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S U M M A R Y
Seismological, geological and geodetic data have been integrated to characterize the seis-
mogenic structure of the late 2013-early 2014 moderate energy (maximum local magnitude
MLmax = 4.9) seismic sequence that struck the interior of the Matese Massif, part of the South-
ern Apennines active extensional belt. The sequence, heralded by a ML = 2.7 foreshock, was
characterized by two main shocks with ML = 4.9 and ML = 4.2, respectively, which occurred
at a depth of ∼17–18 km. The sequence was confined in the 10–20 km depth range, signifi-
cantly deeper than the 1997–1998 sequence which occurred few km away on the northeastern
side of the massif above ∼15 km depth. The depth distribution of the 2013–14 sequence is
almost continuous, albeit a deeper (16–19 km) and a shallower (11–15 km) group of events
can be distinguished, the former including the main shocks and the foreshock. The epicentral
distribution formed a ∼10 km long NNW–SSE trending alignment, which almost parallels
the surface trace of late Pliocene–Quaternary southwest-dipping normal faults with a poor
evidence of current geological and geodetic deformation. We built an upper crustal model
profile for the eastern Matese massif through integration of geological data, oil exploration
well logs and seismic tomographic images. Projection of hypocentres on the profile sug-
gests that the seismogenic volume falls mostly within the crystalline crust and subordinately
within the Mesozoic sedimentary cover of Apulia, the underthrust foreland of the Southern
Apennines fold and thrust belt. Geological data and the regional macroseismic field of the
sequence suggest that the southwest-dipping nodal plane of the main shocks represents the
rupture surface that we refer to here as the Matese fault. The major lithological discontinuity
between crystalline and sedimentary rocks of Apulia likely confined upward the rupture extent
of the Matese fault. Repeated coseismic failure represented by the deeper group of events
in the sequence, activated in a passive fashion the overlying ∼11–15 km deep section of the
upper crustal normal faults. We consider the southwest-dipping Matese fault representative
of a poorly known type of seismogenic structures in the Southern Apennines, where exten-
sional seismogenesis and geodetic strain accumulation occur more frequently on NE-dipping,
shallower-rooted faults. This is the case of the Boiano Basin fault located on the northern side
of the massif, to which the 1997–1998 sequence is related. The close proximity of the two
types of seismogenic faults at the Matese Massif is related to the complex crustal architecture
generated by the Pliocene–early Pleistocene contractional and transpressional tectonics.

Key words: Seismicity and tectonics; Continental tectonics: extensional; Crustal structure.

1 I N T RO D U C T I O N

The axial belt of the Southern Apennines is characterized by ac-
tive extension, which is accommodated by a swarm of normal
faults located in the high part of the mountain chain. These faults

are responsible for large (M ∼ 7) historical (Fig. 1) and instru-
mental earthquakes. Valuable parametric information and infer-
ence on the geometry of the seismogenic faults were provided by
the moment magnitude Mw = 6.9, 1980 earthquake, which was
caused by slip on the ∼60◦ northeast-dipping Irpinia fault (Fig. 1;
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Figure 1. Regional seismotectonic map of southern Italy. Blue squares are historical earthquakes from CPTI11 Catalogue (Rovida et al. 2011); Mi, Macroseismic
intensity. Active faults are shown with red lines, dotted when inferred. Focal mechanisms of significant recent seismic events are also reported (redrawn from
Ferranti et al. 2014, with references). Inset shows the generalized position of the extensional and thrust fronts in the Apennines.

Westaway & Jackson 1987; Pantosti & Valensise 1990). Other
northeast-dipping faults are part of the active extensional array and
are in many cases associated to individual historical earthquakes
(DISS Working Group 2010). These faults are thought to extend
down to ∼15 km of depth, which is commonly the maximum nu-
cleation depth of moderate and large events of the last ∼35 yr.

SW-dipping faults are also included in the belt and some of
them have accommodated a large geological extension, with for-
mation of intermountain and coastal basins (Fig. 1). However,
the seismogenic potential for the southwest-dipping faults is still
poorly established because, although possibly associated to some
destructive historical earthquakes that occurred west of the Apen-
nines crest, large events have not occurred on these faults in the
instrumental era.

During late 2013-early 2014 a moderate energy seismic sequence
(ML < 5.0), which lasted nearly a month, struck the internal part
of the Matese Massif, the major mountain range of the Campania-
Molise segment of the Apennines (Fig. 1). No evidence of active
faulting has been recorded so far in the interior of the massif, but the
epicentral area of the sequence is aligned amidst the macroseismic
epicentral sectors of the destructive Mw = 6.6, 1349 (9 September)
and Mw = 7.0, 1688 events (Fig. 2).

In this contribution, we propose a characterization of the seis-
mogenic structure responsible for the seismic sequence by using an
integrated seismological, geological and geodetic investigation. Be-
cause this study documents that the Matese sequence has nucleated
at a depth greater than the one typical of the instrumental seismicity
in the Apennines, it underscores that a different, and so far poorly
understood type of seismogenic structures may exist west of the
well-known extensional belt straddling the mountain crest.

At a more local scale, the 2013–2014 sequence highlights the
location of an unknown seismogenic source nested between faults
responsible of destructive historical events. Thus, efforts in con-
straining the geometry and crustal properties of the causative fault
for the sequence may offer a critical contribution to seismic hazard
evaluation of the region.

2 S E I S M O T E C T O N I C S E T T I N G

2.1 Crustal architecture and active deformation

Quaternary extension has affected the western part of the Southern
Apennines and has been accommodated by NW–SE striking normal
faults which crosscut the pre-existing thrust structures (Hyppolite
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The 2013–2014 Matese seismogenic structure 825

Figure 2. Active faults, seismogenic sources and instrumental seismicity since 1996 in the Sannio-Matese area. Black circles for sparsely seismic events,
green and blue for the 1997–1998 and 2001 seismic sequences (Milano et al. 2008; Fracassi & Milano 2014). The epicentral distribution of the 2013–14
seismic sequence is indicated by a solid red ellipse. Individual seismogenic sources considered responsible for historical (years inside the source) earthquakes
are shown with rectangles (DISS Working Group 2010). Fault (Ferranti et al. 2014): AIF, Acquae Iuliae fault; BBF, Boiano Basin fault; MLF, Matese Lake
fault; PMF Piedimonte Matese Fault. Wells used in this study: Mb-1, Mirabello 1; FR-2, Frosolone 2; Cb-1, Campobasso 1; Mr-1bis, Morcone 1 bis; MoN-1,
Molinara Nord 1; BnS-1, Benevento Sud 1; MTb-1, Monte Taburno 1.

et al. 1994; Ferranti & Oldow 2005). Extension has been related
to a combination of backarc rifting in the Tyrrhenian Sea basin
west of the Apennines (Fig. 1; Patacca et al. 1990), and to excess
potential energy resulting from uplift driven by crustal or subcrustal
processes (Doglioni et al. 1996; Ferranti et al. 2014).

