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ABSTRACT We investigated the 2009-2020 instrumental seismicity of the Matese Massif. With the
exception of two relevant seismic sequences (2013-2014 and 2016-2017, M, = 4.9), the
background seismicity consists of low magnitude seismic swarms (M, = 3.3) located at
the borders of the massif, and sparse single events (M, = 3.5). The focal mechanisms
of the single events located near the NW and west edges of the massif suggest that this
seismicity occurs on SW dipping, ca. NW-SE striking normal fault segments, in accordance
with the kinematics of the Aquae luliae Fault. The focal mechanisms of two low magnitude
seismic swarms located in the morphological depression, separating the Matese Massif
from the Sannio Mountains, provide seismological evidence, never previously observed
in this area, of the existence of an active east-western fault segment with dextral strike-
slip kinematics. To the west of this area, there is no seismological evidence of strike-slip
kinematics, whereas such evidence is found to the east. This area could represent the
westernmost expression of the active strike-slip regime that characterises the Apulian
foreland. Along the faults situated on the southern side, the very rare detected seismicity
could be related to the high emission of CO,-bearing gas vents located near these faults.
Considering the time elapsed from the last destructive earthquake (1349), the possible
sources of the poorly known 346 and 1293 earthquakes, and the rare seismicity detected
in the last 25 years, we speculate that the south-western side of the Matese may be
affected by large earthquakes in the future.
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1. Introduction

The studies on the background seismicity, consisting of low-magnitude events and low-
magnitude seismic sequences and swarms, can provide useful information to deepen the
seismotectonic knowledge of an area. These studies allow the identification and geometry of
small active fault segments, as well as their kinematics, and can provide useful information on
the present-day stress field. The analysis of the background seismicity is of particular relevance
for areas, such as the Sannio-Matese, hit by large historical earthquakes interspersed with long
periods of quiescence.

The Sannio-Matese areais aregion that marks the transition between the central and southern
Apennines (Fig. 1) and it is one of the areas of the Italian peninsula with the highest seismogenic
potential (e.g. Chiarabba and Amato, 1997; Improta et al., 2000). Large historical destructive
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Fig. 1 - Map showing the Sannio-Matese area. The area limited by the white dashed line encloses the Matese Massif.
The main Quaternary faults (red lines) are from: SPIF - San Pietro Infine Fault (Boncio et al., 2016); APMF - Ailano
Piedimonte Matese Fault (Boncio et al., 2016); MLF - Matese Lake Fault (Boncio et al., 2016); AIF - Aquae luliae
Fault (Galli and Naso, 2009); NMFS - North Matese Fault System (Galli and Galadini, 2003; Galli and Naso, 2009). MF
represents the fault segment for the 2013-2014 sequence (Ferranti et al., 2015). OR, enclosed between two light
yellow lines dashed with dots and dash, represents the Ortona-Roccamonfina structural lineament. The small dotted
light yellow line MS is representative of the morphological depression that divides the Matese Massif from the Sannio
Mountains. The squares with the dates represent the epicentres of the main historical earthquakes that occurred in
the Sannio-Matese area (DISS Working Group, 2021), whereas the ellipses with the dates indicate the location of the
main seismic sequences since 1995. The circles with the dates represent the epicentres of the 346, 847 (Guidoboni
et al., 2007), and 1293 (Rovida et al., 2022) poorly known earthquakes. The rectangles with the dates represent the
composite seismogenic sources of the 1456 multiple earthquake (DISS Working Group, 2021).

earthquakes (Fig. 1) with /> IX MCS occurred in 1349, 1456, 1688, 1732, and 1805, whereas
poorly known earthquakes struck the area in 346, 847, and 1293 (e.g. Di Bucci et al., 2005b;
Fracassi and Valensise, 2007; Rovida et al., 2022). The 1349 and 1805 earthquakes had their
epicentre in the Matese Massif (hereafter MM) and affected the southern and the northern sides,
respectively. Compared to the fairly well-documented 1805 earthquake, the 1349 earthquake,
due to its age, has no detailed historical documentation. This earthquake includes at least three
main shocks, all probably occurring on 9 September. Geological investigations, augmented by
geomorphological and historical analyses, have suggested a SW dipping, NW-SE striking normal
fault, located on the SW side of the MM, as responsible for the southernmost shock of the 1349
earthquake (Galli and Naso, 2009). Boncio et al. (2016, 2022) suggested that also the poorly
known 349 and 1293 earthquakes (Fig. 1) could be located along the southern side of the MM.
The instrumental seismicity of the MM showed sparse low-magnitude single shocks
(M < 2.0) and low magnitude seismic sequences (M, < 4.2) at its edges (Milano et al., 2008).
Between late 2013 and early 2014, a significant seismic sequence, following an M = 4.9 event,
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struck the internal south-eastern sector of the MM. Following this sequence, interest in the MM,
in particular on the less known southern side, has considerably increased. Geological studies
(Boncio et al., 2016, 2022) have provided new constraints on the fault systems located along
the western and southern sides. However, the degree of knowledge of the single fault segments
in terms of their exact positioning and extension in depth, geometry, and kinematics, is still a
matter of research. There are a number of questions on the southern side of the MM: which
fault segments are still active along the southern side? Are the active fault segments, if any,
capable of generating an M > 6.0 event? What is the relation, if any, between the occurrence
of low-magnitude seismic sequences and swarms occurring at the edges of the MM and the
regional tectonics?

