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ABSTRACT ARTICLE HISTORY

The accurate characterization of microearthquake sequences Received 5 December 2022

allows seismologists to better understand the physical processes Accepted 21 April 2023

involved in earthquake nucleation and rupture propagation and

to gain insights on fault geometry at depth. Standard procedures

for seismic sequences analysis are based on manual detection : i )
I o microearthquakes; machine-

an'd phase'—plcklng5 requiring a huge amou.nt of.wo'rk from expert learning; southern

seismologists, particularly in the case of microseismic events. Here Apennines; fault imaging

we show how the investigation of a low-magnitude foreshock-

mainshock-aftershock sequence, occurred in August 2020 close to

Castelsaraceno village (southern Italy), greatly benefited from

the application of a semi-automated template matching and

machine-learning based workflow. The phase-picking was auto-

matically performed through a deep-learning algorithm on 202

microearthquakes detected between July and October 2020, fol-

lowed by an automatic multi-step absolute and relative earth-

quake location procedure. The 72 relocated events of the seismic

sequence were clustered in time (7-12 August) and in a narrow

range of depths (10-12km). The MI 2.1 foreshock doublet and

the Ml 2.9 mainshock identified a persistent asperity. The joint

analysis of aftershocks distribution, the mainshock focal mechan-

ism, and the geology of the study area suggest the occurrence of

the sequence along a NNE-SSW left-lateral, transtensional fault in

the brittle portion of the crystalline basement.

KEYWORDS
seismic sequence;

1. Introduction

When talking about earthquakes, public opinion immediately turns its attention to
the most catastrophic seismic events, which are usually the ones making the news
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and affecting people’s lives the most. Nevertheless, the number of large earthquakes is
definitely smaller than the low magnitude ones (Gutenberg and Richter 1954). This
latter is the reason why the seismological community puts its efforts into the analysis
of microseismicity: the higher number of available data may serve as a magnifying
glass through which it is possible to inspect the mechanisms underlying seismic activ-
ity (Brodsky 2019).

In this context, an important role is played by micro-earthquake sequences, during
which the seismic events are spatially, temporally and dynamically related to each
other. Mogi (1963) classified three distinct types of seismic sequences: a) mainshock-
aftershock; b) foreshock-mainshock-aftershock; ¢) earthquake swarm. Each distinct
typology is characterized by a different pattern of successive shock occurrence, in
turn related to the structural state and the space distribution of stress inside the crust.
Over the years, seismologists dug into waveforms generated by microearthquake
sequences for several purposes. The most immediate is to gain insights on the geom-
etry of fault structures at seismogenic depth: in that way, previously unmapped fault
structures as well as geometrical complexities due to the presence of multiple fault
strands, kinks, stepovers have been illuminated by the space distribution of earth-
quake hypocenters, obtained by both absolute and relative seismic location methods
(e.g. Waldhauser and Ellsworth 2002; Valoroso et al. 2013; Shelly et al. 2015; Stabile
et al. 2021). The accurate study of micro-earthquake sequences may also allow gain-
ing precious insights on the foreshock behaviors and on nucleation processes (Ross
et al. 2019b), on the role of fluids and/or creep governing the migration of hypocen-
ters along faults (e.g. Dublanchet et al. 2015; Shelly et al. 2016) and the aftershock
propagation (Miller et al. 2004), the role of static stress transfer in the event-to-event
triggering (Stabile et al. 2012; Ellsworth and Bulut 2018).

The seismological appeal of very small earthquakes pushes seismologists to over-
come the intrinsic difficulty of their detection: the lower is the magnitude, the lower
is the signal-to-noise ratio (SNR, hereafter) and the more demanding will be the chal-
lenge to unearth them in the continuous seismic data-stream. Nonetheless, the man-
ual detection of low magnitude seismic events has a twofold disadvantage: firstly, it is
quite time-consuming, secondly the standard earthquake catalogs, filled in by the
activities of human analysts, are inherently incomplete (Mignan and Woessner 2012)
being thus strongly deficient in resolution to highlight some precious characteristics
about the space-time evolution of seismic swarms and sequences. Therefore, several
algorithms have been developed and adopted by the seismological community for
lowering the completeness magnitude of finer resolution seismic catalogs through the
detection of almost completely hidden earthquakes (e.g. Adinolfi et al. 2020), this
effort being particularly worthy during seismic sequences (e.g. Roberts et al. 1989;
Yoon et al. 2015; Caffagni et al. 2016; Bergen and Beroza 2018; Festa et al. 2021;
Stabile et al. 2021). Indeed, detecting low magnitude events leads to a decrease of the
average time separating consecutive earthquakes, thus allowing a better understanding
of the hidden processes which may justify the possible connection of an event of the
seismic sequence to another. Nonetheless, driving down the minimum magnitude of
detection of seismic events determines a meaningful increase in the data to be ana-
lyzed. Therefore, Machine Learning (ML hereinafter) algorithms are surging forward
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to help seismologists in the management and in the semi-automated analysis of the
huge seismic data volume currently acquired by the modern and high-density seismic
networks.

It is in this very challenging and current scientific context that our study is situ-
ated. We apply a semi-automated, machine-learning based approach on a micro-
earthquake seismic sequence, with local magnitudes ranging from —0.8 to 2.9. The
seismic sequence occurred in August 2020 close to the municipality of Castelsaraceno
in the High Agri Valley (HAV), southern Italy. This area is well known for its high
seismic hazard, strictly related to both induced (Stabile et al. 2014a; 2014b; Improta
et al. 2015; Rinaldi et al. 2020) and up to M7 natural seismicity, as testified by the
strong earthquake that occurred in this area in 1857. Therefore, a widespread moni-
toring of the HAV is carried out by the deployment of seismic stations and multi-
parametric geophysical networks (e.g. Stabile et al. 2020). Furthermore, the intense oil
exploration activity led to an advanced knowledge of the geology of this sector of the
chain (Finetti et al. 2005; Patacca and Scandone 2007, 2013; Bonardi et al. 2009;
Vezzani et al. 2010). These two factors make the HAV a natural laboratory for seis-
mological studies.

Hereafter, in the first section we will provide the geological framework of the seis-
mic sequence; then we will describe the seismic networks adopted for our study and
the methodological workflow implemented and adopted, which is composed of: earth-
quake detection, automated phase arrival time picking and hypocenter location in a
detailed 3D velocity model, and source characterization. The main results will be dis-
cussed in the last section, considering the tectonic and geologic conditions of the
investigated area.

2. Geological framework of the seismic sequence

The low-magnitude earthquake sequence that occurred in August 2020 to the north-
west of the Castelsaraceno village was characterized by a Ml 2.1 foreshock (origin
time: 2020-08-07, 08:52:31 UTC), followed a few hours later by the Ml 2.9 mainshock
(origin time 2020-08-07, 13:34:37 UTC). After the mainshock, several aftershocks
occurred, classifiable as microseismic events with Ml < 1.1.

The sequence is located in the southwestern sector of the HAV, in the axial region
of southern Apennines (Figure 1la). This orogenic segment is a fold-and-thrust belt
developed from the Upper Oligocene-Lower Miocene towards NE (Gueguen et al.
1997; Patacca and Scandone 2007). Figure 1b shows the location of the seismic
sequence within the geological and structural setting of the study area along with the
trace of a geological section (AB, Figures 1b and 10) suitably chosen to highlight the
structural architecture of the main tectono-stratigraphic units. The highest mesozoic
North-calabrian Unit with related thrust-sheet-top deposits of the Albidona Fm over-
thrust both the Lower Miocene-Jurassic shallow water carbonates of the Appennine
Platform, and deep-sea Lower Cretaceous-Triassic Lagonegro Units (Carbone et al.
1991, 2018). These units, in turn, overthrust the Upper Messinian - Lower Pliocene
siliciclastic sediment of the Apulian Platform (green unit in Figure 10) consisting,
from the top to bottom, of: i) Messinian - Lower Pliocene foredeep siliciclastic
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Figure 1. Map view of the study area. (a) Geographical representation of the High Agri Valley with
the main tectonic elements. Seismic stations of the virtual network are represented in the map with
triangles. A red star in the top left inset figure shows the location of the study area. (b) Geological
map (simplified from Carbone et al. 1991; 2018) of the area delimited by the red rectangle in figure a).
The Castelsaraceno sequence is reported (red dots) along with its mainshock (yellow star).
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sediments and ramp carbonates succession some hundred meters thick; ii) Lower
Cretaceous-Triassic shallow-water carbonates platform, stromatolitic dolomites and
evaporites about 6km thick (Patacca and Scandone 2001, 2007). The Apulian
Platform succession was deposited on terrigenous and subordinately carbonate
Permo-Triassic sediments, several kilometers thick in turn covering the crystalline
basement of the upper continental crust (Patacca et al. 2008). From the tectonic point
of view, detailed geological-structural studies on the evolution of the southern
Apennines and the neighboring sectors of the study area (Catalano et al. 2004;
Mazzoli et al. 2014; La Bruna et al. 2017; Bucci et al. 2019; Bello et al. 2022) showed
that a complete orogenic cycle is recorded, with the following tectonic steps: (1) litho-
sphere subduction below a NE verging accretionary wedge and emplacement of the
allochthonous units by means of low-angle thrust faults (Lower Messinian - Early
Pliocene boundary) coupled with re-activation of high angle reverse faults within the
Apulian carbonates (Lower Messinian - Pliocene); (2) left-lateral, strike-slip motion
along NW-SE striking faults (Lower Pleistocene); (3) extensional stress regime with
the activation of several normal faults and reactivation of pre-existing tectonic struc-
tures (Middle Pleistocene-Holocene). This extensional tectonic regime is still active, at
relatively low rates (2-5mm/yr; Ferranti et al. 2014) as witnessed by NW-SE striking,
oppositely dipping, high-angle normal and oblique fault systems (Figure la). These
border the HAV basin and currently represent the main seismogenic structures in the
area: the Monti della Maddalena Fault System (MMES) and the Eastern Agri Fault
System (EAFS) (Cello et al. 2003; Maschio et al. 2005; Giocoli et al. 2015; Improta
et al. 2017; Bello et al. 2022). Looking at its historical seismicity (e.g. CPTI11 cata-
logue; Rovida et al. 2011) the HAV is one of the highest seismic hazard areas in Italy,
with seven Mw > 4.5 historical events occurring in the last 200 years, including the
1857 Mw 7.0 Basilicata earthquake (Burrato and Valensise 2008). However, the nat-
ural seismicity currently consists of sparse, low-magnitude (Ml < 4.0) earthquakes
(Stabile et al. 2020) which can be locally clustered in microseismic sequences and
swarms (Stabile et al. 2015; Improta et al. 2017; Serlenga and Stabile 2019).