Today, extensional active faults and seismicity are concentrated
within a ∼40-km-wide belt which runs along the mountain ridge
(Fig. 1). Within this belt, upper crustal earthquakes exhibit focal
mechanisms with ∼NE–SW trending tensile axis, roughly orthogo-
nal to the chain (Pondrelli et al. 2011). Seismological observations
are generally consistent with borehole breakouts (Montone et al.
2012), fault-slip data from Quaternary rocks (Hyppolite et al. 1994;
Maschio et al. 2005; Papanikolaou & Roberts 2007) and geodetic
velocities (Palano et al. 2011; D’Agostino 2014; Ferranti et al.
2014).

Within the northern part of the Southern Apennines, the strongest
historical seismicity is concentrated around the Matese Massif
(Figs 1 and 2). The mountain range forms a rectangular block which
stretches 30 km ∼NW–SE and 10 km ∼NE–SW, and is floored
by Mesozoic–Cenozoic carbonate platform and minor siliciclas-
tic rocks (D’Argenio et al. 1973). Regional geological analysis
(Patacca & Scandone 2007), along with published seismic sections

interpretation and exploration well logs in the area surrounding the
massif (Mostardini & Merlini 1986; Casero et al. 1988; Calabrò
et al. 2003; Di Bucci et al. 2005a) indicate that the Matese car-
bonate platform rocks are thrust above coeval basin carbonate and
terrigenous rocks of the Molisan (or Sannio-Molisan) thrust assem-
blage, extensively exposed to the east. The Molisan basin rocks in
turn rest structurally above Mesozoic–Cenozoic carbonate platform
rocks which are the westward continuation of the Apulia platform
exposed further to the east in the foreland of the Apennines (inset in
Fig. 1). The buried platform rocks are themselves affected by minor
shortening, possibly involving their crystalline basement (Calabrò
et al. 2003; Di Bucci et al. 2005a).

The present structure of the Matese Massif is the result of Qua-
ternary motion on NW–SE striking extensional faults superposed
onto earlier thrust and transpressional deformation (Ferranti 1997;
Calabrò et al. 2003). Locally, the normal faults were reactivated in
oblique motion with ∼NW–SE trending tensile axis (Ferranti 1997).

Faults with evidence of recent and possibly active motion are
mapped along the flanks of the massif. A NE-dipping normal fault
system (Boiano Basin fault, BBF, Fig. 2) forms the northeastern
border of Matese (Di Bucci et al. 2005b). The fault has middle
Pleistocene–Holocene activity (Galli & Galadini 2003), and is
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considered responsible for the Mw = 6.6, 1805 earthquake (Fig. 2;
DISS Working Group 2010).

On the west side of the massif, the southwest-dipping Acquae
Iuliae fault (Fig. 2) is viewed as the source of large historical and pre-
historical earthquakes, including the 9 September Mw ∼ 6.6, 1349
event (Galli & Naso 2009). East of Matese, a Mw ∼ 7.0 earthquake
occurred in 1688 (Fig. 2), however its seismogenic structure has not
been unquestionably identified (see discussion in Di Bucci et al.
2005a).

The southwestern boundary of the massif is represented by a
southwest-dipping normal fault (Piedimonte Matese fault; here-
inafter PMF), which uplifts the range relative to the Volturno Basin
(Fig. 2). Throw of up to ∼1–2 km on this fault is suggested by a
deep gravimetric anomaly centred upon the basin (Calabrò et al.
2003).

The internal part of the massif is dissected by the southwest-
dipping Matese Lake fault (MLF), which borders the northern side
of a linear, >30-km-long asymmetric basin (Fig. 2). The fault is
suspected to have slipped during the Holocene (Bousquet et al.
1993; Galadini et al. 2000), but a clear geomorphic evidence of this
activity is lacking.

2.2 Instrumental seismicity

Although struck by destructive historical events (Fig. 2) with Macro-
seismic Intensity Mi > X, the region centred around the Matese
Massif is characterized also by small instrumental seismic activity.
Milano et al. (2008) and Fracassi & Milano (2014) showed that
seismicity occurred in the region during 1997–2011 is constituted
by independent events, generally with M < 3.0, typically 2.5, and
hypocentres within the upper 15 km of the crust. These events preva-
lently align NW–SE along the axis of the chain, and are consistent
with the regional NE-SW trending extension as documented by their
focal mechanisms.

Low magnitude seismic sequences and swarms are superim-
posed to this background seismicity. Pertinent examples are the
1997–1998 (M < 4.2) and 2001 (M < 3.6) sequences (Fig. 2; see
Milano et al. 2002, 2005 for details on these sequences) and the
low-magnitude swarms (M < 3.2), lasting few days and consisting
of some tens of events, occurred in 1999, 2000, 2005 and 2010.

In contrast to the background seismicity, the 1997–1998 and
2001 seismic sequences cluster at the eastsoutheast and westnorth-
west lateral tips, respectively, of the 1805 seismogenic source on
the northern side of the massif (Fig. 2). The sequences align along
NNE–SSW to NE–SW trends and, as shown by computed focal
mechanisms and stress analysis, are related to a local NW–SE
extensional stress.

With respect to the restricted area in which the Matese Massif
is located, with the exclusion of the 1997–1998 and 2001 seismic
sequences, only few isolated events with M < 3.0 and hypocentres in
the first 20 km of the crust, occurred without a preferred alignment
in the time period 2006–2011 (see fig. 4 in Milano et al. 2008). In
particular, seismicity is almost absent in the limited area where the
2013–2014 sequence occurred.

3 DATA A N D M E T H O D S

3.1 Seismic data and location of the events

The sequence started on 2013 December 29 (17:08 UTC) with a
ML = 4.9 shock and was characterized by an intense seismic activity

till the first week of January, 2014. The main shock was immediately
preceded by an event with ML = 2.7 (17:03 UTC). A second shock
(ML = 4.2) occurred on 2014 January 20 (7:12 UTC), and, in
turn, was followed by low-magnitude seismic activity till January
23. Seismicity totally ceased afterwards. Details on the temporal
evolution of the sequence can be found in De Gori et al. (2014).

The largest MCS intensities (VI–VII) were located towards the
Volturno basin, which flanks the massif to the SW (Fig. 3; Convertito
et al. 2014). The main shocks were felt in a vast area prevalently
to the south of the Matese Massif. In particular, they were felt in
Naples and on the conterminous Tyrrhenian sea margin ∼80 km
away from the epicentral area.

For this study, we used seismic data recorded by the Ital-
ian Telemetered Seismic Network (ITSN) operated by Istituto
Nazionale di Geofisica e Vulcanologia (INGV) and consisting of
more than 300 stations. The present-day ITSN configuration en-
sures a fairly good azimuthal coverage of the Italian territory and
allows locating also low-magnitude events (ML ≤ 2). We also used
data from the OV-INGV seismic network (including station SGG
which is located only 5 km away from the epicentral area (Fig. 2),
and data from two seismic stations belonging to the INGV Mobile
Network installed in the epicentral area in the hours following the
main shock (De Gori et al. 2014).