Here, we investigate the present-day background seismicity of the MM in order to provide
a contribution on the seismotectonic setting of the southern side. The study area takes into
consideration the location of the 1349 Aquae luliae Fault [AIF; Galliand Naso (2009)], to the west,
and the morphological depression separating the MM from the Sannio Mountains to the east.
The analysed seismicity is that which occurred between the years 2009 and 2020. In this interval,
in addition to the 2013-2014 seismic sequence, low-magnitude seismic swarms occurred near
the NW tip of the 1349 seismogenic source and near the south-eastern edge of the MM.

A manual re-picking of P and S phases has been performed on the collected waveforms of the
seismic events occurring in the area. The revision also enabled compiling a P-wave polarity data
set to compute well-constrained fault-plane solutions. The results of this study, also discussed in
light of the recent geological and geophysical results and with previous seismological data, add
new original information both on the southern side and on the NW and SE edges of the MM.

2. Tectonic overview and seismicity of the area

The Matese is a massif of carbonate rocks characterised by the highest prominent topographic
(maximum elevation of about 2000 m a.s.l.) of the Sannio-Matese area. The MM, WNW-ESE
trending, is about 50 km long and 20 km wide, and extends between the depression of the
middle Volturno River valley to the west and SW, and the Bojano basin to the north (Fig. 1). To
the east, a morphological depression, N-S to NNW-SSE striking, divides the MM from the Sannio
Mountains. The upper and middle Volturno River valley lies inside the NNE-SSW striking Ortona-
Roccamonfina structural lineament.

The morphology of the MM is the result of the Quaternary activity on the NW-SE striking
extensional faults, which overlapped the previous transpressional deformation (Ferranti, 1997;
Calabro et al., 2003). This motion formed a horst bordered by NE dipping and SW dipping normal
faults (Boncio et al., 2016). The NE dipping North Matese Fault System [NMFS in Fig. 1; Galli
et al. (2002) and Porfido et al. (2002)] forms the northern border of the MM (Di Bucci et al.,
2005b) and crosses the Bojano lacustrine basin. This complex normal fault system is responsible
for one of the likely main-shocks of the 1456 seismic sequence and for the 1805 earthquake,
both with M > 6.5 (DISS Working Group, 2021). On the south-western side of the MM, the AIF
(Fig. 1) is considered the source of large historical and prehistorical earthquakes, including the 9
September 1349 event, M = 6.6, (Galli and Naso, 2009). Along the southern side of the MM is
located the SW dipping Ailano Piedimonte Matese normal fault (APMF in Fig. 1), which extends
westwards and uplifts the range relative to the Volturno basin (Boncio et al., 2016). The inner
sector of the MM is dissected by the SW dipping Matese Lake Fault, which borders the northern
side of a linear, >30-km long asymmetric basin (MLF in Fig. 1). East of the MM is the seismogenic
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source of the M = 7.0, 1688 earthquake [Fig. 1; see DISS Working Group (2021)], although its
exact location and direction is still under study [see discussion in Di Bucci et al. (2005a)].

An extension rate of about 4-5 mm/yr characterises the sector of the Apennine chain
that includes the MM, suggesting a partitioning of deformation due to different seismogenic
structures (Giuliani et al., 2009; Boncio et al., 2016; Cowie et al., 2017). Esposito et al. (2020)
have shown that no significant GPS deformation is detected in the inner fault system of the MM.

No strong earthquake (M > 6.0) has been associated with the aforementioned faults since the
1805 earthquake. Over the past three decades before the year 2013, the instrumental background
seismicity of the MM was characterised by a few single events (M, ~2.5) and by low magnitude
seismic sequences and swarms. Two significant seismic sequences, which lasted several months
and consisted of thousands of events (Milano et al., 2002, 2005), occurred in the south-eastern
(1997-1998, M, = 4.2) and in the north-western (1997-1998, M, = 3.6) edges of the MM
(see Fig. 1 for the location of these seismic sequences). The hypocentres of this seismicity lie
prevalently within 15 km of the crust. A relevant seismic sequence occurred between late 2013
and early 2014 following an M, = 4.9 event. This sequence struck the internal SE of the MM and
the hypocentres, contrary to what was previously observed on the depth of the seismicity of the
area, confined between 10 and 20 km in depth. The focal mechanisms of the most energetic events
of this sequence suggest that the seismicity occurred on a SW dipping, NW-SE striking, 10-km long
normal fault, near parallel to the normal faults mapped at the surface [Ferranti et al. (2015), see
also Milano (2014), Di Luccio et al. (2018), and Trionfera et al. (2020) for the different interpretation
of this sequence]. Noteworthy are also the 2016 and 2017 seismic activities that occurred in the
Bojano basin (Fig. 1). The 2016 episode was characterised by an M = 4.3 main event that occurred
after a significant increment of the seismicity, in particular, in the 36 hours leading up to the main
event. The roughly NNW-SSE distribution of the seismicity, the depth of the events, and the focal
mechanisms were compatible with the NE dipping, NW-SE striking, 1805 seismogenic source [see
Milano (2016), Moretti et al. (2017), and Trionfera et al. (2020), for details].

