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Crustal earthquake focalmechanisms are investigated in theCalabrianArc region,where thewesternMediterranean
subduction process is close to ending and the residual Ionian subducting slab affected by gravitational roll-back
produces a strong variation of faulting regimes at shallow depth along the local section of the convergentmargin.
An updated database of earthquake focal mechanisms has been compiled by selecting the best-quality solutions
available in the literature and in catalogs, and by adding 17 new solutions estimated in the present work. A total
of 164 mechanisms are included in this database, 142 computed by waveform inversion and 22 by analysis of
P-wave first motions from earthquakes with good network coverage and no less than 14 records. 60% of the
solutions included in the database have never been used for regional-scale geodynamic investigations before
the present study, and this makes the compiled database substantially new for our application. Focal mecha-
nisms have been inverted for stress tensor orientations to obtain the principal stress axes over the study region.
Results are compatible with three major tectonic domains subject to markedly different regional stresses along
the arc. These three domains are separated by two transitional domains, which are located on top of the Ionian
subducting slab edges and are likely forced in their horizontal transfer kinematics by the different tectonic
regimes occurring in the adjacentmajor domains rather than by the regional tectonics. This along-arc differential
tectonics is at least in part interpreted as the surface expression of the different deep mechanisms occurring in
correspondence of the narrow Ionian slab and their lateral edges. Open tectonic questions are emphasized and
proposed for future studies.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Since their first processing, earthquake focal mechanisms have been
revealed as fundamental in the study of the relationship between
earthquakes, seismic faults, and active tectonics (Anderson et al.,
1993; Dziewonski et al., 1981; Ekström and England, 1989;
Ekström et al., 2005; Grimison and Chen, 1986; Jackson and
McKenzie, 1988; McCaffrey et al., 1985). Focal mechanisms have
been revealed as essential also in other tectonic studies such as the
determination of the true sense of motion along transform faults
across oceanic spreading ridges (Sykes, 1967; Wilson, 1965) or the
discovery that subducting slabs may be under compression, under ten-
sion, or both in different sectors (Isacks and Molnar, 1971). Moreover,
the determination of earthquake focal mechanisms is the prerequisite
for computing the seismogenic stress of a region and compiling related
maps of active stress (Barba et al., 2010; Gephart and Forsyth, 1984;
McKenzie, 1969; Montone et al., 2004; Zoback, 1983; Zoback and
lla Terra, Università di Messina,
39 0906765102.
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Zoback, 1980), which, in addition to the study of deformation zones
and related geodynamic engines, have been also used for probability
maps of future earthquakes (e.g., Cinti et al., 2004) as well as for hydro-
carbon field development and well planning (e.g., Lindholm et al.,
1995). The rapid determination of earthquake source parameters may
be also crucial for prompt rescues in the case of destructive earthquakes
(Scognamiglio et al., 2010).

Although earthquake focal mechanisms have been revealed as a
very powerful tool in seismotectonic studies, the reliability of these
data may decrease for low magnitude earthquakes (Mb4). Moreover,
the determination of focal mechanisms is obviously limited to the
temporal range of earthquake instrumental recording, with a dramat-
ic drop of reliability for the first decades of the instrumental epoch,
when the world seismic network was still poorly developed and re-
cording equipments were rudimentary.

Focal mechanisms elaborated by using P-wave first motions may be
biased by an inadequate coverage of seismic stations, whereas those
elaborated by waveform analyses have so far demonstrated as being
much more stable and reliable (e.g., Lay and Wallace, 1995; Pondrelli
et al., 2006; Scognamiglio et al., 2009). This is the case, for instance, of
at least a portion of southern Italy, where the substantial lack of offshore
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stations may significantly bias the determination of earthquake focal
mechanisms through P-wave first motions (Barberi et al. 2006;
D'Amico et al., 2010; Neri et al. 2003; Pondrelli et al., 2006). It follows
that continuous processing and improvements of earthquake focal
mechanisms are necessary to increase their reliability and to expand
the temporal and magnitude range of focal mechanism databases.

The Calabrian Arc in southern Italy (Fig. 1) is the result of the
Neogene–Quaternary tectonic convergence between Africa (Nubia)
and Europe in the central Mediterranean (Billi et al., 2011; Carminati
et al., 2012; Catalano and D'Argenio, 1978; Chiarabba et al., 2005;
Dewey et al., 1989; Faccenna et al., 2004; Gueguen et al., 1998;
Malinverno and Ryan, 1986; Pepe et al., 2010; Rosenbaum and Lister,
2004). This curved structure is characterized by very heterogeneous
seismotectonic regimes along its length (Cristofolini et al., 1985;
Montone et al., 2004) and has been the site of destructive, magnitude
class 6 and 7 earthquakes that occurred both in recent and historical
times (Galli et al., 2008; Neri et al., 2006). The tectonic picture of the
Calabrian Arc is complicated by the presence of a narrow subducting
slab beneath Calabria (Fig. 1c; Dvorkin et al., 1993; Neri et al., 2009;
Selvaggi andChiarabba, 1995), of two active volcanic districts, one in east-
ern Sicily (Mt Etna) and another one in southeastern Tyrrhenian (Aeolian
Islands) (Barberi et al., 1974; Carminati et al., 2010; Lustrino et al., 2011;
Peccerillo, 2003), of rapidly uplifting areas in Calabria and eastern Sicily
(Antonioli et al., 2006; Faccenna et al., 2011), and of diverging GPS veloc-
ity vectors across the Messina Straits (D'Agostino and Selvaggi, 2004;
Palano et al., 2012; Serpelloni et al., 2010). Despite years of seismotectonic
studies of this region, the causative faults of several destructive recent and
historical earthquakes are still unknown or debated (e.g., Billi et al.,
2010a; Galli et al., 2008) as are the location, geometry, and kinematics
of the structuresmarking the transition between adjacent seismotectonic
domains characterized by different seismic regimes (Goes et al., 2004).

In this paper, within the framework of the TOPO-EUROPE research
program (Cloetingh et al., 2007, 2009, 2011), we provide an updated
database (Table 1) of crustal earthquake focal mechanisms for the
Calabrian Arc determined by waveform analyses (142 events). We in-
clude also 22 selected focal mechanisms determined through P-wave
first motions from earthquakes of the Southern Apennines as these
mechanisms are particularly reliable for number of polarities (≥14),
seismic network coverage, and other quality parameters such as the
Qp and Qf factors of the FPFIT standard algorithm indicating the solu-
tion uniqueness and the misfit of polarity data, respectively. We
inverted data from our database to compute the seismogenic stress
of various domains in the study region. The integration, within this
up-to-date database, of earthquake focal mechanisms determined
using the Cut and Paste method (CAP) has made it possible to expand
the database of focal mechanisms from waveform analysis down to a
minimum of magnitude 2.6 without overlooking the reliability of results
(Chevrot et al., 2011; D'Amico et al., 2010; Zhao and Helmberger, 1994;
Zhu and Helmberger, 1996). We have also performed stability tests on
these focal mechanisms and some of these tests are presented below.
In our database, 17 focal mechanisms out of a total of 164 are new,
whereas the other ones are selected (see below the selection criteria)
from literature and catalogs (Table 1). These latter mechanisms, howev-
er, have not been so far extensively used for seismotectonic purposes, in
particular this is the first time in which the solutions included in our da-
tabase are used in a general seismotectonic study of the Calabrian Arc re-
gion. We used the database compiled for this paper and the derived
seismogenic stresses to improve the knowledge of the seismotectonics
of the Calabrian Arc and to emphasize unsolved or poorly understood
Fig. 1. (a) Tectonic map of the Calabrian Arc, southern Italy, showing the main known active,
the main outer and frontal thrusts of the Calabrian Arc (black symbols). Data are from sev
represented with a shaded rectangle because active fault segments in this zone are small and
2011, M≥2.0). Colors are for different focal depths. Triangles represent seismic stations. Data
ingv.it/iside/standard/index.jsp). (c) Three-dimensional view of the Tyrrhenian area and Calabr
slab beneath Calabria (after Faccenna et al., 2011; Billi et al., 2011). Arrows indicate the patter
tectonic problems to be addressed in the future, possibly through the in-
tegration of our database with new geodetic, paleoseismological, and
other neotectonic data.

2. Tectonic setting

2.1. Surface and shallow setting

The large Calabrian Arc is a Cenozoic–Quaternary curved orogen
(Fig. 1a) running from the NW–SE-trending Southern Apennines to
the E–W-trending Sicilian Maghrebides (Carminati et al., 2012;
Catalano and D'Argenio, 1978; Catalano et al., 1996; Cifelli et al.,
2008; Faccenna et al., 2004; Gueguen et al., 1998; Lavecchia et al.,
2007a; Malinverno and Ryan, 1986; Mariotti and Doglioni, 2000;
Mattei et al., 2004, 2007; Minelli and Faccenna, 2010; Patacca and
Scandone, 2007; Polonia et al., 2011; Rosenbaum and Lister, 2004;
Scrocca et al., 2007). The central part of the Calabrian Arc is located
on top of a narrow subduction zone (Fig. 1c), whose activity is now
close to cessation (Neri et al., 2009), but still slowly retreating
(D'Agostino et al., 2011). The Neogene–Quaternary evolution, south-
eastward migration, and curvature development of the Calabrian
Arc have been all controlled by the migration and rollback, respec-
tively, of the subduction zone and Ionian slab, a fragment of oceanic
lithosphere between the continental domains of Adria, to the north-
east, and Africa, to the west (Ascione et al., 2012; Carminati et al.,
1998; Faccenna et al., 2001, 2005; Gvirtzman and Nur, 1999, 2001;
Malinverno and Ryan, 1986; Scrocca et al., 2005; Spakman and
Wortel 2004; Wortel and Spakman, 2000). The Calabrian Arc consists
of two main orogenic domains: (1) the outer domain, including the
Southern Apennines and Sicilian Maghrebides, and (2) the inner do-
main, including the Calabro-Peloritan belt, which occupies the regions
of Calabria, northeastern Sicily, and part of southern Tyrrhenian.

The outer domain is mainly composed of deformed Meso-Cenozoic
platform and basin sediments derived from the margins of the African
and Adriatic continents and from the Neogene–Quaternary foredeep
and thrust-top basins. Contractional phases in Southern Apennines
and Sicilian Maghrebides started in late Miocene time and lasted until
early Pleistocene time as demonstrated by lower Pleistocene sediments
suturing the outer front of the thrust-fold belt in the Sicily Channel (Butler
and Grasso, 1993). Contraction may indeed be still active as demonstrat-
ed, for instance, by the 1968 Belice earthquake in central-western Sicily
(Monaco et al., 1996; Lavecchia et al., 2007a, 2007b; see also Speranza
et al., 1999, for rotational deformations up to Pleistocene–Holocene
time). Post-orogenic extension followed the contractional phases since
late Pliocene time in Southern Apennines, where this tectonic regime is
still active (Montone et al., 2004).

The inner domain of the Calabrian Arc is mainly composed of crys-
talline and metamorphic rocks overlain by the Mesozoic sedimentary
cover. These units are, in places, unconformably overlain by Neogene
sedimentary sequences. The inner units drifted away toward southeast
from the Sardinia–Corsica block during early Miocene time and accret-
ed onto the outer domain of the Calabrian Arc (Alvarez et al., 1974;
Bonardi et al., 2001; Olivetti et al., 2010; Vignaroli et al., 2008). Most
of this tectonic edifice was subsequently (since late Tortonian time;
Pepe et al., 2000) stretched apart during the extensional phases that
led to the formation of the Tyrrhenian back-arc domain.

For what concerns the present time, recent GPS data show a rather
heterogeneous velocity field along the Calabrian Arc (Billi et al., 2011;
Cuffaro et al., 2011; D'Agostino and Selvaggi, 2004; D'Agostino et al.,
recently-active, or presumably-active faults and seismic zones (red symbols), as well as
eral papers cited in the text. The extensional Cefalù–Etna seismic zone is collectively
uncertain. (b) Map of the earthquake epicenters for the Calabrian Arc (June 2005–June

are from the Italian Seismic Instrumental and parametric database (ISIDE, http://iside.rm.
ian Arc (view from NNW) and reconstruction (based on tomographic data) of the narrow
n of mantle flow expected on the sides and on top of the narrow subducting Ionian slab.
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Table 1
Main parameters of earthquakes reported in Fig. 4.