Following the approach used in previous seismotectonic studies
in the area (e.g. Milano et al. 2008) we performed a number of
trials designed to estimate the reliability of earthquake location tak-
ing into consideration the number and quality of P and S pickings,
the azimuthal coverage of the seismic stations around the seismo-
genic volume and the velocity model adopted. All seismic stations
in the area of the sequence are three-component and the nearest
permanent one is SGG (Fig. 2). We then focused on the quality
of P and S pickings and on the velocity model. First, we collected
digital waveforms of the recorded data related to the 2013–2014
seismic sequence and performed a repicking of the events, focusing
our attention on S-phase for the reliability of the focal depth. Suc-
cessively, for location purposes we selected events recorded by a
minimum of five stations and with at least five P- and four S-phase
readings.

To estimate the dependence of earthquake location from the ve-
locity model, we performed several location trials on events with
variable number of recordings, both few and many. Seismic events
have been located by means of the standard HYPO71 algorithm (Lee
& Lahr 1975) utilizing the few available velocity models for the area
(Chiarabba & Amato 1996; Chiarabba & Frepoli 1997; Iannaccone
et al. 1998; Milano et al. 1999), with a trial focal depth of 10 km.
By utilizing only data of seismic stations within a radius of ∼50 km,
the trials performed showed no significant differences among the
earthquake locations parameter. On the contrary, by incorporating
also data of seismic stations >50 km from the epicentral area, the
velocity model of Milano et al. (1999) shows the highest stability
of earthquake locations parameters because it minimizes both the
residuals and the relative errors, particularly for the depth of the
events. Therefore the Milano et al. (1999) velocity model, which
was used for localizing the 1997–1998 sequence events (Milano
et al. 2002), has been adopted for this study (Table 1), The VP/VS

ratio was obtained by trial-and-error procedure resulting in a value
of 1.78. Maximum error location on horizontal position and depth
is 2.0 km; maximum rms value is 0.45 s.

Further trials have been performed by using the HYPOELLIPSE
location code (Lahr 1999). In particular, we performed some tests
utilizing differentiated velocity model. We obtained, however, a gen-
eral worsening of the locations parameter because detailed crustal
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The 2013–2014 Matese seismogenic structure 827

Figure 3. Epicentral (top) and hypocentral (bottom) distribution of earthquakes occurred during the 2013–2014 seismic sequence. The dotted blue ellipse
includes the areas with MCS intensities VI–VII (from Convertito et al. 2014). Red circles indicate the location of the main shocks (ML = 4.9, 2013 December
29; and ML = 4.2, 2014 January 20). Fault: BBF, Boiano Basin fault; MLF; BSF, Bocca della Selva fault; CMF, Castello Matese fault; LF, Lake fault; PMF
Piedimonte Matese fault; SGF, San Gregorio fault.

Table 1. Velocity model
adopted in this study
(Milano et al. 1999).

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

velocity information at a regional scale for the area surrounding
Matese is not available.

The comparison between location parameters obtained with
HYPO71 and HYPOELLIPSE, utilizing the velocity model of
Milano et al. (1999), shows consistent results, confirming the qual-
ity and stability of the locations. Only for about 15 events (about
7 per cent of the data set) we obtained a general improvement of
the locations parameter by using the HYPOELLIPSE code whereas
only a small improvement is obtained for the remaining events.
Therefore, the final earthquake locations have been performed us-
ing the HYPOELLIPSE code. About 95 per cent of the earthquakes
are of quality A and the remaining of quality B. This means that
horizontal and vertical 68 per cent confidence interval is <1.34 km
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for quality A and <2.67 km for quality B (Lahr 1999). More than
60 per cent of events have azimuthal gap less than 100◦.

Repicking the seismic events also led to obtain a P-wave po-
larity data set that we used to compute focal mechanisms by
means of the standard FPFIT grid-search algorithm (Reasenberg &
Oppenheimer 1985). The number of polarity data used (≥15) and
the good azimuthal coverage of the seismic stations at short epicen-
tral distance (<80 km) led to stable solutions, with average errors
on the maximum likelihood solutions <10◦ for strike, dip and rake
(Table 2). Location parameters for each focal mechanisms are listed
in Table 2.

3.2 Fault mapping and kinematic data analysis

We carried a detailed geological survey (scale 1:10.000) in the
area struck by the 2013–2014 sequence. Predictably, we did not
observe any evidence of surface coseismic effects, because of the
limited energy and, as detailed in the Results section, the high
nucleation depth of the main shock. Instead, field work was aimed at
reconstructing the geometry and kinematics of recent normal faults.
Particularly, fault-kinematic analysis allowed us to investigate the
relation between the long-term strain field recorded by faults and
the incremental strain field provided by focal mechanisms of the
main shocks during the seismic sequence.

Fault-slip data were collected, following well-established crite-
ria (e.g. Petit 1987), along the main fault surfaces or on footwall
synthetic and antithetic faults in close proximity of the main fault.
Care was taken in detecting consistent superposition relations be-
tween different striation sets on the same fault surface, which could
reveal the existence of temporally discrete episodes of deformation
under different stress fields. As detailed in the Results section, we
consistently observed superposition of two sets of slip lineations,
respectively assigned to two different stress regime stages. For each
lineation set, we made a statistical analysis of the fault-slip data on
individual faults by means of the inversion technique of Marrett &
Allmendinger (1990) in order to compute the orientation of kine-
matic axes and determine the tectonic regime. For this inversion, we
used ≥4, but usually more, slip orientations on non-parallel faults
measured at individual sites (Table 3).

3.3 Geodetic data collection and processing

In order to ascertain the existence of an interseismic surface de-
formation pattern in the Matese Massif, all available GNSS data
from both continuous and episodic measurements were collected,
spanning ∼19 yr of observations from 1995.74 up to 2013.98. The
data set includes 25 continuous GNSS sites (coming from various
networks developed by national institutions and local agencies for
geodynamic studies, mapping, engineering and cadastre purposes)
located on a wide region encompassing the area of the seismic
sequence, and two episodic GNSS sites belonging to the PTGA
network (Ferranti et al. 2008, 2014).

Raw GNSS observations were processed using the
GAMIT/GLOBK software packages (Herring et al. 2010)
following the approach described in Palano (2015). To improve
the overall configuration of the network and tie the regional
measurements to an external global reference frame, data coming
from 12 continuously operating global tracking stations (AJAC,
BRUS, CAGL, GRAS, GRAZ, JOZE, LAMP, MATE, MEDI,
NOTO, NOT1 and ZIMM), mostly from the EUREF (Beutler et al.
2008) permanent network, were introduced in the processing (see T
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Table 3. Fault kinematic measurements and resulting pseudo-focal mechanism parameters for tectonic events 1 and 2 on the specified fault, computed at each
site from slip lineation inversion. Location shown in Fig. 4. Abbreviation on the structural position columns are: FWL, footwall lineations; MFL, main fault
lineations; AL, all lineations. Fault label as in Fig. 3.

