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On September 27,2012 at 01:08 (UTC) a M, 4.1 earthquake started a seismic sequence approximately 10 km east
of the city of Benevento, in Southern Apennines (Italy). During the following four days, about 40 events with My
ranging between 1.3 and 4.1 were detected in the same area, where the seismic hazard is one of the largest of the
[talian Peninsula and where several historical and destructive events took place. In order to investigate the seis-
micity spatio-temporal pattern and to identify the seismogenic source geometry, a detailed analysis was per-
formed integrating data recorded at three different seismic networks. The earthquakes were relocated using
the double-difference technique and focal mechanism solutions were obtained by the moment tensor inversion.
Also, to better understand the rupture process, seismic source parameters were estimated and apparent source
time functions were inverted to retrieve the slip distribution for the largest magnitude event. Our results show
the existence in the study area of roughly E-W striking fault plane with a right-lateral strike-slip kinematics,
seated at mid-crustal depths (10-20 km), revealing a characteristic seismicity quite different from that typically
associated to the outcropping NW-SE-striking active normal faults that are responsible of moderate to large
earthquakes in the Southern Apennines axial sector.
In this work, we address questions concerning i) the presence in the Benevento area of a mid-crust seismogenic
strike-slip fault, previously unrecognized; ii) its link to the regional seismotectonic setting; and iii) the existence
of a strike-slip tectonic regime that uniformly extends in the footwall of the Apennines thrust at relevant depth,
not only in the Apulian foreland, as demonstrated to date, but also under the mountain chain axial zone.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

During three days between September 27 and 30, 2012 about 40
earthquakes occurred nearby Benevento (Fig. 1a), a town located in
one of the most seismic active areas of Southern Apennines (Italy) and
whose city center is rich of historical buildings. The seismic sequence
was characterized by low energy with the largest magnitude events
concentrated on September 27 at 01:08 (M 4.1), 03:47 (M 3.5), and
08:35 (M, 3.7), all times being in UTC. During its long history, Benevento
was struck by several earthquakes that produced numerous causalities
and severe damage (Fig. 1b). The most destructive event (Io = XI;
M,y = 7.2; Rovida et al., 2011) occurred in 1456, with more than
30,000 causalities and an associated MCS intensity (Is) of IX over an
area of 20,000 km? in Southern Italy (lannaccone et al., 1995).
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Afterwards, different earthquakes with lo = X-XI, as described later
on, hit the Benevento province (Rovida et al.,, 2011). In the last decades,
the seismicity of the Sannio area has occurred as low energy swarms
and sparse events (M < 3.7; Milano et al., 2006). For this reason, consid-
ering the recurrence time of large historical earthquakes, this region
shows one of the highest seismogenic potentials of the Italian country
(Chiarabba and Amato, 1997; Improta et al., 2000).

Low energy swarms and sparse events (e.g. micro-seismicity) can
improve the seismotectonic knowledge of an area. Several worldwide
studies define the fine scale fault geometry tracking the background
seismicity pattern through an accurate earthquake location (De
Matteis et al., 2012; Hauksson and Shearer, 2005; Lin et al., 2007;
Romano et al, 2013a,b; Rubin et al, 1999; Stabile et al., 2012;
Waldhauser and Ellsworth, 2000). The analysis of the micro-seismicity
represents a peculiar tool to get specific information about active faults
and to study the associated spatio-temporal seismicity even if some lim-
itations are due to the absence of dense local networks, number and
quality of the data, large hypocentral errors and inaccuracy of the crustal
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Fig. 1. a) Map showing the mainshock of 2012 Benevento seismic sequence (September
27 at 01:08, My 4.1; star symbol) and the seismic stations used in the data analysis. Key:
ISNet — Irpinia Seismic Network (Weber et al., 2007); RAN — Italian strong motion net-
work (Gorini et al., 2010; Zambonelli et al., 2011); RSNC — Centralized National Seismic
Network. Benevento area of Fig. 3 and Irpinia — ISNet study area of Fig. 6 are indicated.
In the location map, Italian instrumental seismicity from 2005 to 2103 is displayed (Italian
Seismological Instrumental and Parametric Data-Base, ISIDE). b) Active faults in Southern
Italy (after Brozzetti, 2011) with major historical and instrumental earthquakes from cur-
rent catalogues (Parametric Catalogue of Italian Earthquakes, CPTI11, Rovida et al., 2011;
Italian Seismicity Catalogue, CSI, Castello et al., 2006; ISIDE). The earthquakes highlighted
with gray circles are discussed in the text. Seismogenic (box-shaped) sources of the 1456
earthquake as proposed by Fracassi and Valensise (2007) are displayed as the fault projec-
tions to the ground surface. Key: 1, normal faults; 2, thrust faults; 3, strike-slip faults.

velocity model. However, this analysis has a particular relevance in
areas characterized by geological complexities or by seismogenic struc-
tures seated at large depths where the crustal structure and fault pat-
tern are inaccurate or indefinite.

In this work, we performed a detailed analysis of the 2012 Beneven-
to seismic sequence integrating data recorded at 31 seismic stations of
different networks. After a manual picking of the P- and S-wave arrival
times, we relocated the earthquakes using the double-difference tech-
nique to minimize errors related to uncertainty in the 3-D crustal veloc-
ity model. In addition, we carried out a complete rupture analysis: after
computing the focal mechanisms, we estimated the apparent source
time functions and we mapped it onto the fault plane to define the
slip distribution for the largest event in the sequence. We computed
the source parameters for the two largest earthquakes to deeply

investigate the rupture mechanism from the estimates of the seismic
moment My and the source radius.