3. Data and earthquake locations

The study area extends and includes the seismogenic source of the 1349 earthquake, to
the western and south-eastern edge of the MM. We used seismic data recorded by the RSN
(Rete Sismica Nazionale) operated by INGV (Istituto Nazionale di Geofisica e Vulcanologia, doi:
10.13127/sd/x0fxnh7qfy). The configuration of this seismic network, consisting of more than
500 stations, ensures a fairly good azimuthal coverage of the Italian territory and allows locating
low magnitude events (M, ~2.0). We also used seismic data recorded by temporary seismic
stations installed in the study area following the occurrence of relevant seismic activity [e.g.
2016 sequence: Moretti et al. (2017)]. The data recorded by a test seismic station installed in
2018 in the upper Volturno Valley, as part of a pre-agreement with local administrations for
environmental monitoring, has also been used. The digital waveforms of the seismic events,
which occurred in the study area and related to the 2009-2020 time interval, have been collected
and analysed. The visual inspections of the seismograms were carried out to perform a manual
re-picking of the P- and S-wave arrivals in order to correct any misinterpretation present in the
catalogue, in particular, on S phase for the reliability of the focal depth.

Following the approach we used in previous studies on the seismicity of the Sannio-Matese
area (e.g. Milano et al., 2008), we selected the seismic events recorded by a minimum of five
stations and with at least five P- and four S-phase readings. We performed several trials to
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evaluate the reliability of the earthquake location taking into account the velocity model and
the azimuthal coverage of the seismic stations in the area. Considering the quite good azimuthal
coverage of the seismic stations in the study area (Fig. 2), we performed several location trials
on events with variable numbers of recordings. These trials led to estimating the dependence of
earthquake location from the velocity model, using the few available for the area, and reported
in previous papers (Chiarabba and Amato, 1997; lannaccone et al., 1998; Milano et al., 1999;
Improta et al., 2000; Frepoli et al., 2017). The trials showed no significant differences among the
earthquake location parameters if only data of the seismic stations within a radius of ~50 km
are utilised. On the contrary, if also data of the seismic stations more than 50 km away from the
epicentral area are utilised, the velocity model reported in Milano et al. (1999) shows the highest
stability of earthquake location parameters because it minimises both the root mean square
(RMS) error on the arrival times and the location errors. This velocity model is also defined at
larger depths as compared to other models. Therefore, we adopt the above velocity model (Table
1), already used in previous studies on the seismicity of the area. We used the HYPOINVERSE-2000
code (Klein, 2002) to locate the earthquakes. After several trials, the DIS parameter, which
controls the distance weighting, has been set in order to exclude, in the interactive earthquake
processing, the P and S phases recorded at the seismic stations located more than 80 km away
from the epicentres. We used the value of 1.78 for the Vp/Vs ratio, obtained by the trial-and-
error procedure. The utilised parameters lead to obtain error locations less than 1.5 and 2.2 km
for the horizontal position and depth, respectively; the RMS values are less than 0.45 s. More in
particular, about 82% of the relocated seismicity has horizontal errors less than 1.0 km, 61% has
vertical errors less than 1.5 km, and 60% has RMS values less than 0.3 s.

About 43% of seismicity was re-located with a number of P and S phases greater than 15,
whereas about 18% with at least five P and four S phases. We computed fault-plane solutions by
means of the FPFIT grid-search algorithm (Reasenberg and Opphenheimer, 1985). The number
of polarity used (>10) and the good azimuthal coverage of the seismic stations at short epicentral
distances (<50 km) lead to stable solutions, with average errors on the maximum likelihood
solutions <10 for strike, dip and rake. Table 2 reports the focal mechanism data of the single
events and also includes the localisation errors for each event.

Table 1 - 1D velocity model used for locating earthquakes.

Vp Depth
4.5 0.0
5.5 2.0
5.8 10.0
6.7 23.0
8.2 35.0
8.3 50.0

4. Seismological results

The epicentral distribution and the hypocentral distributions of more than 750 relocated
events occurred between 2009 and 2020, with the exception of the events of the 2013-2014
sequence and the 2016 and 2017 sequences in the Bojano basin, are shown in Fig. 2. Many of the
events are located west of the San Pietro Infine Fault (SPIF), therefore outside of the study area,
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Fig. 2 - Map showing the main structural lineaments of the Matese area (redrawn after CNR-PFG, 1983) on which
is reported the epicentral distribution of the relocated seismicity and N-S, W-E, NW-SE, and NE-SW hypocentral
distributions. In yellow are schematically reported the traces of the Quaternary faults shown in Fig. 1. The trace of
the fault of the 1688 earthquake is also reported (DISS Working Group, 2021). MF is representative of the 10-km long,
SW-deepening normal fault proposed by Ferranti et al. (2015) as the source of the 2013-2014 sequence. The dark grey
triangles are the permanent seismic stations running in the area. Black circles represent the single events; red circles,
green circles, and blue circles denote the events of the 2010, 2011, and 2020 seismic swarms, respectively, occurred
in the north-western edge of the MM; green circles and magenta circles denote the events of 2014 and 2018 seismic
swarms, respectively, occurred in the south-eastern edge of the MM.
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belong to low-magnitude seismic sequences that occurred in August 2009 and between February
and April 2013 (see Frepoli et al., 2017). The relocated seismicity consists in single events and
low-magnitude seismic swarms. The single events (1.6 < M, < 3.7) occurred sparsely in the study
area and showed no evidence of any preferred alignments. A few events are located in the inner
part of the MM and along its southern side; the magnitude of these events is less than 2.0.
The hypocentres are mainly at depths between 5 and 16 km (cross-sections in Fig. 2). The most
energetic events (four events with 3.0 < M, < 3.7) are located between the Venafro Mountains
and the middle Volturno Valley. The fault-plane solutions of these events and those of two events
with M, ~2.0 located near the NW tip of the AIF show kinematics compatible with normal dip-slip
faults with limited strike-slip component (Fig. 3). Common elements of these focal mechanisms
are NW dipping, NW-SE to NNW-SSE striking planes. The surface projection of the sub-horizontal
T-axes of these focal mechanisms are roughly aligned along the NE-SW direction (Fig. 3). The fault-
plane solutions of two events with M, ~2.5 located near the south-eastern edge of the MM, at a
depth of about 15 km, show different kinematics: normal dip-slip solution, with NW-SE striking
nodal planes, and strike-slip solution, with about N-S and E-W striking nodal planes. The surface
projection of the T-axes of these focal mechanisms aligned along the NE-SW direction.

