the
number of earthquakes detected on the two segments is similar, almost
half of the seismicity on the Cervialto segment belongs to the clustered
seismicity, while this fraction for the Marzano segment is almost one
tenth; most of the seismicity on this segment is thus diffused, except for
two sequences occurred near the nucleation area of the 1980 EQ.

The spatial variability in the fraction of clustered seismicity has been
proposed to be a proxy for inferring heterogeneity in fault coupling. For
instance, Liu et al. (2022) investigated the seismicity along the San
Andreas Fault (SAF) and found that the fraction of nonclustered seis-
micity is spatially correlated with aseismic slip, indicating that the creep
rate along SAF is directly proportional to the fraction of nonclustered
earthquakes. The presence of repeaters is also commonly interpreted as
caused by cyclic stress accumulation and release on seismic patches in a
creeping area (Uchida and Biirgmann, 2019). However, we do not have
detailed enough geodetic information to speculate the existence of creep
for the fault segments in the Irpinia area. In that sense, extending the
earthquake catalog of the Irpinia fault network and therefore expanding
the capability of detection of repeating earthquakes by machine-
learning-based techniques (see Scotto di Uccio et al., 2023) could
allow us to investigate this issue with the necessary resolution. The high
variability of the fraction of clustered seismicity along strike (Fig. 8b)
highlights that Cervialto and Marzano segments have different behavior,
with a further peculiar and distinct way of behaving for the area named
Sele Valley placed between the two segments. So, we can imagine three
sectors with distinct properties. Both the variability of b-value and of
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this article.)

RSF (Fig. 8a-b) along the average segment strike support our hypothesis.

The existence of this middle segment separating the Cervialto and
Marzano segment is also confirmed by the cluster 17, which shows a
dominant strike slip focal mechanism and along-dip is misaligned with
the clusters 1-16 on the Cervialto segment (Fig. 3). The position of this
cluster could mark the southern boundary of the Cervialto segment that
in turn can spatially match a transcurrent fault, as proposed by Bello
et al. (2021). In this framework, the transition between clusters 16 and
17 marks the transition between two fault segments and different frac-
turing mechanisms, with important implications for the seismic risk
assessment: the Sele plain could act as a discontinuity in the rupture
propagation, as indeed occurred also during the 1980 EQ (Bernard and
Zollo, 1989; Pantosti and Valensise, 1990). Similarly, cluster 18, which
shows a focal mechanism with a relevant strike-slip component and is
aligned on the map with cluster 17 (Figs. 3, 4), could mark the southern
boundary of the Sele plain edging the northern border of the Marzano
segment.

Another important result of our work is the evidence that the clus-
tered seismicity occurrence over time well matches the temporal evo-
lution of deformation in karst aquifers (Fig. 7). In particular, the
clustered seismicity of C2 domain shows a clear correlation with GNSS
signals as the events mostly occur in correspondence of extreme values
of the GPS recording; these extreme values correspond to the maximum
carbonate deformation along the anti-Apennines direction (D’Agostino
et al., 2018). This evidence suggests that the clustered seismicity can be
activated also by a trigger mechanism where the anti-Apennine defor-
mation of karst aquifer generates a stress increase which overlaps with

the tectonic loading. The latter mechanism was originally proposed by
D’Agostino et al. (2018). On the contrary, the rest of seismicity (back-
ground) does not appear to be clearly correlated to the GNSS signal.

All these results are compatible with a model in which the Cervialto
and Marzano segments have different coupling values and, within the
Cervialto segment, C1 and C2 domains show different frictional regimes
and, in general, fracturing styles. In this framework, C2-domain has very
high values of coupling and seismicity over this patch is only triggered
for very high loading values. Moreover, the clustered seismicity of this
domain is dominated by near-repeating earthquakes, whose existence is
indeed in line with a high coupling fault interface (Uchida and Biirg-
mann, 2019). These earthquakes show uniformly overall on the C2-
domain a normal fault mechanism, which matches the focal mecha-
nisms of the main shock of 1980 EQ and confirms that all clusters of this
domain are originated by the same rupture mechanism, although the
locations show that the slipping may occur on multiple (two) subparallel
faults (Figs. 3b, S4).

Considering C2 as a high-coupling subsegment, we calculate the
cumulative slip generated by near-repeating events (Fig. S4), and we
find that it ranges between ~1 cm and ~3 cm over a twelve-year period,
which is compatible with the mean slip rate from geodetic information
(i.e., ~3 mm/y; D’Agostino et al., 2018). Given the rather poor resolu-
tion of the geodetic measurements in the area, we can only compare in
order of magnitude the two slip estimates; it cannot be thus excluded
that a part of the slip would be aseismic, as indeed occurs in other
seismic active areas generating repeating earthquakes (Uchida and
Biirgmann, 2019).
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Differently, the clustered seismicity in the C1-domain shows a more
complex pattern of focal mechanisms with a combination of normal and
strike-slip faulting. Similarly, the alignment of the hypocenters of the
individual cluster do not depict a clear common fault plane (Fig. 3),

suggesting a complex network of possibly interconnected small faults
active in this domain.