ID Year Mn Day O.T. Lon Lat Depth Strike Dip Rake Mag M-Type Source Method P_az P_pl T_az T_pl FT

1 1977 6 5 13:59:22.5 14.46 37.84 11.3 61 26 −139 4.6 Mw ItCMT Wf Inv 230 57 7 26 NF
2 1978 3 11 19:20:49.1 16.03 38.10 33.0 270 41 −72 5.6 Mb ItCMT Wf Inv 281 77 167 5 NF
3 1978 4 15 23:33:47.2 15.07 38.39 14.0 135 60 −176 5.5 Mb ItCMT Wf Inv 355 23 93 18 SS
4 1979 1 20 13:49:59.0 12.86 38.67 9.0 72 29 53 5.2 Mb ItCMT Wf Inv 9 20 232 63 TF
5 1980 2 20 02:34:02.9 16.21 39.30 12.0 14 43 −78 4.8 Mb ItCMT Wf Inv 23 81 276 3 NF
6 1980 3 9 12:03:40.0 16.12 39.94 19.0 157 35 −80 4.6 Mb ItCMT Wf Inv 210 78 60 10 NF
7 1980 5 14 01:41:03.8 15.85 40.46 24.0 119 38 −112 4.5 Mb ItCMT Wf Inv 282 74 45 9 NF
8 1980 5 28 19:51:19.3 14.25 38.48 14.0 83 43 99 5.7 Mb ItCMT Wf Inv 347 2 97 83 TF
9 1980 6 1 02:32:52.5 14.33 38.39 10.0 65 39 91 4.9 Mb ItCMT Wf Inv 334 6 148 84 TF
10 1980 11 23 18:34:53.8 15.37 40.91 10.0 135 41 −80 6.9 Ms ItCMT Wf Inv 162 82 38 4 NF
11 1980 11 24 00:23:59.5 15.26 40.89 10.0 131 29 −110 4.9 Mb ItCMT Wf Inv 266 70 56 17 NF
12 1980 11 24 03:03:53.7 15.33 40.90 10.0 115 44 −125 5.1 Mb ItCMT Wf Inv 305 66 49 6 NF
13 1980 11 25 18:28:21.5 15.40 40.65 10.0 129 26 −65 4.9 Mb ItCMT Wf Inv 171 66 20 21 NF
14 1980 11 25 17:06:44.0 15.47 40.70 10.0 122 30 −119 5.1 Mb ItCMT Wf Inv 274 67 53 18 NF
15 1980 12 3 23:54:24.2 15.48 40.74 10.0 148 36 −76 4.9 Mb ItCMT Wf Inv 187 77 48 10 NF
16 1981 1 16 00:37:46.8 15.37 40.95 15.0 115 30 −93 5.0 Mb ItCMT Wf Inv 213 75 27 15 NF
17 1981 6 7 13:00:56.6 12.47 37.67 18.0 48 29 48 4.9 Mb ItCMT Wf Inv 349 21 214 61 TF
18 1981 6 22 09:36:18.0 14.09 38.49 13.0 71 47 116 4.8 Mb ItCMT Wf Inv 323 1 56 71 TF
19 1981 11 29 05:06:47.0 15.64 40.74 33.0 104 41 −138 4.9 Mb ItCMT Wf Inv 295 58 47 13 NF
20 1982 3 21 09:44:00.5 15.64 39.70 18.9 15 39 −127 5.0 Mb ItCMT Wf Inv 196 65 311 11 NF
21 1982 8 15 15:09:49.9 15.36 40.81 10.0 158 48 −45 4.8 Mb ItCMT Wf Inv 137 58 38 6 NF
22 1987 1 28 05:33:21.9 15.47 40.95 10.0 160 45 −79 4.6 Mb ItCMT Wf Inv 156 82 62 1 NF
23 1987 8 13 07:22:09.5 15.06 37.90 35.9 352 42 −10 4.8 Mb ItCMT Wf Inv 323 37 211 26 U
24 1988 1 8 13:05:46.5 16.01 40.08 10.0 148 30 −86 4.8 Mb ItCMT Wf Inv 227 75 55 15 NF
25 1990 5 5 07:21:19.4 15.85 40.75 26.0 184 73 13 5.3 Mb ItCMT Wf Inv 147 0 237 10 SS
26 1990 5 5 07:38:12.3 15.81 40.75 15.0 282 83 173 5.0 Mb ItCMT Wf Inv 138 3 46 21 SS
27 1990 10 29 08:16:14.1 14.67 36.23 23.0 198 72 −13 4.5 Mb ItCMT Wf Inv 156 22 64 4 SS
28 1990 12 13 00:24:24.3 15.50 37.20 10.0 274 64 174 5.4 Mb ItCMT Wf Inv 138 14 233 22 SS
29 1991 5 26 12:26:00.3 15.77 40.73 8.0 183 71 −9 5.2 Mb ItCMT Wf Inv 141 20 48 7 SS
30 1992 4 6 13:08:34.0 14.61 37.83 21.0 100 37 −97 4.7 Mb ItCMT Wf Inv 223 81 15 8 NF
31 1993 6 26 17:47:53.8 14.21 37.92 10.0 170 53 6 4.4 Mb ItCMT Wf Inv 129 22 26 29 U
32 1995 5 29 06:52:27.3 12.07 37.90 11.0 82 70 −180 4.8 Mb ItCMT Wf Inv 305 14 39 14 SS
33 1996 4 3 13:04:34.5 15.49 40.76 10.0 123 30 −110 4.9 Mb ItCMT Wf Inv 260 71 48 16 NF
34 1996 12 14 00:18:44.9 13.84 37.81 40.0 123 23 −43 4.7 Mb ItCMT Wf Inv 141 57 357 28 NF
35 1997 3 25 00:46:13.8 16.03 36.93 33.0 104 78 179 4.7 Mb ItCMT Wf Inv 328 8 60 9 SS
36 1998 1 17 12:32:51.2 12.90 38.40 10.0 58 29 71 3.5 Ms ItCMT Wf Inv 342 17 192 70 TF
37 1998 6 20 02:25:47.0 13.08 38.46 10.0 69 22 76 4.9 Mb ItCMT Wf Inv 350 23 184 66 TF
38 1998 6 21 08:59:47.0 13.10 38.50 10.0 69 36 77 4.3 Mb ItCMT Wf Inv 348 10 207 78 TF
39 1998 6 21 12:59:04.0 12.67 38.43 10.0 88 38 102 4.5 Mb ItCMT Wf Inv 349 8 125 79 TF
40 1998 9 9 11:27:59.3 15.98 40.03 10.0 139 29 −83 5.2 Mb ItCMT Wf Inv 211 73 44 16 NF
41 1998 9 14 05:24:47.0 13.60 38.46 10.0 72 30 80 4.4 Ms ItCMT Wf Inv 349 15 188 74 TF
42 1999 2 14 11:45:54.0 15.06 38.17 33.0 18 39 −108 4.5 Mb ItCMT Wf Inv 178 77 301 7 NF
43 2001 4 22 13:56:35.5 15.10 37.72 10.0 316 56 27 5.1 Mb ItCMT Wf Inv 265 7 169 41 TS
44 2001 5 26 06:02:20.0 16.34 37.46 33.0 71 54 134 4.8 Mb ItCMT Wf Inv 312 0 42 56 TF
45 2001 10 18 11:02:44.0 16.61 39.10 10.0 332 44 −88 4.1 Mb ItCMT Wf Inv 7 88 241 1 NF
46 2001 11 25 19:34:19.5 13.96 37.91 20.0 137 31 −57 4.3 Mb ItCMT Wf Inv 158 66 23 17 NF
47 2001 12 9 12:15 15.29 40.80 16.6 130 20 −80 3.3 Ml Maggi&Al Pol 203 65 32 25 NF
48 2002 4 2 04:22 15.89 40.27 13.7 165 85 −100 2.7 Ml Maggi&Al Pol 64 49 264 39 U
49 2002 4 5 04:52:23.5 14.74 38.48 10.0 90 41 108 4.1 Mb ItCMT Wf Inv 347 5 101 77 TF
50 2002 4 17 06:42:54.3 16.84 39.70 5.0 121 38 −7 4.7 Mb ItCMT Wf Inv 93 38 337 30 U
51 2002 4 18 20:56:47.6 15.58 40.69 10.0 340 49 −52 4.4 Mb ItCMT Wf Inv 319 62 224 2 NF
52 2002 5 8 19:29 15.99 40.09 14.5 280 85 −130 2.9 Ml Maggi&Al Pol 155 37 41 29 U
53 2002 6 11 20:02 15.72 40.52 14.0 140 50 −130 2.1 Ml Maggi&Al Pol 343 60 77 2 NF
54 2002 6 18 23:31 15.76 40.53 11.0 255 75 0 2.3 Ml Maggi&Al Pol 211 11 119 11 SS
55 2002 9 3 01:45 15.69 40.50 14.8 85 65 −130 1.9 Ml Maggi&Al Pol 307 52 203 11 NF
56 2002 9 6 01:21:28.6 13.70 38.38 5.0 26 50 40 5.8 Mb ItCMT Wf Inv 329 6 231 53 TF
57 2002 9 6 01:45:30.3 13.73 38.44 4.0 252 48 126 4.5 Mb ItCMT Wf Inv 137 3 233 64 TF
58 2002 9 10 02:32:51.3 13.70 38.47 5.0 71 29 126 4.0 Mb ItCMT Wf Inv 315 20 92 64 TF
59 2002 9 20 23:06:03.8 13.74 38.46 5.0 46 33 77 4.5 Mb ItCMT Wf Inv 325 13 176 76 TF
60 2002 9 27 06:10:44.9 13.69 38.44 5.0 41 39 70 4.8 Mb ItCMT Wf Inv 325 8 205 75 TF
61 2002 9 28 02:46:46.3 13.71 38.47 5.0 79 39 103 4.6 Mb ItCMT Wf Inv 340 7 109 79 TF
62 2002 10 2 22:57:25.9 13.72 38.46 15.0 33 41 59 4.9 Mw ItCMT Wf Inv 325 8 214 69 TF
63 2002 10 4 22:58 15.93 40.25 10.8 320 85 10 2.9 Ml Maggi&Al Pol 94 3 185 11 SS
64 2002 10 27 02:50:26.2 15.16 37.79 10.0 320 60 171 4.6 Mb ItCMT Wf Inv 184 15 281 27 SS
65 2002 10 27 07:32:08.7 15.18 37.92 10.0 67 54 19 4.4 Mb ItCMT Wf Inv 20 13 280 37 SS
66 2002 10 29 10:02:21.5 15.27 37.67 10.0 316 61 −173 4.4 Mb ItCMT Wf Inv 175 25 273 16 SS
67 2002 10 29 16:39:47.5 15.56 37.69 10.0 207 54 −28 4.1 Mb ItCMT Wf Inv 176 43 78 8 NS
68 2002 11 30 01:19 15.91 40.23 10.6 120 40 −80 2.4 Ml Maggi&Al Pol 153 82 23 5 NF
69 2003 7 7 15:08:12.0 14.90 36.01 10.0 350 62 4 4.8 Mb ItCMT Wf Inv 307 17 210 22 SS
70 2004 9 3 00:04 15.64 40.69 21.9 80 55 160 4.1 Ml Maggi&Al Pol 307 12 46 37 SS
71 2004 10 11 07:31:41.0 15.48 37.88 6.6 89 90 −45 3.6 Mw CAP-PEPI Wf Inv 34 30 144 30 U
72 2004 10 22 21:10:13.0 15.32 38.08 10.7 78 61 −37 3.4 Mw CAP-PEPI Wf Inv 42 46 134 2 NS
73 2005 1 31 10:44:50.0 16.86 39.66 30.0 23 79 −41 4.1 Mw CAP-BGTA Wf Inv 334 36 79 19 SS
74 2005 4 19 22:36:23.0 15.66 38.14 7.1 220 42 −10 3.1 Mw CAP-PEPI Wf Inv 191 37 79 26 U
75 2005 4 23 19:11:43.0 16.71 39.47 23.0 128 58 14 4.1 Mw CAP-BGTA Wf Inv 83 13 345 31 SS
76 2005 4 23 19:10:48.0 15.82 38.43 13.6 120 50 −64 2.8 Mw CAP-PEPI Wf Inv 97 70 192 2 NF
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Table 1 (continued)

ID Year Mn Day O.T. Lon Lat Depth Strike Dip Rake Mag M-Type Source Method P_az P_pl T_az T_pl FT