3. Data and methods

In this section, we describe the virtual seismic network which provided seismic
records analyzed in this work; then, we illustrate the procedure of manual earthquake
identification. Finally, we depict in detail the proposed semi-automated workflow
(Figure 2) which was applied for the refined detection, location and characterization
of the Castelsaraceno sequence.

3.1. Virtual seismic network

Seismic data were mainly recorded by the stations of the local HAVO network (for-
merly INSIEME; Stabile et al. 2020), located at a maximum epicentral distance of
~20km from the sequence cluster. The seismic network (FDSN code: VD, https://
doi.org/10.7914/SN/VD) is part of the High Agri Valley Geophysical Observatory
(HAVO), a multi-parametric network managed by the CNR-IMAA research institute
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Figure 2. Summary of the workflow applied for the study of the Castelsaraceno sequence.
Matched filter microearthquake detection, phase picking and (absolute and relative) earthquake
location are fully automated. Event selection and source characterization are manual procedures.

designed to achieve two main purposes: (a) to study the seismic processes related to
the occurrence of events belonging to two induced seismicity clusters in the HAV
and (b) to provide the scientific community with open-access, high-quality seismic
data (Stabile et al. 2020). The HAVO network is composed of eight stations deployed
in an area of about 17km x 11km. The minimum distance between stations ranges
between 2.7km (SARSB and SARCL stations) and 5.4km (MONCM and MONTM).
Each station is equipped with triaxial weak-motion broadband sensors: six 0.05-
100Hz and two 0.0083-100Hz (MONCM, SARCL) Trillium Compact Posthole
(TCPH) seismometers (see Stabile et al. 2020, for further details). To better investi-
gate the main properties of the seismic sequence and to improve the quality of earth-
quake locations, a virtual seismic network made by a total of 27 seismic stations was
put together, adding recordings of external stations located within about 60km dis-
tance from the center of the HAVO network (Table 1): (a) 11 seismic stations of the
Italian National Seismic Network (RSN) with a 100Hz data sampling frequency
(FDSN codes: IV, https://doi.org/10.13127/SD/X0FXnH7QfY; MN, https://doi.org/10.
13127/SD/fBBBtDtd6q) and managed by Italian National Institute of Geophysics and
Volcanology (INGV); (b) 7 stations belonging to the Irpinia Seismic Network (Weber
et al. 2007; Stabile et al. 2013) with data sampled at 250 Hz (FDSN code: IX), and (c)
the MARCO station belonging to the GEOFON network (FDSN code: GE, https://
doi.org/10.14470/TR560404) with a sampling frequency of 100 Hz.

3.2. Semi-automated workflow

Standard workflows for the study of low-magnitude earthquake sequences mainly
involve manual event detection and phase-picking, both quite time-consuming. In
this study, we used manually detected earthquakes occurred in the period between 7
and 10 August as input to our workflow, thus simulating a dataset produced by a
seismic observatory from manual revision by expert seismologists. Indeed, the starting
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Table 1. Seismic stations belonging to the virtual network.

Station name  Network FDSN code Latitude (°N) Longitude (°E) Elevation (m a.s.l) Sampling frequency (Hz)

ARMEN VD 40.328 16.034 880 250
CDRU \% 40.490 15.305 1057 100
CRAC \% 40.365 16.435 384 100
cuc MN 39.994 15.816 637 100
GRUME VD 40.276 15.906 602 250
MATE v 40.649 16.704 494 100
MCEL \% 40.325 15.802 960 100
MGR \% 40.138 15.554 288 100
MIGL \% 40.604 16.441 440 100
MMN v 39.891 15.990 921 100
MONCM VD 40.306 15.989 802 250
MONTM VD 40.278 16.040 652 250
MRVN \% 41.061 16.196 610 100
MTSN v 40.266 15.752 1056 100
ORI \% 40.051 16.450 375 100
PTRP \% 40.522 16.061 1077 100
PZUN \% 40.646 15.807 820 100
SCHR v 40.199 16.076 968 100
SIRI \% 40.182 15.868 1063 100
SLCN v 40.390 15.633 986 100
MARCO GE 40.297 15.806 890 100
AND3 IX 40.930 15.333 905 125
CGG3 IX 40.542 15.523 1067 125
MNT3 IX 40.837 15.007 866 125
MRN3 IX 40.426 15.730 772 125
PGN3 IX 40.572 15.797 882 125
RSF3 IX 40.964 15.176 865 125
SARCL VD 40.221 15917 881 250
SARSB VD 40.229 15.888 745 250
SCL3 IX 40.695 15511 744 125
SPINS VD 40.241 15.972 882 250
SRN3 IX 40.486 15.458 1067 125
STN3 IX 40.530 15.652 832 125
VDP3 IX 40.605 15.572 959 125
VIGGIN VD 40.342 15.952 1043 250

catalog has been realized by a visual inspection of the seismic data stream through a
dedicated intranet system (WebObs, Beauducel et al. 2020) available at the CNR-
IMAA data center. WebObs consists of a near real-time multi-record strip-chart
(SefraN) of the seismograms of the configured stations from the local HAVO network
and some of the stations belonging to the virtual network (MARCO, SLCN, MCEL,
MTSN, SIRI, SCHR).

The proposed semi-automated, 4-stages workflow was aimed at a more thorough
and faster analysis of seismic sequences, involving the integration of manual, semi-
automated and automated techniques. The analysis developed as follows (Figure 2):

1. we applied a single-station waveform template matching technique looking for
microearthquakes belonging to the sequence (Roberts et al. 1989; Stabile et al.
2021);

2. we discriminated between true and false events detected in the previous auto-
matic step by visual inspection;

3. the P- and S-wave arrival times automatic picking was performed by a deep-
neural-network algorithm (PhaseNet; Zhu and Beroza 2018);
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4. first, absolute locations were automatically performed using a probabilistic non-
linear approach (NLLoc; Lomax et al. 2000) in an iterative multi-step procedure
to clean arrival times from inconsistent picks and progressively reduce location
errors; then, relative double-difference locations (HypoDD; Waldhauser and
Ellsworth 2000) have been automatically performed starting from the absolute
locations from the previous stage: to this purpose, we used restrictive location
parameters (see Section 3.2.2) to further select the located earthquakes belonging
to the sequence and to improve the seismogenic fault imaging resolution.

Then we characterized the source of the catalogue earthquakes retrieved by the
workflow through the estimation of:

a. the local magnitude for all the absolute located events;

b. the mainshock source parameters (seismic moment M,, corner frequency f., and
stress drop Ag) through the modeling of the S-wave displacement spectra
(SourceSpec algorithm, Satriano 2021); furthermore, we estimated the focal
mechanism of the mainshock (BISTROP, De Matteis et al. 2016) and assumed it
as representative of the sequence;

c. the source radius of all the earthquakes: under the hypothesis of self-similarity of
the micro-seismic sequence (Aki 1967) we set the stress drop Ag equal to the
one computed from the S-wave displacement spectral inversion of the mainshock
(see Section 3.2.3).