Low magnitude seismic swarms occurred in 2010, 2011, 2014, 2018, and 2020. The first two
and the last one were located between the NW tip of the AIF, the Venafro Mountains and the
NW tip of the NMFS, whereas the 2014 and 2018 swarms were located near the south-eastern
edge of the MM. The main results for each swarm are reported below.
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Fig. 3 - Fault-plane solutions of the single events occurred in the study area. The focal mechanisms report the depth
and magnitude of the events, and an identification number (ID in Table 2). The surface projection of the T- (red) and P-
(blue) axes of each focal mechanism is reported at the epicentre. The length of each axis is proportional to the cosine
of the plunge (see Table 2 for further information).
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Table 2 - Focal mechanisms data relating to single events. For each event, the date and origin time, latitude (Lat N),
longitude (Long E), hypocentral depth (Depth), magnitude (Mag), number of P and S phases (No), maximum azimuthal
gap between seismic stations (Gap), root mean square (RMS), maximum error on horizontal (EH) and depth (EZ) are
reported; as well as the strike, dip, and slip of focal plane A (STR-A, DIP-A, SLIP-A) and plane B (STR-B, DIP-B, SLIP-B);
the azimuth and plunge of P- (Az-P, Plg-P) and T-axes (Az-T, Plg-T), respectively.

ID | Date |OriginTime| LatN | LongE | Depth | Mag | No | Gap | RMS | EH | EZ |STR-A|DIP-A| SLPA | STRB |DIP-B| SLPB | AzP |PlgP| AT |PlgT
201304141022036.30| 41-31.19 | 13-57.19 | 1640 | 330 | 29 | 111 | 042 | 07 | 13 |1600| 70.0 | -800 | -473 | 223 | -1155 | 861 | 637 | 2423 | U5
20130417|001616.31| 41-32.41 | 13-58.64 | 1240 | 190 | 18 | 121 | 027 | 05 | 12 |1500| 650 | -70.0 | -70.7 | 316 | -1263 | 938 | 643 | 2253 | 177
20130418 |044116.44| 41-32.61 | 13-58.85 | 1410 | 200 | 19 | 76 | 029 | 06 | 13 |1200| 70.0 | -1200 | -06 | 355 | -361 | 3522 | 548 | 2321 | 195
20130708|092802.06| 41-29.99 | 13-59.77 | 1680 | 310 | 29 | 8 | 039 | 07 | 16 |1500| 750 | -600 | 2642 | 332 | -1518 | 939 | 507 | 2172 | 241
20160628 {023342.82| 41-18.69 | 14-02.58 | 1350 | 370 | 27 | 71 | 036 | 05 | 17 |1150| 450 | -1500 | 27 | 693 | -49.1 | 3172 | 486 | 642 | 145
20170930{235811.25| 41-23.72 | 14-01.01 | 1450 | 280 | 30 | 99 | 028 | 04 | 13 |1150| 650 | -1000 | -424 | 268 | -696 55 | 684 | 2125 | 194
20200817|200355.71| 41-17.84 | 14-4059 | 1480 | 210 | 24 | 68 | 032 | 06 | L1 | 80 | 750 | 1600 | 1804 | 707 | 159 | 1333 | 29 | 419 | 246
20201101{160829.92| 41-19.34 | 14-33.04 | 1540 | 250 | 27 | 70 | 033 | 06 | 09 |1000| 60.0 | -1200 | -309 | 414 | -49.1 | 3209 | 621 | 2111 | 102

o |- | |uv s |w |~ |-

4.1. The 2010 swarm

Regarding the swarms located in the NW of the study area, the first (red dots in Fig. 4)
occurred at the end of May 2010 and was triggered by an M, = 3.3 earthquake (29 May, 15:04).
About 150 events (1.0 < M, < 2.5) occurred within the next 48 hours from the main event. The
epicentral distribution does not show a clear alignment. The events seem to cluster into two
groups: the first approximately along the NE-SW direction and the second approximately along
the E-W, respectively. This peculiarity is also evident in the W-E and NW-SE cross-sections. The
events belonging to the first group have depths between 10 and 15 km, whereas those belonging
to the second group have depths between 5 and 12 km (cross-sections in Fig. 4). The fault-plane
solutions show different kinematics: normal dip-slip with a limited strike-slip component, e.g.
the one related to the event that triggered the swarm (No. 1 in Fig. 5), and oblique solution
(No. 2 and 3 in Fig. 5). The common element of the normal dip-slip focal mechanisms is the
SW dipping, ~NW-SE striking plane. The oblique solutions show striking nodal planes along the
WNW-ESE and NNE-SSW directions. The surface projection of the T-axes of the normal dip-slip
focal mechanisms aligned along the NNE-SSW direction, whereas those related to the oblique
focal mechanisms aligned along the NNW-SSE direction (Fig. 5).