77 2005 6 2 03:05:50.6 15.31 39.59 7.0 278 73 −172 3.7 Mw CAP-BSSA Wf Inv 141 18 233 6 SS
78 2005 7 21 15:41:42.6 14.85 39.40 7.0 184 68 41 3.8 Mw CAP-BSSA Wf Inv 307 10 46 44 TS
79 2005 8 18 22:02:27.0 15.12 37.80 6.7 82 50 −18 3.1 Mw CAP-PEPI Wf Inv 51 38 307 17 SS
80 2005 9 7 12:40:33.0 16.32 38.71 16.0 80 90 −42 3.6 Mw CAP-BGTA Wf Inv 27 28 133 28 U
81 2005 9 27 22:33:09.3 17.10 38.62 29.0 38 79 141 3.9 Mw CAP-BSSA Wf Inv 93 18 350 35 SS
82 2005 10 30 19:09:46.8 15.93 38.53 15.0 208 32 −139 3.5 Mw CAP-BSSA Wf Inv 26 58 153 21 NF
83 2005 11 18 18:35:25.0 17.07 39.17 23.0 120 34 3 3.6 Mw CAP-BGTA Wf Inv 89 34 327 37 U
84 2005 12 3 08:33:01.8 17.00 39.20 15.0 290 64 −18 3.8 Mw CAP Wf Inv 251 30 157 7 SS
85 2006 2 27 04:34:01.0 15.17 38.10 10.1 62 50 −71 4.1 Mw CAP-PEPI Wf Inv 36 75 139 3 NF
86 2006 2 27 09:11:59.0 15.18 38.14 10.5 39 48 −90 3.1 Mw CAP-PEPI Wf Inv 82 61 331 11 NF
87 2006 2 27 14:16:06.0 15.18 38.14 9.1 76 48 −58 3.1 Mw CAP-PEPI Wf Inv 58 67 324 2 NF
88 2006 3 29 20:20:00.0 13.89 37.73 10.0 338 80 −42 3.9 Mw TDMT Wf Inv 289 36 34 20 SS
89 2006 4 17 02:44:06.0 17.05 39.61 28.0 114 74 −3 4.4 Mw CAP-BGTA Wf Inv 71 13 338 9 SS
90 2006 4 23 14:42:38.0 15.02 37.04 24.0 100 88 147 3.9 Mw TDMT Wf Inv 151 21 51 24 U
91 2006 5 20 07:05:56.0 14.95 37.65 12.0 280 75 47 3.7 Mw TDMT Wf Inv 41 18 149 43 TS
92 2006 6 22 19:34:58.0 16.63 39.73 30.0 151 42 81 4.6 Mw CAP-BGTA Wf Inv 67 3 308 83 TF
93 2006 7 2 17:52:00.0 15.10 38.13 10.0 70 59 −49 2.6 Mw CAP-PEPI Wf Inv 34 55 132 5 NF
94 2006 7 18 07:42:40.0 15.17 38.12 9.1 90 41 −48 3.1 Mw CAP-PEPI Wf Inv 82 61 331 11 NF
95 2006 9 7 15:31:43.0 16.19 40.57 34.0 178 55 35 4.0 Mb ItCMT Wf Inv 124 4 29 48 TS
96 2006 9 26 16:26 15.46 40.72 7.8 80 75 −110 3.0 Ml Maggi&Al Pol 325 56 186 27 NF
97 2006 10 6 21:16:23.0 15.57 38.10 9.6 18 52 −90 3.2 Mw CAP-PEPI Wf Inv 288 83 108 7 NF
98 2006 11 4 05:59:22.0 15.01 38.03 10.6 59 49 −36 3.0 Mw CAP-PEPI Wf Inv 34 51 294 9 NS
99 2006 11 24 04:37:40.0 15.76 36.26 11.0 188 82 0 4.7 Mb ItCMT Wf Inv 143 6 53 6 SS
100 2006 12 19 14:58:06.5 14.91 37.78 23.0 18 16 −40 4.1 Mb ItCMT Wf Inv 42 54 247 34 NF
101 2007 3 26 13:55:25.0 17.04 39.26 10.0 297 55 −15 4.1 Mw ItCMT Wf Inv 262 34 162 15 SS
102 2007 4 10 19:17:23.0 12.84 36.96 29.7 100 75 164 4.1 Mw TDMT Wf Inv 147 0 57 22 SS
103 2007 4 26 00:49:36.0 16.35 39.55 13.0 231 22 −23 3.9 Mw CAP-BGTA Wf Inv 230 49 90 34 U
104 2007 5 17 05:48:13.1 14.69 38.57 8.0 22 50 8 3.5 Mw CAP Wf Inv 341 22 236 32 U
105 2007 5 25 09:39:45.0 16.83 39.67 25.0 91 29 −48 4.2 Mw CAP-BGTA Wf Inv 105 61 330 21 NF
106 2007 6 15 22:56:01.0 15.29 36.97 18.0 12 87 20 3.6 Ml TDMT Wf Inv 145 12 238 16 SS
107 2007 6 17 12:11:58.0 15.79 38.37 10.0 262 38 −43 2.9 Mw CAP-PEPI Wf Inv 256 59 140 15 NF
108 2007 7 14 18:13:02.7 14.75 38.63 4.0 30 31 38 3.1 Mw CAP Wf Inv 337 22 209 56 TF
109 2007 7 14 02:27 15.72 40.5 20.22 105 5 −100 2.6 Ml Frepoli&Al Pol 206 50 24 40 U
110 2007 8 1 00:07:54.0 17.20 39.02 40.0 80 67 −45 4.1 Mw CAP-BGTA Wf Inv 38 47 139 11 NS
111 2007 8 18 14:04:07.0 15.13 38.23 9.4 44 50 −23 3.9 Mw CAP-PEPI Wf Inv 15 42 272 14 NS
112 2007 8 18 14:21:11.0 15.12 38.19 10.0 26 69 18 3.4 Mw CAP-PEPI Wf Inv 338 3 247 27 SS
113 2007 9 23 07:12:46.2 14.79 38.59 8.0 27 60 28 3.6 Mw CAP Wf Inv 336 4 243 40 U
114 2007 9 30 15:41:20.0 14.80 38.59 6.0 70 73 16 3.1 Mw CAP Wf Inv 23 1 292 23 SS
115 2008 1 18 13:01:00.0 16.55 39.15 15.5 57 78 −67 3.9 Mw TDMT Wf Inv 353 52 129 29 NF
116 2008 1 20 20:55 15.97 40.52 11.16 345 35 −100 2.2 Ml Frepoli&Al Pol 112 78 262 10 NF
117 2008 2 9 07:46:36.0 15.56 37.84 6.9 40 90 −10 3.0 Mw CAP-PEPI Wf Inv 355 7 85 7 SS
118 2008 2 21 05:00:08.7 17.97 37.82 30.0 333 27 134 4.5 Mb ItCMT Wf Inv 211 24 348 59 TF
119 2008 3 10 10:33:27.2 16.84 39.65 20.0 121 39 −7 3.5 Mw CAP Wf Inv 93 37 337 30 U
120 2008 4 8 17:20:03.1 16.66 39.16 10.0 235 49 −35 4.0 Mb ItCMT Wf Inv 210 50 109 9 NS
121 2008 4 13 13:06:57.0 15.70 38.25 14.3 6 47 −36 2.8 Mw CAP-PEPI Wf Inv 344 52 240 10 NF
122 2008 4 19 21:41:10.9 17.47 39.13 16.0 107 42 −39 3.6 Mw CAP Wf Inv 92 55 343 13 NF
123 2008 5 1 21:05:49.0 15.07 37.80 2.0 97 76 −2 2.8 Mw CAP-PEPI Wf Inv 53 11 321 8 SS
124 2008 5 13 21:28:30.0 15.06 37.80 12.0 76 46 −20 3.5 Mw CAP-PEPI Wf Inv 49 42 302 18 NS
125 2008 7 3 20:56:52.0 13.71 38.45 24.2 182 68 27 3.3 Mw TDMT Wf Inv 311 2 42 34 SS
126 2008 7 5 17:04:36.0 15.87 38.20 2.0 311 59 2 2.6 Mw CAP-PEPI Wf Inv 113 42 332 41 U
127 2008 8 15 01:45 16.09 40.54 32 290 75 −140 1.7 Ml Frepoli&Al Pol 156 38 54 15 SS
128 2008 9 1 14:45:40.0 15.06 37.97 8.1 70 31 −80 3.1 Mw CAP-PEPI Wf Inv 132 75 333 14 NF
129 2008 9 2 09:16:45.0 15.06 37.99 10.3 279 64 −44 3.3 Mw CAP-PEPI Wf Inv 239 49 338 8 NS
130 2008 9 27 8:28:27.17 17.22 39.19 10.0 222 85 14 3.6 Ml TDMT Wf Inv 356 6 87 13 SS
131 2008 10 27 10:55:55.0 15.13 38.11 2.0 50 28 −71 3.5 Mw CAP-PEPI Wf Inv 98 70 306 18 NF
132 2008 11 8 09:24 15.56 40.59 12.08 20 30 0 2.8 Ml Frepoli&Al Pol 353 38 227 38 U
133 2008 11 12 19:31 15.86 40.56 14.42 145 45 −60 2.4 Ml Frepoli&Al Pol 134 69 34 4 NF
134 2008 11 14 01:59 15.86 40.56 14.13 160 40 −80 2.8 Ml Frepoli&Al Pol 193 81 63 5 NF
135 2008 11 14 20:44 15.81 40.67 20.68 10 75 10 2.9 Ml Frepoli&Al Pol 324 4 233 18 SS
136 2008 11 17 00:13 15.85 40.56 16.94 165 20 −60 2.9 Ml Frepoli&Al Pol 208 61 52 27 NF
137 2008 11 18 19:54 15.84 40.56 15.7 135 60 −20 2.5 Ml Frepoli&Al Pol 99 34 3 8 SS
138 2008 11 18 20:05 15.84 40.56 15.97 75 50 −100 2.9 Ml Frepoli&Al Pol 292 81 172 5 NF
139 2008 11 18 22:14 15.85 40.55 16.51 175 75 −10 2.4 Ml Frepoli&Al Pol 132 18 41 4 SS
140 2008 11 20 14:09:19.0 17.49 39.14 15.0 166 82 −2 4.0 Mb ItCMT Wf Inv 121 7 31 4 SS
141 2008 11 27 23:49 15.86 40.55 12.94 130 65 −80 2.2 Ml Frepoli&Al Pol 60 68 213 19 NF
142 2008 11 28 23:39:21.0 13.69 37.54 35.0 337 74 9 4.2 Mb ItCMT Wf Inv 292 5 200 18 SS
143 2009 3 19 08:27:54.0 12.72 36.52 28.0 255 48 −180 4.0 Mb ItCMT Wf Inv 112 28 218 28 U
144 2009 4 27 09:42:15.7 15.08 38.07 30.0 69 78 −19 3.6 Mw CAP Wf Inv 25 22 117 4 SS
145 2009 7 1 17:58:54.1 15.01 38.34 2.0 40 90 19 3.1 Mw CAP Wf Inv 173 13 267 13 SS
146 2009 9 7 21:26:31.0 14.02 38.59 10.0 91 59 100 4.9 Mb ItCMT Wf Inv 174 13 27 74 TF
147 2009 11 8 06:51:16.0 14.55 37.83 15.0 310 21 −54 4.2 Mw ItCMT Wf Inv 344 60 192 27 NF
148 2009 12 19 09:01:18.9 15.09 37.76 40.0 112 44 176 4.6 Mw ItCMT Wf Inv 334 30 82 28 U
149 2010 2 8 07:23:57.8 16.77 39.49 34.0 94 73 −31 3.6 Mw CAP Wf Inv 51 34 146 8 SS
150 2010 3 17 11:01:11.4 14.73 38.57 8.0 78 56 81 3.3 Mw CAP Wf Inv 174 11 319 77 TF
151 2010 4 2 20:04:47.0 15.11 37.76 2.0 274 55 10 4.2 Mb ItCMT Wf Inv 231 21 329 21 U
152 2010 4 4 15:40:27.9 16.81 39.34 22.0 314 76 −18 3.3 Mw CAP Wf Inv 271 23 2 2 SS

(continued on next page)
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Table 1 (continued)

ID Year Mn Day O.T. Lon Lat Depth Strike Dip Rake Mag M-Type Source Method P_az P_pl T_az T_pl FT

153 2010 4 13 12:12:14.3 17.14 39.34 18.0 128 29 −26 3.5 Mw CAP Wf Inv 122 50 352 28 U
154 2010 4 15 20:05:47.1 17.21 39.35 18.0 137 39 −15 3.6 Mw CAP Wf Inv 113 42 356 26 U
155 2010 6 6 16:49:53.0 15.11 38.27 10.0 237 82 −34 3.5 Mw CAP Wf Inv 189 29 289 17 SS
156 2010 6 16 22:39:41.0 16.14 38.83 15.0 109 50 −38 4.1 Mw ItCMT Wf Inv 119 67 346 16 NF
157 2010 8 1 21:31:53.0 14.46 38.61 4.0 37 60 78 3.1 Mw CAP Wf Inv 136 14 278 72 TF
158 2010 8 16 12:54:46.0 14.92 38.42 10.0 218 66 42 4.5 Mw CAP Wf Inv 340 8 79 46 TS
159 2010 10 15 05:21:19.0 16.66 38.87 15.0 287 62 173 4.4 Mw ItCMT Wf Inv 57 8 148 4 SS
160 2011 5 6 15:12:35.0 14.96 37.78 22.2 13 57 15 4.0 Mb ItCMT Wf Inv 328 13 229 33 SS
161 2011 6 23 22:02:46.0 14.76 38.06 7.4 59 44 −130 4.1 Mb ItCMT Wf Inv 252 62 356 8 NF
162 2011 7 6 09:08:38.0 14.80 38.01 7.5 115 44 −53 3.7 Mb ItCMT Wf Inv 104 64 360 7 NF
163 2011 11 15 04:59:00.0 14.67 38.25 7.0 281 80 66 4.0 Ml TDMT Wf Inv 31 31 165 49 U
164 2011 11 23 14:12:33.0 16.02 39.92 6.3 319 51 −106 3.6 Ml TDMT Wf Inv 171 77 60 5 NF

Database of 164 selected earthquake focal mechanisms for the Calabrian Arc. ID is the order number (see same label numbers in Fig. 4). Strike, dip, and rake refer to the nodal
planes. Mag is the earthquake magnitude with the specific scale (M-Type). Source is the bibliographic source: Italian Centroid Moment Tensor (ItCMT); Time-Domain Moment
Tensor (TDMT); D'Amico et al. (2011) (CAP-BGTA); D'Amico et al. (2010) (CAP-PEPI); Maggi et al. (2009) (Maggi&Al); Li et al. (2007) (CAP-BSSA); Frepoli et al. (2011)
(Frepoli&Al); CAP denotes 17 new mechanisms computed with the CAP method. Method is the methodology applied to compute the mechanisms: Waveform inversion (Wf
Inv) and P-onset polarity analyses (Pol). P_Az and T_Az mean azimuth of P- and T-axes, respectively. P_Pl and T_Pl mean plunge of P- and T-axes, respectively. FT is faulting
type according to Zoback's (1992) definition: NF=normal faulting, NS=normal faulting with a minor strike-slip component, SS=strike-slip faulting, TF=thrust faulting, TS=
thrust faulting with a minor strike-slip component, and U=unknown stress regime.
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2008, 2011; Devoti et al., 2008, 2011; Hollenstein et al., 2003; Palano
et al., 2011, 2012; Serpelloni et al., 2007, 2010) with a marked kine-
matic divergence between Calabria and Sicily and active shortening in
the Ionian section of the Calabrian Arc and in the south-Tyrrhenian.
Several sectors of the Calabrian Arc and adjacent areas are seismically
active as demonstrated by recent and historical earthquakes (Basili et
al., 2008; Chiarabba et al., 2005; Galli et al., 2008). Themain known seis-
mic faults or zones in the Calabrian Arc and adjacent areas are synthet-
ically depicted as follows from northeast to southwest (Fig. 1a).