3.2.1. Earthquake detection and phase arrival time picking

For the detection of small events possibly missed by the manual approach due princi-
pally to their low SNR, we applied the single-station template matching algorithm
(Stabile et al. 2021). It takes into account waveform similarity between 3-component
continuous data streams recorded at a single station, and properly chosen earthquake
waveforms (master templates), recorded at the same station. The analysis was per-
formed on seismic data recorded by the two nearest stations to the cluster: SARCL
(3.5km epicentral distance from the mainshock) and SPINS (5.9km epicentral dis-
tance from the mainshock). We used 4 and 6 master templates for SARCL and
SPINS stations, respectively (Supplementary Figure S1 and S2) which were therefore
cross-correlated with the respective continuous data stream recorded in the period
between July and October 2020. In order to prevent any subjective choice of the mas-
ter templates, the following procedure guided the templates’ selection: i) as initial
step, the mainshock was used as master template; ii) a list of automatically detected
events was thus obtained; iii) the first ‘not-manually-identified’ earthquake belonging
to the list of the template matching detected events was then used as further master
template; iv) a new list of detected events was retrieved; v) as in the point iii), and so
on, until the catalog of manually detected events was fully retrieved. The final selected
templates are summarized in Supplementary Table ST1: three common master events
were used, such that a total number of seven templates was selected for the analysis.
Following a similar procedure to that one adopted by Stabile et al. (2021), all the
three-component templates and the continuous data streams ground velocities of
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each analyzed station were first band-pass filtered in the range 1-35Hz, and then dif-
ferentiated to obtain their ground acceleration to amplify the peak frequency of the
signals. For each template, a cross-correlation window of 1.2s was selected around
the first P-wave arrival on the vertical component (CHZ) and around the S-wave
arrival on the horizontal components: CH1, CH2 for SARCL and CHE, CHN for
SPINS. Finally, only the signals that simultaneously fulfilled the following two main
conditions were detected: (1) the obtained cross-correlation parameter (XC’) between
the master template and the station component data stream was greater than 0.5; (2)
the previous condition was satisfied on the vertical component and at least on one of
the two horizontal components. We set a relatively low value of the detection thresh-
old (XC’ = 0.5) as we wanted to maximize the number of detected events. However,
these led to a high number of false detected events which were manually dismissed
by visual inspection performed by expert seismologists (e.g. Stabile et al. 2021). The
procedure enabled us to increase our manually detected dataset of more than a hun-
dred events (see Section 4) and to obtain a total number of 202 detected earthquakes
in the analyzed timespan (July-October 2020).

For the P- and S-waves arrival time pickings, we applied a completely automated
approach through the application of the PhaseNet algorithm (Zhu and Beroza 2018).
PhaseNet is a deep neural network algorithm, which allows to perform seismic phase
picking without any hand-designed input parameter. Indeed, thanks to their multi-
layer neural networks structures, deep-learning algorithms are capable of
‘understanding’ data in a hierarchical way, avoiding the need for human operators to
formally specify the training features that machines require to ‘learn’ efficiently. For
each earthquake, three minutes-long waveforms recorded on the three-components of
all the stations of the virtual network, bandpass filtered in the range 2-40 Hz, have
been given in input to PhaseNet, starting 60s before the detection time (obtained
from the single-station template matching algorithm), and ending 120 later; for each
record, a 30-seconds sliding window was chosen for the analysis. The P-wave, S-wave
and noise probability distributions are calculated in output from the deep-learning
algorithm, which defines the corresponding P- and S-wave arrival times (Figure 3)
where the resulting probability distribution peak values overcome a certain threshold.
A threshold of 0.3 was chosen for our dataset (Figure 3).

3.2.2. Absolute and relative earthquake locations

The P-and S-wave arrival times automatedly picked by PhaseNet were inverted in the
3-D velocity model of the HAV (Serlenga and Stabile 2019) for retrieving the absolute
location of earthquakes. We applied the differential time (EDT) method implemented
in the non-linear global approach (NonLinLoc). To our purpose, we implemented an
automated, iterative four-step absolute earthquake location: 1) a first absolute location
is performed from the inversion of all the P- and S-wave arrival times; 2) we inverted
only the data with residuals lower than 3s, properly corrected by the station delays
obtained in the step 1); 3) we inverted only the data with residuals lower than 1s,
properly corrected by the station delays obtained in the step 2); 4) we inverted the
remaining data, corrected by the station delays obtained in the step 3). Such a pro-
cedure aims at progressively discarding, at each iteration, the high residuals seismic
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Figure 3. Example of probability distributions predicted by the deep neural network algorithm
(PhaseNet, Zhu and Beroza 2018) giving in input unfiltered three-component seismic waveforms: (i)
East-West, (ii) North-South, and (iii) Z components of the seismogram; (iv) probability distributions
of the P- (green dotted line) and S-wave (violet dashed line) arrival time, along with the threshold
selected in this study (horizontal gray solid line).

phases (both P and S phases residuals), possibly related to wrong and/or multiple
automated arrival time picks.

Finally, the locations were refined by applying the double-difference method
(HypoDD code, Waldhauser and Ellsworth 2000), starting from the hypocentral
parameters determined from the absolute locations and solving the double-differ-
ence equations in the same 3-D P- and S-wave velocity model used for absolute
locations. Relative locations were performed with highly restrictive inversion param-
eters. Thus, only events with a maximum hypocentral separation of 7km (MAXSEP
parameter) and with a minimum number of 6P- and S-wave linked differential
arrival time observations (MINLINK parameter) were relocated. We set a maximum
distance between linked pair of seismic events equal to 2km (WDCC and WDCT
parameters), and a threshold value for phase residuals equal to 0.1s (WRCC and
WRCT parameters). Relative locations were performed by linking each event to a
maximum of 20 other events of the cluster (MAXNGH parameter), thus obtaining
a total number of 14382 differential arrival times of P- and S-waves, the latter being
computed both using catalog data (CT) and waveforms cross-correlation (CC) com-
puted in the frequency domain using the CCHAR program (Rowe et al. 2002). The
conjugate gradient method (LSQR, Paige and Saunders 1982) implemented in
HypoDD was used for the minimization of the double-difference residuals for pairs
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of earthquakes at each station. Indeed, it is able to solve a large system of equations
efficiently and hence it is more suitable for automatic locations (Waldhauser and
Ellsworth 2000). Nevertheless, since it is well known that generally location errors
are grossly underestimated with LSQR (Waldhauser and Ellsworth 2000), we a pos-
teriori manually assessed them by using SVD (Singular Value Decomposition) on a
subset of events.

3.2.3. Source characterization: magnitude computation, focal mechanism, and
spectral inversion

Along with the hypocentral location, the characterization of seismic source parame-
ters enables to gather insights on the physical and mechanical processes involved in
the earthquake nucleation and the energy release. For each absolute located event, we
estimated the local magnitude applying the formulation proposed for southern Italy
by Bobbio et al. (2009):

where M, is local magnitude of the i-th located event, A;; is the peak displacement
(mm) measured from the signal of the i-th event recorded by the j-th station con-
volved for the response function of the Wood-Anderson seismograph, R;; the hypo-
central distance (km) of the j-th station from the i-th event and  is the Huber mean
estimator applied to the set of single-station magnitude values (Huber 1964).

We determined the focal mechanism to retrieve information on the mainshock
fault plane orientation and the stress field in which it occurs (Figure 7). Knowing the
azimuth and take-off angle at which the ray leaves the source - computed for an
assumed location and seismic velocity model - the most used approach for focal
mechanism calculation is the observation of the P-wave first-motion polarities at dif-
ferent stations, and their projection over a reference sphere (focal sphere) around the
source. To better constrain the fault plane solutions, we instead adopted a Bayesian
approach implemented in BISTROP (De Matteis et al. 2016), which allows for the
joint inversion of the P-wave polarities and the long-period spectral level P/S ratios.
This method leverages the relation between the theoretical radiation pattern and the
low frequency spectral amplitude computed from the P-and S-waves and exploits the
possibility of easily computing the spectral ratios for low-magnitude earthquakes
(M <3) as well. Twelve first motions (FM) polarities and nine P/S ratios were
adopted for the inversion. The robustness of the final solution was confirmed by the
low values of the Kagan angle median (KA-Med) and median absolute deviation
(KA-Mad), equal to 4.3° and 1.3°, respectively (Figure S3). These values are computed
from the difference between the final focal mechanism and each solution with a prob-
ability higher than 90% of the probability of the best solution retrieved. Therefore,
the smaller the KA-Med and KA-Mad are, the more constrained the focal solution is
(Adinolfi et al. 2022).

The source parameters (M, f, Aco) of the mainshock were retrieved through the
S-wave displacement spectra inversion using the SourceSpec algorithm (1.5 Release)
(Satriano 2021). The code estimates single event source parameters from station
recordings through a @ > Brune’s source spectrum inversion model (Brune 1970). A
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total of 17 stations of the virtual network (out of 27) were used for the inversion:
seven stations from the HAVO Network (sampled at 250 Hz); MARCO, CAGG, SIR],
MGR, SLCN, PTRP (data sampled at 100 Hz) and MRN3, CGG3, PGN3, SRN3 (data
sampled at 125Hz). We performed the inversion only for stations with a minimum
signal-to-noise spectral ratio (spectral_sn_min) equal to 5.0, ignoring also the ones
lacking in automatic picks. The source parameters inversion was performed through
a full grid search approach to efficiently sample all the combinations in the (M,, f,
t*) parameters space. The t* is the attenuation parameter, defined as the ratio
between the wave travel time and the quality factor Q. We discretized the parameters
domain in an 80 x 200 x 150 nodes’ grid. The initial values of corner frequency and
seismic moment were estimated at the first inversion step by the code. On the other
hand, the t* initial value for the inversion (¢*)) was set by us based on the knowledge
of elastic and anelastic properties already available for the study area. It was chosen a
value of 0.045, as calculated from:

X
b = YaQ @

*

The term x is the mean epicentral distance calculated as the average epicentral dis-
tance of all the stations from the mainshock; Vg and Qg are the average S-wave velocity
and quality factor of the area, set equal to 3.4km/s (Improta et al. 2017) and 200
(Amoroso et al. 2017), respectively. With a similar approach the #* bounds of the inver-
sion grid (£*,,.;,,, t*,,.0x) Were estimated equal to 0.01 and 0.085, respectively, given by:

Xmin
£oo= 3)
i Vst, max

Xmax
bhax = oA (4)
max Vst, min

where x,,;, and x,,.,, are the minimum (12km, SARCL) and maximum (44 km,
PGN3) station epicentral distance from the earthquake, respectively; Qg ., and
Qs,max are the minimum and maximum S-wave quality factor estimated for the area
equal to 150 and 300, respectively (Amoroso et al. 2017). Finally, we assumed a
crustal density of 2700 kg/m> and a P-wave velocity (V) of 6.5km/s (Improta et al.
2017). We defined the seismic moment inversion bounds in terms of the respective
moment magnitude (My) bounds allowing a variability of 0.35 around the initial
value. The f. bounds were automatically set by the inversion code.