Site Location No. Fault Structural Nodal plane A Nodal plane B P axis T axis
measures position

Trend (◦) Plunge (◦) Trend (◦) Plunge (◦) Trend (◦) Plunge (◦) Trend (◦) Plunge (◦)

Event n. 1
A M. Crocetta 4 LF FWL 109.2 37.6 336.6 62.5 290.1 62.5 47.6 13.5
B Mutria NW 19 BSF AL 124.9 51.3 299.9 38.8 54.2 83.3 212.6 6.2
C Mutria S 5 BSF FWL 137.3 19.8 268.9 76.6 160.2 56.1 10.8 30.1
D Regia Piana 7 BSF MFL 98.7 68.3 324.3 29.6 337.6 61.2 204.1 20.7
E Rio Torbido 10 BSF MFL 107.9 59.2 307.0 32.2 351.7 73.8 205.2 13.7
F Civita Pietraroja 11 BSF AL 120.0 68.3 297.8 21.2 31.4 66.2 209.4 23.8
G Civita Cusano 5 BSF MFL 117.6 51.0 306.8 39.3 353.8 82.6 211.8 5.9
H M. Montorfano 10 SGF MFL 92.0 57.6 302.5 36.4 320.0 71.5 194.5 11.0
I Serrone 5 SGF MFL 116.6 47.7 320.0 44.7 315.2 78.0 218.0 1.5
L V. Paterno 11 CMF AL 136.2 57.6 338.2 34.4 12.8 74.2 235.0 11.8
M Cila-M. Stufo 12 PMF AL 314.4 45.4 135.7 44.6 163.9 89.2 45.1 0.4
Event n. 2
D Regia Piana 7 BSF MFL 90.9 62.3 227.3 36.0 42.2 64.3 163.7 14.1
E Rio Torbido 5 BSF MFL 60.8 69.9 266.5 31.7 301.2 71.0 160.4 14.9
H M. Montorfano 6 SGF MFL 55.3 74.9 196.9 19.0 341.2 58.5 135.9 29.0

Ferranti et al. 2014). In a following step, the GAMIT solutions
were combined by means of GLOBK software package to estimate
a consistent set of positions and velocities in a fixed Eurasian
reference frame (Palano 2015).

4 R E S U LT S

4.1 Hypocentral distribution and focal
mechanism solutions

The epicentral distribution of ∼250 best-located events of the se-
quence, whose local magnitude is 1.8 ≤ ML ≤ 4.9, is shown in
Fig. 3a. The epicentral distribution depicts a ∼10 km long, NNW–
SSE trending alignment within the southeastern sector of the Matese
Massif (Fig. 3a), about 15 km southwest of the epicentral area of the
1997–1998 sequence (Fig. 2). The location of the first main shock
(ML = 4.9) falls slightly northwest of the middle of the sequence
alignment, and the second main shock (ML = 4.2) is shifted to the
southeast relative to the first one (Fig. 3a).

The hypocentral distribution shows that the events are almost
continuously distributed between 10 and 20 km depth (Figs 3b and
c). However, two group of events can be distinguished. The deeper
one is between 16 and 19 km, and includes the two main shocks
(∼17–18 km), the foreshock, and a large number of ML > 2.8 events.
A shallower group of events is between 11 and 15 km, and shows
a concentration around 14 km, which includes ∼30 per cent of
the relocated events. A minor number of events occurred between 9
and 11 km depth. Very few events are located above 9 km and below
20 km. The hypocentral distribution in a cross-section orthogonal to
the main regional structures outlines a narrow subvertical alignment
(Fig. 3c). The distribution of the deeper (16–19 km) events gently
dips toward the southwest.

The computed focal mechanisms show normal dip-slip features
(Fig. 4; Table 2), in agreement with the analysis of D’Amico et al.
(2014). The focal mechanism of the foreshock (n. 0 in Fig. 4), of
the first main shock (n. 1), as well as those related to events with
ML > 2.8 show NW–SE striking planes. Instead, solutions n. 5 and
12 show ∼N–S striking planes. Focal mechanisms relative to the

second main shock (n. 13 in Fig. 4) and the following events show
NW–SE striking planes as well.

We applied the Gephart & Forsyth (1984) procedure to invert
the focal mechanisms for the determination of the principal stress
axes (σ 1, σ 2, σ 3) and the dimensionless parameter R = (σ2−σ1)

(σ3−σ1)
that describes the relative magnitudes of the principal stresses. The
method identifies the best stress tensor model that most closely
matches all the fault plane solutions of the source region. It requires
the basic assumptions that the stress is uniform in space and time
domains in the investigated volume. A variable misfit (F), given by
the angular difference between the observed slip direction on a fault
plane and the shear stress derived from the stress model, provides a
guide to how well the assumption of stress homogeneity is fulfilled
(Michael 1987). We performed an inversion using the whole focal
mechanism data set. The result indicates a stress tensor with normal
faulting regime features, where σ 1 axis is subvertical and σ 3 axis is
subhorizontal and aligned along the NE–SW direction (Fig. 5).

4.2. Geometry and kinematics of upper crustal
normal faults

The north–northwest-trending epicentral alignment runs in the in-
ternal part of the massif, and broadly parallels the trace of the eastern
part of the MLF (Figs 2 and 4). Detailed geological-structural map-
ping has shown that the MLF is formed by discrete segments, which
show an en-echelon arrangement and have individual length of the
order of ∼10–15 km (Figs 3a and 4). Here we focus attention on the
eastern segment (Bocca della Selva Fault - BSF), and to ancillary
synthetic faults (San Gregorio and Castello Matese faults, SGF and
CMF, Fig. 4), because of their proximity to the epicentral location
of the seismic sequence.

Despite the fact that few exposures of the main fault surfaces
were observed, results of fault-slip lineation analysis consistently
show that the BSF and accompanying southwest-dipping faults have
a primarily normal faulting behaviour. Based on the striation super-
position relation, consistently observed on fault surfaces at several
locales in the central and eastern part of the massif, two episodes
of motion related to as many strain fields are observed (Fig. 4;
Ferranti 1997). The first episode is relatively more significant, in
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Figure 4. Fault-kinematic map of eastern Matese, and (outside map) computed focal mechanisms for the 2013–2014 sequence. Numbers under focal
mechanisms refer to Table 2, underlined for the two main shocks (n. 1 and 13, respectively). Yellow circles are epicentres of computed focal mechanisms.
Pseudo-focal mechanisms computed from slip lineation inversion are reported inside the map. Letters under pseudo-focal mechanisms refer to Table 3. Arrows
are computed trends of finite extension axis for events n. 1 and 2 at each site. On the right bottom side, ternary plot of focal mechanisms (red diamonds) and
pseudo-focal mechanisms (blue and grey stars for event n. 1 and 2, respectively) data is also reported. Each point is plotted based on the plunge of the P-, T-
and B-axes of the mechanism (Frohlich 1992). Fault labels as in Fig. 3.

