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Abstract

The present work focuses on earthquake locations and seismogenic stress in the eastern offshore of Sicily, a sector of the
central Mediterranean region where geophysical information available is not good enough, yet, for proper geodynamic
modeling. I have applied to an updated seismic database of the study area a Bayesian non-linear hypocenter location
method already proven to be more effective than linear methods when the recording network geometry is poor, like in the
present case. Then, I have selected from literature and official catalogs the local earthquake focal mechanisms computed
by waveform inversion, and inverted them for stress tensor orientations. The results confirm the main finding of the
previous investigations, i.e. that NW-trending convergence between Africa and Eurasia is a main source of tectonic stress
in this area, however they also furnish evidence of additional tectonic factors locally acting together with convergence. In
particular, extensional dynamics are detected inside the convergence-related compressional domain: these are
characterized by a minimum compressive stress oriented SW-NE (perpendicular to convergence) and can be related to the
rifting process (opening SW-NE) detected by previous investigators at the southwestern edge of the Ionian subduction
slab. The findings of the present study may also concur to answer several open questions left by previous investigators.

Keywords: Earthquake source and dynamics; Stress; Geodynamics; Inverse methods.

1. Introduction

The western Ionian sea (Figure 1) is one of the sectors of the Italian region where geophysical network
monitoring is poorest because of the absence of islands and the nearly total lack of sea bottom equipment. Previous
seismological and geodetic investigations [D’Agostino et al., 2011; Presti et al, 2013; Totaro et al., 2016] have
evidenced the limitations of information available in this area with respect to the nearby on-shore areas of Sicily
and Calabria. These limitations contribute to leave open several questions concerning the geometry, kinematics
and dynamics of plates/microplates in the south-central Mediterranean region. As explained in the next Section,
different views still exist concerning lithosphere fragmentation and kinematics in this portion of the Africa-Eurasia
convergent margin (Figure 1). In the present study, I use an updated set of earthquake data and proper methods of
analysis with the purpose of deepening the knowledge available on seismic strain and seismogenic stress
distributions in the western Ionian: this sector is of crucial relevance for the solution of some still existing
uncertainties in the regional geodynamics [see, e.g., Serpelloni et al., 2007; D’Agostino et al., 2008; Palano et al.,
2012; Nocquet, 2012; Neri et al., 2018].
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Figure 1. (a) Simplified map of the Africa-Eurasia plate boundary. Black arrows indicate the present-day sense of motion
of Africa with respect to Eurasia according to Palano et al. (2015a). Abbreviations: AP=Apennines, CA=Calabrian
Arc, MA=Magrhebides. The dashed rectangle including southern Italy and relative off-shore sectors indicates the
tectonic map area (plot c). (b) Sketch map of the portion of the Apennines-Maghrebides subduction system of
southern Italy. The solid curve with the sawtooth pattern indicates the present location of the Calabrian Arc
subducting system. The sawtooth points in the direction of subduction. According to Neri et al. (2009), black
sawteeth indicate continuous subducting slab, white sawteeth indicate the plate boundary segments where slab
detachment has already occurred. Thick grey segments indicate the STEP fault zones (SFZ) according to Neri et
al. [2012]. The white arrow shows the sense of the subducting slab rollback. Dashed lines are depth contour lines
of the Wadati-Benioff zone (Faccenna et al., 2011). (c) Tectonic map of southern Italy and relative off-shore
areas (redrawn from Palano et al., 2012, with integration of data in the Ionian Sea according to Polonia et al.,
[2011]. TFS stands for Tindari Fault System.
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2. Geodynamic frame of the study region

The westernmost Ionian sea is a peculiar zone of the Africa-Eurasia plate margin where plate convergence coexists
with very slow trench retreat of the residual subduction slab of Calabrian Arc (Figure 1a). After a long period between
Late Paleogene and Neogene of Africa NW-ward subduction beneath Eurasia, subduction has almost ceased [Billi et
al., 2011] and today only a narrow remnant of the former subducting slab seems to be still active beneath the Calabrian
Arc (Figure 1b) [Neri et al., 2009; 2012; Minelli and Faccenna, 2010; Orecchio et al., 2015; Chiarabba and Palano, 2017].

To the east of the seismically active Tindari Fault System in northeastern Sicily (TFS in Figure 1c), both earthquakes
and GPS data provide evidence for extensional tectonics possibly connected with residual subduction and related
back-arc extension alano et al., 2015b). West of the Tindari Fault System (Figure 1c), contractional earthquakes recorded
in the last decades in the west-east belt between Ustica and the Aeolian islands [Pondrelli et al., 2004; Billi et al., 2007;
Presti et al., 2013; Palano et al., 2015b; Orecchio et al., 2017] mark accommodation of the plate convergence process
at the longitude of central and western Sicily.