2. Tectonic setting

The Benevento earthquake epicentral area is located in the axial sec-
tor of the late Miocene-Pliocene Southern Apennines fold-and-thrust
belt, dissected by later Quaternary extensional structures (Brozzetti,
2011 and references therein).

The present structural-geological setting of the study area is ex-
tremely complex due to the variety of the paleogeographic domains in-
volved in mountain chain building (Cavazza et al., 2004; Mostardini and
Merlini, 1986; Nicolai and Gambini, 2007; Patacca and Scandone, 2007;
Vezzani et al., 2010).

From west to east, they include: i) the pelagic domain formerly locat-
ed in between the Alpine Tethys and the Adriatic foreland (e.g. the middle
Jurassic—early Miocene Sicilide units); ii) the Apennine carbonate plat-
form units (e.g. late Trias-middle Miocene), originally corresponding to
the western edge of the Adria plate; iii) the Lagonegro and Sannio-Molise
pelagic units (middle Triassic-early Cretacic pelagites and Burdigalian—
Messinian flysch deposits) and iv) to the Apulian outer carbonate plat-
form (e.g. a thick succession, up to 6000 m, of shallow water carbonates
and anhydrites, of late Triassic-late Miocene age) deposited on the east-
ern side of Adria (Supplementary Fig. S1).

The geometric setting is further complicated by 1) the abundance of
syn-orogenic Tertiary deposits progressively involved in the eastward-
migrating compressional deformation, 2) the non-cylindrical configura-
tion of the propagating compression, also associated to strike-slip defor-
mation zones that cause bending of the structural trends, 3) the local
presence of back-thrust and out-of-sequence thrust, and 4) the final dis-
section of the overall thrust belt by extensional structures.

The structural style of the inner compressional belt of Southern Italy,
which mainly involves the Apennine carbonate platform and the
Lagonegrese units, is largely interpreted as thin-skinned and characterized
by duplex geometries and out-of-sequence thrusts (Cavazza et al., 2004;
Mostardini and Merlini, 1986), but conflicting interpretations are pro-
posed in the literature on the provenance of the various units. In particu-
lar, the Lagonegrese and Sannio-Molise units were mostly interpreted as a
complex stack of rootless sheets, sandwiched in between the Apennine
and Apulian Platforms (Mostardini and Merlini, 1986; Vezzani et al.,
2010), an alternative view, proposed by Patacca and Scandone (2007) re-
fers to the Sannio sheet, associated to the southern margin of the Tethys
Ocean (west of the Apennine Platform), and attributes it to a higher struc-
tural position. Alternative interpretations concern also the crustal-scale
tectonic style of thrusting, that is assumed as thin-skinned by most
authors (Cavazza et al., 2004; Mostardini and Merlini, 1986; Patacca and
Scandone, 2007; Scrocca et al., 2005, 2007; Vezzani et al., 2010) and as
thick-skinned by a few others (Menardi Noguera and Rea, 2000).

Conversely, the structural style of the outer compressional belt,
which mainly involves the Apulian Platform carbonates, is often
interpreted as typically thick-skinned (Butler et al., 2000; Menardi
Noguera and Rea, 2000; Shiner et al., 2004), with thrust faults penetrat-
ing across the basement and possibly reaching the base of the crust.

Starting from early-middle Pleistocene times (Brozzetti, 2011; Cinque
et al., 1993), the axial portion of the chain had undergone a marked uplift
during which the activity of NW-SE striking normal fault alignments, that
locally follow arcuate trends often parallel to previous frontal thrusts, was
coupled with thermal/isostatic regional raising. Several narrow and asym-
metrical intramontane basins originated by block faulting and were filled
by syn-tectonic continental deposits. Field data and seismic profile inter-
pretation show that these basins are bounded by high-angle SSW- to
WSW-dipping normal and normal-oblique faults and by E-dipping faults.
The latter show at depths that a low-angle geometry plays the role of
basal detachments (Brozzetti, 2011). The overall extensional belt extends
with continuity along the axial zone of the Southern Apennines and is as-
sociated to a relevant historical and instrumental seismic activity
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(maximum magnitudes M = 7) (Basili et al., 2008; Chiarabba et al., 2005;
Rovida et al,, 2011).

The undeformed Apulian Plio-Pleistocene foreland, at the footwall of
the outer thrust front, is dissected by normal and strike-slip faults,
trending from NW-SE to E-W and ranging in age from Mesozoic to
Pleistocene (Pieri et al., 1997). An E-W strike-slip fault zone, with left
lateral kinematics in Pliocene times and right-lateral kinematics in Qua-
ternary times is well exposed in the Gargano promontory and is known
as Mattinata fault zone (Billi, 2003; Tondi et al., 2005). The Mattinata
fault continues eastward in the offshore Gondola strike-slip system
and westward in the buried Molise strike-slip structure that originated
the 31 October and 1 November 2002, M,, 5.7, Molise earthquakes (Di
Bucci et al., 2010).

3. Historical and instrumental seismicity

Several large historical destructive earthquakes hit the Southern Ap-
ennines causing severe damage and many fatalities. Devastating effects
in the Benevento province, with intensity up to X-XI MCS, were pro-
duced by the 1456, 1688, 1694, 1702, 1732, 1805, and 1930 earthquakes
(gray symbols in Fig. 1b). The macroseimic epicenter of several events
with Io > VI (1019, 1044, 1094, 1139, 1702) was just located close to
the town of Benevento (Rovida et al., 2011), which was also struck by
a number of moderate seismic swarms that occurred on 1885, 1903
and 1905 (Alessio et al., 1996).