Figure 5. Results of the stress inversion (Gephart & Forsyth 1984) using
focal mechanisms computed in this study (see Table 2 for details). N is the
number of inverted earthquakes. Values F and R are explained in the text.

qualitative terms of duration/amount, as suggested by the morphol-
ogy and development of slip indicators on fault surfaces. Inversion
of slip lineations yields a tensile axis trending between NE–SW and
NNE–SSW (Fig. 4, Table 3). The second slip episode, of relatively
minor importance, has been observed at the southeast termination
of the BSF, but also on the SGF, and is characterized by NW–SE to
NNW–SSE trending computed tensile axes (Fig. 4, Table 3).

Few constraints exist on the age of extension. Faults recording
both displacement stages cut middle-late Miocene marine carbon-
ates and siliciclastic rocks, and locally undated continental scree
deposits of probable early Pleistocene age.

4.3 Geodetic interseismic strain

To better detect a deformation signal over the investigated area, the
GNSS velocities were referred to a local reference frame by sub-
tracting from all sites the average velocity of ALIF and VAGA sites,
located in the southern part of the massif (Fig. 6). Then, geodetic
slip-rates were computed for both MLF and BBF (Table 4). Be-
cause of the low differential velocity and the sparse site coverage
we adopted a simplified geometric model for the MLF (similar to
the fault model used by Ferranti et al. 2014), which does not take
into account individual segments such as the BSF (Fig. 6). More in
details, we computed the parallel (strike) and perpendicular (ten-
sile) horizontal components of the geodetic slip-rate by using a
geometrical approach that projects the vector of GNSS site veloc-
ities onto the fault trace for both hanging-wall and footwall of the
faults. Slip-rate components were estimated with a Monte Carlo
simulation (Metropolis & Ulam 1949) by sampling the probability
distributions of site velocities. The slip-rate estimations and their
associated standard deviations were calculated from the estimated
a posteriori probability distribution. Note that the geodetic slip-rate
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Figure 6. GNSS velocities in a local reference frame (see text for details). Error ellipses refer to 2σ (95 per cent) confidence level. Red solid or dotted lines
represent outcropping or inferred/buried faults, and dashed blue lines are the simplified geometric model used for the geodetic slip-rate computation. GLF,
Gallo-Letino fault; other fault labels as in previous figures. Red and blue ellipses are epicentral areas of the 2013–2014 and 1997–1998 sequences, respectively.
Solid and dashed black lines are the traces of the crustal profile (Fig. 7) and of the tomographic image of Bisio et al. (2004), respectively.

estimation presented here for both faults is based on a longer time
series relative to the previous estimate (e.g. Ferranti et al. 2014).

Slip-rates estimates evidence that the MLF is characterized by a
statistically negligible geodetic motion (Table 4). This result might
be taken to indicate that the fault is not linked to the deep seismo-
genic structure, or alternatively that it was locked before onset of
the seismic sequence. We note, however, that all stations in both
the hanging-wall and footwall except for PTRJ are located at a dis-
tance ≥5 km, which can be considered as a threshold for recording
near-field effects for such a long fault (Savage & Burford 1973).
This observation would point against interseismic strain accumula-
tion on the fault. When we consider site PTRJ, which is the closest
to the seismic sequence and is located near-fault (Fig. 6), a small
left-oblique divergence is apparent, which could indeed point to an
interseismic strain accumulation along a ∼NNW–SSE trend con-
sistent with that of the last kinematic episode recorded on the fault
(Fig. 4).

Opposite to sites located around the MLF, sites straddled by the
BBF show a marked divergence (Fig. 6). Geodetic analysis indicates
significant extension (1.6 ± 0.4 mm yr−1) in the far-field of the fault
(Table 4), along a direction consistent with the seismological strain
field of the Apennines. Our extension slip estimation is broadly
consistent with the estimate of Giuliani et al. (2009) and Ferranti
et al. (2014) and moderately larger than the inferred Pleistocene
and Holocene rate for the fault proper (Galli & Galadini 2003).

5 D I S C U S S I O N

5.1 Crustal model

Blending of geological and seismological data allows constructing
the crustal structure which hosted the 2013–2014 sequence. To il-
lustrate this, we draw a SW–NE trending crustal profile across both
the seismic alignment and the extensional faults (Figs 6 and 7).
The crustal structure was built using field, drillings and geophys-
ical data for progressively deeper part of the profile, respectively.
Specifically, we employed field observations and oil exploration
well logs to model the thickness of the shallower tectonic units and
the position and geometry of tectonic horizons. Deeper horizons
were traced from extrapolation of regional stratigraphy and struc-
tural data calibrated against the seismic tomography results of Bisio
et al. (2004). We draw our geological profile parallel and ∼10 km to
the northwest of tomographic profile B–B′ of Bisio et al. (2004). Our
profile is within the well-resolved area of the tomographic image
(dashed grey line in Fig. 7).

The uppermost tectonic horizon in the model is represented by the
thrust surface carrying the Matese platform carbonates above the
Molisan basin rocks (Fig. 7). Attitude and depth of this surface are
extrapolated from the thickness (∼3.5–4 km) of the Matese platform
succession known from surface observations (e.g. D’Argenio et al.
1973) and from well logs (Campobasso 1 and Frosolone 2 wells,
Table 5; Calabrò et al. 2003). Wells north and east of Matese

 by guest on M
arch 14, 2015

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


832 L. Ferranti et al.

T
ab

le
4.

M
od

el
pa

ra
m

et
er

s
an

d
ge

od
et

ic
sl

ip
-r

at
e

fo
r

th
e

M
at

es
e

L
ak

e
an

d
B

oi
an

o
B

as
in

fa
ul

ts
.

Fa
ul

t
L

en
gt

h
C

oo
rd

in
at

e
D

ow
n-

M
in

M
ax

S
tr

ik
e/

di
p/

ra
ke

K
in

em
at

ic
D

ip
G

P
S

si
te

s
G

eo
de

ti
c

sl
ip

-r
at

e
(m

m
yr

−1
)

se
gm

en
tn

am
e

(k
m

)
di

p
w

id
th

de
pt

h
de

pt
h

(◦
)

ge
ol

og
y

di
re

ct
io

n
W

es
tt

ip
E

as
tt

ip
(k

m
)

(k
m

)
(k

m
)

Fo
ot

w
al

l
H

an
gi

ng
w

al
l

S
tr

ik
e-

sl
ip

O
pe

ni
ng

(m
m

)
(m

m
)

M
at

es
e

L
ak

e
36

41
◦ 3

0′
22

′′
41

◦ 2
1′

33
′′

14
.3

0
13

–1
7

11
6/

65
/2

70
N

S
W

L
N

G
N

,
V

A
G

A
,

0.
27

±
0.

50
0.

03
±

0.
65

14
◦ 8

′ 4
7′

′
14

◦ 3
2′

19
′′

L
O

N
G

,C
A

M
P

A
L

IF
,P

T
R

J
B

oi
an

o
B

as
in

24
41

◦ 3
1′

22
′′

41
◦ 2

4′
5′

′
13

.8
1

12
.3

12
0/

55
/2

70
N

N
E

L
O

N
G

,
B

S
S

O
,

0.
23

±
0.

41
1.