A quite recent analysis of different geophysical data (gravity anomalies, seismotomographic structure and seismicity
of crust and uppermost mantle) has led Neri et al. [2012] to propose that the subducting slab is still continuous over
depth only beneath the central part of Calabrian Arc (southern Calabria; Figure 1b). According to the same authors,
detachment of the deepest portion of the old subducting lithosphere has already occurred beneath the Arc edges, i.e.
beneath Northern Calabria and Northeastern Sicily. The sinking oceanic lithosphere, narrowed after slab breakoff on
either side of the Arc, promoted the initiation of lateral tears [or Subduction-Transform Edge Propagator (STEP) faults,
Govers and Wortel, 2005]. In northern Calabria (Figure 1b), a present-day STEP fault activity at the northern slab edge
has been inferred by seismic data [Orecchio et al., 2015; Milia et al., 2017]. The southern edge of the slab (Figure 1b)
falls in the western Ionian Sea in correspondence with a NW-striking deformation belt [Argnani, 2009, Polonia et al,
2011, Gallais et al. 2013; Palano et al., 2015b].

The western Ionian offshore Sicily is a crucial zone to observe transition between the western convergent domain
where subduction ceased and the Calabrian Arc residual subduction zone. Present-day strain distributions in the
western Ionian are not still fully understood. D’Agostino et al. (2008) interpreted their GPS and earthquake slip data
assuming the existence of a microplate including the Apulia promontory, the Ionian sea and the Hyblean plateau in
southern Sicily (light gray in Figure 2a). According to these authors, the hypothesis of Hyblean area belonging to such
a microplate would be supported by apparently low GPS-derived deformation in the western Ionian. In any case the
authors admit that lack of data in the Ionian offshore of Sicily does not allow decisive checking of their hypothesis. By
analysis of a relatively long period of 18 years of GPS observations, Palano et al. (2012) advanced the hypothesis of an
Hyblean block independent with respect to Africa and Apulia (Figure 2b-c). They discussed the role played by the
Ionian domain and suggested two possible scenarios, one assuming that the Ionian is rigidly connected with the
Hyblean block (Figure 2b), the other assuming that the Ionian domain diverges from the Hyblean block (Figure 2c). They
concluded that the lack of islands (i.e. of data) in the Ionian does not allow to make a choice among these scenarios.
Palano et al. [2012] work further supports the doubts advanced in the early work of Serpelloni et al. [2007]: these
authors (i) imputed to the lack of GPS data and poor seismic network geometry in the Ionian the difficulty of detecting
microplate contours in this region and (ii) left open the question “where strain locates between Hyblean and Apulia
domains?”. Concerning tectonic stress distributions in the western Ionian, the most advanced studies are based on
analysis of earthquake P and T axes [Montone et al., 2012, Montone and Mariucci 2016] and stress inversion of focal
mechanisms [Totaro et al., 2016]: these studies converge on the thesis of a western Ionian compressional domain
under NNW-trending convergence between Africa and Eurasia plates.

By integration of multibeam, seismic reflection, magnetic and gravity data collected in the western Ionian, Polonia
et al.[2016, 2017] concluded that: (i) tearing at the southwestern edge of the SEward-retreating Ionian subduction slab
may be the deep source of shallow deformation detected in correspondence of the transtensional Ionian Fault System
in the Ionian basin (Figure 1c); (ii) the NW-SE trending belt comprised between the Ionian and the Alfeo-Etna Fault
Systems (Figure 1c) hosts a rifting zone opening SW-NE where serpentinite diapirs can be identified. On their hand,
Gutscher et al. [2017], by analysis of multi-beam bathymetric data and seismic profiles, proposed the Alfeo-Etna Fault
System as shallow tectonic expression of the retreating slab tear or STEP fault. Another major fault system marking
transition between the Ionian basin and the Hyblean plateau, e.g. the Malta Escarpment (Figure 1c), shows not to be
currently active along most of its length, highlighting recent faulting only in its northernmost segment [see, e.g.,
Argnani, 2009; Gutscher et al., 2016].