Most of the significant earthquakes in Southern Italy, such as the 1962
(M 6.1) and the Irpinia 1980 earthquake (Ms 6.9), occurred along the
intra-Apennines extensional belt, activating predominately eastward-
dipping, normal and normal-to-oblique individual sources (Basili et al.,
2008; DISS Working Group, 2010; Valensise and Pantosti, 2001). In detail,
the August 21, 1962 earthquake sequence involved a series of small fore-
shocks followed by a large one with My 5.7 at 18:09, a mainshock with My
6.1 at 18:19 and many aftershocks including the one at 18:44 with M, 6.0.
Westaway and Jackson (1987) also re-located the main events of the
sequence relative to the November 23, 1980 (Ms 6.9) event, using the
data recorded at the same stations that were operating in the 1980.
Their results show that the depth of these events is about 8 km and
occurred on steep normal faults striking NW-SE and dipping NE, that
bounded an intra-Apennines sedimentary basin situated at NE in the
hanging wall of the fault, similar to the structural geological setting
deduced for the 1980 earthquake (Westaway and Jackson, 1987).

Conversely, the large 1456 earthquake (Io XI; M,, 7.2), which consisted
of a multiple earthquake sequence with three main major events, has
been attributed by Fracassi and Valensise (2007) to the activation of dis-
tinct east-west oblique right-lateral strike-slip structures across the Apu-
lian foreland. The earliest mainshock (5 Dec 1456, M,y 7.0; DISS Working
Group, 2010) occurred in the Sannio region, in the Ariano Irpino-Paduli
mesoseismal area, where a seismogenic source, not far from the Beneven-
to town, is located between the external part of the thrust belt and the
Apulian foreland (DISS Working Group, 2010) (Fig. 1b).

The recent seismicity in the Sannio-Matese has been monitored
since 1980 (Milano et al., 2006), when the areal coverage of the Central-
ized National Seismic Network (RSNC) was reasonably sufficient to get
more accurate information as compared to the past. Nevertheless, the
location and focal mechanism determinations were possible only for
1990-1992 low magnitude events (M, < 3.7), thanks to the integration
of local and temporary seismic networks (Alessio et al., 1996; Federici
et al.,, 1992). Present background seismicity consists of sparse isolated
earthquakes with My < 3 and depths within the first 20 km (Milano
et al,, 2002) (Supplementary Fig. S2).

The 1990 seismic sequence occurred between April and July 1990
north of Benevento with a local magnitude ranging between 1.0 and
3.6 (Alessio et al.,, 1996). It was composed by events homogenously dis-
tributed within the first 15 km, showing no particular alignment and
different types of faulting motions coherently with the regional strain
field (T axes with NE-SW orientation). The following seismicity was

characterized by two seismic swarms that occurred in June 1991 and
in March 1992, concentrated north and north-east of Benevento, re-
spectively, in the same area of the 1990 sequence (Federici et al.,
1992) with My less than 3.7 at depths less than 10 km. The fault plane
solutions, showing normal faulting motions, can be divided into two
groups with different orientations of maximum horizontal stress: one
along the Apenninic chain and the other one along the E-W direction.
The first swarm was correlated to an E-W surface lineament north of
Benevento (Iannaccone et al., 1990) while the second one to a NNE-
SSW structure transversal to Apennines chain (Federici et al., 1992).

After the 1992, sparse events and several swarms with small magni-
tudes (M. < 3.7) continually took place, but no detailed seismological
studies exist.

4. Data and methods
4.1. Earthquake re-locations

The analyzed data were collected by three different seismic net-
works: the accelerometric National Strong Motion Network (RAN),
managed by the Civil Protection Department, the broad-band and
velocimetric Centralized National Seismic Network (RSNC), managed
by the National Institute of Geophysics and Volcanology (INGV) and
the velocimetric and accelerometric Irpinia Seismic Network (ISNet),
owned by AMRA S.c.a.r.l. and operated by RISSC-Lab, the Seismological
Laboratory of the Department of Physics at the University of Naples
Federico II. For each network, we selected stations within 100 km
from the epicenter in order to have the smallest azimuthal gap. The
total number of selected stations is 33 (Fig. 1a).

The Benevento seismic sequence was composed by 40 events with
M, ranging between 1.3 and 4.1 (Fig. 2a). We manually picked the
first P- and S-wave arrival times, assigning a weighting factor inversely
proportional to the uncertainty in the pick (Supplementary Table S1).
Also, we measured the P-wave polarity only for arrival times with
time uncertainty smaller than 0.05 s. The number of measured P- and
S-arrival times is 436 and 311, respectively (Fig. 2b). We used for the ab-
solute locations a minimum of 3 P- and 1 S-wave arrival times within an
epicentral distance of 50 km.

Before locating earthquakes, we checked the picking quality through
the modified-Wadati diagram (Chatelain, 1978) whose correlation co-
efficient R? is 0.99 (Fig. 2c). Also, we estimated a Vp/Vs ratio of 1.78,
which was then used in the earthquake location. This value falls be-
tween 1.73 and 1.82, which correspond to the range limits of Vp/Vs cal-
culated in the same area by several authors (Alessio et al., 1996; Bisio
et al,, 2004; Improta et al., 2000; Milano et al., 1999).