The mainshock source parameters were estimated by inverting the spectral ampli-
tudes computed at each station on a 2.0s time window (win_length) for both S-wave
signal and noise; the two time-windows were zero-padded up to 10s, thus allowing
the spectral resolution to be increased. We chose a start time of the noise window,
with respect to the P-wave arrival time (pre_p_time), of 3.0s and a start time of the
S-wave window (pre_s_time), antecedent to the S-wave arrival time, of 0.4s
(Figure 6). Signal waveforms were bandpass filtered at each station before the ana-
lysis. Since stations of different networks adopted different sensors (e.g.
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accelerometer, short period, broadband) and were characterized by distinctive sam-
pling frequencies, different frequency ranges for the filtering were chosen. The same
minimum value of 0.1 Hz was selected, while the maximum filtering value for each
station was chosen equal to the Nyquist frequency (except for the HAVO stations for
which a max frequency of 110 Hz was chosen).

Looking at the S-waves and noise displacement spectra, we observed at many
stations an abruptfall of both the noise and the signal amplitude at about 40-60 Hz
(Supplementary Figure S4). The latter effect was investigated after checking that no
mistakes were made in the signal pre-processing. Looking at stations power spectral
densities (PSD) calculated for a long-time span of about one year (from 01-07-2020
to 30-05-2021 at http://services.iris.edu/mustang/) we observed a constant value of
about —130dB between 40-100Hz (Supplementary Figure S5). This anomaly, con-
sistent with the observed abrupt fall of the spectra at those frequencies, could be
related to the near-site attenuation K(w) (Hanks 1982; Scherbaum 1990; de Lorenzo
et al. 2010). These effects on the high-frequency level are a known problem for
source parameters studies, particularly for microearthquakes, since they can alter
the shape of the earthquake spectra at frequencies comparable to the corner fre-
quency (Moratto et al. 2019). Moreover, attenuation site effects are also involved in
the so-called corner frequency saturation (Hanks 1982), which is an apparent
departure of small-magnitude events from the scaling law by Aki (1967). On these
grounds, we performed the mainshock source parameters spectral inversion in the
frequency range 0.5-40Hz (Figure 6). Given the microseismic nature of the
Castelsaraceno sequence, we chose to characterize all the other earthquakes belong-
ing to it only in terms of the seismic moment (M) and the resulting moment mag-
nitude (Mw) to avoid underestimations of the corner frequency. Indeed, the M,
estimation is better constrained by the inversion because it is related to the low fre-
quency amplitudes of displacement spectra. With this purpose we estimated M, for
each microearthquake of the sequence by using the same inversion parameters
applied for the mainshock, except for: (a) a lower minimum signal-to-noise spectral
ratio (spectral_sn_min) of 3.0; (b) a zero-padding of the selected time window
(spectral_win_length) up to 5s (instead of 10s). Then, the retrieved M, values were
used to estimate the source radius r of all the events of the sequence, in the
assumption of a circular plane rupture and using as fixed stress drop (Ag) the
value estimated for the mainshock. Thus, we calculated the source radius of each
event as (Borok 1959; Madariaga 1976):

My

37
% Ao (5)

r =

4. Results and discussion

Manual detections through the WebObs interface let us initially identify a total num-
ber of 65 local earthquakes that occurred in a time span between August 7 and
August 10, 2020, which were well recorded by the eight broadband stations of the
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Figure 4. Comparison between the results of (a) the absolute locations (NonLinLoc), and (b) the
relative locations (HypoDD). The yellow star represents the epicentral position of the Ml 2.9 main-
shock. The size of the circles representing the epicentral positions is proportional to the estimated
magnitude, whereas their color represents the hypocentral depth.

HAVO network. Among them, we identified a seismic sequence close to
Castelsaraceno town with the main Ml 2.1 foreshock and the MI 2.9 mainshock
occurred a few hours later. The last manually recognized earthquake of the sequence
was detected on August 10 (origin time: 09:35:49 UTC). The high-resolution of the
local HAVO seismic network allowed us to manually detect low magnitude events
(median Ml = -0.1) (Supplementary figure S6). However, the subsequent application
of the single station template matching algorithm to SPINS and SARCL stations
enabled us to increase the total number of catalog earthquakes to 202. We thus
proved the template matching method both to be a powerful tool to identify a larger
number of microearthquakes escaped from manual detection and to fastly investigate
a wider period (July-October 2020) looking for further events ascribable to the
Castelsaraceno sequence. The described automated absolute location approach (see
Section 3.2.2) enabled us to progressively discard high residual seismic phases, pos-
sibly related to accidental picking mistakes or multiple pickings performed by the
PhaseNet algorithm. At the end of the procedure, 167 out of the total of 202 events
detected between 28/07/2020 and 12/10/2020 were located, and only 109 earthquakes
occurred at 8 km epicentral distance from the mainshock (Figure 4a). The subsequent
automatic double-difference, relative location allowed us to refine earthquake loca-
tions and further select events belonging to the sequence, obtaining a more accurate
imaging of the fault. Indeed, earthquake relocations are characterized by both low
horizontal and vertical location errors (median values of 0.08km and 0.07 km,
respectively), which are one order of magnitude smaller than the ones of the absolute
locations (Supplementary Figure S7). The a posteriori assessment of relocation errors
through SVD, performed on a subset of 50 events located near the mainshock (within
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1.5km epicentral distance), provided equivalent results (median horizontal error of
0.05 km; median vertical error of 0.04 km).

In conclusion, the initial number of 202 manually and automatedly detected earth-
quakes was reduced to a final dataset of 101 relatively relocated events. It comprised
earthquakes that occurred between August 7 and October 12, 2020. Most of these fall
inside the same cluster around the mainshock identified from absolute locations
(Figure 4a).

The cluster comprises events with latitudes in the range 40.183°-40.253°, longi-
tudes in the range 15.916°-15.943° and depths of 10-12 km, including the mainshock.
Besides, the spatial distribution of the relocated events (Figure 4b) highlights three
additional small clusters occurred in the area: (a) the first, consisting of 4 events,
occurred between 7 and 8 August at similar depths of the main cluster (~11km) but
located to the East (Lat 40.211°-40.213°, Lon 16.040°-16.042°) of the study area and
~9km far from the mainshock; (b) the second is a swarm-like cluster with 13 events
occurred in a larger timespan (21/08/2020 — 12/10/2020) which are characterized by
shallower depths (~ 7km) and are located ~5km far from the Castelsaraceno
sequence (Lat 40.234°-40.241°, Long 15.931°-15.940°) just to the SW of the Pertusillo
Lake (Figure 4b); (c) lastly, a wider group of 9 events was located at ~7km south
from the mainshock, in the southernmost limit of the virtual network (Lat 40.129°-
40.163°, Lon 15.978°-16.003°), and is characterized by depths ranging between 8 and
11km and occurred between 7 and 19 September 2020. Both spatial and temporal
distributions of refined locations (Figure 5) allow a clear discrimination between the
seismic events belonging to the sequence and the others. Indeed, the main cluster
identified in the map around the mainshock is localized in a narrow range of depths
between 10-12km (black pointed circle, Figure 5a). These events occurred at rela-
tively close distances but also in a relatively short time span (black dotted circle,
Figure 5b), thus identifying the seismic sequence. The previous observations enabled
us to identify 72 refined located earthquakes belonging to the cluster, which occurred
between 7-12 August 2020 with a typical behavior of a foreshock-mainshock-after-
shock sequence. Before the mainshock, 17 events were recorded in the morning on
August 7 - between 4 and 11 am (UTC) - among which the aforementioned MI 2.1
foreshock; furthermore, 54 aftershocks occurred on August 7 and for the following
5 days, with the last event of the sequence occurred on August 12, 2020 (origin time
17:50:02 UTC).

We estimated the source parameters (Mo, f., Ag) for the mainshock of the
sequence through the S-wave displacement spectral inversion described in Section
3.2.3. The full inversion results at all the analyzed stations are reported in
Supplementary material. The grid search misfit functions show the intrinsic correla-
tions of the inversion parameters (Sonley and Abercrombie 2006; Zollo et al. 2014)
with Mw negatively correlating with f. and quite well constrained by the inversion:
the observed anti-correlation between the two parameters may be due to the irregular
shape of the low-frequency displacement spectrum. The t* correlates with both cor-
ner frequency and Mw. The narrow shape of the misfit functions around the absolute
minima of each subspace (Figure 6¢) testifies that the best fit model parameters of
the inversion are well constrained. The analysis provided average values of mainshock
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Figure 6. Example of S-wave displacement spectral inversion for the mainshock source parameters
estimation at SPINS station. It shows (a) the mainshock waveform with the S-waves (yellow panel)
and noise (red panel) windows selected for the inversion; (b) the spectra calculated for each signal
component (Z, N, E) and their vectorial composition, for which Brune's fit is calculated; (c) the grid
search misfit function in the three inversion parameters subspaces - (Mw, fc), (t*, fc) and (Mw, t*)
- explored to find the best fit model parameters: the small white dot identifies the minimum in
the space of parameters.