(1) The inner (Tyrrhenian) and axial sectors of Southern Apennines
have undergone postorogenic extensional tectonics since at least
early-middle Pleistocene time (Amicucci et al., 2008; Barchi et
al., 2007). Although several destructive earthquakes in recent
and historical times were sourced by normal faults in the axial
and inner Southern Apennines (Galli et al., 2006, 2008; Pantosti
et al., 1993), most seismically active faults of this region are
still poorly known. Recently, Brozzetti (2011) has integrated the
long literature on the neotectonics of Southern Apennines
(e.g., Ascione et al., 2003; Boncio et al., 2007; Cinque et al., 1993;
Frepoli et al., 2005, 2011; Galli and Galadini, 2003; Giano et al.,
2000; Improta et al., 2010; Maschio et al., 2005; Moro et al.,
2007; Pantosti and Valensise, 1990; Papanikolaou and Roberts,
2007; Spina et al., 2008; Valoroso et al., 2009, 2011; Villani and
Pierdominici, 2010; Westaway and Jackson, 1984) with new
data and has recognized an extensional belt including three
main fault alignments trending NW–SE. Each alignment consists
of normal fault segments up to about 25 km in length and to a
few kilometers in cumulated displacement. Slip on these faults
is in general compatible with a NE–SW extension, but strike-
slip seismic sequences have also been recorded such as the
1990–1991 Potenza sequence that occurred along a N100°-
trending fault zone (Boncio et al., 2007).

(2) The Ionian side of northern Calabria (off northeastern Sila) is a
tectonically complex area as it joins the NW–SE-trending, NE–
SW-extending Southern Apennines with the NNE–SSW-trending,
NW–SE-extending curved Calabria, and it is located on top of the
northern edge of the subducting Ionian slab (Fig. 1c). The Ionian
side of northern Calabria (including the northeastern Sila Massif,
the Sibari Plain, and the eastern Pollino Range) is a seismically ac-
tive area, where some historical and recent earthquakes were
recorded (Arrigo et al., 2006; Galli and Scionti, 2006). Moreover,
in this area, geomorphologic, structural, and offshore reflection
seismic evidence has revealed the presence of active NW-striking
transpressional faults that may accommodate a large part of the
geodetic shortening shownbyGPS data between the SouthernAp-
ennines and the Apulian foreland toward the northeast (Cinque et
al., 1993; Del Ben et al., 2008; Ferranti et al., 2009; Spina et al.,
2009). Seismic reflection data suggest a recent transpressional ac-
tivity along the NW-striking faults of this area (Sibari strike-slip
fault in Del Ben et al., 2008). The active tectonics, kinematics, and
recent deformation rates of this area remain, however, largely de-
bated as demonstrated in several studies (Cinti et al., 1997; Cucci,
2004; Del Ben et al., 2008; Galadini et al., 2000; Molin et al.,
2004; Tansi et al., 2007). Paleoseismological evidence of a
left-lateral activity has been also found to the south of the Sibari
Plain, namely along the NW-striking Cecita and Lake faults that
cut across the Sila Massif (Galli and Bosi, 2002).

(3) Calabria is a curved region hosting the central and most curved
portion of the Calabrian Arc. This region tops the narrow Ionian
slab subducting toward the northwest (Fig. 1c) and it is mostly
undergoing active extension (D'Agostino et al., 2011). Two main
systems of active normal faults are present in Calabria. Toward
the northwest (Tyrrhenian side of Calabria), the system of the
Crati River (Cello et al., 1982; Cifelli et al., 2007; Spina et al.,
2009, 2011; Tortorici et al., 1995a) includes N-striking normal
faults with some evidence of recent oblique dextral motions
along the boundaries of the narrow Crati River basin. Recent
intermediate-magnitude extensional earthquakes that occurred
in 1980 (M 4.3) and 2001 (M 4.2) as well as the 1638 destructive
earthquake (M c. 6.7) prove the ongoing activity of the Crati River
fault system. Toward the south, along the Tyrrhenian side of
Calabria, the Serre–Cittanova system (Galli and Bosi, 2002;
Jacques et al., 2001; Monaco and Tortorici, 2000; Tortorici et al.,
1995a) includes active normal faults striking NE–SW and sepa-
rating the Aspromonte and Le Serre ranges, to the east, from a
series of basins occurring along the Tyrrhenian side of Calabria.
This fault system and other nearby faults have been involved in
destructive historical earthquakes and earthquake sequences
that occurred in 1783, 1894, 1905, 1907, and 1908 (Galli and
Bosi, 2002; Neri et al., 2006), which involved a large part of
Calabria down to the Messina Straits.

(4) Between Calabria and Sicily, the Messina Straits is one of the
most enigmatic areas of the entire Calabrian Arc (Doglioni et
al., 2012). On December 1908, a magnitude 7.1 earthquake
and subsequent tsunami (Billi et al., 2008, 2009b, 2010a;
Pino et al., 2009) provoked tens of thousands of deaths and
enormous damage to the cities and villages along the straits.
The 1908 earthquake may have been caused by the activation
of a normal, circa north–south trending fault in the Messina
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Straits responding to the general WNW–ESE active extension
detected by seismological and GPS data (Neri et al., 2005;
Serpelloni et al., 2010); however, the exact location and ge-
ometry of the 1908 earthquake-causative fault are still con-
troversial (Amoruso et al., 2002, 2006; Boschi et al., 1989;
Bottari et al., 1989; Catalano et al., 2008; DISS Working
Group, 2007; Monaco and Tortorici, 2000; Pino et al., 2009;
Valensise and Pantosti, 1992), whereas both recent and past
studies have made clear that the destructive tsunami associ-
ated to this earthquake was sourced, for its largest part, by
an underwater landslide located to the south of the main epi-
central area (Billi et al., 2008, 2009a; Ryan and Heezen, 1965).
The seismicity in theMessina Straits in the last fewdecades (Neri
et al., 2003, 2004, 2008) has not allowed seismologists to accu-
rately define the locations and mechanisms of the seismogenic
faults in this area. Recently, Polonia et al. (2011, 2012), through
offshore seismic reflection investigations, have drawn a long,
segmented, NW–SE deformation zone running from theMessina
Straits toward the southeast and accommodating active differen-
tial movements of the Calabrian and the Peloritan portions of the
Calabrian Arc.

(5) To the south of the Messina Straits, off eastern Sicily, the Malta
escarpment is another enigmatic morphostructural feature. This
feature, which runs NNW–SSE from the Maltese Islands, to the
south, to almostMt Etna, to the north, is primarily amorphological
escarpment separating the Hyblean–Pelagian continental domain,
to the west, from the low-altitude presumably-oceanic Ionian do-
main, to the east (Grasso, 1993). Recent studies have shown that
the southern portion of this feature is tectonically inactive, where-
as evidence of active tectonics is present along some fault seg-
ments accompanying the escarpment in its northern section
(Polonia et al., 2011, 2012). The inactivity of part of the Malta
escarpment as well as the hypothesized landslide source for the
tsunami that followed the 1693 magnitude 7.3 destructive earth-
quake of southeastern Sicily (Billi et al., 2010b) may support the
hypothesis that the causative fault of this strong earthquake is
inland along active faults that cut through the Hyblean foreland
in southeastern Sicily (e.g., Bianca et al., 1999; Sirovich and
Pettenati, 2001; Visini et al., 2009). The offshore hypothesis re-
mains, however, also plausible (e.g., Gutscher et al., 2006).

(6) To thewest of theMessina Straits, the Tindari Fault system(includ-
ing some active Aeolian volcanoes) constitutes a complex
right-lateral transtensional active zone (NNW-trending) of seismic
deformation (Billi et al., 2006; Goes et al., 2004; Pondrelli et al.,
2004a; Tortorici et al., 1995b). Toward the north, the offshore
and coastal sections of the Tindari Fault are sites of frequent
low- and intermediate-magnitude earthquakes (Billi et al.,
2006). Toward the south, this fault system becomes less definite
and probably spread over a diffuse zone of brittle deformation
close toMt Etna, beneath which NW-striking right-lateral seismic
faulting is particularly frequent with low- and intermediate-
magnitude earthquakes (Aloisi et al., 2002; Barberi et al., 2000;
Cocina et al., 1997, 1998;Gresta et al., 2005). The Tindari Fault sys-
temand the active right-lateral strike-slip faulting in northeastern
Sicily are interpreted by many as a diffuse regional transfer zone
between the compressional south-Tyrrhenian domain and the
extensional Ionian one (Billi et al., 2006; Goes et al., 2004;
Govers and Wortel, 2005; Pondrelli et al., 2004a). The Tindari
Fault system is located on top of the southern edge of the Ionian
subducting slab and, as such, is considered as a possible expres-
sion of a subduction-transform edge propagator or STEP fault
(Govers and Wortel, 2005; see also Rosenbaum et al., 2008) on
the overriding plate.

(7) To thewest and northwest of Mt Etna, a roughlyWNW-trending
zone of seismic deformation runs between Mt Etna and Cefalù
along the northern coast of Sicily (Billi et al., 2010b). This zone
includes disconnected, short (up to 15–20 km in length), nor-
mal fault segments preferentially striking WNW–ESE, but, in
places, abutted by N- to NNE-striking strike-slip faults. The over-
all kinematics of the Cefalù–Etna zone is extensional (NNE–SSW
extension; Hollenstein et al., 2003; Billi et al., 2010b) and
becomes right-lateral transtensional toward the east close to
Mt Etna. On the basis of historical data and apparent fault size,
the maximum expected earthquake magnitude for the Cefalù–
Etna seismic zone results to be of class 6 (Billi et al., 2010b;
see also Barreca et al., 2010) but wider investigations are re-
quired for a more effective evaluation of the seismic potential
in this area. The geodynamic engine activating this extensional
zone located within the broader convergent boundary between
Europe and Africa (Nubia) is still substantially unknown. Lateral
extension on preexisting faults and upwelling of melt mantle
material beneath Mt Etna were considered viable processes to
explain, at least in part, the active extensional tectonics along
the Cefalù–Etna seismic zone (Billi et al., 2010b).

(8) To the north of Sicily, a compressional belt of seismic deforma-
tion runs approximately E–W in the south-Tyrrhenian from the
Tindari Fault, to the east, toward Ustica Island, to the west (Billi
et al., 2007, 2011; Cuffaro et al., 2011; Goes et al., 2004;
Montone et al., 2004; Pondrelli et al., 2004a; Presti et al., 2008).
This belt includes fault segments that strike NE–SW and NW–

SE. Earthquake data show that the NE-striking faults are mainly
reverse, whereas the NW-striking ones are mainly right-lateral
strike-slip or transpressional. Several historical earthquakes
that caused damage in Palermo and in other inhabited sites of
northern Sicily are thought to be sourced from the compressional
belt of southern Tyrrhenian rather than from local inland sources
(Azzaro et al., 2004; Guidoboni et al., 2003). On the basis of his-
torical data and apparent fault size, the maximum expected
earthquake magnitude for this seismic belt results to be of class
6, but larger events cannot, at the present level of knowledge,
be excluded (Billi et al., 2007). Most seismically-active faults in
the south-Tyrrhenian belt are high-angle. For this reason and
for seismic reflection evidence, it is plausible that the seismicity
in this sector is due to a reactivation (rejuvenation) of the inner
Calabrian orogenic wedge (Billi et al., 2007; Pepe et al., 2005).
The compressional south-Tyrrhenian belt may become, in the fu-
ture, a new convergent plate boundary with southward subduc-
tion of the Tyrrhenian backarc basin (Billi et al., 2011).