4.2. The 2011 swarm

The second swarm (October 2011; green dots in Fig. 4) was not triggered by a main event. It
was constituted by about 25 events between 1-4 and 18-30 October. The events (1.5 < M, < 2.6)
were located close to the NW tip of the AIF and had a focal depth between 9 and 15 km (cross-
sections in Fig.4). The focal mechanisms of three events (2.2 <M, < 2.6, depth ~12 km) show strike-
slip solutions with the ~NNE-SSW and ~ESE-WNW striking nodal planes. The surface projection of
the T- and P-axes aligned along the NE-SW and NW-SE directions, respectively (Fig. 5).

4.3. The 2020 swarm

The 2020 swarm (blue dots in Fig. 4) started with an increase in seismicity, compared to
the background one, following an M, = 1.8 event (8 August). About 25 events, 3 of which with
2.0 <M, <2.7, occurred until the beginning of September. Starting from 17 September, a notable
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Fig. 4 - Epicentral distribution of the seismic swarms localised between the north-western tip of AIF, the Venafro
Mountains, and the north-western tip of NMFS and N-S, W-E, NW-SE, and NE-SW hypocentral distributions. Red circles,
green circles, and blue circles denote the events belonging to 2010, 2011, and 2020 seismic swarms, respectively.

increase in seismicity occurred following an M, = 1.5 event. This swarm, about 100 events almost
all of them with M, < 2.0, lasted until 10 October. Only 12 events had 2.0 < M, < 2.5 and the most
energetic event occurred at the end of the swarm (M = 3.1, 13 October, 14:09). After this event,
the seismic activity ceased rapidly, only nine events being detected until 10 October. Note that,
for the first time in this area, the most energetic event occurred at the end of a swarm. The
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Fig. 5 - Top: fault-plane solutions of the 2010 (red), 2011 (green), and 2020 (blue) seismic swarms, respectively. For
each focal mechanism, the depth and the magnitude of the event are reported. Bottom: surface projection of the T-
(left) and P- (right) axes of the focal mechanisms. The length of each axis is proportional to the cosine of the plunge.

epicentral distribution shows that the events are concentrated in two different groups (Fig. 4):
one group contains the events between August and the beginning of September (westernmost),
whereas the second group contains the events starting on 17 September. The events of the
first cluster have a depth between 3 and 8 km, while the events of the second cluster, whose
epicentral distribution roughly aligns along the N-S direction, have a depth between 8 and 13
km (see cross-sections in Fig. 4). The fault-plane solutions of two events of the first cluster show
normal dip-slip solutions with ~NNW-SSE striking nodal planes and sub-horizontal T-axes in the
~NE-SW direction (Nos. 4 and 5 in Fig. 5). The focal mechanisms of the events of the second

10
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cluster show normal dip-slip solutions with ~N-S striking nodal planes (e.g. No. 6 in Fig. 5) and
sub-horizontal T-axes aligned in the ~E-W direction.

4.4, The 2014 swarm

Regarding the swarms located near the south-eastern edge of the MM, the first one (green dots
in Fig. 6) started on 25 September, 2014 with an M = 1.6. It lasted about 36 hours and consisted
of about 50 events with 1.5 < M, < 2.8. The epicentral distribution shows a rough alignment of the
events along the E-W direction; the depth of the events is between 9 and 16 km (cross-sections
in Fig. 6). The N-S hypocentral distribution shows a coarse deepening of the seismicity towards
south. The focal mechanisms of the events with M, > 2.0 (depth between 14 and 16 km) show
strike-slip solutions with roughly N-S and E-W striking nodal planes (Fig. 7). The surface projection
of the T- and P- axes aligned along the NE-SW and NW-SE directions, respectively (Fig. 7).

4.5. The 2018 swarms

The 2018 swarm is located about 3 km north of the 2014 swarm (chain dots in Fig. 6). This
swarm started with an M, = 1.8 event on 2 September (09:02). It lasted a few days and consisted
of about 25 events with 1.5 < M, < 3.1 (depth between 13 and 15 km; cross-sections in Fig. 6).
The most energetic event occurred on 9 September (02:22; depth ~15 km; M, = 3.1). The focal
mechanisms of the events with M, > 2.2 (depth between 14.5 and 15.5 km) show strike-slip
solutions with about N-S and E-W striking planes (Fig. 7). The surface projection of the T- and
P- axes aligned along the NE-SW and NW-SE directions, respectively (Fig. 7).

5. Discussion

5.1. Seismicity in the western and north-western edges

The normal dip-slip kinematics of the focal mechanisms of the single events located between
the Venafro Mountains and middle Volturno Valley suggests that this seismicity is related to the
large-scale present-day extensional strain field that affects the Apennine chain. Considering that
the common element of these focal mechanisms is a ~SW dipping, NW-SE to NNW-SSE striking
plane, we maintain that the detected seismicity occurred prevalently on SW dipping, NW-SE
striking normal fault segments. This pattern is in accordance with the kinematics of the normal
faults mapped at the surface along the south-western side of the MM (Galli and Naso, 2009;
Boncio et al., 2016). The strike-slip kinematics of the focal mechanisms of the swarm occurring
near the NW tip of the AIF in 2011 does not match with the kinematics of this fault. However, the
NE-SW striking T-axes of the focal mechanisms suggest that the events of this swarm were also
due to the NE-SW extension of the Apennine chain.