Preliminary absolute locations were obtained using the NonLinLoc
code (Lomax et al., 2000) that performs a global search to evaluate the
earthquake location probability density function (PDF) with the Oct-
Tree sampling procedure. This algorithm is more efficient giving an ac-
curate and reliable mapping of the PDF with short computing times
(e.g. Turino et al., 2009). We tested different local and regional 1-D
velocity models (Alessio et al., 1996; Chiarabba and Amato, 1997;
Chiarabba and Frepoli, 1997; Del Pezzo et al., 1983; lannaccone et al.,
1998; Improta et al., 2000; Fig. 2d). For the following analysis, we select-
ed the model of Del Pezzo et al. (1983) that minimized both the rms on
the arrival times and the location errors. Moreover, this model is also
defined at larger depths as compared to the other models.

Then, we computed relative locations by applying a double-
difference technique (HypoDD; Waldhauser and Ellsworth, 2000),
that minimizes the residuals between observed and theoretical trav-
el time differences (or double differences) for pairs of earthquakes at
each station. We analyzed couples of events, for which the residual
threshold for P and S absolute travel times is 0.05 s and whose hypo-
central distance is smaller than 10 km. These constraints reduced the
number of analyzed events to 28, using the absolute location as ref-
erence. Supplementary Fig. S3 displays the locations of the 2012
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Pezzo et al. (1983).

n.2 from Chiarabba and Amato (1997); n.3 from Alessio et al. (1996); n.4 from Chiarabba and Frepoli (1997); n. 5 from lannaccone et al. (1998).

Benevento seismic sequence before and after the double-difference
earthquake re-location technique.

The mean re-location errors are about 40 m (horizontal distance)
and 50 m (vertical distance) respectively and the average rms is about
0.013 s by using singular value decomposition (SVD) method. The hypo-
central distribution, located east of Benevento city, shows two seismic
clusters (A and B in Fig. 3a-b-c) separated at about 2 km in horizontal
extent and 1 km in a vertical section. No preferential alignment is evi-
dent also analyzing the hypocenter distribution for a single cluster.
Events in the cluster A have a depth larger than 18 km. The cluster is
composed by 14 events and includes the M; 4.1 mainshock that started
the sequence. The cluster B is shallower and located SE with respect to
the cluster A. It is composed of 14 events (also containing the M, 3.5
and M, 3.7 earthquakes) whose depth ranges between 16 km and
18 km.

4.2. Refined source parameter estimates

Source parameters were estimated using a parametric approach
combined with a multi-step, non-linear inversion strategy (Zollo et al.,
2014). The observed S-wave displacement spectra were inverted as-
suming a Madariaga-type spectral model (Madariaga, 1976) with
high-frequency decay proportional to @~ ?, and taking into account
the correction for path attenuation and site response effects as in Zollo
etal. (2014). The recorded signals were preliminary corrected for the in-
strument response considering for each station the specific transfer
function of the sensor and the data logger. The S-wave displacement
spectra were computed from the modulus of the two horizontal acceler-
ation spectra by double integration in the frequency domain. The S
waveforms were selected in a variable time-window bracketing the

manual pick and depending on the analyzed earthquake local
magnitude. For curve fitting and parameter estimate, the non-linear
Levenberg-Marquardt least squares algorithm was used. After calculat-
ing the noise level in the whole frequency range, the signal-to-noise
ratio at each frequency data was used as a weighting factor during the
inversion of displacement spectra. We calculated the source parameters
for the two major events (September 27, 01:08, M,, 4.3-M, 4.1 and
08:35 My, 3.9-M 3.7 earthquakes; hereinafter MS and AF2, respective-
ly). After estimating the spectral parameters, as the low-frequency spec-
tral level (Qp) and the corner frequency (f,), the seismic moment My
and the source radius r were determined, considering a circular fault
rupture according to the Madariaga (1976) source model. All the re-
trieved parameters are listed in Table 1.

4.3. Focal mechanisms

We retrieved the focal mechanism for the three main events by ap-
plying the Time Domain Moment Tensor full waveform inversion
(TDMT, Dreger, 2003; Dreger and Helmberger, 1993; Scognamiglio
et al., 2009). The algorithm inverts complete, three-component broad-
band displacement waveforms to estimate a point-source solution by
fitting the synthetic seismograms to the observed data. We used broad-
band velocity waveforms recorded at all stations of the RSNC within
300 km from the earthquake epicenter. We extracted data in 800 s
time windows starting 3 min before the event origin time; we corrected
for the instrument response and we integrated to obtain the displace-
ment records. Then, we resampled at 1 sps and finally band-pass filtered
the signal in the frequency range 0.02-0.05 Hz for MS and AF2 events
and in the 0.02-0.1 Hz range for M; 3.5 aftershock (September 27,
03:47, M 3.5 aftershock; hereinafter AF1). The horizontal components
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were rotated to the transverse and radial ones. Green's functions were
computed with the frequency-wavenumber integration method (Saikia,
1994) in the 1-D regional velocity model proposed by Scognamiglio
et al. (2009).

After fixing the depth and the location of the earthquakes, the TDMT
solutions were obtained discarding the data at stations with a poor
waveform fit (VR < 10%, variance reduction parameter) to improve
the quality of the solutions. For the MS, we inverted data from 12 sta-
tions obtaining a high quality solution, with a VR of 46% and a percent-
age of double couple (DC) of 97%. For the AF2 we got VR = 56% and
DC = 87% from inversion of data from seven stations. We also achieved
an acceptable solution for the AF1 event with a VR = 27% and DC = 66%
using again seven stations (Table 2 and Supplementary Figs. S4-S5). The
TDMT solutions of three largest events show a similar strike slip faulting
with two high angle nodal planes striking roughly N-S and E-W. In par-
ticular, the MS shows a weak rotation (<10°) of nodal planes if com-
pared with AF1 and AF2 (Fig. 3a). These events have the same nodal
plane orientations with a lower dip angle; the difference is probably
owing to the uncertainty of the solution considering the decrease in
the signal-to-noise ratio.