(9) Compression in central Sicily and in the Sicily Channel is consid-
ered substantially inactive since Pleistocene–Holocene times by
several investigators (e.g., Butler and Grasso, 1993). However,
on January 1968, a magnitude 5.6 earthquake, accompanied by
two other M 5.2 shocks hit the Belice Valley in central-western
Sicily. Instrumental records of this mainshock are limited and
led to the elaboration of two main types of focal mechanisms:
one strike-slip (Anderson and Jackson, 1987) and one compres-
sional (Monaco et al., 1996). Another compressional earthquake
(M 4.9) occurred on June 1981 to the west of Belice Valley, close
to Mazara del Vallo (Lavecchia et al., 2007b; Pondrelli et al.,
2004a). The Belice Valley is presently affected by infrequent
low-magnitude seismicity. The above mentioned seismic evi-
dence suggests that some contractional deformation is still
being accommodated in central-western Sicily (Speranza et al.,
1999; Lavecchia et al., 2007a, 2007b; see also GPS evidence in
Billi et al., 2011). By use of several types of seismic, geophysical,
and geological data, some investigators (Lavecchia et al., 2007b;
Sgroi et al., 2012; Visini et al., 2010) suggested the existence of
a unique regional-scale seismogenic structure (Sicilian Basal
Thrust) connecting the active deformation and the seismic activ-
ity of the western, central and eastern areas of mainland Sicily
and those of central-southern Sicily, subject to a NNW-striking
compressional stress regime.
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2.2. Lithosphere and mantle structure

The lithosphere and mantle setting beneath the Calabrian Arc has
been deeply investigated in the last decades by means of regional and
local seismic analyses reported in several previous papers (Barberi et
al., 2004; Chiarabba et al., 2008; Chironi et al., 2000; Montuori et al.,
2007; Neri et al., 2002; Steckler et al., 2008). Although very heteroge-
neous, the Calabrian Arc is characterized by a set of well determined
first-order crustal and sub-crustal features, which are well visible in
Fig. 2. This figure synthesizes the most recent P-wave velocity models
available for the study area (Neri et al., 2009; Orecchio et al., 2011). At
a depth of 10 km (Fig. 2a), different velocity patterns are evident for
the Tyrrhenian Sea, Sicily, Calabria, and Southern Apennines. Sicily
and Southern Apennines are characterized by P-wave velocity values
of about 5–5.5 km/s, which are typical of continental crusts, whereas,
beneath Calabria and the Tyrrhenian Sea, the tomographic analysis
reveals higher P-wave velocities (c. 6–6.5 km/s). The high velocity
pattern beneath the Tyrrhenian Sea is commonly interpreted with
the thinning of the Tyrrhenian crust (and incipient oceanization)
with respect to the adjacent continental crusts of Sicily and Southern
Apennines (Barberi et al., 2004; Chiarabba et al., 2008; Finetti, 2005a,
2005b; Orecchio et al., 2011; Pepe et al., 2000). The high-velocity pat-
tern beneath Calabria (at a depth of 10 km), contrasting with slower
ones at the same depth beneath Southern Apennines and Sicily, shows
lateral heterogeneities in the roots of the large Calabrian Arc (see also
Di Stefano et al., 2009; Piana Agostinetti and Amato, 2009). In short,
the velocity map at 10 km depth (Fig. 2a) provides evidence for the
crustal heterogeneities and boundaries between the main crustal do-
mains of Calabro–Tyrrhenian, Sicilian, and Southern Apennines regions.

At 30 km of depth (Fig. 2b), we identify a high velocity domain be-
neath Tyrrhenian Sea, which is interpreted as a mantle domain, and a
more uniform domain beneath the Calabrian Arc, which is interpreted
as a lower-crust domain (Barberi et al., 2004, Chiarabba et al., 2008;
Finetti, 2005a, 2005b; Orecchio et al., 2011). The different velocity
domains beneath Calabria and Tyrrhenian Sea as well as the rather ho-
mogeneous pattern beneath the Calabrian Arc are interpreted with a
crustal thickening beneath the arc (i.e., the accretionary wedge; Barberi
et al., 2004; Catalano et al., 2001; Finetti, 2005a, 2005b). In particular,
the P-wave velocity values (c. 6.5–7 km/s) obtained below the arc may
correspond either to continental lower-crust rocks of Sicily and Southern
Apennines or to crustal rocks of the Ionian slab subducting toward the
northwest beneath the Calabrian Arc (Fig. 2e and f).

TheNNW-trending high-velocity anomaly reported at 65 kmof depth
(Fig. 2c) identifies the subducting Ionian lithosphere approaching the
flexure zone located beneath the Tyrrhenian coast of Calabria. Locations
of the low velocity anomalies are compatible with toroidal circulations
of asthenospheric material around the narrow slab (Fig. 1c) as suggested
by previous papers (Civello and Margheriti, 2004; Faccenna et al., 2005,
2011; Lucente et al., 2006; Montuori et al., 2007; Piromallo et al., 2006).
The Ionian lithospheric slab has its shortest along-strike extent at
105 km depth, where the high velocity anomaly is present only beneath
southern Calabria along a NE-striking c. 100 km-long segment. This to-
mographic result suggests that the subducting lithosphere is presently
continuous only beneath southern Calabria (i.e., the central portion of
the Calabrian Arc), whereas slab break-off has already occurred at
the northern and southwestern edges of the arc (i.e., beneath northern
Calabria andnortheastern Sicily, respectively). To better illustrate the sub-
duction setting, in Fig. 2(e) and (f), we show two vertical cross-sections,
one orthogonal and one parallel to the Ionian slab. The AA′ cross-section
(Fig. 2e) tidily shows the depth continuity of the Ionian slab beneath
Fig. 2. Crustal and sub-crustal P-wave velocity models selected from recent tomographic anal
obtained by Orecchio et al. (2011) at depths of 10 and 30 km, respectively. (c) and (d) show th
velocity variationwith respect to the ak135model. Numbers in low-right corners indicate depth
in the original works (Neri et al., 2009; Orecchio et al., 2011). (e) and (f) show two cross-sectio
tracks in Fig. 2a). Data are from Orecchio et al. (2011) for depths between 0 and 50 km, and fr
southern Calabria as well as the crustal tectonic doubling beneath
Calabria. In the BB′ cross-section (Fig. 2f), the lateral boundaries of the
narrow Ionian slab are well evident as it is also the crustal thinning of
the Tyrrhenian crust with respect to the adjacent crusts of Sicily and
Southern Apennines.

3. Earthquake focal mechanisms

3.1. Method and data selection

To constrain the active tectonics and seismogenic stress fields of the
Calabrian Arc region, we compiled an up-to-date database (Table 1) in-
cluding all the available crustal focal mechanisms computed for the
study region by using waveform inversion methods (http://www.bo.
ingv.it/RCMT/; http://cnt.rm.ingv.it/tdmt.html; Li et al., 2007; D'Amico
et al., 2010, 2011) and somewell constrained first-motion focal mecha-
nisms (Frepoli et al., 2011, Maggi et al., 2009). In the database, we also
included seventeen new focal mechanisms computed through the CAP
waveform inversion method.

In constraining focal mechanisms, waveform modeling is well
known to be a much more powerful method than first-motion inver-
sion. First-motion focal solutions strongly suffer from the uncertainties
on velocity models required to reconstruct the wave path, reflect only
the initial stages of faulting, andmay be unstable due to a poor azimuth-
al coverage of the observing stations (Lay and Wallace, 1995; Pondrelli
et al., 2006; Scognamiglio et al., 2009). In particular, in the study region,
the seismic network geometry affected by the lack of OBSs (Ocean
Bottom Seismometers) in the wide offshore region (Fig. 1b) is a major
factor reducing the quality of traditional focal mechanisms obtained
from the inversion of P-onset polarities (D'Amico et al., 2010; Pondrelli
et al., 2006). For this reason, although the first-motion focal mechanisms
in the study region display focal parameter errors small enough to allow
detection of gross variations of stress (e.g., between the Calabrian Arc
and western-central Sicily major domains; Frepoli and Amato, 2000a),
their uncertainties are too large for detection of slighter stress changes
of our interest in the present study. All these considerations led us
to compile a database of selected focal mechanisms (Table 1) by princi-
pally using waveform inversion solutions, but including also a few
high-quality data resulting from quality-selected P-onset polarity
inversions.

As regards moment tensor solutions, in our database (Table 1), most
data are from the Italian CMT catalog (ItCMT, 79 events) covering the
time interval 1977–2011. For the period 2004–2011, the database in-
cludes also focal solutions computed by using the Time-DomainMoment
Tensor (TDMT, 10 events), and the Cut and Paste technique (CAP, 53
events).

The Italian CMT catalog (http://www.bo.ingv.it/RCMT/Italydataset.
html; Pondrelli et al., 2006) has been obtained by merging the existing
global CMTs, the Euro-Mediterranean RCMTs, and the solutions com-
puted to extend backward the Euro-Mediterranean RCMT catalog.
This catalog represents an extension toward smaller magnitudes of
theHarvard CentroidMoment Tensor catalog (CMT). The CMT database
furnishes robust, stable, and reliable seismic source mechanisms
through the analysis of intermediate and long period seismograms
recorded at the global scale for earthquakes with M>5 (Dziewonski
et al., 1981; Ekström et al., 2005). This inversion process simultaneously
fits two signals: (1) the very long period (T>40 s) body wave train
from the P-wave arrival until the onset of the fundamental modes and
(2) the mantle waves (T>135 s). Moment tensors for 4.0≤M≤5.5
earthquakes in the Italian CMT catalog have been computed following
yses (Neri et al., 2009; Orecchio et al., 2011). (a) and (b) show the crustal velocity model
e subcrustal results of Neri et al. (2009) at depths of 65 and 105 km in terms of percentage
s in kilometers below sea level. Black curves contour the good resolution zones as reported
nal views perpendicular and parallel, respectively, to the Calabrian Arc (see cross-section
om Neri et al. (2009) for depths greater than 65 km.

http://www.bo.ingv.it/RCMT/
http://www.bo.ingv.it/RCMT/
http://cnt.rm.ingv.it/tdmt.html
http://www.bo.ingv.it/RCMT/Italydataset.html
http://www.bo.ingv.it/RCMT/Italydataset.html
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the same method that is used to analyze current seismicity for the
European-Mediterranean RCMT Catalog (http://www.bo.ingv.it/
RCMT/). The RCMT procedure is based on the inversion of intermediate
and long period surface waves recorded at regional and teleseismic dis-
tances. Observed and synthetic seismograms are matched after a low-
pass filtering with a cutoff period generally set at 35 s. The quality
evaluation process included in this procedure ensures a high reliability
of data (Pondrelli et al., 2002, 2004b, 2006, 2007, 2011).

The TDMT algorithm performs long-period full waveform inver-
sion for local and regional events with magnitude M≥3.5 (Dreger,
2003; Dreger and Helmberger, 1993; Scognamiglio et al., 2009;
http://earthquake.rm.ingv.it/tdmt.php). Waveforms are corrected
for the instrument response, integrated to obtain displacement, and
then band-pass filtered in the frequency band 0.02–0.05 Hz, for
events with ML≥3.8, and in the band 0.02–0.1 Hz, for events with
magnitude smaller than 3.8. Focal mechanisms judged not reliable
according to a quality index scale based both on the number of sta-
tions used and on the double-couple value are not included in the
dedicated web site (Scognamiglio et al., 2009) and therefore also in
our database.

In the CAP method (Zhao and Helmberger, 1994; Zhu and
Helmberger, 1996), each waveform is broken up into Pnl (i.e., the
first arrivals from a seismic source located in the crust eventually in-
cludingwaves reflected andmultireflected from the top of the sharpest
discontinuity) and surface wave segments, which are weighted differ-
ently during the inversion procedure. This procedure is necessary be-
cause the selected wave segments are sensitive to different parts of
crustal structure and have different amplitude decay with distances.
The surface waves, although large in amplitudes, are easily influenced
by shallow crustal heterogeneities, whereas Pnl waves are controlled
by the averaged crustal velocity structure and are thereforemore stable.
Ground velocity data are preferred to ground displacement mainly
because of the use of weak-motion data and because, for earthquakes
of magnitude less than 4, there is a high signal-to-noise ratio only at
higher frequencies. Furthermore, working with ground velocity rather
than ground displacement reduces the influence of a low frequency
site or instrument noise on the deconvolution. Synthetic and observed
ground velocities are filtered in the same frequency bands, namely
from 0.02 to 0.1 Hz, for the surface waves, and from 0.05 to 0.3 Hz, for
the Pnl waves. All these features make the CAP method effective for
earthquakes over a wide range of magnitudes (down to a minimum of
2.6; D'Amico et al., 2010, 2011; Zhu et al., 2006) as also proven by sev-
eral tests and comparisons (D'Amico et al., 2010, 2011, Tan et al., 2006,
Zhao and Helmberger, 1994). The stability of previously-published CAP
mechanismswas accurately verified by varying both the Earth structure
parameters and the recording network distribution (D'Amico et al.,
2010, 2011). The fault parameter uncertainties were estimated in
D'Amico et al. (2010) as lower than 6° using themethods and the statis-
tical approaches described by Tan et al. (2006) and Bevington and
Robinson (2003).