Mw, f. and Brune Ag equal to 2.7 (+ 0.1), 11 (-2; +3) Hz and 2.6 (-1.6; +3.8) MPa,
respectively. Referring to the relationship between Mw and Ml proposed by Zollo
et al. (2014) for the Irpinia area (southern Apennines), for which
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Figure 7. (a) Focal mechanism (beachball) and fault plane solutions (FPS1, FPS2) of the mainshock
estimated using FPFIT code. Projection of relocated hypocenters of the seismic sequence along sec-
tions orthogonal to (b) the FPS1 and (c) the FPS2, respectively. Earthquakes up to 2 km away from
each section have been projected on it. Black dashed lines in panels (b) and (c) represent the cor-
responding FPSs projections.

Mw = 0.74 (= 0.01) Ml + 0.66 (* 0.02), (6)
Mw obtained for the mainshock is coherent, within the error, with the estimated
local magnitude (Section 3.2.2) (Ml 2.9). Moreover, the obtained stress drop
Ag=2.6 MPa is consistent with the stress drop estimations obtained from other
authors for natural events in southern Italy (e.g. Stabile et al. 2012; Festa et al. 2021).
The application of the BISTROP method enabled us to obtain the fault plane solu-
tions (FPS) of the main event: (a) the first nodal plane (FPS1) is characterized by a
strike of 308°, a dip of 68° and rake of —126°; (b) the second nodal plane (FPS2) has
strike 190°, dip 41° and rake —34°, which are both consistent with the actual exten-
sional stress-regime. We projected the refined hypocenters of the 72 earthquakes
belonging to the sequence onto two sections orthogonal to the FPSs and centered in
correspondence of the mainshock (Figure 7) with the aim to identify the principal
plane through the aftershock signature. Indeed, the FPS2 orientation is in great
accordance with the microearthquakes alignment along the dip in the corresponding
orthogonal section (Figure 7c), thus indicating an anti-apenninic left-lateral strike-slip
faulting kinematic with normal component (rake —34°). The fault plane solution of
the mainshock, constrained by the distribution of aftershocks (strike 190°; dip 41°),
suggests the reactivation in the current extensional stress regime of a thrust which is
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Figure 8. (a) Cumulative seismic moment and cumulative number of events of the sequence; the
yellow and orange stars indicate the mainshock and the largest foreshock of the sequence, respect-
ively. (b) Events of the sequence projected on the main event fault plane, with a size proportional
to the estimated seismic radius (m) and with a color as a function of the time with respect to
mainshock occurrence (minutes). (c) zoomed area of 1km? around the mainshock (dashed black
square in b) representing the events distribution along the strike-dip plane; horizontal and vertical
refined location errors are also displayed by the respective error bars.

compatible with those associated with left-lateral strike-slip NW-SE trending faults
developed during Lower Pleistocene.

The retrieved seismic moment values of the other events of the sequence range
between a minimum of 4.31 x 10° N m and a maximum of 1.47 x 10> N m. Looking
at the cumulative seismic moment release (Figure 8a), it is clear that the main event
is the main player: its seismic moment (M, = 1.68 x 10" Nm; Mw = 2.7) is about
one order of magnitude larger than the cumulative seismic moment of the other
microearthquakes (9.55 x 10" N m) (Figure 8a). However, we can recognize a minor
contribution of the main foreshock (M, = 1.73 x 10" N m; Mw = 2.1), the only
event of the sequence, alongside the mainshock, with an estimated Mw > 2.0.

The estimation of the source radius through the retrieved M, values (see
Section 3.2.3) enabled us to gain further insights on the rupture processes which ori-
ginated the sequence. We found that the source radius of most of the microearth-
quakes belonging to the sequence has an order of tens of meters (median of 15m)
except for the mainshock radius which is an order of magnitude larger (124m).
When looking at their locations, projected along the strike-dip plane and represented
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as function of time with respect to mainshock origin time (Figure 8b), we can notice
and argue that:

1. most of the events of the sequence occurred within 1500 m along dip and within
700 m along strike, thus suggesting a preferential along-dip rupture propagation;

2. there is not an evident space-time migration of microearthquakes. It would
exclude the contribution of hidden forcing transients in the sequence evolution
such as pore-fluid diffusion or aseismic slip processes, but rather indicates the
static stress transfer to be the driving factor: indeed, ‘most aftershocks are located
within few rupture lengths, where the static stress changes are relatively high’
(Brodsky 2019);

3. the main foreshock and the mainshock are co-located on the rupture surface
(Figure 8c).

In addition, we observed that:

1. the foreshock is a doublet earthquake with two similar seismic events occurred at
a short distance in time (2 seconds). This similarity was assessed by means of a
cross-correlation analysis in two steps: first we performed the autocorrelation for
the foreshock waveform on a 10-seconds time window starting from the earth-
quake origin time (Figure 9a). We obtained a cross-correlation coefficient equal
to 1.0 for time lag 0 and equal to 0.5 for time lags + 500 samples, ie. +
2seconds. Then, we computed the cross-correlation in a 1s time window starting
from the S-wave arrival time of the two seismic events of the doublet: a cross-
correlation coefficient equal to 1 for time lag 0 was again retrieved (Figure 9b);

2. there is a high similarity between the foreshock doublet and the mainshock wave-
forms. Indeed, both the cross-correlation analysis over the respective full-wave-
forms (Figure 9¢c) - performed in a 13 seconds window starting from the origin
time of each event - and on the S-waves (Figure 9d) - in a 3.3 seconds time win-
dow starting from the S-phase arrival time of each event - confirmed their very
high similarity, with a cross-correlation coefficient of 1.0 for time lag 0
(Figure 9c).

The observations from (3) to (5) allow us to define the foreshock and the main-
shock as a seismic multiplet. Its occurrence may reflect seismic failures on a single, or
on a set of coplanar asperities interacting in a small region of the same fault segment
(Dublanchet et al. 2015). We finally suppose that the nucleation process of the
sequence consists of a repeated failure occurring along a common ruptured seismo-
genic patch, thus identifying an asperity.

Finally, we investigated the frequency-magnitude distribution (FMD) (supplemen-
tary Figure S8) of the relocated events belonging to the Castelsaraceno sequence.
Most earthquakes of the sequence have negative MI values, with an estimated magni-
tude of completeness (Mc) of —0.4+0.1 (using ZMAP code; Wiemer 2001), thus
revealing the efficiency of the automated approach in detecting and locating small
events which would have been missed with the manual approach. This helped us to
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Figure 9. Similarity between the two events constituting the foreshock doublet and the main-
shock. (a) Autocorrelation of the foreshock doublet. The red and blue rectangles indicate the S-
wave windows used in (b). (b) Cross-correlation between the first (red) and second (blue) S-wave
visible in (a). (c) Cross-correlation between the foreshock doublet and the mainshock. The red and
blue rectangles indicate the S-wave windows used in (d). (d) Cross-correlation between the fore-
shock double S-waves (red) and the mainshock S-wave (blue).

better estimate the b-value. Indeed, we fit the FMD in the range Mc <Ml < 1.0 (only
5 events of the sequence have Ml > 1.0) by applying the nonlinear Levenberg-
Marquardt least-squares algorithm (Marquardt 1963), obtaining a b-value of
0.73 +£0.04 which is significantly lower than the value (about 1) estimated for south-
ern Apennines (Gulia and Meletti 2007; Stabile et al. 2013). This low b-value is not
surprising since Schorlemmer et al. (2005) demonstrated that different faulting styles
within one seismogenic zone follow different recurrence laws, with the b-value esti-
mated for strike-slip faults lower than the one estimated for normal faults. The latter,
indeed, are the geological structures accommodating the current and the prevalent
extensional stress regime in Southern Apennines (Mariucci and Montone 2020; Scarfi
et al. 2021).

The retrieved low b-value may also indicate that the sequence occurs in a region
with lower or negligible pore-fluid pressure (Wyss 1973), higher stress levels (Scholz
1968), and less heterogeneous material (Mogi 1962) with respect to the regions where
events generally occur in this study area. Indeed, in the HAV events generally occur
in the allochthonous units or in the Apulian Platform whereas this sequence is
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Figure 10. Geological cross section AB of Figure 1. The relocated microearthquakes far up to 2km
from the section have been projected on it. The structural architecture has been reconstructed
from literature data (Carbone et al. 1991; 2018; Nicolai and Gambini 2007; Patacca and Scandone
2007; 2013; Patacca et al. 2008).

characterized by deeper locations of microearthquakes (10-12km b.sl) likely
occurred in the crystalline basement (Figure 10), which is less heterogeneous with
respect to the overburden units. Furthermore, the observed absence of a migration
pattern of microearthquakes (Figure 8b) is consistent with a negligible contribution
of pore fluid pressure which is the driving physical mechanism of induced seismicity
in this area with b-values ranging from 1.1 to 1.5 (Stabile et al. 2021; Picozzi et al.
2022; and references therein). On the other hand, the foreshock-mainshock-aftershock
characteristic of the Castelsaraceno sequence suggests some degrees of heterogeneity
and hence a not uniform distribution of stress (Mogi 1963), which is in agreement
with the hypothesized presence of an asperity (Madariaga 1979). We also suggest that
the confinement of the studied seismic sequence in the depth range 10 - 12km may
be due to the coexistence of the following elements: 1) the limited spatial extension
of the static Coulomb stress transfer related to the low-magnitude mainshock; 2) the
ductile rheology of the overlaying Permo-Trias deposits; 3) the brittle-ductile transi-
tion below 12 - 13km depths (which occurs in the upper crust at temperatures
between 300° and 450°; Dragoni 1993) according to the average geothermal gradient
of about 20-25°C/km in the study area (Sciamanna et al. 2004; Megna et al. 2014).