Table 1
Estimated seismic source parameters. Madariaga (1976) source model is assumed for a
circular fault rupture.

Date Origin time My Mo(Nm) f«(Hz) Crack radius r (m)

2012/09/27 43+01 (344+14)x10"” 1.5 456
01:08:22.280

2012/09/27 39+01 (83+0.7)x10" 2.9 239
08:35:40.460

The retrieved solution for the mainshock is similar to the one pub-
lished by the INGV (http://cnt.rm.ingv.it/tdmt.html#tdmt_references)
and to the other one, calculated by Michele et al. (2014), while we
used a larger number of stations. We finally superimpose the P-wave
polarities to the focal mechanism as retrieved by the TDMT method
(Supplementary Fig. S6). We found that most of the polarities agree
with the focal solution. Several points fall in the vicinity of the nodal
planes, while some of stations exhibit opposite polarities with respect
to the focal solution. Moreover, the calculated focal mechanisms with
the FPFIT code (Reasenberg and Oppenheimer, 1985), for events for
which at least six P-wave first polarities, in this case strongly depend
on the selected velocity model and show multiple solutions. However,
among the best-fit solutions we also retrieved strike-slip type of
faulting.

4.4. Kinematic rupture process analysis

We performed a kinematic rupture process analysis modeling the
apparent source time functions (ASTFs) retrieved by waveforms data.
The ASTFs were calculated by deconvolution of the impulse response
of the medium from the recorded data, using the empirical Green's
function (EGF) method (Hartzell, 1978). We adopted the deconvolution
technique of Vallée (2004), which imposes the conditions of causality,
positivity, limited duration and equal area as physical constraints on
ASTFs. We selected as EGF the M; 2.2 aftershock, which occurred on
September 27, 2012 at 01:23:04 (UTC) and was recorded at a large
number of stations, despite its magnitude (Fig. 3a). Then, we estimated
the ASTFs at nine stations in the S-wave time window (Fig. 4).

We finally inverted the ASTFs to obtain a kinematic rupture model
using the isochrone back-projection technique (Festa and Zollo, 2006).
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Table 2
Moment tensor solutions for the three largest earthquakes of the 2012 Benevento sequence, obtained using the TDMT technique. Parameters used in the inversion are reported.
Event #1 Event #2 Event #3
Date 2012/09/27 2012/09/27 2012/09/27
Origin time 01:08:22.280 03:47:58.30 08:35:40.460
M, 4.1 35 3.7
Latitude 41.150624 41.139835 41.133639
Longitude 14.886764 14.896445 14.894315
Depth (km) 18.285 17.441 17.417
Number of stations 12 7 7
Frequency band width (Hz) 0.02-0.05 0.02-0.1 0.02-0.05
Nodal planes (strike/dip/rake) 267/75/179 241/52/-157 250/78/-167
177/89/-15 136/72/-40 158/78/-12
Taxis (Plg/Azi) 9/223 13/193 0/24
Naxis (Plg/Azi) 75/351 46/297 73/293
Paxis (Plg/Azi) —11/131 41/92 17/114
Signal length (s) 175 175 175
Weighted reduced variance (%) 46.48 26.99 56.00
Double couple (%) 97.10 66.38 86.91
Compensated linear vector dipole (%) 2.90 33.62 13.09
Quality (after Scognamiglio et al., 2009) Ba Ca Ba

The method back projects the amplitudes of ASTFs along the isochrone
curves on the fault plane, to retrieve the slip distribution associated to a

single receiver and stacks the retrieved maps to obtain the final kine-
matic model. After testing different rupture velocities, we selected the

final kinematic model that minimizes the L1-norm between synthetic

and observed ASTF waveform amplitudes (Fig. 5a). In this analysis, the

fault geometry was fixed at the solution derived from the TDMT inver-
sion with a strike 267° and dip 75° in the north direction.

In order to discriminate the fault plane for the largest event in the se-
quence, we analyzed the ASTFs exploring the directivity effect. ASTFs of
BENI and SGTA stations clearly show a different duration at opposite
azimuths roughly along the E-W nodal plane (Fig. 4). Since the ASTF
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Fig. 5. a) Comparison between synthetic (gray lines) and observed (black line) ASTF waveforms for each station used in the analysis. b) Percentage variation of the normalized cost function
versus the rupture velocity for both the mainshock nodal planes. The absolute minimum was obtained for the nodal plane with strike 267° and dip 75° (roughly E-W nodal plane), for a
rupture velocity of 1.3 km/s. ¢) Slip map of the mainshock and the cluster A events of the 2012 Benevento sequence projected onto the fault plane. Horizontal and vertical location errors

are also displayed.

at BENI is characterized by a longer duration and lower amplitude as
compared to SGTA, we may argue that the main rupture propagated
along the E-W plane, from west to east. Looking at the remaining
ASTFs, no directivity effect is clear for a potential N-S striking conjugate
plane.