For this work, we elaborated 17 new focal mechanisms (highlighted
in Fig. 4with a thicker perimeter) using the CAPmethod for earthquakes
that occurred between 2005 and 2010 (magnitude range 3.1–4.5) and
successfully tested the stability of these new data. As explicatory exam-
ples, in Fig. 3, we show the stability tests for two of our new CAP focal
mechanisms selected in order to check the method at the lowest and
highest earthquake magnitudes of the dataset. In particular, Fig. 3
shows the stability of the focal mechanism solutions in different seismic
network conditions (plots (a) and (b)) and in the neighborhood of the
estimated focal depth (plot (c)).

For 24 earthquakes that occurred between 2004 and 2010, differ-
ent solutions are reported in the different catalogs. In these cases, we
made our choice selecting the final focal mechanism to be included in
Table 1 according to the following order of preference: CAP, ItCMT,
and TDMT. As the tests performed by Scognamiglio et al. (2009)
showed a good agreement between the TDMT and ItCMT catalogs,
we preferred the solutions coming from the richer ItCMT catalog to
ensure a better continuity over the whole database. Following
D'Amico et al. (2011), we also verified for the solutions estimated in
the present study the agreement between the CAP, TDMT and ItCMT
solutions by means of the Kagan angles (Kagan, 1991). These angles
measure the rotation that must be applied to a double-couple source
to make it coincident with another one. The Kagan angles can vary
from 0° (indicating perfect agreement between the two solutions)
to 120° (total disagreement). Values below 60° indicate a good agree-
ment between the two solutions (Pondrelli et al., 2006). The Kagan
angles estimated in D'Amico et al. (2011) and in the present study
show a good correspondence between CAP and other solutions. For
these events, the CAP solutions were preferred to the TDMT and
ItCMT ones because the CAP solutions were computed using velocity
models specific of the study region (instead of large-scale averaged
models) and were also carefully checked for quality and stability by
properly planned tests both in the studies by D'Amico et al. (2010,
2011) and in the present work (e.g., Fig. 3).

Concerning thefirst-motion focalmechanisms, the area under investi-
gation in this paper includes some sectors (Southern Apennines and cen-
tral Calabria) characterized by a good seismic station coverage (Fig. 1b)
and for which focal mechanisms estimated by the first-motion method
can also be well constrained. To select high-quality first-motion focal
mechanisms from these sectors, we considered previously-published pa-
pers reporting polarity distribution on the focal sphere or, at least, polarity
number and quality parameters of solutions (Frepoli and Amato, 2000a;
Frepoli et al., 2011; Giampiccolo et al., 2008; Maggi et al., 2009;
Vannucci and Gasperini, 2004). We then selected good quality focal
mechanisms with a number of polarities larger than or equal to 14. This
selection provided 22 very reliable first-motion focal mechanisms from
the Southern Apennines. We therefore included these latter mechanisms
in the database (Table 1).

3.2. Spatial distribution of focal mechanisms

All focal mechanisms included in our database (Table 1) are
displayed in Fig. 4 with different colors corresponding to different
types of faulting according to the Zoback's standard classification
used in the World Stress Map and based on different plunge ranges
for P- and T-axes (Zoback, 1992; http://dc-app3-14.gfz-potsdam.de/):
Normal Faulting (NF), Normal Strike (NS), Strike-Slip (SS), Thrust-
Strike (TS), Thrust Faulting (TF) and Unknown (mechanisms with
P- and T-axes falling outside the ranges of the other categories). In
Fig. 4, the NF and NS categories are grouped together (same color) as
well as the TF and TS categories. Epicenters of earthquakes listed in
Table 1 and displayed in Fig. 4 are shown in the map of Fig. 5 and are
grouped by polygons according to a criterion of homogeneity based
on visual inspection of focal mechanisms and of polar plot distribu-
tions of P- and T-axes. Although preliminary, this partitioning shows
a certain correspondence with the main seismotectonic features of
the study region described in Section 2.1. The depth distribution of
the same earthquakes/mechanisms is shown in Fig. 6.

Normal faulting is predominant overmost of the Calabrian Arc. In par-
ticular, from the Southern Apennines to Sicily, about 40% of the focal
mechanisms from our database are normal or oblique-extensional. Re-
verse faulting is predominant in the southern Tyrrhenian area (Fig. 4),
where the P-axes (horizontal, NW–SE-trending; Plot 1 in Fig. 5) are con-
sistent with the NW–SE Nubia–Eurasia convergence (Billi et al. 2007,
2011; Neri et al., 2005; Pondrelli et al., 2004a). This same trend of
P-axes (Plot 4 in Fig. 5) is also characteristic of focal mechanisms from
the Hyblean–Pelagian foreland (Sicily Channel) south of latitude N37.5°
(Fig. 4).

The central-northern Sicily between about Mt Etna and Cefalù is
affected by NNE–SSW extension over a complex fault network strik-
ing WNW–ESE or N–S (Billi et al., 2010b). Strike-slip kinematics
becomes predominant over northeastern Sicily and the Etnean area.

http://www.bo.ingv.it/RCMT/
http://www.bo.ingv.it/RCMT/
http://earthquake.rm.ingv.it/tdmt.php
http://dc-app3-14.gfz-potsdam.de/


Fig. 3. Two examples of tests performed to verify the stability of the focal mechanisms estimated in this work (Table 1). (a) These two panels show the location of the events and
stations used in the tests. (b) Beach balls represent the solutions obtained using different sets of stations. (c) Misfit errors reported as a function of depth. The solutions do not
change around the minimum, thus indicating the stability of the final solution.
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Along the Tindari Fault system, right-lateral to oblique-extensional
displacements are presently accommodated (Plot 3 in Fig. 5), thus in-
dicating this fault system as the possible junction along which the
horizontal displacements, presently active in the south-Tyrrhenian
belt, are transferred toward the southeast in the Ionian section of
the Calabrian Arc (Billi et al., 2006; Goes et al., 2004). Toward the
north, also the Ionian side of northern Calabria is characterized by
(left-lateral) strike-slip seismic faulting along the NW–SE direction.
Analogously to the Tindari Fault system, also the Ionian side of north-
ern Calabria (i.e., northeast of Sila) may constitute a strike-slip trans-
fer zone connecting the tectonically heterogeneous central Calabria
and Southern Apennines.

The Etnean area is mainly affected by strike-slip seismic faulting,
which becomes prevailing toward the east. In particular, the related
P- and T-axes (Plot 5 in Fig. 5) suggest, for the Etnean area, prevailing
right-lateral dislocations along WNW- and NW-striking faults. Both
strike-slip, extensional, and reverse earthquakes occurred, however,
in recent decades in the Etnean area, particularly during or immedi-
ately before important eruptive periods (e.g., Alparone et al., 2011;
Barberi et al., 2000; Bonanno et al., 2011; Gresta and Patanè, 1987;
Gresta et al., 2005; Neri et al., 2005; Patanè et al., 2003). We carefully
verified in the present study that no earthquake of our dataset
(Table 1) occurred during or close to the Etna's eruptive periods in
the crustal volume that several investigators proposed as the most sig-
nificantly affected by the local volcanic processes (see, e.g., Cocina et al.,
1998; Barberi et al., 2000). This check, together with the additional sup-
port of the observed waveform features and of published information
concerning earthquakes anyway located near the volcano edifice, al-
lows us to be very confident that all the earthquakes listed in Table 1
had a tectonic origin. The right-lateral strike-slip regime suggests that
similar seismic processes occurred in the Mt Etna domain and in the
northern portion of the Tindari Fault system near the central Aeolian
Islands. This evidence led us to display, in Fig. 5, also the joint polar
plot “3+5” of P- and T-axes distributions. The coherency of the
resulting joint distribution further indicates the homogeneous behavior
of these two sectors thus supporting the presence of a diffuse transfer
zone from Mt Etna to the central Aeolian Islands along the Tindari
Fault system (Billi et al., 2006; Goes et al., 2004). Extension is dominant
in the Central Calabria to Messina Straits area (see also D'Amico et al.,
2010; Serpelloni et al., 2010), where most events have near vertical
P-axes and circa horizontal T-axes trending WNW–ESE (Plot 6 in
Fig. 5). The indentation of this extensional domain (CCMS for brevity)
into the northeastern corner of Sicily – already suggested in the previ-
ous stress analysis of Neri et al. (2005) – is now further confirmed by
the new, higher-quality data that clearly show the CCMS extensional
volume to be wedged into the Northeastern Sicily strike-slip transfer

image of Fig.�3


Fig. 4. Selected crustal earthquake focal mechanisms for the large Calabrian Arc area including the southern Apennines, Calabria, Sicily, south-Tyrrhenian, and Sicily Channel
(Table 1). Following the classification adopted in the World Stress Map (Zoback, 1992; http://dc-app3-14.gfz-potsdam.de/), different colors identify different types of mechanisms:
red=normal faulting (NF) or normal faulting with a minor strike-slip component (NS); green=strike-slip faulting (SS); blue=thrust faulting (TF) or thrust faulting with a minor
strike-slip component (TS); black=unknown stress regime (U). White background of beach balls is for mechanisms from waveform analysis, whereas gray background is for
mechanisms from P-wave first motions. Thick perimeters of the beach balls are for the 17 new focal mechanisms computed in this work by using the CAP technique. The beach
ball size is proportional to the earthquake magnitude (see right side of the legend).
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zone linking the central Aeolian Islands to Mt Etna (AIME for brevity).
The indentation of the CCMS extensional domain within the AIME
strike-slip domain is further addressed, from a tectonic point of view,
below in the Discussion section. Toward the northeast, on the other
side of the Calabrian extensional domain, strike-slip mechanisms char-
acterize the Ionian coast of central Calabria, where, however, a NW–SE
extensional component is also present (Plot 7 in Fig. 5).
In the Southern Apennines, focal mechanisms (Fig. 4) are predom-
inantly normal with nodal planes striking NW–SE and T-axes (Plot 8
in Fig. 5) trending perpendicularly along the regional direction of ex-
tension (Montone et al., 2004; Pondrelli et al., 2006). Plot 8 (Fig. 5)
shows also the presence of sub-horizontal P-axes trending NW–SE.
Most of these events are those pertaining to the Potenza 1990–1991
seismic sequence (Boncio et al., 2007), which was a strike-slip

image of Fig.�4
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Fig. 5. Polar plots of P- and T-axes for earthquakes grouped by different seismological domains (indicated with black boxes). See the legend for explanation of color codes.
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sequence within the active extensional (NE–SW extension) Southern
Apennines (see also Frepoli et al., 2011).

The depth distribution of focal mechanisms is shown in Fig. 6 for
the main seismogenic zones identified in Fig. 5 and indicated with
red lines to be considered as cross-section tracks (see caption to
Fig. 6 for details). The available focal depths are mainly between 0
and −20 km. The focal depth distribution seems to well reflect the
main features of the lithospheric structure. Earthquakes are mainly
clustered at shallow depths (b20 km) beneath the southern Calabria
and south-Tyrrhenian areas, where the seismic wave velocity pattern
indicates a crustal thinning (e.g., Orecchio et al., 2011 and references
therein), whereas earthquakes reach greater depths in the remaining
sectors, including the two sectors probably acting as transition zones
between different domains (i.e., east-Sicily and north-Calabria; cross-
sections 2 and 4 in Fig. 6).