Different patterns show the 2010 and 2020 seismic swarms. The focal mechanisms of the
2010 swarm show both normal dip-slip and oblique solutions. The orientation of the T-axes of
the normal dip-slip solutions is compatible with the NE-SW large-scale extension, whereas the
orientation of the T-axes of the oblique focal mechanisms is consistent with a NNE-SSW extension.
This direction of extension was already observed for the 2001 seismic sequence (Milano et al.,
2005), which occurred approximately 20 km towards the NE from the epicentral area of the
2010 swarm (Fig. 8). The different kinematics of the focal mechanisms suggest that this swarm
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Fig. 6 - Epicentral distribution of the seismic swarms localised near the south-eastern edge of the MM and N-S, W-E,
NW-SE, and NE-SW hypocentral distributions. Green circles and magenta circles denote the events belonging to the
2014 and 2018 seismic swarms, respectively.

occurred in an area characterised by structural heterogeneity, reflecting the presence of small
structural lineaments with different orientations mapped at the surface (Figs. 2 and 4). The sub-
horizontal T-axes of the focal mechanisms of the westernmost cluster of the 2020 swarm aligned
along the NE-SW direction, whereas those of the main cluster aligned along the E-W direction.
The epicentral distribution, the focal mechanisms, and the orientation of the T-axes (Fig. 5)
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Fig. 7 - Top: fault-plane solutions of the 2014 (green) and 2018 (magenta) seismic swarms. For each focal mechanism,
the depth and the magnitude of the event are reported. Bottom: surface projection of the T- (left) and P- (right) of the
focal mechanisms. The length of each axis is proportional to the cosine of the plunge.

suggest that the events of the main cluster predominantly occur on a small N-S striking, normal
fault segment, which moves in response to a local E-W extension.

The above considerations point to a complex strain pattern between the Venafro Mountains
and the upper Volturno Valley. The release of seismic energy takes place with the occurrence of
both single events and seismic swarms, and the sub-horizontal T-axes of the focal mechanisms of
the swarms essentially aligned along three main directions: NE-SW, NW-SE, and E-W. A previous
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study on the seismicity detected at the border between central and southern Apennines (Milano
et al., 2008) has shown that inside the Ortona-Roccamonfina structural lineament the seismicity,
constituted by single shocks, is prevalently related to the main, NE-SW extension affecting the
Apennine chain. Low magnitude seismic swarms also occur on the NE-SW to NNE-SSW striking
active fault segments, moving in response to a local second-order NW-SE extension due to the
chain curvature.

The results of the main cluster of the 2020 swarm suggest the presence of a local second-
order E-W extension inside the Ortona-Roccamonfina, as recently proposed by Frepoli et al.
(2017). The epicentres of the focal mechanisms, on which these authors based this assumption,
are within the epicentral area of the 2020 swarm, which is located very close to the headwaters
of the Volturno River. According to Hainzl et al. (2012), the occurrence of seismic swarms can
be explained by fluid infiltration or pore pressure diffusion that reduce the normal stress level
along existing fault segments. From this perspective, the main cluster of the 2020 swarm (the
easternmost), as well as the events reported in Frepoli et al. (2017), are not due to a local E-W
extension. This seismicity can be triggered by a change in the pressure of the aquifer feeding
the headwaters of the Volturno River on a pre-existing ~N-S oriented blind small fault segment.
In any case, we believe that these data are not sufficient to speculate on the existence of an
additional E-W second-order extension within the Ortona-Roccamonfina structural lineament.

5.2. Seismicity in the south-eastern edge

The area where the 2014 and 2018 swarms are located separates the MM from the Sannio
Mountains. This area is highly fractured and dissected by small structural lineaments with
Apenninic, anti-Apenninic and E-W directions (Milano et al., 1999). The swarms are located
approximately 3 km from each other and occurred at the same depth, between 9 and 17 km.
The focal mechanisms of these swarms show strike-slip solutions with ~E-W and ~N-S striking
nodal planes and T- and P-axes oriented in NE-SW and NW-SE directions, respectively. The focal
mechanism of a single event located between the swarms displays similar kinematics (Fig. 3).
These observations suggest that the small E-W structural lineament mapped at the surface and
located between the two swarms (Figs. 2 and 6) is active, extends to a depth of at least 17 km
and is characterised by right-lateral strike-slip kinematics. The above suggests the presence of
an active strike-slip regime in the intermediate crust near the south-eastern edge of the MM.

Recent seismological studies performed east of the MM highlighted the presence of an active
strike-slip regime in the intermediate and lower crust. Adinolfi et al. (2015), investigating a low-
magnitude sequence (M, , =4.1) that occurred in September 2012 about 20 km from the south-
eastern edge of the MM (Fig. 8), speculated on the existence of a roughly E-W striking fault plane
with right-lateral strike-slip kinematics, seated at mid-crustal depths (10-20 km). Vannoli et al.
(2016), performing a comprehensive review of the first event of the 1962 sequence begun near
the city of Benevento (Ariano Irpino earthquake of 21 August 1962, M =6.1; Fig. 8), suggest that
the event nucleated along an E-W striking fault system. This fault system is responsible for the
southernmost event of the 1456 sequence, for a smaller, but instrumentally documented, event
that occurred on 6 May 1971 (M, = 5.0), and for the September 2012 sequence investigated by
Adinolfi et al. (2015). De Matteo et al. (2018) found further evidence of strike-slip kinematics in
the intermediate crust. These authors studied the seismicity at the border, between the Sannio
and Irpinia regions, and suggested the co-existence of different tectonic styles at distinct crustal
depths. In the upper crust, NW-SE striking normal faults prevail, whereas strike-slip faults prevail
in the intermediate and lower crust. Above latitude 41° 20’ N, they found a clear prevalence
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Fig. 8 - Epicentral distribution of seismicity located in the MM since 1997 [data from Milano et al. (2008), Ferranti et
al. (2015), Milano (2016), and present study]. The yellow diamonds indicate the gas vents located near the AIF and
the APMF. The focal mechanisms are related to: Sannio-Irpinia earthquake [21 August 1962: Vannoli et al. (2016)],
main event of the Molise earthquake (31 October 2002, see www.ingv.it/seismoglo/RCMT), Matese earthquake [29
December 2013: Ferranti et al. (2015)], main event of the 2012 swarm [27 September 2012: Adinolfi et al. (2015)],
main event of the 2016 swarm [16 January 2016: Milano (2016)]. Focal mechanisms 7 and 8 are relative to the single
events located in the south-eastern edge of the MM (see Fig. 3). The events with 4.0 < M < 5.0 (light green circles),
which occurred in the area since 1900, are also reported (Rovida et al., 2022).