5. Conclusions

A semi-automated workflow for earthquake detection and location was applied in
this work for the characterization of a natural, low-magnitude earthquake sequence
that occurred close to the Castelsaraceno village (High Agri Valley, southern
Apennines) from 7 to 12 August 2020.
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Starting from 65 manually detected earthquakes, the workflow developed as fol-
lows: (a) a semi-automated micro-earthquakes detection through a template matching
algorithm; (b) a fully automated phase-picking though a deep neural network
(PhaseNet); (c) an automated, iterative, multi-step absolute non-linear earthquake
location (NLLoc); (d) the locations’ refinement through an automated relative dou-
ble-difference approach (HypoDD) using both catalogue and cross-correlation differ-
ential times.

The characterization of the microseismic sequence greatly benefited of the applied
workflow since:

e more than twice the number of manually detected earthquakes were additionally
identified through the single-station template matching technique;

o the application of the deep-learning based algorithm let us perform in few minutes
the phase-picking;

o the automated, iterative absolute earthquake location let us efficiently remove the
P- and S-waves phase pickings with high residuals;

o the subsequent automated relative earthquake location allowed the further selec-
tion of only clustered events while dramatically reducing location errors.

The further analyses carried out on the obtained refined catalog enabled us to
define the Castelsaraceno foreshock-mainshock-aftershock sequence being character-
ized by: a Ml 2.1 foreshock doublet (origin time: 2020-08-07, 08:52:31 UTC), followed
a few hours later by the Ml 2.9 mainshock (origin time 2020-08-07, 13:34:37 UTC)
that ruptured the same patch, thus identifying a persistent asperity. Afterwards, a
total of 54 microseismic aftershocks (Ml < 1.1) occurred preferentially along-dip
without showing a migration pattern. Looking at both spatial and temporal distribu-
tions of refined locations we identified a total of 72 events belonging to the sequence
occurred at relatively close distances (Latitudes: 40.183°-40.253°; Longitudes: 15.916°-
15.943°) and in a narrow range of depths (10-12km).

Aftershock distribution and the focal mechanism of the mainshock allowed us to
define the geometry and kinematic of an unprecedentedtly mapped fault, which may be
an ancient Lower Pleistocene thrust re-activated in the current extensional regime.
Indeed, our results show that it is an anti-apenninic (strike 190°), left-lateral NNE-SSW
strike-slip fault with normal kinematic component (rake —34°). The estimated b-value
(0.73 £0.04), lower than that expected for the study area, supports the strike-slip fault-
ing kinematic instead of the typical normal faulting kinematic of the HAV faults. It also
suggests the fault activation in negligible pore-fluid pressure conditions and in a rela-
tively low-heterogeneity material. We also speculate that the limited depth range within
which the sequence occurred may be due to the combined effect of static stress changes
restricted in a very narrow area and of the confinement of a crystalline basement brittle
layer between two regions with more ductile rheology. The tested workflow would rep-
resent a starting point for the improvement of the current standard procedures for seis-
mic sequences analysis, which are actually quite time-consuming and less effective in
microearthquake detection as also proved in this work. As the applied workflow only
constitutes a first-order semi-automated procedure for characterization of
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microearthquake sequence, we aim to further improve our workflow and to extend its
application to continuous data streams. The future developments would regard the inte-
gration of machine learning tools in the workflow to automatically identify false/true
events in the template-matching detection step (e.g. ML classifier algorithms) and the
automated seismic phase association (e.g. PhaseLink; Ross et al. 2019a). The procedure
would enable us to easily analyze the spatio-temporal distribution of the seismicity in
the HAV in larger timespans, verifying the possible occurrence of repeated earthquakes
along the identified persistent asperity and/or other seismogenic structures in the area.

Funding

This research benefited from the financial support of the project ‘Detection and tracking of
crustal fluid by multi-parametric methodologies and technologies’ of the Italian PRIN-MIUR
program (Grant no. 20174X3P29).

ORCID

S. Panebianco (®) http://orcid.org/0000-0003-4063-1061
V. Serlenga (®) http://orcid.org/0000-0001-8035-0892
C. Satriano () http://orcid.org/0000-0002-3039-2530
F. Cavalcante () http://orcid.org/0000-0002-7140-0728
T. A. Stabile (®) http://orcid.org/0000-0002-8070-0167

Data availability statement

The continuous data-stream of the HAVO seismic network, formerly INSIEME (FDSN code:
VD, https://doi.org/10.7914/SN/VD), and of the GEOFON network (FDSN code: GE: https://
doi.org/10.14470/TR560404) are open-access under the license CC BY 4.0 and they are avail-
able from IRIS DMC FDSN Web Services, http://service.iris.edu/fdsnws/dataselect/1/. The con-
tinuous data-stream of the Italian National Seismic Network (RSN) (FDSN codes: IV, https://
doi.org/10.13127/SD/X0FXnH7QfY; MN: https://doi.org/10.13127/SD/fBBBtDtd6q) and of the
Irpinia Seismic NETwork (ISNET) (FDSN code: IX) are open-access under the license CC BY
4.0 and they are available from http://webservices.ingv.it/fdsnws/dataselect/1/.

Acknowledgements

Most of the figures are made using the free software QGIS 3.22.11 (https://www.qgis.org/),
Matplotlib and Cartopy Python (version 3.7.8) packages, Inkscape (https://inkscape.org/), and
GNUPLOT (http://www.gnuplot.info/). Some of the analyses were performed with the support
of Obspy version 1.2.2 seismic processing tools. We are deeply grateful to Guido Maria
Adinolfi, for the substantial help in the computation of focal mechanisms by means of
BISTROP method. We would like to acknowledge the three anonymous reviewers, whose very
useful and constructive comments allowed us to significantly improve the quality of the
manuscript.

Disclosure statement

No potential conflict of interest was reported by the authors.


https://doi.org/10.7914/SN/VD
https://doi.org/10.14470/TR560404
https://doi.org/10.14470/TR560404
http://service.iris.edu/fdsnws/dataselect/1/
https://doi.org/10.13127/SD/X0FXnH7QfY
https://doi.org/10.13127/SD/X0FXnH7QfY
https://doi.org/10.13127/SD/fBBBtDtd6q
http://webservices.ingv.it/fdsnws/dataselect/1/
https://www.qgis.org/
https://inkscape.org/
http://www.gnuplot.info/

24 (&) S.PANEBIANCO ET AL.

References

Adinolfi GM, Picozzi M, Cesca S, Heimann S, Zollo A. 2020. An application of coherence-
based method for earthquake detection and microseismic monitoring (Irpinia fault system,
Southern Italy). J Seismol. 24(5):979-989.

Adinolfi GM, De Matteis R, de Nardis R, Zollo A. 2022. A functional tool to explore the reli-
ability of micro-earthquake focal mechanism solutions for seismotectonic purposes. Solid
Earth. 13(1):65-83.

Aki K. 1967. Scaling law of seismic spectrum. ] Geophys Res. 72(4):1217-1231.

Amoroso O, Russo G, De Landro G, Zollo A, Garambois S, Mazzoli S, Parente M, Virieux J.
2017. From velocity and attenuation tomography to rock physical modeling: inferences on
fluid-driven earthquake processes at the Irpinia fault system in southern Italy: from Seismic
Tomography to Rock Modeling. Geophys Res Lett. 44(13):6752-6760.

Beauducel F, Lafon D, Béguin X, Saurel J-M, Bosson A, Mallarino D, Boissier P, Brunet C,
Lemarchand A, Anténor-Habazac C, et al. 2020. WebObs: the volcano observatories missing
link between research and real-time monitoring. Front Earth Sci. 8(48):1-22.

Bello S, Lavecchia G, Andrenacci C, Ercoli M, Cirillo D, Carboni F, Barchi MR, Brozzetti F.
2022. Complex trans ridge normal faults controlling large earthquakes. Sci Rep. 12(1):20.
Bergen KJ, Beroza GC. 2018. Detecting earthquakes over a seismic network using single-station

similarity measures. Geophys ] Int. 213(3):1984-1998.

Bobbio A, Vassallo M, Festa G. 2009. A local magnitude scale for southern Italy. Bull Seismol
Soc Am. 99(4):2461-2470.

Bonardi G, Ciarcia S, Di Nocera S, Matano F, Sgrosso I, Torre M. 2009. Carta delle principali
unita cinematiche dell’Appennino meridionale. Nota illustrativa. Ital ] Geosci. 128(1):47-60.

Borok VK. 1959. On estimation of the displacement in an earthquake source and of source
dimensions. Ann Geophys. 12(2):205-214.