We also investigated which plane was responsible for the rupture
using the isochrone back-projection technique. We assumed a constant
rupture velocity whose value ranges between 1.0 and 2.5 km/s. Compar-
ing the misfit for the two planes for different values of the rupture veloc-
ity, the E-W trending, rupture plane is well constrained. In Fig. 5b, we
plotted the difference between the actual misfit function and the misfit
value for the minimum normalized by this latter value. This quantity mea-
sures the relative difference between a generic misfit and the minimum
value and is represented in Fig. 5b in a percent scale. The nodal plane
with strike 267° and dip 75.4° shows a curve whose trend is constantly
smaller than the values for the other plane of a quantity between 10
and 15%. This result indicates that the ASTFs discriminate the fault plane
with a significant reduction of the misfit function. For the E-W plane,
the rupture velocity value, for which the misfit is minimum, is 1.3 km/s
(Fig. 5b). Nevertheless, the small percentage variation (<8%) of the cost
function in the whole explored range and the flattening of the function
around the minimum indicate a large uncertainty, although smaller
values better describe the evolution of the ASTFs.

The retrieved slip map shows a relatively complex pattern in good
agreement with the estimated fracture size. The slip is mainly concen-
trated in two patches of different sizes, shapes and slip values: the
smallest one shows the largest average slip, around the nucleation re-
gion while the other one has a larger size and is located north-east on
the fault plane (Fig. 5¢). The fracture propagated toward east and in

the up-dip directions along the fault plane, which explains the evidence
for directivity effect as revealed by ASTFs at BENI and SGTA (Fig. 4). Ad-
ditionally, analyzing the shape of ASTFs, they show a rapid increase to-
ward the peak value: this trend is associated to the large slip patch close
to the nucleation region where the propagating rupture quickly reaches
the zone of the largest dislocation (Fig. 5a-c).

Finally, we also projected all the aftershocks of cluster A onto the
main-shock fault plane. Aftershocks are often concentrated at the
boundaries of the main rupture or along structural complexities crossed
by the main rupture (Scholz, 2002). Although there are only few after-
shocks for the cluster A to be considered, it is clear that most of them
are concentrated in minimum or no-slip zones underlying structural
zone of larger shear strength. One group is located at the borders of
the large slip patch indicating the eastern part of the rupture area as
structurally complex. We argue that these aftershocks were generated
by static stress transfer, associated to the main rupture propagation.

5. Discussion and seismotectonic interpretation

The relocated 2012 Benevento seismic source lies at depths between
16 and 20 km, nearly 10 km eastward from the town of Benevento. The
seismogenic fault plane, referred later to as Benevento mid-crust fault
(e.g. BMCF) consists of two distinct seismogenic fault segments activated
during the seismic sequence. The MS and AF2 produced an almost circular
rupture with a radius of about 450 m and 240 m, respectively. As derived
from the integrated analyses of the hypocentral distribution (Fig. 3) and
the mainshock focal mechanism geometry (strike 267° and dip 75°), the
reconstructed seismogenic plane dips at 75° NNW and is characterized
by a nearly pure right-lateral strike-slip kinematics (rake 179°).
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Bearing in mind the retrieved slip map, the fracture size, the earth-
quake re-location and the geometrical constraints, we argue that the seis-
micity clustered onto two small fault segments activated during the
seismic sequence. Cluster A seismicity developed along a deeper, sub-
vertical dextral strike slip fault segment with a strike around 267° and
dip 75° in the north direction. Cluster B took place along a different,
shallower dextral strike slip plane portion, with strike of about 250° and
dip 78° to the north. Almost the same number of events with comparable
magnitude has composed the two clusters. This result was also confirmed
by source parameter estimates. The largest event in the sequence had a
seismic moment and source radius equal (3.4 4+ 1.4) x 10'> Nm and
450 m, respectively (Table 1). As indicated by their relative locations
and the rupture size, the AF1 and the AF2 do not occur in the mainshock
focal region (Fig. 3a), indicating the existence of two distinct seismicity
clusters each of them with its own mainshock-aftershock evolution.

As for other low energy seismic sequences, the earthquakes are con-
centrated in the foci zone of each fault segment and do not show any

preferential alignment. An east propagating fracture for the main
event of the cluster A may instead have triggered the cluster B on a dif-
ferent fault segment almost parallel to the first one. The static stress
change generated by the MS event should be responsible of the activa-
tion of the adjacent fault portion along which the cluster B occurred
through a mechanism of stress transfer to the southeast and up dip di-
rections. As shown in Supplementary Fig. S7, the seismicity temporal
evolution should corroborate this idea.

The BMCF is located beneath the axial sector of the Apennines
mountain chain, within the Apulian foreland mid-crust in the footwall
of the easternmost Apennines thrust system. This compressional system
(outer thrust system) was active from the Late Pliocene to 0.65 Ma ago
and is considered to be presently inactive (Boncio et al., 2007; Menardi
Noguera and Rea, 2000; Patacca and Scandone, 2001). The prevailing
seismogenic deformation field in the Sannio epicentral area of the Bene-
vento 2012 sequence is of the extensional type, as testified by both the
background seismicity (e.g., 1990 and 1991-92 sequences; Alessio et al.,
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1996; Federici et al., 1992) and the most relevant instrumental earth-
quakes, such as the 1962 earthquake. As in Central Apennines
(Ferrarini et al., 2015), the extensional field extends with continuity
from the area of the 1984 Barrea earthquake, to the north, to the Irpinia
area, to the south, with a common average SW-NE direction of the T-
axes derived from focal mechanisms. As far as it concerns the Irpinia
area, good quality data are also available for Apennines background
seismicity (De Matteis et al., 2012). The seismicity is located along the
chain where the sources of major historical and instrumental earth-
quakes are identified (Fig. 6). The depth histogram of Fig. 6¢ shows
that 95% of the seismic events occurred, with nearly uniform distribu-
tion, in the uppermost 15 km of the crust. The focal mechanisms, rang-
ing between pure-normal and normal-strike kinematics, indicate a
dominant SW-NE extensional regime (Fig. 6b-d). Hence, the back-
ground low magnitude seismicity and the related stress field are closely
linked with the major fault segments activated during the M 6.9 1980
earthquake: three main rupture episodes at 0, 18, and 39 s after the
first shock involved approximately 60-km long NW-SE striking fault
segments with a pure normal kinematic (Bernard and Zollo, 1989;
Pantosti and Valensise, 1990; Westaway and Jackson, 1987) (Fig. 6a).