of right lateral strike-slip kinematics along the E-W striking sub-vertical fault planes. Below
latitude 41° N they noted that, according to Adinolfi et al. (2015), the background seismicity
was closely linked to the major fault segments, activated during the M, = 6.9 1980 earthquake,
characterised by NE dipping, NW-SE striking normal faults moving in response to the NE-SW
large-scale extensional regime (see also Adinolfi et al., 2019, 2022).

To the west of the area, where the 2014 and 2018 swarms are located, there is no seismological
evidence of a strike-slip regime. The 1997-1998 seismic sequence is located about 15 km away
in the NW direction from the epicentral area of the swarms (Fig. 8). The epicentral distribution
and the inversion of the focal mechanisms of this sequence suggested that it nucleated along a
NNE-SSW oriented normal fault segment (Milano et al., 2002). The 2013-2014 sequence, located
about 20 km to the west (Fig. 8), developed on a SW dipping, a ~NW-SE oriented normal fault
(Ferrantietal., 2015). The 2016 sequence, located in the Bojano basin (Fig. 8), developed on a NE
dipping, ~NNW-SSE oriented small fault segment (Milano, 2016; Moretti et al., 2017; Trionfera
etal., 2020).

Strike-slip kinematics characterises the easternmost sector of the central-southern
Apennines as is well attested by the 1990-1991 Potenza (M, = 5.7) and 2002 Molise (M = 5.7)
seismic sequences. The Potenza sequence, located about 120 km towards SE from the MM,
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originated on an E-W striking right lateral strike-slip fault at the footwall of the easternmost
Apennines thrust system, within the Apulian foreland crust. Hypocentres were concentrated
in the middle crust between 15 and 25 km within the crystalline basement (Boncio et al.,
2007; Di Luccio et al., 2005). The Molise sequence, located about 50 km towards NNE from
the MM, originated along an E-W oriented right lateral strike-slip fault below the bottom of
the carbonate sedimentary cover, within the Apulian foreland middle crust (Chiarabba et al.,
2005; Di Luccio et al., 2005). These sequences have been interpreted as the deep seismogenic
expression of active right-lateral strike-slip faults that dissect the Apulian foreland (Di Bucci
and Mazzoli, 2003; Valensise et al., 2004; Di Luccio et al., 2005; Di Bucci et al., 2006; Boncio et
al., 2007; De Matteis et al., 2012).

With the above considerations, we assume that the area where the 2014 and 2018 swarms
occurred could represent the westernmost expression of the active strike-slip regime of the
Apulian foreland. This strike-slip regime acts between latitude 41° 20’ N, assumed to be the
border between the Sannio and Irpinia regions (De Matteo et al., 2018), and latitude 41° 45’ N,
the location of the well-known Molise-Mattinata-Gondola major shear zone (e.g. Vannoli et al.,
2021) on which the 2002 Molise earthquake is located. The area that separates the Matese from
the Sannio Mountains could also mark the passage to the NE-SW oriented normal faults that
characterise the inner Apennine chain.

5.3. Seismicity in the inner and along the southern side

The inner and axial portion of the Apennine chain is affected by degassing of massive amounts
of CO, (Chiodini et al., 2004; Minissale, 2004; Ventura et al., 2007; Frezzotti et al., 2009; Burton et
al., 2013). High fluid pressure at depth can play a major role in triggering earthquakes (Chiodini
et al., 2004), due to the reduction of normal stress levels on existing faults, and a continuous CO,
production process facilitates the formation of over-pressurised CO,-rich reservoirs, potentially
able to trigger earthquakes at crustal depth (Chiodini et al., 2020). Several CO,-rich springs and
areas of diffuse degassing through the soil are located in the MM [see Fig. 1 in Rufino et al.
(2021)]. Ascione et al. (2018) revealed an anomalously high flux of CO, concentrated in gas vents
located along the fault segments of the major crustal structures of the southern side of the MM.
This very high gas emission is the result of both the presence of a dense network of active fault
stands, which provide efficient pathways for fluid flow towards the surface, and the dramatically
reduced thickness of the clay-rich melange zone acting elsewhere in the southern Apennines as
a top seal overlying the buried Apulian platform carbonates (Ascione et al., 2018).