Brodsky EE. 2019. The importance of studying small earthquakes. Science. 364(6442):736-737.

Brune JN. 1970. Tectonic stress and the spectra of seismic shear waves from earthquakes. J
Geophys Res. 75(26):4997-5009.

Bucci F, Tavarnelli E, Novellino R, Palladino G, Guglielmi P, Laurita S, Prosser G, Bentivenga
M. 2019. The history of the southern apennines of Italy preserved in the geosites along a
geological itinerary in the High Agri Valley. Geoheritage. 11(4):1489-1508.

Burrato P, Valensise G. 2008. Rise and fall of a hypothesized seismic gap: source complexity in
the Mw 7.0 16 december 1857 southern Italy earthquake. Bull Seismol Soc Am. 98(1):139-
148.

Caffagni E, Eaton DW, Jones JP, Van der Baan M. 2016. Detection and analysis of microseis-
mic events using a Matched Filtering Algorithm (MFA). Geophys ] Int. 206(1):ggw168.

Carbone S, Catalano S, Lazzari S, Lentini F, Monaco C. 1991. Presentazione della carta geolog-
ica del bacino del Fiume Agri (Basilicata). Mem Soc Geol It. 47:129-143.

Carbone S, Giano SI, Lentini F, Tescione M. 2018. Note illustrative della Carta Geologica
D’Italia (1:50000). Foglio 505, Moliterno; p. 155. https://www.isprambiente.gov.it/Media/
carg/note_illustrative.

Catalano S, Monaco C, Tortorici L, Paltrinieri W, Steel N. 2004. Neogene-Quaternary tectonic
evolution of the southern Apennines. Tectonics. 23(2):n/a-n/a.

Cello G, Tondi E, Micarelli L, Mattioni L. 2003. Active tectonics and earthquake sources in the
epicentral area of the 1857 Basilicata earthquake (Southern Italy). ] Geodyn. 36(1-2):37-50.
de Lorenzo S, Zollo A, Zito G. 2010. Source, attenuation, and site parameters of the 1997
Umbria-Marche seismic sequence from the inversion of P wave spectra: a comparison
between constant Qp and frequency-dependent Qp models. ] Geophys Res. 115(B9):B09306.

De Matteis R, Convertito V, Zollo A. 2016. Bayesian inversion of spectral-level ratios and P-
wave polarities for focal mechanism determination. Seismol Res Lett. 87:944-954. https://
doi.org/10.1785/0220150259.

Dragoni M. 1993. The brittle-ductile transition in tectonic boundary zones. Ann Geofis.
36:37-44.


https://www.isprambiente.gov.it/Media/carg/note_illustrative
https://www.isprambiente.gov.it/Media/carg/note_illustrative
https://doi.org/10.1785/0220150259
https://doi.org/10.1785/0220150259

GEOMATICS, NATURAL HAZARDS AND RISK 25

Dublanchet P, Godano M, Bernard P. 2015. Inferring fault mechanical conditions from the
source parameters of a complex microseismic multiplet in the Corinth rift, Greece. ]
Geophys Res Solid Earth. 120(11):7655-7682.

Ellsworth WL, Bulut F. 2018. Nucleation of the 1999 Izmit earthquake by a triggered cascade
of foreshocks. Nature Geosci. 11(7):531-535.

Ferranti L, Palano M, Cannavo F, Mazzella ME, Oldow JS, Gueguen E, Mattia M, Monaco C.
2014. Rates of geodetic deformation across active faults in southern Italy. Tectonophysics.
621:101-122.

Festa G, Adinolfi GM, Caruso A, Colombelli S, De Landro G, Elia L, Emolo A, Picozzi M,
Scala A, Carotenuto F, et al. 2021. Insights into mechanical properties of the 1980 irpinia
fault system from the analysis of a seismic sequence. Geosciences. 11(1):28.

Finetti IR, Lentini F, Carbone S, Del Ben A, Di Stefano A, Guarnieri P, Pipan M, Prizzon A.
2005. Crustal tectono-stratigraphy and geodynamics of the southern Apennines from CROP
and other integrated geophysical-geological data. CROP PROJECT: deep seismic exploration
of the central Mediterranean and Italy, 225-262.

Giocoli A, Stabile TA, Adurno I, Perrone A, Gallipoli MR, Gueguen E, Norelli E, Piscitelli S.
2015. Geological and geophysical characterization of the southeastern side of the High Agri
Valley (southern Apennines, Italy). Nat Hazards Earth Syst Sci. 15(2):315-323.

Gueguen E, Doglioni C, Fernandez M. 1997. Lithospheric boudinage in the Western
Mediterranean back-arc basin. Terra Nova. 9(4):184-187.

Gulia L, Meletti C. 2007. Testing the b-value variability in Italy and its influence on Italian
PSHA. Boll Geof Teor Appl. 49(1):59-76.

Gutenberg B, Richter CF. 1954. Seismicity of the earth and associated phenomena. Princeton:
Princeton University Press.. p. 310.

Hanks TC. 1982. f max. Bull Seismol Soc Am. 72(6A):1867-1879.

Huber PJ. 1964. Robust estimation of a location parameter. Ann Math Statist. 35(1):73-101.

Improta L, Valoroso L, Piccinini D, Chiarabba C. 2015. A detailed analysis of wastewater-
induced seismicity in the Val d’Agri oil field, Italy. Geophys Res Lett. 42(8):2682-2690.

Improta L, Bagh S, De Gori P, Valoroso L, Pastori M, Piccinini D, Chiarabba C, Anselmi M,
Buttinelli M. 2017. Reservoir structure and wastewater-induced seismicity at the Val d’Agri
oilfield (Italy) shown by three-dimensional Vp and Vp/Vs local earthquake tomography:
three-dimensional LET and wastewater-induced seismicity. ] Geophys Res Solid Earth.
122(11):9050-9082.

La Bruna V, Agosta F, Prosser G. 2017. New insights on the structural setting of the Monte
Alpi area, Basilicata, Italy. IJG. 136(2):220-237.

Lomax A, Virieux J, Volant P, Berge-Thierry C. 2000. Probabilistic earthquake location in 3D
and layered models. In: Thurber CH, Rabinowitz N, editors. Advances in Seismic Event
Location. Dordrecht: Springer Netherlands; p. 101-134.

Madariaga R. 1976. Dynamics of an expanding circular fault. Bull Seismol Soc Am. 66(3):639-
666.

Madariaga R. 1979. On the relation between seismic moment and stress drop in the presence
of stress and strength heterogeneity. ] Geophys Res. 84(B5):2243-2250.

Mariucci MT, Montone P. 2020. Database of Italian present-day stress indicators, IPSI 1.4. Sci
Data. 7(1):298

Marquardt DW. 1963. An Algorithm for Least-Squares Estimation of Nonlinear Parameters. ]
Soc Industrial Appl Math. 11(2):431-441.

Maschio L, Ferranti L, Burrato P. 2005. Active extension in val d’Agri area, southern
Apennines, Italy: implications for the geometry of the seismogenic belt. Geophys ] Int.
162(2):591-609.

Mazzoli S, Ascione A, Buscher JT, Pignalosa A, Valente E, Zattin M. 2014. Low-angle normal
faulting and focused exhumation associated with late Pliocene change in tectonic style in
the southern Apennines (Italy). Tectonics. 33(9):1802-1818.

Megna A, Candela S, Mazzoli S, Santini S. 2014. An analytical model for the geotherm in the
Basilicata oil fields area (southern Italy). IJG. 133(2):204-213.



26 (&) S.PANEBIANCO ET AL.

Mignan A, Woessner J. 2012. Estimating the magnitude of completeness for earthquake cata-
logs. Commun Online Resour Stat Seism Anal. 1-45.

Miller SA, Collettini C, Chiaraluce L, Cocco M, Barchi M, Kaus BJP. 2004. Aftershocks driven
by a high-pressure CO2 source at depth. Nature. 427(6976):724-727.

Mogi K. 1962. Magnitude-frequency relations for elastic shocks accompanying fractures of
various materials and some related problems in earthquakes. Bull Earthquake Res Inst Univ
Tokyo. 40:831-853.

Mogi K. 1963. Some discussions on aftershocks, foreshocks, and earthquake swarms - The
fracture of a semi-infinite body caused by an inner stress origin and its relation to earth-
quake phenomena. Bull. Earthquake Res. 41(1963):615-658.

Moratto L, Romano MA, Laurenzano G, Colombelli S, Priolo E, Zollo A, Sarao A, Picozzi M.
2019. Source parameter analysis of microearthquakes recorded around the underground gas
storage in the Montello-Collalto Area (Southeastern Alps, Italy). Tectonophysics. 762:159-
168.

Nicolai C, Gambini R. 2007. Structural architecture of the Adria platform-and-basin system.
Boll Soc Geol Ital Spec Issue. 7:21-37.

Paige CC, Saunders MA. 1982. LSQR: an algorithm for sparse linear equations and sparse least
squares. ACM Trans Math Softw. 8(1):43-71.

Patacca E, Scandone P. 2001. Late thrust propagation and sedimentary response in the thrust-
belt—foredeep system of the Southern Apennines (Pliocene-Pleistocene). In: Anatomy of an
orogen: the Apennines and Adjacent Mediterranean Basins. Dordrecht: Springer; p. 401-
440.