Conversely, we observe interesting seismotectonic similarities be-
tween the 2012 Benevento sequence and both the 1990-1991 Potenza
and Molise 2002 earthquakes, in terms of analogous structural position,
fault geometry and kinematics. The Potenza seismic sequence released a
M,, 5.7 event on May 5, 1990 and a M,, 5.2 event on May 26, 1991. Both
events and most of their aftershocks were originated by an E-W-
striking dextral strike-slip fault located in the footwall of the eastern-
most Apennines thrust system, within the Apulian foreland crust. The
seismicity was concentrated within the crystalline basement at middle
crust depths between 15 and 25 km (Boncio et al., 2007; Di Luccio
et al., 2005b) (Fig. 7a). The recent background seismicity confirms the
above pattern showing a roughly E-W alignment with depths up to
25 km, focal mechanisms with dominant dextral strike-slip motion
and a prevalent strike-slip tectonic regime (De Matteis et al., 2012)
(Fig. 6b-d). The Molise seismic sequence released two M,, 5.7 events
on October 31 and November 1, followed by a long aftershock sequence.
A buried E-W trending fault system, consisting of two en-echelon seg-
ments with a total length of 15 km, was outlined by earthquake distri-
bution, mainly at depths between 10 and 25 km (Fig. 7b). Similar to
the 1990 Potenza earthquakes, the 2002 Molise seismic sequence was
originated by multiple ruptures along E-W striking right lateral fault
(Chiarabba et al., 2005; Di Luccio et al., 2005a). The seismicity was con-
centrated below the bottom of the carbonate sedimentary cover, within
the Apulian foreland middle crust.

Several authors (Boncio et al., 2007; Di Bucci and Mazzoli, 2003; Di
Bucci et al., 2006; Di Luccio et al., 2005b; Valensise et al., 2004) have
interpreted the Molise and Potenza seismicity as the deep seismogenic
expression of active right-lateral strike-slip faults that dissect the Apulia
foreland. Such structures may be interpreted as crustal-scale E-W-
striking fault zones, possibly inherited from previous tectonic phases
and reactivated under the present-day deformation field. The seis-
mogenic fault zones activated in instrumental times are located at mid-
crustal levels, but they appear in physical continuity with outcropping
structures, such as the case of 2002 Molise fault zone and the active
Mattinata fault well exposed in the Gargano promontory (e.g. Di Bucci
et al,, 2010).

Summarizing, our detailed analysis of the 2012 Benevento sequence
and its interpretation in the regional framework provide some con-
straints for the definition of the seismotectonic setting of the Southern
Apennines (Fig. 8).

1. A buried NNW-dipping high-angle source is identified at mid-crust
beneath the Benevento extensional area. It might represent a small
portion of a much larger fault source. We have no constrains about
the extent of the Benevento mid-crust fault zone, its tectonic impor-
tance and the maximum magnitude that it should be capable to
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Fig. 7. Depth-distribution of the selected events (qualities A and B) occurred during the
1990 Potenza seismic sequence (a; 0.6 < Mg < 3.1, Myy_max 5.7) and during the 2002 Molise
seismic sequence (b; 2.0 £ M;< 4.2, My,.max 5.7) as derived from Boncio et al. (2007) and
from Chiarabba et al. (2005), respectively.

generate. Nevertheless, for this reason, it is very crucial to pay special
attention to Benevento area, where the presence of a strike-slip zone
very similar to the Potenza and Molise ones, as supposed by this
study, should affect its already high seismic hazard. It is worth to
note that the reconstructed Benevento source would lie along the
E-W striking source activated by the earliest mainshock of the De-
cember 5, 1456 sequence, according to the Fracassi and Valensise
(2007) interpretation of the macroseismic field.

2. The strong similarities among 2012 Benevento, 1990-1991 Potenza
and the 2002 Molise seismic sequences are evident not only in
terms of fault kinematics and focal depths, but also in terms of the ar-
chitecture of the host crustal structure. The Benevento earthquake
crucial location corroborates the idea of the existence of the same
seismotectonic environment of regional importance across the
whole Apulian foreland crust. It is characterized by a thick
seismogenic crustal layer that gradually deepens westward, from
the outcropping Apulian foreland to the Apennines chain. It includes
both the sedimentary upper crust and the underlying middle crust,
confined at the footwall of the outer basal thrust of the Apennines
compressional system. A strike-slip regime, exclusively confined be-
neath the basal thrust and along discrete E-W deformation zone, can
produce seismicity both at shallow depths in the most external sec-
tors (e.g. outcropping Mattinata fault) and at deeper crustal level
(>15 km) toward the Apennines units, such as like the 2012
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Benevento, the 1990-1991 Potenza and the 2002 Molise earthquakes
(Fig. 8).