A higher fault coupling in the C2-domain is also compatible with the
higher values of the stress drop observed for the clustered seismicity in
this subsegment than for the background seismicity. On the contrary, the
clusters of C1 show on average lower stress drops. Overall, the seismicity
of the Cervialto segment shows on average higher stress drops than those
of the Marzano segment (Picozzi et al., 2022a).
An insight on the different stress conditions between the Cervialto
and Marzano segments comes also from the contrast in the mean b-value

and Vp/Vs ratio. The b-value appears overall smaller on the Cervialto
than on the Marzano segment, with especially low values on the C2-
domain (Fig. 6a,b). Similarly, the local Vp/Vs moves from 1.8-1.85 in
the C1-domain to 1.7-1.75 in the C2 domain (Figs. S2, S3), indicating a
potential contrast in the rheological properties of the two domains.

Based on all these elements, we try to sketch a model of the along-
strike segmentation in the Cervialto-Marzano segments of the Irpinia
fault network:

1. The Cervialto segment is characterized by clustered seismicity,
relative low b-value and higher RSF. These features let us hypothe-
size that this segment presents high coupling (Fig. 8a,b). The latter
aspect and the high capability to release higher ground motion in-
tensity than the others (Picozzi et al., 2022a) let us consider this
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segment as an asperity capable to potentially release high slip and to
generate high strong motion during a future large event.

2. Within the Cervialto segment, the Cl-domain hosts the clustered
seismicity on a network of small faults with complex focal mecha-
nisms. Moreover, this domain shows on average lower b-values and
higher Vp/Vs ratios than the C2-domain, and the clustered seismicity
is dominated by mainshock-aftershock sequences. We hypothesize
for this domain an overall high coupling with a crucial role of the
fluids in triggering the clustered (and maybe the whole) seismicity,
as proposed also by Stabile et al. (2012) and by Scotto di Uccio et al.
(2023). A possible small-scale fault network can promote the fluid
flow.

3. Given the contrast in Vp/Vs and b-value between C1 and C2 and the
predominance of near-repeaters in the C2-domain, we hypothesize
for this subsegment a very high coupling and possibly a lower
amount of fluids at depths of the considered seismicity. The clustered
seismicity of this subsegment seems able to accommodate very effi-
ciently the tectonic loading (and/or the loading of the aquifer) and
thus can be potentially considered as a good proxy of the local strain.

4. The sector corresponding to the Sele Valley presents high b-value,
which suggests the presence of fluids, high fraction of nonclustered
seismicity and high RSF (Fig. 8). Reconstruction of the rupture
evolution occurred during the 1980 EQ proposed a gap in slip for the
Sele Valley (Cocco and Pacor, 1993). Further studies focused on this
area are necessary to answer key questions: i) is this sector playing as
extensional transfer zone?; ii) is this sector affected by aseismic slip?

5. The predominance of nonclustered seismicity suggests that the
Marzano segment is characterized by a lower coupling than Cer-
vialto. In the volume corresponding to the Marzano segment, that is
in the same volume where the 1980 EQ nucleated, we observe today
both relatively high b-values and RSF (Fig. 8). The high b-values are
compatible with the existence of a porosity in carbonates around the
4-5% and a fluid composition consisting in brine-CO2 and/or CH4-
CO2 found by Amoroso et al. (2014, 2017) by 3-D velocity images
and rock physical modeling. Going further towards south, we note a
progressive decrease of b-value and an increase in the RSF (Fig. 8).

Some authors (D’Agostino et al., 2018; De Landro et al., 2022;
Picozzi et al., 2022b) have recently argued that the Irpinia fault network
is close to a critical state because the intense seasonal rainfall (that re-
charges the shallow karst aquifer hosted in the carbonate Picentini
Mountains and can lead to poroelastic deformation) is able to modulate
deeper microseismicity. Here, we show an especially strong correlation
between the clustered seismicity and the recharge of the karst aquifer,
confirming that this seismicity is a very good proxy of the local stress
conditions and suggesting that faults are critically stressed and easily
influenced by hydrological forcing. Likely, their behavior is also influ-
enced by high-pressure CO2 rich fluids identified in this area (Chiodini
et al., 2010; Improta et al., 2014). Moreover, the high correlation be-
tween the recharge and the clustered seismicity of C2 suggests that this
domain is particularly close to critical conditions.