4. Seismogenic stress inversion for the Calabrian arc region

Recent regional-scale investigations of the stress field in southern
Italy (Barba et al., 2010; Frepoli and Amato, 2000b; Montone et al.,
2004; Pierdominici and Heidbach, 2012) have been performed with
the primary support of P-onset polarity focal mechanisms, borehole
measurements and fault kinematic indicators, sometimes integrated
by a minor contribution of waveform inversion focal mechanisms.
Other studies based on use of the same kind of data have mostly fo-
cused on small or limited sectors of the Calabrian Arc and adjacent
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Fig. 6. Depth of focal mechanisms projected along five cross-sections perpendicular to the Calabrian Arc (see cross-section tracks in red). Maximum projection distance is 110, 40,
85, 25, and 85 km for tracks 1, 2, 3, 4, and 5, respectively. White background of beach balls is for mechanisms from waveform analysis, whereas gray background is for mechanisms
from P-wave first motions. Red=normal faulting or normal faulting with a minor strike-slip component; green=strike-slip faulting; blue=thrust faulting or thrust faulting with a
minor strike-slip component; black=unknown stress regime. The beach ball size is proportional to the earthquake magnitude.
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regions (e.g., Alparone et al., 2011; Barberi et al., 2000; Billi et al., 2010b;
Boncio et al., 2007; Brozzetti et al., 2009; Frepoli et al., 2011; Giampiccolo
et al., 2008; Maggi et al., 2009; Musumeci et al., 2005; Neri et al., 2004;
2005; Pasquale et al., 2009; Sgroi et al., 2012). The main difference be-
tween the present study and the previous ones is concerned with the
kind and quality of data used. While most focal mechanisms used by
the previous investigators were coming from inversion of P-onset polar-
ities, a technique well known to undergo frequent failure and large ap-
proximations in regions of poor network geometry like the Calabrian
Arc one, we have compiled and used in the present study a more robust
database almost exclusively including focal solutions coming from appli-
cation of the most effective waveform inversion techniques. 60% of the
focal mechanisms included in our database have never been used in
the previous regional-scale investigations, e.g. our database is substan-
tially new for our application. With the present study we aim (i) to
furnish an overall view of the seismotectonics of the entire Calabrian
Arc region and (ii) to better explore so far poorly-investigated sectors
like, for example, northern Calabria.
We inverted, for stress tensor parameters, sub-samples of focal
mechanisms mainly computed through waveform analyses and
reported in our database (Table 1, Fig. 7). We applied the method of
Gephart and Forsyth (1984) and Gephart (1990), the basic assump-
tions of which are as follows: (1) stress is uniform in the rock volume
investigated, (2) earthquakes are shear dislocations on preexisting
faults, and (3) slip occurs in the direction of the resolved shear stress
on the fault plane. The algorithm searches for the stress tensor show-
ing the best agreement with the available focal mechanisms. Four
stress parameters are calculated, three of them define the orienta-
tions of the main stress axes σ1, σ2, and σ3 (maximum, intermediate,
andminimum compressive stresses, respectively), the fourth one (R) is
a measure of the relative stress magnitudes: R=(σ2−σ1)/(σ3−σ1).
The R parameter ranges from 0 to 1, where low and high R-values indi-
cate amagnitude of the intermediate compressional stress (σ2) close to
themaximum (σ1) andminimum (σ3) stresses, respectively. The aver-
age misfit (F) between the estimated stress tensor and the fault-plane
solutions gives preliminary information about stress homogeneity in
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the inversion dataset or, equivalently, in the concerned rock volume. Fol-
lowing Wyss et al. (1992) and Gillard et al. (1996), we assumed that the
condition of homogeneous stress distribution is fulfilled if the average
misfit F is smaller than 6° and that it is not fulfilled if F is greater than
9°. In the 6°bF b9° range, the solution is considered as acceptable, al-
though it may reflect some heterogeneities. In this latter case, in order
to identify sub-volumes as homogeneous as possible, we also run a joint
evaluation of the F-value and the individual earthquake misfits. Through
a trial and error procedure (e.g. Caccamo et al., 1996; Wyss et al., 1992),
when high individual misfits are found for peripheral earthquakes in
Fig. 7. Orientations of the principal stress axes and other parameters obtained by inversion o
green, and blue dots indicate the orientations of the maximum (σ1), intermediate (σ2), and
confidence areas for the σ1 and σ3 axes. The 95% confidence area for the σ2 axis is not dis
the inversion volume, the sub-volume boundary is moved to exclude
these marginal events and a new inversion is carried out to check the
stress uniformity in the new sub-volume. The primary criteria to define
the separate inversion volumes (Fig. 7) are the earthquake mechanism
similarity and spatial aggregation (see Figs. 4 and 5). The tectonic
domains reported in the literature do not necessarily coincide with the
space partitioning based on the above criteria, but, in the case of the pres-
ent study, a general correspondence can be noted between our space
partitioning of faulting regimes (Figs. 4, 5 and 7) and the seismotectonic
zoning available from previous investigations (Section 2.1).
f the earthquake focal mechanisms in the separate sub-volumes (see also Table 2). Red,
minimum (σ3) compressive stresses, respectively. Crosses and squares indicate the 95%
played.
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Our results are reported in Fig. 7 and Table 2. Fig. 7 displays the ori-
entations of the main stress axes and the 95% confidence limits of σ1
and σ3 for the five sub-volumes that have furnished a reliable stress
field solution, namely, Southern Apennines (SA), Ionian Calabria (IC),
Central Calabria to Messina Straits (CCMS), central Aeolian Islands to
Mount Etna (AIME), and south-Tyrrhenian (ST). The confidence limits
of the solution were computed by using the statistical procedure de-
scribed by Parker and McNutt (1980) and Gephart and Forsyth (1984).

The F-value of 6.0° and the relatively small 95% confidence limits
of the solution found in the sub-volume CCMS (including 27 earth-
quakes) indicate good levels of stress homogeneity and solution con-
straint. The steep attitude of σ1 together with a sub-horizontal σ3
trending N304°E defines an extensional stress regime for this domain
closely matching geologic and structural evidence (Tortorici et al.,
1995a). The prolongation of this extensional domain toward the
northeastern corner of Sicily was already fairly evident from the
focal mechanisms and the P- and T-axes distribution (Figs. 4 and 5)
and is now further confirmed by stress homogeneity in CCMS (Fig. 7).

In the IC sub-volume (Fig. 7), a smaller number of data (18) has
not prevented us from finding again a reliable stress tensor solution
characterized by a rather small misfit value (F=5.0°) and rather
well constrained 95% confidence areas. The resulting stress field is
compatible with a transtensive tectonic regime.

At the northern limb of the Calabrian Arc (sector 8 of Fig. 5), an
F-value of 7.1° and rather large confidence areas for the steep σ1 and
shallow σ3 axes reveal a dominant extension with a relevant degree
of stress heterogeneity in the data set. Following the above described
trial and error procedure, more homogeneous sub-volumes have been
found separating the northern and southern sectors, similar to what
was previously done by more local studies (Frepoli et al., 2011; Maggi
et al., 2009). The extensional stress field estimated for the 30 earth-
quakes of the northernmost sub-volume (SA in Fig. 7) shows a lower
misfit value of 6.3° (modest degree of stress heterogeneity), a steep
σ1 axis, and a horizontal σ3 axis trending northeast. Stress inversion
of the remaining 8 earthquakes located immediately to the south of sec-
tor SA (Fig. 7) seems to suggest again an extensional domain but with a
slightly rotated direction of extension (σ3 trending ca. NNE–SSW).
This latter result needs to be verifiedwithmore data in future investiga-
tions and is not shown in Fig. 7 for its preliminarity.

In the ST sub-volume (Fig. 7), an F-value of 5.2° is found to be asso-
ciated with relatively large confidence areas of σ1 and σ3 axes. The
sub-horizontal, NW-oriented maximum compressive stress likely re-
flects the NW–SE Nubia–Eurasia convergence in this sector, in agree-
ment with crustal motion models by Sella et al. (2002), Calais et al.
(2003), and Nocquet and Calais (2004). The apparently contrasting
low misfit and large confidence limits of the obtained solution can be
ascribed to the presence of many nearly identical focal mechanisms in
an even acceptably dense dataset, a condition known to bring the inver-
sion matrix close to singular (e.g., Townend and Zoback, 2006; Wyss et
al., 1992).

Finally, an F-value of 6.2° (indicating modest degree of stress hetero-
geneity) and an acceptable 95% confidence areas are obtained for the
sector AIME (Fig. 7) coincident with the transcurrent faulting domain
“3+5” of Fig. 5 (see previous section). In this sub-volume, the horizontal
Table 2
Stress inversion results for earthquake sets analyzed in the present study.

Sub-volume N F (°) R σ1 Pl (°) σ1 A

CCMS 27 6.0 0.4 68 211
IC 18 5.0 0.2 35 235
AIME 24 6.2 0.4 5 2
ST 24 5.2 0.6 22 329
SA 30 6.3 0.6 76 45

Stress inversion of earthquake focal mechanisms for the sub-volumes shown in Fig. 7. N is th
R=(σ2−σ1)/(σ3−σ1) where σ1, σ2, and σ3 represent the amplitudes of the maximum,
azimuth, respectively, of the three main stress axes.
N-trending σ1 suggests a slight rotation of the maximum compressive
stress with respect to the adjacent south-Tyrrhenian sub-volume (ST).
This rotation can be probably ascribed to the interaction between con-
vergence, dominating on the western side, and rollback-induced exten-
sion, dominating on the eastern side (see next section).

In our stress analysis, R values range between 0.6 and 0.4 for four in-
vestigated sub-volumes (SA, ST, CCMS and AIME in Fig. 7 and Table 2)
indicating that σ2 amplitude is nearly intermediate between σ1 and
σ3 amplitudes (true triaxial compression) in these sectors. In the case
of sub-volume IC, the R value of 0.2 indicates greater closeness of the
σ2 amplitude to the one of σ1, suggesting biaxial deviatoric compres-
sion or confined extension (Mandle, 1988).

5. Discussion

In the Calabrian Arc, the earthquake focal mechanisms (Fig. 4),
the related P- and T-axes (Fig. 5), and the derived seismogenic stress
fields (Fig. 7) define three main seismotectonic domains (Southern
Apennines, south-Tyrrhenian, and Central Calabria to Messina Straits;
Fig. 8), which are also characterized by rather homogeneous surface
or shallow faulting regimes (Fig. 1a). The tectonic relevance of our seis-
mological data is here evaluated also through the comparison with re-
cent GPS data, which are totally independent from our database. The
most recent GPS data for the Calabrian Arc are from Serpelloni et al.
(2007, 2010), D'Agostino et al. (2008, 2011), Devoti et al. (2008), Billi
et al. (2011), and Palano et al. (2011, 2012). Horizontal components of
strain-rate fields obtained from least-squares interpolation of the hori-
zontal GPS velocities (Billi et al., 2011) are plotted in Fig. 8 togetherwith
the horizontal components of P-, T-, and stress-axes from this paper
(Figs. 5 and 7). In particular, Fig. 8 shows the available seismic and
GPS axes for the three main seismotectonic domains of the Calabrian
Arc region (Southern Apennines, south-Tyrrhenian, and Central Calabria
toMessina Straits), where both the seismic andGPS signals are straight-
forward and where the regional tectonic signal prevails on local ones.
A comparison of seismic and geodetic axes shows a good consistency
(i.e., parallelism of axes, Fig. 8). Two of these three main domains occu-
py the wings of the arc (i.e., the Southern Apennines, to the northeast,
and the south-Tyrrhenian, to the southwest), whereas the third one
(i.e., Central Calabria to Messina Straits) occupies the central portion
of the arc. The dimension of these domains (c. 100–250 km in length)
suggests that they are connected with regional tectonic mechanisms
rather than local ones. Moreover, lithosphere–mantle tomographic
images (Fig. 2) show that the central domain corresponds to the area
overlying the Ionian slab (i.e., Calabria), whereas the two lateral wings
(i.e., Southern Apennines and southern Tyrrhenian) correspond to
regions where subduction is now inactive (Di Stefano et al., 2009;
Faccenna et al., 2004). The Southern Apennines, in particular, is present-
ly undergoing post-orogenic extension (Figs. 1a, 4, 5, and 7) related to
post-orogenic collapse tectonics. The extensional tectonics of Calabria
(Figs. 4, 5, and 7) is, in contrast, generally ascribed to the slow slab
rollback (D'Agostino et al., 2011). Open questions about this interpreta-
tion are discussed below. The compressional tectonics active in the
south-Tyrrhenian (Figs. 4, 5, and 7) is ascribed to the general Nubia-
Europe convergence in the central Mediterranean and, locally, with a
z (°) σ2 Pl (°) σ2 Az (°) σ3 Pl (°) σ3 Az (°)

26 34 1 304
55 49 3 143
84 223 4 92
7 237 67 130
1 311 14 221

e number of inverted earthquakes. F is the average misfit for the best stress model, and
intermediate and minimum compressive stress, respectively. Pl and Az are plunge and



Fig. 8. Seismotectonic synthesis of the Calabrian Arc region. Two transverse seismic zones (Tindari Fault system and NE-Sila zone with associated areas of uplift and diffuse deformation
above slab edges) separate three main seismotectonically-heterogeneous deformation zones (Southern Apennines, Calabria and Messina Straits, and south-Tyrrhenian). The southern
segment of the Tindari Fault system is dashed because it is uncertain (see text for further explanations). In the polar plots, orientations of P- and T- axes and σ1 and σ3 are from this
paper, whereas the horizontal strain-rate fields obtained from least-squares interpolation of the horizontal GPS velocities are from Billi et al. (2011). Note that the seismological and
geodetic axes shown in the three polar plots are, in each domain, almost parallel (Southern Apennines, Central Calabria to Messina Straits, and south-Tyrrhenian), thus reciprocally
supporting the adopted seismological and geodetic methods and results.
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compressional rejuvenation of the Sicilian Apennines (Maghrebides) at
the rear of the orogen, due to the locking of the frontal thrust (in southern
Sicily and Sicily Channel) connected with the arrival of the African conti-
nent in the subduction zone (Billi et al., 2007, 2011; Pepe et al., 2005). It is
also true, however, that some compressional (seismic) activity is detected
along buried thrusts in the central and frontal part of the Sicilian
Maghrebides (Lavecchia et al., 2007a, 2007b). Other seismotectonic
domains of the study area, such as the Cefalù–Etna belt, Sicily main-
land, and Sicily Channel are not considered here among the main
seismotectonic domains (Fig. 8) for the limited number of significant
earthquakes that occurred during our recording interval. This evidence,
however, does not exclude that also these domains may have been
affected in the past or will be affected in the future by significant earth-
quakes (e.g., Billi et al., 2010b; Chironi et al., 2000; Lavecchia et al.,
2007a, 2007b).