3. Conversely from what was proposed for the Northern-Central Apen-
nines (Elter et al., 2011), up to now, no meaningful and consistent
strike-slip sequence has been observed and studied in the axial sector
of the Apennines belt of Southern Italy. Here, on the other hand, the
prevailing kinematics is extensional, as shown by both background
seismicity and large events, such as the 1962 and the 1980 Irpinia
earthquakes.

4. The 2012 Benevento earthquake case suggests a potential vertical
seismotectonic zonation of the Southern Apennines. The intra-
Apennines area is undergoing extension that may produce NW-SE
seismogenic faulting in the brittle shallow crust (10-12 km thick)
(see histograms in Fig. 6¢c-d) consistent with large to moderate seis-
micity recorded along the mountain axial zone, like the 1980 Irpinia
earthquake. In the footwall under the Apennines outer basal thrust
(Fig. 8b), the present strike-slip stress field might reactivate inherited
E-W-striking crustal (or possibly lithospheric) fault zones depending
strongly on the rheological stratification that can produce a discontin-
uous mechanical behavior along-dip (Boncio et al., 2007).

5. The axial belt of Southern Apennines of Italy appears to be character-
ized by the coexistence of two different stress regimes, vertically
overlapping, a shallow extensional one (<15 km) and a deep

transcurrent one (20-25 km) with a common SW-NE direction of
the least principal stress. In our opinion, the vertical transition be-
tween the two regimes does not appear to be gradual and simply
controlled by an interchange with depth of o; with 05 from a vertical
to a sub-horizontal direction. It rather looks to be tectonically con-
trolled. In fact, the strike-slip regime deepens westward and remains
confined at the footwall of outermost SW-dipping basal thrust of the
Apennines fold-and-thrust belt (Fig. 8b). This idea, which cannot be
completely considered a result of our work, is suggested by several
stress regime studies of the Apulian crust (De Matteis et al., 2012;
Montone et al., 2012; Pierdominici and Heidbach, 2012) and, partial-
ly, by our analysis. Moreover, the superposition of different stress re-
gimes is common to other sectors of the Apennines, as the western
portion of the Northern Apennines (Eva et al,, 2005).

Beyond the interpretation, the effective reason (differential rheological
behavior, large scale tectonic processes, etc.) of stress change in this
area remains unconstrained, and should be the object of future
investigation.

6. Conclusions

In this paper we performed a complete rupture analyses of a recent

small intra-Apennines sequence (September 27-30, 2012; Mpax 4.1),
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which occurred close to the town of Benevento, in one of the most seis-
mic active areas of the Southern Apennines extensional belt (Italy). In
spite of its low magnitude, the sequence is interesting from a
seismotectonic point of view due to its kinematics (e.g. strike-slip)
and depth (e.g. mid-crust), which do not recall the upper crust exten-
sional geometry of the neighboring epicentral events, but is rather sim-
ilar to that of the far-away strike-slip earthquakes within the Apulian
foreland (e.g. 1990-1991 Potenza 1990 and 2002 Molise).

 High precision earthquake re-location and focal mechanisms reveal
an unknown high-angle dipping seismogenic source (BMCF) seated
at mid-crust (16-20 km) nearby Benevento (10 km eastward). The
main seismogenic plane dips 75° NNW with a strike of 267° and is
characterized by a nearly pure right-lateral strike-slip kinematics
(rake 179°).

* Considering the mainshock fracture size (radius 450 m) and the geo-
metrical constrains, two near small fault segments were activated
during the 2012 Benevento seismic sequence. Each fault segment pro-
duced an earthquake cluster (here called clusters A and B) whose oc-
currence was likely related to a static stress transfer mechanism
taking into account an east and up-dip propagating fracture.

* The kinematic rupture analysis constrains the roughly E-W striking

fault plane and underlines its complex structure. Considering the

time duration and the relative amplitude, ASTFs at BENI and SGTA
seismic stations clearly show a directivity effect due to an eastward-
propagating rupture along the fault plane. This result is also verified
by the remaining ASTFs that were inverted in a slip map consistent
with an east- and up-dip migrating rupture. During the mainshock

(M, 4.3), the slip was mainly concentrated into two patches of differ-

ent sizes and amplitudes located around the nucleation region and to

the NE. The smallest one shows a maximum slip value of 9.5 cm, the
other one of 7 cm.

Taking into account the strong similarities with the 1990-1991

Potenza and 2002 Molise earthquakes, the BMCF seismicity suggests

a strike-slip regime confined at the footwall of the outer basal thrust

of the Apennines compressional system, that gradually deepens

westward from the outcropping Apulian foreland to the axial chain.

In conclusion, our work suggests a reliable and robust approach to
investigate the background seismicity, especially when it is spatio-
temporally arranged in seismic swarms or sequences. A detailed seis-
mological analysis of seismic sequences, taking into consideration also
the rupture process study and kinematic slip inversion, is required to
collect as many information as possible to better understand the
seismotectonics of the analyzed area.

Data and resources

1. The instrumental seismicity is from the Italian Seismicity Catalogue
(CSI) available at http://csi.rm.ingv.it/ and from the Italian
Seismological Instrumental and Parametric Data-Base (ISIDE) avail-
able at http://iside.rm.ingv.it/iside/standard/index.jsp; the historical
seismicity is available at http://emidius.mi.ingv.it/CPTI/ (last
accessed 1 June, 2014).

2. Focal mechanism solutions are partially extracted from Regional
Centroid Moment Tensor (RCMT) catalogue, available at http://
www.bo.ingv.it/RCMT/ (last accessed 1 June, 2014).
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