Recent studies have observed both in the field and in laboratory that
large earthquakes are sometimes preceded by a preparatory phase where
a stable and slow rupture growth develops into an unstable rupture
within a confined zone around the future hypocenter (Schurr et al.,
2014; Socquet et al., 2017; Tape et al., 2018). Marzano, with all its
characteristics, attracts our attention. Indeed, it shows temporal de-
pendencies in its properties (Picozzi et al., 2019, 2022a, 2022b), lower
coupling, high capability to promote slip, and at the same time in its
southern part it results associated to high stress (i.e., low b-value, Scholz
(2015), Fig. 8). These observations might be consistent with the devel-
opment of a preparation phase, pushing us to pay particular attention to
the future spatiotemporal evolution of microseismicity in this area.
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Appendix
Clustering

The starting point for the clustering of the earthquakes of the catalog
is the definition of the cross-correlation (CC) matrix at each station. Each
element of the CC matrix at one station contains the maximum of the CC
function calculated between a pair of earthquakes detected at the sta-
tion. For each earthquake pair i, j the CC function is calculated between
signals of the vertical component of the velocimeters (or time-integrated
accelerometers) filtered in the frequency range 1-20 Hz with a Butter-
worth digital filter of 4-th order, windowed with a box car with limits
—0.4 s:+1 s (from the manually picked P arrival time) and tapered with a
Tukey window (alpha factor: 0.4). On each one-station CC matrix, a
Hierarchical Agglomerative Clustering (HAC) is applied to label each
earthquake detected at a station with a one-station cluster index.

HAC is an unsupervised machine learning technique, in which the
number of clusters is not fixed a priori. In this technique, the (dis)sim-
ilarity matrix between the events is the input. In our case, they are the
one-station CC matrices. Step by step, HAC amalgamates similar events
and substitutes thus the merged events with a new “node”. At each step,
the (dis)similarity matrix is updated following a clustering strategy; we
use the Ward’s method (Gordon, 1987). Initially, all events are clusters
with size 1; the merging ends up with all events belonging to one big
cluster. The user stops the merging at a certain step by fixing the
threshold of the largest dissimilarity between the events of a cluster,
fixing in this way also the number of processes. We fix the threshold as
the largest distance between fused objects among all merging steps, as
proposed by Rowe et al. (2002).

Starting from the one-station CC matrices, a new “multi-channel”
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matrix (MCM) is constructed, whose size equals the number of earth-
quakes in the catalog and that measures pairwise the similarity between
the earthquakes. Each element i,j of MCM contains the maximum of the
one-station CC value between the earthquake pair i,j over the stations
detecting the pair.

If both earthquakes of the pair i,j are not detected at any common
station, an estimation of the similarity between these two earthquakes is
obtained in the following way. If event i is detected at stations A, B and
event j at stations C, D, the union between the earthquakes belonging to
the same one-station cluster of event i detected at station A and the
earthquakes belonging to the same one-station cluster of event i detected
at station B is performed (U;). These earthquakes can be assumed to be
very similar in waveform to the event i at stations A and B. They are then
sorted by the CC value with event i (for each pair i — U; the channel with
the highest CC is considered). The same procedure is repeated for event j
with stations C and D. The set of earthquakes similar to event j in this
case is indicated as U;, whose elements are then sorted by their CC value
with event j, as well. Among all earthquakes detected at station A only
those contained in the set U; are considered; we call this subset U; 4. The
events of this subset can be considered a good representation of event j at
station A, where actually it was not detected. The average of the CCs
between event i and those of Uj4 is the inference of the similarity be-
tween events i and j at stations A. If Uj4 has more than ten events, the
rest is discarded in the average to assure to consider only earthquakes
very similar in waveforms with event j (Uj is sorted by CC with event j).
Similarly, Ujp is defined and the similarity between events i and j at
stations B is calculated. The same procedure is repeated intersecting all
earthquakes detected at station C (D) with those contained in the set Uj,
inferring thus an imputation of the similarity between events i and j at
station C (D). The final value of the similarity between events i and j is
eventually the maximum among the similarities at the four stations. In
case Uya_p are all empty, it is assumed that events i and j are totally
dissimilar. In this way, a “multi-channel” similarity matrix MCM can be
defined, whose elements measure the similarity between two earth-
quakes, estimating the similarity even between those not detected at any
common stations. HAC is then applied to MCM (with the same setting
used to calculate the one-station cluster indices), and a final cluster
index is eventually assigned to each earthquake of the catalog. MCC thus
performs a two-level HAC, one on the one-station CC matrices, another
on the MCM, by which we provide a cluster label for each earthquake of
the catalog. However, to ensure that only earthquakes with real similar
waveforms are collected into a family, among all clusters we select those
whose CC median at least at one station is higher than 0.7 calculated on
four events or more (so doublets are discarded). The earthquakes
composing these clusters constitute the clustered seismicity. Earth-
quakes not included in these clusters are defined as composing the
background seismicity.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.tecto.2023.229849.
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