Patacca E, Scandone P. 2007. Geology of the Southern Apennines Boll. Soc Geol It. Special
Issue 7:75-119.

Patacca E, Scandone P, Di Luzio E, Cavinato GP, Parotto M. 2008. Structural architecture of
the central Apennines: interpretation of the CROP 11 seismic profile from the Adriatic coast
to the orographic divide. Tectonics. 27(3):n/a-n/a.

Patacca E, Scandone P. 2013. Il contributo degli studi stratigrafici di superficie e di sottosuolo
alla conoscenza dell’ Appennino Campano-Lucano. Ricerca, sviluppo ed utilizzo delle fonti
fossili: il ruolo del geologo, 97-153.

Picozzi M, Serlenga V, Stabile TA. 2022. Spatio-temporal evolution of ground motion intensity
caused by reservoir-induced seismicity at the Pertusillo artificial lake (southern Italy). Front
Earth Sci. 10:1048196.

Rinaldi AP, Improta L, Hainzl S, Catalli F, Urpi L, Wiemer S. 2020. Combined approach of
poroelastic and earthquake nucleation applied to the reservoir-induced seismic activity in
the Val d’Agri area, Italy. ] Rock Mech Geotech Eng. 12(4):802-810.

Roberts RG, Christoffersson A, Cassidy F. 1989. Real-time event detection, phase identification
and source location estimation using single station three-component seismic data. Geophys
J Int. 97(3):471-480.

Ross ZE, Yue Y, Meier M-A, Hauksson E, Heaton TH. 2019a. PhaseLink: a Deep Learning
Approach to Seismic Phase Association. ] Geophys Res Solid Earth. 124(1):856-869.

Ross ZE, Trugman DT, Hauksson E, Shearer PM. 2019b. Searching for hidden earthquakes in
southern California. Science. 364(6442):767-771.

Rovida A, Camassi R, Gasperini P, Stucchi M. 2011. CPTI11, la versione 2011 del catalogo
Parametrico dei Terremoti Italiani. Milano, Bologna, Italy: INGV.

Rowe CA, Aster RC, Borchers B, Young CJ. 2002. An automatic, adaptive algorithm for refin-
ing phase picks in large seismic data sets. Bull Seismol Soc Am. 92(5):1660-1674.

Satriano C. 2021. SourceSpec — Earthquake source parameters from S-wave displacement spec-
tra. Version v1.5.

Scarf1 L, Langer H, Messina A, Musumeci C. 2021. Tectonic regimes inferred from clustering
of focal mechanisms and their distribution in space: application to the central mediterranean
sea. ] Geophys Res Solid Earth. 126:¢2020JB0205109.

Scherbaum F. 1990. Combined inversion for the three-dimensional Q structure and source
parameters using microearthquake spectra. ] Geophys Res. 95(B8):12423-12438.



GEOMATICS, NATURAL HAZARDS AND RISK 27

Schorlemmer D, Wiemer S, Wyss M. 2005. Variations in earthquake-size distribution across
different stress regimes. Nature. 437(7058):539-542.

Sciamanna S, Sassi W, Gambini R, Rudkievicz J-L, Mosca F, Nicolai C. 2004. Predicting hydro-
carbon generation and expulsion in the southern Apennines thrust belt by 2-D integrated
structural and geochemical modeling: part I - structural and thermal evolution. In: Swennen
R, Roure F, and Granath J, editors. Deformation, fluid flow and reservoir appraisal in fore-
land fold-and-thrust belts, AAPG Hedberg Ser., vol. 1. Tulsa, Okla: Am. Assoc. Pet. Geol;
p. 51-68.

Scholz CH. 1968. The frequency-magnitude relation of microfracturing in rock and its relation
to earthquakes. Bull Seismol Soc Am. 58(1):399-415.

Serlenga V, Stabile TA. 2019. How do Local Earthquake Tomography and inverted dataset
affect earthquake locations? The case study of High Agri Valley (Southern Italy). Geomatics
Nat Hazards Risk. 10(1):49-78.

Shelly DR, Taira TA, Prejean SG, Hill DP, Dreger DS. 2015. Fluid-faulting interactions: frac-
ture-mesh and fault-valve behavior in the February 2014 Mammoth Mountain, California,
earthquake swarm. Geophys Res Lett. 42(14):5803-5812.

Shelly DR, Ellsworth WL, Hill DP. 2016. Fluid-faulting evolution in high definition: connecting
fault structure and frequency-magnitude variations during the 2014 Long Valley Caldera,
California, earthquake swarm. ] Geophys Res Solid Earth. 121(3):1776-1795.

Sonley E, Abercrombie RE. 2006. Effects of methods of attenuation correction on source par-
ameter determination. AGU J. Geophys Monogr Ser. 170:91-97. https://onlinelibrary.wiley.
com/doi/abs/10.1029/170GM11.

Stabile TA, Satriano C, Orefice A, Festa G, Zollo A. 2012. Anatomy of a microearthquake
sequence on an active normal fault. Sci Rep. 2(1):410.

Stabile TA, Iannaccone G, Zollo A, Lomax A, Ferulano MF, Vetri MLV, Barzaghi LP. 2013. A
comprehensive approach for evaluating network performance in surface and borehole seis-
mic monitoring. Geophys J Int. 192(2):793-806.

Stabile TA, Giocoli A, Lapenna V, Perrone A, Piscitelli S, Telesca L. 2014a. Evidences of low-
magnitude continued reservoir-induced seismicity associated with the Pertusillo artificial
lake (southern Italy). Bull Seism Soc Am. 104(4):1820-1828.

Stabile TA, Giocoli A, Perrone A, Piscitelli S, Lapenna V. 2014b. Fluid injection induced seis-
micity reveals a NE dipping fault in the southeastern sector of the High Agri Valley (south-
ern Italy). Geophys Res Lett. 41(16):5847-5854.

Stabile TA, Giocoli A, Perrone A, Piscitelli S, Telesca L, Lapenna V. 2015. Relationship
between seismicity and water level of the Pertusillo reservoir (southern Italy). Boll Geof
Teor Appl. 56:505-517.

Stabile TA, Serlenga V, Satriano C, Romanelli M, Gueguen E, Gallipoli MR, Ripepi E, Saurel J-
M, Panebianco S, Bellanova J, et al. 2020. The INSIEME seismic network: a research infra-
structure for studying induced seismicity in the High Agri Valley (southern Italy). Earth
Syst Sci Data. 12(1):519-538.

Stabile TA, Vlcek ], Wcisto M, Serlenga V. 2021. Analysis of the 2016-2018 fluid-injection
induced seismicity in the High Agri Valley (Southern Italy) from improved detections using
template matching. Sci Rep. 11(1):20630.

Valoroso L, Chiaraluce L, Piccinini D, Di Stefano R, Schaff D, Waldhauser F. 2013.
Radiography of a normal fault system by 64,000 high-precision earthquake locations: the
2009 L’Aquila (central Italy) case study. ] Geophys Res Solid Earth. 118:1156-1176.

Vezzani L, Festa A, Ghisetti FC. 2010. Geology and tectonic evolution of the central Southern
Apennines, Italy. Geol Soc Amer, Special Paper. 469:58 pp.

Waldhauser F, Ellsworth WL. 2000. A double-difference Earthquake location algorithm:
method and application to the Northern Hayward Fault, California. Bull Seismol Soc Am.
90(6):1353-1368.

Waldhauser F, Ellsworth WL. 2002. Fault structure and mechanics of the Hayward Fault,
California, from double-difference earthquake locations. ] Geophys Res. 107(B3):1-15.


https://onlinelibrary.wiley.com/doi/abs/10.1029/170GM11
https://onlinelibrary.wiley.com/doi/abs/10.1029/170GM11

28 (&) S.PANEBIANCO ET AL.

Weber E, Convertito V, Iannaccone G, Zollo A, Bobbio A, Cantore L, Corciulo M, Di Crosta
M, Elia L, Martino C, et al. 2007. An advanced seismic network in the Southern Apennines
(Italy) for seismicity investigations and experimentation with earthquake early warning.
Seismol Res Lett. 78(6):622-634.

Wiemer S. 2001. A software package to analyze seismicity: ZMAP. Seismol Res Lett. 72(3):
373-382.

Wyss M. 1973. Towards a physical understanding of the earthquake frequency distribution.
Geophys. ] R Astron Soc. 31(4):341-359.

Yoon CE, O'Reilly O, Bergen KJ, Beroza GC. 2015. Earthquake detection through computa-
tionally efficient similarity search. Sci Adv. 1(11):1-13.

Zhu W, Beroza GC. 2018. PhaseNet: a deep-neural-network-based seismic arrival time picking
method. Geophysical Journal International. 216(1):261-273.

Zollo A, Orefice A, Convertito V. 2014. Source parameter scaling and radiation efficiency of
microearthquakes along the Irpinia fault zone in southern Apennines, Italy: microearth-
quake Source Parameter Scaling. ] Geophys Res Solid Earth. 119(4):3256-3275.



	Abstract
	Introduction
	Geological framework of the seismic sequence
	Data and methods
	Virtual seismic network
	Semi-automated workflow
	Earthquake detection and phase arrival time picking
	Absolute and relative earthquake locations
	Source characterization: magnitude computation, focal mechanism, and spectral inversion


	Results and discussion
	Conclusions
	Funding
	Orcid
	Data availability statement
	Acknowledgements
	Disclosure statement
	References