58
±

0.
41

14
◦ 1

9′
5′

′
14

◦ 3
3′

56
′′

C
A

M
P

C
A

B
A

document that, at places, the Matese platform rocks are struc-
turally interleaved between different imbricates of Molisan units
(Campobasso 1 and Morcone 1bis wells, Table 5; Fig. 7), as a con-
sequence of a triangle zone developed in the frontal zone of the
thrust sheet. In contrast, beneath the Matese massif, the Molisan
basinal rocks are extensively overthrust by the platform rocks, but
the precise thickness of the Molisan thrust sheet is difficult to es-
tablish because it is typically composed of an unknown number of
relatively thin imbricates (Di Bucci et al. 2005a). In deep wells
around the Matese area, the Molisan thrust assemblage thrust above
the Apulia platform has a compound thickness ranging from 2 to
4 km, which also includes a basal tectonic mélange (Table 5). We
thus adopted a laterally variable thickness, which places the basal
thrust of the Molisan unit above the Apulia platform at a variable
depth of ∼6–8 km moving from north to south. The depth of this
horizon has been calibrated to broadly fit, in the tomographic image
of Bisio et al. (2004), a P-wave velocity of ∼6 km s−1 (Fig. 7).

The thickness of the Apulia carbonate platform as recorded by
deep wells in the foreland is ∼6–7 km (Improta et al. 2010), and
Apulian carbonate rocks underlying the Matese Apennines are likely
to have a similar thickness. Thus, the base of the Apulia sedimen-
tary succession is placed in our model at a depth variable from
13 to 15 km moving from northern to southern Matese, respec-
tively (Fig. 7). P-wave velocities in this unit increase from ∼6.0 to
∼6.6 km s−1, consistent with values typically assigned to the Apulia
carbonate and evaporite rocks (Improta et al. 2002). The subjacent
crust is formed by the pre-Mesozoic Apulia crystalline basement
and overlying epiclastic deposits, with P-velocities > 6.6 km s−1.

Within the tomographic image of Bisio et al. (2004), the deep
P-velocity isochrones (≥6.0 km s−1), which are those assigned to
the Apulia unit, form structural highs and lows that arguably re-
sult from the late Pliocene–early Pleistocene shortening events of
the Apennines orogeny (Bisio et al. 2004; Di Bucci et al. 2005a).
Oblique thrusts and transpressional faults, locally mapped at sur-
face (Ferranti 1997) may mark the differential uplift of distinct
Apulian blocks. This interpretation is supported by a wealth of oil
exploration data in the Apennines (Di Bucci et al. 2005a; Nicolai
& Gambini 2007).

The mapped southwest-dipping normal faults are traced through
the Matese and the Molisan thrust sheets, as observed in surface
exposures and in interpreted seismic profiles (Casero et al. 1988).
However, based on regional analogues (e.g. Di Bucci et al. 2005a,b),
most of these faults may cut through at least the Apulia sedimen-
tary crust, where they should progressively flatten downdip (dotted
in Fig. 7). Although regional field relations indicate that the ex-
tensional faults were superposed onto the compressive and trans-
pressive structures after the early Pleistocene (Ferranti 1997; Di
Bucci et al. 2005a,b), we argue that they have caused only a minor
displacement of the previous structural fabrics. This inference is
based on the downward projection of the offset measured in the
field across the extensional faults, and indicated for the base of the
Matese thrust sheet in Fig. 7. The offset does not match the under-
lying broad bulge of the Apulia unit, supporting the contention that
the bulge results from earlier shortening.

We do not exclude that some of the normal faults started moving
during the late Pliocene–early Pleistocene and developed in re-
sponse to deep contractional and transpressional uplift. The fact
that a second extension stage with ∼NNW–SSE trending ten-
sile axis is recorded on these faults suggests actually that the
older, main stage, with ∼NE–SW tensile axis, akin to the seis-
mologically determined tensile axis in the Apennines (Montone
et al. 2012), may be indeed a relic of an older deformation.
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Figure 7. Crustal structure underneath eastern Matese with projected hypocentres of the 2013–2014 (red dots) and 1997–1998 (blue dots) seismic sequences.
Thick dotted black lines are main tectonic horizons. Thick dashed grey line is inferred transition between crystalline and sedimentary rocks of Apulian. Thin
dotted black lines and thin dashed grey line are velocity isochrones and the well-resolved part, respectively of the seismic tomography image (Bisio et al. 2004).

Table 5. Well log data used in this study (see Fig. 2 for location).

Well Longitude E Latitude N Ground level (m a.s.l.) Tectonic unit Depth interval (m) N. imbricates Total thickness (m)

Campobasso 1 02◦05′28′′ 41◦29′04′′ 477 Sannio-Molisan 0–800 1 800
Matese (flysch) 800–1832 1 1032

Matese (carbonate) 1832–5436 2 3604
Sannio-Molisan 5436–5860 1 424

Frosolone 2 01◦56′04′′ 41◦36′58′′ 1300 Matese (carbonate) 0–3540 2 3540
Sannio-Molisan 3540–3993 1 453

Mirabello 1 02◦14′18′′ 41◦29′11′′ 750 Sannio-Molisan 0–4212 2 4212

Moilinara Nord 1 02◦28′31′′ 41◦19′54′′ 724 Sannio-Molisan 0–4032 2 4032
Apulia 4032–5400 1 1368

M. Taburno 1 02◦15′33′′ 41◦07′20′′ 210 Sannio-Molisan 0–2094 4 2094
Apulia 2094–3733 1 1639

Morcone 1 bis 02◦09′44′′ 41◦18′54′′ 984 Sannio-Molisan 0–545 2 545
Matese (flysch) 545–1325 1 780

Matese (carbonate) 1325–4198 1 2873

Specifically, the older stage of extension may be contemporaneous
to deep transpression, and does not relate to the current seismogenic
regime.

On the northeastern border of Matese, the northeast-dipping BBF
is shown to cut through the upper thrust sheet and the Apulia sedi-
mentary section (Fig. 7). The fault has been active since the middle
Pleistocene (Di Bucci et al. 2005b) and has a kinematic compatible
with the present geodetic and seismic strain fields (Fig. 5).

Intriguing relations between crustal structure and seismogenesis
emerge when the hypocentres of the 2013–2014 and 1997–1998
sequences are plotted on the constructed crustal model (Fig. 7).
Whereas the profile crosses in the middle the 2013–2014 sequence,

the 1997–1998 sequence is projected ∼10 km to the northwest
(Fig. 6). The width of the 1997–1998 sequence projected onto
the profile is quite narrow (∼5 km), and we assume no strong
variation in the crustal structure of the volume hosting the two
sequences.

As concern the 2013–2014 sequence, the focal volume containing
the foreshock, the two main shocks, and many ML > 2.8 events is
confined within the crystalline crust of Apulia below 16 km of depth.
The above hypocentres allow proposing a depth for the causative
fault of the seismic sequence, here named Matese fault, between
16 and 20 km. Events between 11 and 15 km occurred within the
Apulia sedimentary cover, and are characterized by a concentration
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at ∼14 km (Fig. 7). Basically, seismicity stopped within the Apulia
unit and did not interest the overlying Molisan and Matese rootless
thrust sheets.