The presence, in the Calabrian Arc region, of three main seismo-
tectonic domains, namely Southern Apennines, south-Tyrrhenian, and
Central Calabria to Messina Straits (Fig. 8), implies the presence of
transfer domains or accommodation zones in the transitional areas be-
tween these domains (Fig. 8). One of these transfer domains corresponds
to the strike-slip to transtensional Tindari Fault system in northeastern
Sicily (Fig. 1a; Billi et al., 2006). Both the P-axes (plot “3+5” in Fig. 5)
and the computed σ1 (sector AIME in Fig. 7) for this transfer domain
trend circa NNE–SSW, which is a rather anomalous trendwithin the gen-
eral NW–SE Nubia–Eurasia convergence (e.g., Serpelloni et al., 2007). As
above mentioned, this apparently anomalous trend can be explained
with a local accommodation tectonics caused by the interaction between
convergence, dominating on the western side, and rollback-induced
extension, dominating on the eastern side (Negredo et al., 1999; Neri
et al., 2005).

The second accommodation zone should be located in the Ionian
side of central-northern Calabria, between the different but both ex-
tensional seismotectonic domains of Southern Apennines and central
Calabria (see NE-Sila seismic zone in Fig. 8). In this sector, strike-slip
faults and, more in general, transcurrent tectonics have been docu-
mented (e.g., Amodio Morelli et al., 1976; Catalano et al., 1993;
Cinque et al., 1993; Del Ben et al., 2008; Ferranti et al., 2009; Galli
and Scionti, 2006; Knott and Turco, 1991; Seeber et al., 2008;
Speranza et al., 2011; Spina et al., 2009; Van Dijk, 1994), but a well
defined and continuous fault zone has not been identified so far; rath-
er, this strike-slip faulting domain seems to consist of a diffuse set of
NW- and WNW-striking strike-slip faults, which are at least in part
seismically active and are here collectively named as the NE-Sila seis-
mic zone (Fig. 8). Our new focal mechanisms provide new and better
constraints on the kinematics of this zone (see Fig. 4 and Table 1) and
the first estimate of the local seismogenic stress field (Fig. 7). These
new data, in particular, confirm the dominant strike-slip tectonics of
the NE-Sila seismic zone and show that the seismogenic stress is
oddly oriented (i.e., NW–SE-trending σ3, Fig. 7) with respect to the
regional NW–SE Nubia–Eurasia convergence, thus pointing toward a
local accommodation tectonics as the main tectonic agent, rather
than the regional Nubia–Eurasia convergence. It is also interesting
to mention that, despite the fact that faults in the NE-Sila seismic
zone are still poorly defined, historical and paleoseismological data
from this zone and adjacent ones support the occurrence, during his-
torical times, of magnitude class 6 and class 7 earthquakes possibly

image of Fig.�8
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along the NW-striking strike-slip faults mentioned above (Galli and
Bosi, 2002; Galli and Scionti, 2006).

A comparison between the surface seismotectonic domains of the
Calabrian Arc region (Fig. 8) and the lithosphere-mantle tomographic
images (Fig. 2) shows that the two above-mentioned transfer domains
are located on top of the lateral edges of the retreating Ionian slab
(Faccenna et al., 2011). The transfer domains may, therefore, represent
the surface expression of a deep tectonics involving the rollback of the Io-
nian narrow slab toward the southeast. This mechanismwould drive the
southeastward drift of the overlying Calabrian wedge (only the portion
on top of the retreating slab), while the lateral sectors overlying the
broken-off slabwould not be drifted toward the trench (southeastward),
thus provoking a differential kinematics between adjacent compart-
ments of the Calabrian Arc region. This model is supported by recent
GPS data showing the differential kinematics along the Calabrian Arc,
where only the central part of the arc is currently drifting toward the
Ionian Sea (D'Agostino et al., 2011). Govers and Wortel (2005) docu-
mented that tear faults and fault zones similar to those above discussed
and located near the horizontal terminations of subduction trenches are
worldwide rather diffuse (i.e., STEP, Subduction-Transform Edge Propa-
gator faults). In the case studied in this paper, the Tindari Fault system
and the NE-Sila seismic zone may represent an expression in the over-
riding plate of STEP faults underneath located in the subducting plate.

To complete the discussed seismotectonic picture, main unsolved
questions concerning the present tectonics of the Calabrian Arc are
synthesized as follows.

(1) The first question concerning the Calabrian Arc is about the
transfer zones located at the edges of the Ionian slab (i.e.,
Tindari Fault system and NE-Sila seismic zone) and about the
reason why these transfer zones are so different. While the
Tindari Fault system is geologically and geophysically rather
well defined (in its northern section, at least) and it includes
or it is bounded by large volcanic provinces such as Mt Etna
and the Aeolian volcanoes (see following points for open ques-
tions about this transfer zone), the NE-Sila seismic zone in-
cludes some WNW-striking active faults, which are still
poorly defined and whose surface geological expression is
still weak. One explanation may be that this latter transfer
zone is poorly developed due, for instance, to small deforma-
tions (and therefore small average deformation rates) along
it. Speranza et al. (2011) suggest that the onset of this fault
zone occurred around 1.2 Ma or in younger times, which is
comparable with the hypothesized onset age of the Tindari
Fault system (0.5–1.0 Ma; Billi et al., 2006). This explanation
is consistent with recent GPS data. As shown by D'Agostino et
al. (2011), the differential kinematics of adjacent domains induc-
ing strike-slip accommodation along the Tindari Fault system is
larger (in terms of slip rate deduced from GPS velocities) than
the one along the NE-Sila seismic zone. In other words, different
deformation rates may be the cause or one of the causes of the
tectonic differences on top of the southwestern and northeastern
edges of the Ionian slab (i.e., Tindari Fault system and NE-Sila
seismic zone). This differential tectonics remains, however, to
be largely understood and further explored, but our new focal
mechanisms, at least, contribute to better understand the kine-
matics and dynamics of the NE-Sila seismic zone.

(2) The Tindari Fault system is rather well defined by geological
and geophysical evidence only in its offshore and coastal
(i.e., northern) sections, whereas toward the south (i.e., to-
ward Mt Etna) the evidence of a single discrete fault system
fades away (Billi et al., 2006). Nonetheless, this area is very active
and hosts several earthquakes in addition to the volcanically-
active area of Mt Etna, below which strike-slip earthquakes are
also frequent (Figs. 1b and 4). In particular, in Figs. 5 and 7, we
have shown that the seismic belt running NNW–SSE from the
central Aeolian Islands to Mt Etna (through Tindari) is seismo-
logically heterogeneous including right-lateral strike-slip and
extensional-to-transtensional events, these latter earthquakes
being compatible with the seismological domain of Central
Calabria to Messina Straits (Figs. 5 and 7). To overcome the
heterogeneous deformation pattern of northeastern Sicily,
Goes et al. (2004) proposed that, toward the south, the Tindari
Fault changes from a concentrated to a diffuse lateral margin of
the Calabrian domain, including in this diffuse margin also the
Messina Straits. This hypothesis is a viable one, but still rather
speculative. Recently, Billi et al. (2010b) and Faccenna et al.
(2011) emphasized the role of rapid uplift in the Messina Straits
area and abundant magmatism below Mt Etna in this tectonically
complex corner of the Calabrian Arc, but the exact role of both
these mechanisms on the surface tectonics remains to be further
constrained. Additional details about the role of uplift are given
in the following point. On their hand, GPS data show a sharp kine-
matic jump across the Messina Straits (D'Agostino and Selvaggi,
2004; Serpelloni et al., 2010), suggesting that this area may be a
part of the accommodation zone between the Calabrian and
south-Tyrrhenian domains, as also proposed by Goes et al. (2004).

(3) Calabria and northeastern Sicily are rapidly uplifting areas,
which have undergone significant uplift during Quaternary
time (Antonioli et al., 2006; Lambeck et al., 2004; Molin et
al., 2004; Olivetti et al., 2012). Faccenna et al. (2011) empha-
sized that vertical motions are particularly remarkable above the
edges of the Ionian slab (i.e., in the SilaMassif and in northeastern
Sicily) and ascribed this observation to the effect of mantle return
flows ascending around the Ionian slab edges. Constraining these
mantle flows and their surface effects is obviously very complicat-
ed, but these flows may explain at least in part the diffuse, poorly
defined system of faults occurring over both edges of the Ionian
slab (i.e., along the southern prolongation of the Tindari Fault
and along the NE-Sila seismic zone). According to this model, de-
formations occurring above the edges of the Ionian slab are not
simply synthesizable in narrow fault zones accommodating hori-
zontal slip. Vertical motions possibly connected with complex
mantle flows around slab edges may significantly complicate
the kinematic framework above slab edges and induce deforma-
tions in significantly large regions (Fig. 8). In the case of the Cala-
brian Arc, the surface areas involved in themechanisms occurring
at the slab edges may be a large part of the Sila Massif and sur-
rounding areas, to the northeast, and the Messina Straits and a
large part of northeastern Sicily including Mt Etna, to the south-
west (Faccenna et al., 2011). As explained by Billi et al. (2010b)
and Faccenna et al. (2011), flows below Mt Etna may explain
mantle upwelling and volcanism and also thermo-mechanical
lithospheric erosion and thinning close to Mt Etna (Miller and
Piana Agostinetti, 2011). Mantle upwelling, in turn, could be re-
sponsible for the radial pattern of some important active exten-
sional faults around Mt Etna (Fig. 1), including the Cefalù–Etna
seismic zone, the northern portion of the Malta escarpment
(and associated parallel faults), the Messina Straits faults, and
the faults along the southern prolongation of the Tindari Fault
(Billi et al., 2010b).

(4) In contrast with the extensional Southern Apennines and com-
pressional south-Tyrrhenian domains, where the seismotectonic
activity is characterized by frequent earthquakes, in the exten-
sional domain of Calabria (i.e., above the subducting Ionian
slab) less frequent events have so far occurred. This seismic be-
havior may be explained with a substantial post-seismic phase
following the strong earthquakes and earthquake sequences of
1783, 1894, 1905, 1907, and 1908 (Neri et al., 2006). It is also
true, however, that the retreat of the nearly vertical Ionian slab
(Fig. 2) is very slow, almost ceased (D'Agostino et al., 2011).With-
in this tectonic framework, the extensional deformation (and
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rate) of Calabria connected with the slab retreat should be
minimal. Therefore, to explain the above-mentioned strong
historical earthquakes of Calabria, we have to invoke very
long return times of earthquakes (i.e., because of an assumed
slow deformation rate induced by the slow slab rollback), or,
alternatively, we have to invoke an additional tectonic mech-
anism inducing extension in Calabria, such as its rapid uplift or
differential uplifts in adjacent sectors of Calabria (Faccenna et
al., 2011). This may explain also particular structures in Calabria
such as the Lamezia–Catanzaro transverse valley bordered by
WNW–ESE-striking normal faults (see also Reitz and Seeber,
2012, for a model of arc-parallel strain).

(5) The occurrence of strike-slip earthquakes in the extensional seis-
mic belt of Southern Apennines (Fig. 4) is surely one of the open
tectonic questions of the Calabrian Arc and it is addressed in
Boncio et al. (2007), who invoke inherited E–W-striking crustal
(or possibly lithospheric) fault zones that can be reactivated in
strike-slip motion under the present stress field of the Southern
Apennines.

(6) Deep crustal earthquakes (between about 25 and 40 km; Fig. 6)
are more frequent in the Southern Apennines and along the
Tindari and NE-Sila seismic zones (Fig. 6). Probably, the simplest
explanation for this observation may be that these earthquakes
occur in the Southern Apennines, for the marked crustal doubling
of this region (Scrocca et al., 2005), and along the Tindari and
NE-Sila seismic zones, for the effect of STEP faults active below,
in the subducting plate. On the other hand, the stretched and
warm crust of south-Tyrrhenian will difficultly host deep crustal
earthquakes, which are also absent in the Tyrrhenian side of
Calabria (Fig. 6).

6. Conclusions

Selection and stress inversion of the best quality shallow earthquake
focal mechanisms available from catalogs and the literature (147 solu-
tions) and from this work (17), 60% of which never used before for
regional-scale geodynamic investigations, have allowed us to improve
the knowledge of the main seismotectonic domains in the Calabrian Arc
region, evidencing at the same time some critical situations which are
still poorly understood and should be better investigated in the future.
An extensional domain with minimum compressive stress (σ3) oriented
WNW–ESE is detected in the central section of theArc (Central Calabria to
Messina Straits) on top of the southeastward-retreating Ionian subduc-
ting slab. To the southwest (Southern Tyrrhenian domain) and to the
north (Southern Apennines) of this extensional domain, where slab
break-off occurred and active subduction is therefore substantially absent,
different seismogenic stress tensors are estimated: (1) a compressional
stress regime compatible with the NW–SE plate convergence is found
in the Southern Tyrrhenian domain and (2) an extensional stress regime
compatiblewith the post-orogenic NE–SWextension affecting the entire
Apenninic chain is detected in the Southern Apennines. Dynamic re-
gimes compatible with transcurrent kinematics, dextral and sinistral, re-
spectively, have been found to be dominant in the Tindari and the
NE-Sila seismogenic zones. These transitional transcurrent zones are lo-
cated on top of the Ionian slab edges, appear to be forced in their hori-
zontal transfer kinematics by the different tectonic regimes occurring
in the adjacent compartments, and are here considered as possible ex-
pressions in the overriding plate of Subduction-Tranform Edge Propaga-
tor (STEP) faults occurring underneath in the subducting plate. A set of
open questions concerning the present tectonics of the Calabrian Arc
reported in this paper may serve as a guide for future studies.
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