The gas vents are located between the south-eastern area of the AIF and the south-western
area of the APMF (yellow diamonds in Fig. 8). The seismic activity along these faults is very rare
also considering the seismicity since 1997 (Fig. 8). We believe that a continuous and constant
degassing from gas vents and through a dense network of fault stands, observed by Ascione et
al. (2018), may not favour the increment of pore pressure on a fault or the formation of over-
pressurised CO,-rich reservoirs in the crust able to trigger earthquakes. Under such condition,
only tectonic stress and the lithostatic pressure can act in depth on a pre-existing fault. The very
high flux of CO, and the lack of seismicity in the area where the gas vents are located suggest
the anti-correlation between high CO, discharges and seismicity. However, the correlation or
the anti-correlation between the rates of CO, discharge-seismicity rate needs the knowledge of
a long-time series of CO, discharges of a seismogenic area, which are currently not collected for
the MM. Continuous monitoring of the area allows the acquisition of this information.

The epicentral distribution since 1997 shows that the seismicity occurred prevalently in the
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SE of the MM, as evidenced by the 1997-1998, 2013-2014, and 2016 sequences, and in the NW,
as evidenced by the 2001 sequence and 2010 swarm (Fig. 8). Along the southern side, seismicity
detected is very rare and there is no information on the occurrence of seismic events with
4.0 £ M £ 5.0 since 1900 (see Rovida et al., 2022). This rare seismicity does not imply that the
major crustal structures that border the southern side of the MM are not active; the lack of
seismicity may be due to the high gas emission along the dense network of fault stands (Ascione
et al., 2018). The seismic activity in the inner area, between the AIF, APMF, and MLF, is also
very rare and attributable to high gas emission. Tomographic studies already evidenced the low
seismicity in the central zone of the MM (Bisio et al., 2004). The lack of seismicity was related to
the presence of a crustal volume characterised by high Vp beneath the central area of the MM,
considering that the presence of high Vp regions is interpreted as high-strength materials able to
store large stress (Foxall et al., 1993; Zhao and Negishi, 1998). In any case, further geological and
geophysical investigations are required to verify the hypothesis on the anti-correlation between
the high CO, emissions and very rare seismicity.

6. Concluding remarks

We investigated the 2009-2020 background seismicity of the Matese Massif in order to
provide new constraints on the seismotectonics of its southern side. The results, discussed with
the results of the recent geophysical and geological investigations, further highlight the structural
complexity of the massif. The main results of this study are summarised below.

The 2009-2020 background seismicity occurred mainly through low-magnitude seismic
swarms, located at the NW and SE edges of the MM, and single shocks that occurred sparsely
without any preferential alignment. The focal mechanisms of the single events localised in the
depression of the Volturno River valley, that borders the western and north-western sides of the
MM, suggest that the seismicity occurs on the SW dipping, NW-SE oriented fault segments, in
accordance with the kinematics of the normal faults mapped at the surface. The seismic swarms
located between the NW tip of the AIF and the NW tip of the NMFS occurred on small fault
segments striking in different directions. This seismicity is mainly associated with the large-
scale NE-SW extension that characterises the Apennine chain, but it is also associated with the
NW-SE, second order extension found in the Ortona-Roccamonfina lineament and is caused by
the curvature of the chain. Fluid infiltration or pore pressure diffusion could trigger the seismic
swarms, as assumed for the 2020 swarm.

The focal mechanisms of two low-magnitude seismic swarms and the focal mechanism of
a single shock located near the south-eastern edge of the MM suggest the existence, never
previously observed in this area, of an active E-W striking fault segment with dextral strike-slip
kinematics in the intermediate crust. To the west of this area, which is the inner part of the massif,
thereis no seismological evidence of strike-slip kinematics, whereas such evidence is found to the
east in the intermediate crust. The morphological depression that separates the MM from the
Sannio Mountains could represent the westernmost expression of the active strike-slip regime
that characterises the Apulian foreland between latitude 41° 20’ N and 41° 45’ N. This area also
marks the passage, towards the west, to the NE-SW oriented normal faults that characterise the
inner Apennine chain. The existence of an active E-W fault segment, characterised by strike-slip
kinematics near the south-eastern edge of the MM, could also furnish a new stimulus towards
redefining the 1688 relevant seismogenic structure, its NW tip being located in the morphological
depression that separates the MM from the Sannio Mountains.
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The epicentral distribution since 1997 shows that the seismic activity concentrates mainly
in the eastern sector of the MM, as evidenced by the 2013-2014 and 2016 sequences, and by
low-magnitude single shocks (M < 2.0) located between the epicentral areas of these sequences.
Further east, the 1997-1998 sequence and the 2014 and 2018 swarms are located in the
depression dividing the MM from the Sannio Mountains. In the area between the AIF, the APMF
and MLF, and along the southern side, seismicity detected is very scarce. This scarce seismicity
may be due to the anomalously high-flux of CO, concentrated in gas vents located near these
faults. A dense network of fault strands, belonging to major crustal structures of the southern
side, facilitates gas emission. To corroborate the hypothesis of high CO, emission - rare seismicity
detected, knowledge of a long-time series of CO, discharges is required and, at present, this has
not been achieved for the MM.

Considering the time elapsed since the last destructive earthquake (1349), the possible
sources of the poorly known 346 and 1293 earthquakes (indicating that they most likely occurred
along the southern side), the scarce instrumental seismicity detected in the last 25 years in the
central and along the southern side (probably also due to high gas emission), and the lack of
earthquakes with 4.0 £ M £ 5.0 since 1900, lead to speculating that the south-western side of the
MM may be affected by large earthquakes in the future. This hypothesis would imply the possible
redefinition of the seismic hazard of the area. We retain that further independent geological and
geophysical investigations, in particular, geochemical monitoring to collect a long-time series of
CO, discharges in the whole area, are required. We hope that the results of this study can also
be a stimulus to target multidisciplinary investigations to further deepen the knowledge of the
MM and the areas bordering it.
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