Instead, almost all events of the 1997–1998 sequence are contin-
uously distributed between 5 and 15 km depth. The sequence main
shock (duration magnitude MD = 4.2) as well as almost all MD

> 3.0 events had a focal depth at ∼13–14 km, coincident with the
proposed rooting depth of the BBF (DISS Working Group 2010)
and with our inferred depth for the crust-sedimentary transition in
northern Matese (Fig. 7).

5.2 The Matese seismogenic structure

Seismological and geological arguments suggest that the Matese
fault is a SW-dipping structure. We regard the SW-dipping nodal
plane of the main shocks as the rupture surface for the following
lines of reasoning. First, according to felt reports (http://www.
haisentitoilterremoto.it/repository/7231389480/index.html), the
largest MCS intensities of up to VII are located in the Volturno
basin which flanks the massif to the SW (Fig. 3; Convertito
et al. 2014). Although the macroseismic field is certainly in part
influenced by site effects, we stress that far (∼80 km) localities to
the southwest, such as Naples and the Tyrrhenian coast (Fig. 1),
felt the earthquakes more largely (up to IV) than equally distant
regions to the northeast of the massif.

Second, a southwest-dipping deep seismogenic structure would
be in accordance with the geometry of mapped crustal faults all of
which, in southern Matese, have the same dip direction (Fig. 7).
The upward projection of the seismic alignment intersects the earth
surface very close to the BSF (Fig. 7). Although, as discussed above,
this latter and the ancillary faults may be inherited structures from an
older deformation stage, the possibility that they are occasionally
activated during infrequent earthquakes should not be discarded.
However, resolving to what degree the deep causative fault in the
Apulia crystalline crust and the upper crustal faults are linked is not
a simple task. To this end, a reconstruction of the evolution of the
2013–2014 sequence offers vital insights.

According to well-established empirical relations between earth-
quake magnitude and fault size (Wells & Coppersmith 1994), only
a limited-length (∼1 km) segment of the Matese fault failed during
the first main shock, and, as discussed above, the rupture did not
propagate across the inferred contact between crystalline and sed-
imentary Apulian rocks at ∼15 km depth. The second main shock
and additional ML > 2.8 events continued rupturing a ∼10 km long
section of the deep fault. Part of the ensuing seismic sequence ac-
tivated a comparably long section of an overlying extensional fault
between 11 and 15 km depth (Figs 3b and 7). Although it cannot be
unquestionably proven, it is possible that this fault corresponds to
the deep part of the BSF, which is located straight upon the shallower
seismic alignment. Effectively, the alignment stops to the north at
the en-echelon boundary between the LF and the BSF. To the south,
the alignment vanishes parallel to the splay termination of the BSF
(Figs 3a and 4).

We argue that activation of the deep part of the BSF during the
2013–2014 seismic sequence occurred passively, possibly through
pore fluid pressure diffusion (e.g. Malagnini et al. 2012). A passive
activation of the BSF is suggested by the uneven distribution of the
events in the seismic alignment (Fig. 6). The deep discontinuity at
15 km, albeit limiting upward the coseismic rupture propagation, did
not halt diffusion of the pressurized fluids released during the fault-
valve action (Sibson 1992) of the main shocks, implying hydraulic

connection between the Matese fault and the deep section of the
BSF.

As argued above, the southwest-dipping upper crustal faults pos-
sibly developed during the Pliocene–early Pleistocene tectonics, and
during mid-Pleistocene to contemporary extension they played only
a minor role. The last kinematic episode recorded by slip lineation
on these faults, which is characterized by NNW–SSE extension and
is chiefly observed at the SE termination of the array (Fig. 4), is
consistent with the extension axis computed for the 1997–1998 se-
quence main shocks, which occurred at the SE boundary of the
BBF (Fig. 2; Milano et al. 2002). Additionally, a minor NNW–SSE
trending tensile strain accumulation on the BSF, almost orthogonal
to the seismically released strain during the 2013–2014 sequence, is
possibly reflected in the geodetic velocity residuals (Fig. 6). These
observations concur to underscore that the shallow crustal faults
may be locally activated today, but they are unlikely to be impor-
tant seismogenic sources. Conversely, the deep Matese fault, which
might be an inherited structure from the late Permian to early Cre-
taceous rifting that affected the Apulia and the whole Adriatic plate
(Fantoni & Franciosi 2010), is nowadays focusing the seismic de-
formation in the middle crust underneath Matese.

However, we cannot definitely exclude that deep and shallow
structures may be occasionally linked to form a single focal volume.
The BSF and ancillary faults to the SW do not show clear surface
evidence of ancient coseismic events: this observation, together with
our slip lineation and geodetic analysis suggests that, even if linked,
surface ruptures during large earthquakes are unlikely. Indeed, the
position of the seismic sequence in between sources of destructive
historical earthquakes, namely the 1349 and 1688 events (Fig. 2), is
of some concern. This also because the 1349 event, which occurred
to the west of the high Apennines extensional belt, together with the
2013–2014 sequence, may be evidence of the seismogenic potential
of southwest-dipping extensional faults.

5.3 Regional seismotectonic implications

The Matese seismic sequence represents an anomaly in the es-
tablished seismotectonic pattern of the Southern Apennines exten-
sional belt, because of the remarkable depth (17–18 km) of the
main shocks. The Mw = 6.9, 1980 earthquake, which was caused
by normal displacement on the northeast-dipping Irpinia fault in
the southern array of the regional extension belt (Fig. 1) had a focal
depth of 13.7 km (Pondrelli et al. 2006), and an equivalent seis-
mogenic depth is typically attributed to the extensional faults of
the Apennines (Chiarabba et al. 2005; DISS Working Group 2010;
Ferranti et al. 2014). East of the high mountains, moderate strike-
slip earthquakes with a focal depth comparable to the 2013–2014
Matese sequence, occur on ∼E–W striking right-lateral faults, such
as the 2002 San Giuliano di Puglia earthquake sequence which oc-
curred ∼50 km northeast of Matese (Figs 1 and 2; Di Luccio et al.
2005). Other ∼E–W trending seismogenic sources are inferred for
large historical earthquakes east of the Apennines (Fig. 2; Fracassi
& Valensise 2007; DISS Working Group 2010).

The Matese fault differs from both the Irpinia-type and the San
Giuliano-type seismogenic faults, because it is relatively deep, has
a southwestern dip, and an extensional kinematics. We argue that
the Matese fault represents a third, and so far little investigated
seismogenic structure in the Southern Apennines. We speculate
that the source of the 1349 earthquake, which had a wide-ranging
macroseismic field (Galli & Naso 2009), as well as other unknown
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faults relatable to ancient earthquakes (e.g. 1688) are somewhat
similar to the Matese fault.

On the contrary, the BBF, located at the northeastern border of
the Matese Massif, and considered responsible for the Mw = 6.6,
1805 earthquake (Fig. 2), is akin to the Irpinia-type model insofar
it has a northeast dip and a kinematic consistent with the present
extensional regime (Di Bucci et al. 2005b). Furthermore, unlike the
Matese fault and overlying upper crustal faults, the BBF has a signif-
icant geodetic interseismic strain accumulation along a ∼NE–SW
direction (Fig. 6, Table 4; Giuliani et al. 2009; Ferranti et al. 2014).
Noteworthy, the 1997–1998 and 2001 sequences, which are located
at the southeast and northwest tip of the BBF, respectively (Fig. 2),
and presumably mark its lateral boundaries, chiefly occurred within
the first ∼15 km of the crust (Fig. 7; Milano et al. 2002, 2005). This
occurrence supports the attribution of the BBF to the Irpinia-type
model.

The question arises then why the Boiano Basin and the Matese
faults have so different features within a so close stretch of crust. To
this end, the inherited crustal structure provides an insightful clue.
Inspection of tomographic images (Bisio et al. 2004) and of a frag-
mentary reconstruction of the architecture of the Apulia platform
provided by oil exploration data (Nicolai & Gambini 2007), indicate
that the late Pliocene–early Pleistocene compressive structure un-
derlying the Matese Massif culminates north of the BSF and of the
2013–2014 seismic sequence (Fig. 7). Because the cold and thick
Apulia platform and underlying crystalline basement represent the
crustal layer where extensional seismogenesis occurs in the Apen-
nines (Chiarabba & Amato 1996; Bisio et al. 2004), the different
position of this assemblage in northern and southern Matese may
control the close concurrence of both the Irpinia-type and Matese-
type seismogenic structures.

It is possible that Matese-type structures characterize other sec-
tions of the northern array of the Apennines active extensional belt
and perhaps of the southern array as well (Fig. 1). If so, moderate
or large earthquakes on these structures would be infrequent but
widely-felt, because of the deeper position of Apulian imbricates
on the southwest flank of the high Apennines (Nicolai & Gambini
2007). This could explain the meager recognition of SW-dipping
seismogenic structures in the active fault record and in the instru-
mental and historical seismicity catalogues.

6 C O N C LU S I O N S

The 2013–2014 seismic sequence in southern Matese is another
good example of the role played by the inherited structural grain
on the present day Italian seismic release, in terms of controlling
downdip and along-strike segmentation of the seismogenic faults,
and the slip distribution at depth during earthquakes. This has been
recently highlighted by the Mw 6.3, 2009 L’Aquila and Mw 6.1, 2012
Emilia seismic sequences, during which the geometry of the fault
rupture and the aftershock distribution were mostly controlled by
the presence of inherited tectonic discontinuities (Bigi et al. 2012;
Bonini et al. 2014a,b).

The Matese sequence was initiated by slip on a deep (16–20 km)
SW-dipping extensional fault (the Matese fault). The main co-
seismic ruptures occurred within the Apulia crystalline crust, likely
along an inherited discontinuity, and stopped at the ∼15 km deep
transition with the overlaying sedimentary crust. A shallower group
of events within the Apulia sedimentary crust (∼11–15 km) may be
evidence of passive reactivation of pre-existing southwest-dipping
normal faults, and specifically the BSF.

These uppermost crustal normal faults possibly formed during
late Pliocene–early Pleistocene transpressional uplift of Apulia im-
bricates at depth, but they play a minor role in the current seis-
mogenic regime. In fact, they have poor expression of past coseis-
mic activity, have a last kinematic of NNW–SSE extension different
from the NE–SW extension recorded by the seismic sequence under
study, and show little or no geodetic interseismic strain accumula-
tion.

On the contrary, the northeast-dipping BBF, located in northern
Matese adjacent to the area of the 2013–2014 sequence, offers clear
evidence of pre-historical to recent activity, and is characterized by
a ∼NE–SW trending extension axis and by a significant co-axial
geodetic strain.

We relate the dissimilar behaviour of the Matese and the Boiano
Basin faults, which are very close in space, to the different crustal ar-
chitecture inherited from previous shortening events. A larger trans-
pressive uplift of the cold Apulia sedimentary and crystalline crust,
where extensional seismogenesis typically occurs in the Apennines,
is observed in northern relative to southern Matese. This could have
enhanced, on the northeast side of the massif, the easier growth of
shallower normal faults with more frequent earthquakes and with
geodetic evidence of interseismic strain accumulation.

However, we do not exclude that the Matese fault and the shal-
lower SW-dipping faults could be linked during infrequent earth-
quakes, albeit the deeper position of the seismogenic structure, when
compared to the Irpinia or Boiano faults, makes unlikely a propa-
gation to the surface of the rupture. The location of the Matese fault
in between sources of destructive historical earthquakes must be
regarded with caution, and this occurrence could characterize also
other sections of the Southern Apennines extensional belt.

A C K N OW L E D G E M E N T S

We thank Dario Slejko and an anonymous reviewer for their critical
reviews and constructive comments that improved the paper. We
appreciated the suggestions and useful comments by Editor Prof.
Egill Hauksson. We are grateful to all individuals and institutions
for contributing the GNSS data, particularly to the technical staff of
INGV who continue to maintain the RING network. We are grate-
ful to Leica Geosystems S.P.A. (http://it.smartnet-eu.com) and Re-
gione Campania (http://gps.sit.regione.campania.it/indexmain.php)
for providing free access to GNSS data.

R E F E R E N C E S

Beutler, G., Moore, A.W. & Mueller, I.I., 2008. The International Global
Navigation Satellite Systems (GNSS) Service: developments and achieve-
ments, J. Geod., 83(3–4), 297–307.

Bigi, S., Casero, P., Chiarabba, C. & Di Bucci, D., 2012. Contrasting surface
active faults and deep seismogenic sources unveiled by the 2009 L’Aquila
earthquake sequence (Italy), Terra Nova, 25(1), 21–29.

Bisio, L., Di Giovambattista, R., Milano, G. & Chiarabba, C., 2004. Three-
dimensional earthquake locations and upper crustal structure of the
Sannio- Matese region (Southern Italy), Tectonophysics, 385, 121–136.

Bonini, L., Di Bucci, D., Toscani, G., Seno, S. & Valensise, G., 2014a.
On the complexity of surface ruptures during normal faulting earth-
quakes: excerpts from the 6 April 2009 L’Aquila (central Italy) earthquake
(Mw 6.3), J. geophys. Res.: Solid Earth, 5, 389–408.

Bonini, L., Toscani, G. & Seno, S., 2014b. Three-dimensional segmentation
and different rupture behavior during the 2012 Emilia seismic sequence
(Northern Italy), Tectonophysics, 630, 33–42.

 by guest on M
arch 14, 2015

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://it.smartnet-eu.com
http://gps.sit.regione.campania.it/indexmain.php
http://gji.oxfordjournals.org/


836 L. Ferranti et al.

Bousquet, J.C., Grellet, B. & Sauret, B., 1993. Neotectonic setting of the
Benevento area: comparison with the epicentral zone of the Irpinia earth-
quake, Ann. Geofis., 36(1), 245–251.
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