Debora Presti

IONIAN

Figure 2. Tectonic units and their presumed kinematics in the study area according to previous investigators: (a) Adria and
Apulia-Tonian-Hyblean blocks according to D’Agostino et al. [2008]. (b-c) The two alternative scenarios proposed
by Palano et al. [2012]: (b) the Ionian domain is rigidly connected with the Sicilian-Hyblean-Malta block; (c) the
Ionian domain diverges from the Sicilian-Hyblean-Malta block and moves together with the Calabrian block.
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3. data, methods of analysis and results
3.1 Earthquake space distributions

The Figure 3a shows the earthquakes of local magnitude over 2.5 occurring between 1985 and 2018 at depths less
than 70 km in the calabro-sicilian region, according to the Italian national seismic database (http://istituto.ingv.it/1-
ingv/archivi-e-banche-dati/). Hypocenter locations of the used database are estimated with a 1-D velocity structure
of all Italy, which is a reasonable approach for bulletin activity. I use these locations here (i) to furnish an
introductory overall view of seismicity in the study region and (ii) as starting data for more accurate locations to be
performed in the sector of our greatest interest in the present study (shadowed internal rectangle).
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Figure 3. Section (a) displays the epicentral map of earthquakes of magnitude over 2.5 that occurred between 1985 and
2018 at depths less than 70 km in the area 12°-19°E 36°-40°N, according to the Italian national seismic database
(http://istituto.ingv.it/l-ingv/archivi-e-banche-dati/). Circles are proportional to the earthquake magnitude (see
legend). The gray rectangle indicates the main area of interest in the present study. Section (b) displays the map
of seismic stations used for hypocenter locations in the present study.

I have focused my attention on the western Ionian because, as explained in the previous Sections, the geophysical
knowledge in this offshore sector is still relatively poor and its exploration can be decisive for answering several open
geodynamic questions in the region. I have relocated the hypocenters of earthquakes of the shadowed sector of
Figure 3a, after integration of P- and S-wave readings of the Italian database with those available from databases
of local seismic networks operating in Sicily and Calabria during 1985-2001 [Orecchio et al., 2011]. For hypocenter
relocations, I have selected the events for which a minimum of 12 P+S arrival times were available, and used the
Bayesian non-linear location algorithm named Bayloc [Presti et al., 2004, 2008]. As well known from the literature
[Lomax et al. 1998, 2000; Lomax and Michelini, 2001; Husen and Smith, 2004; Presti et al. 2004, 2008; Lippitsch et
al., 2005; among others], the non-linear probabilistic location methods furnish more accurate estimates of
hypocenter locations and relative errors compared to linearized methods when the network geometry is not optimal:
this is the situation of our offshore study sector (Figure 3b). Starting from seismic phase arrival times at the
recording stations, Bayloc computes for an individual earthquake a probability cloud marking the hypocenter
location uncertainty. Then, Bayloc estimates the spatial distribution of probability relative to a set of earthquakes
by summing the probability densities of the individual events. This method has been shown to help detection of
seismogenic structures through better hypocenter location and more accurate estimation of location errors
compared to linearized methods [Presti et al., 2008].
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Bayloc’s locations have been performed in a 3D velocity structure estimated for the study region by Orecchio et
al. (paper in preparation) who applied the method used by Orecchio et al. [2011] and previously proposed by
Waldhauser et al. [1998, 2002]. This method is based on: (i) integration of different types of velocity data available
from the literature (seismic profiles, earthquake tomography, surface wave inversion, Moho depth maps, etc.); (ii)
LET inversion where this is allowed by the available P- and S-wave arrival data. Velocity data from literature were
taken from Kennet et al. [1995], Tesauro et al. [2008], Orecchio et al.[2011, and references therein], Neri et al. [2012],
Scarfi et al. [2018]. The 3D velocity structure used here for hypocenter locations covers the depth range 0-300 km
in the whole area concerned by seismic rays travelling from hypocenters of the study sector to recording stations
(Figure 3b).

Epicenter distributions relative to different hypocentral depth ranges and a SW-NE vertical section of
hypocenters computed by Bayloc for earthquakes occurring during 1985-2018 in the study area are displayed in
Figure 4 (a-d). Epicenter and hypocenter errors of the order of 3 km and 5 km, respectively, have been estimated.
The Figure 4 (e-h) displays the epicenter and hypocenter locations obtained for the sub-set of earthquakes occurring
between 2005 and 2018. In this case, slightly lower average values of epicenter and hypocenter errors (of the order
of 3 and 4 km, respectively) are estimated.
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Figure 4. Epicentral maps and vertical sections obtained by the Bayloc probabilistic location method for the earthquakes
occurring in the western Ionian during 1985-2018 (plots a to d) and 2005-2018 (plots e to f). The depth range
investigated and the number of earthquakes located are reported in the lower-left corner and in the upper-right
corner of each map, respectively. The earthquake location uncertainty is reported in the lower-right corner of
plots (a) and (e). Main fault systems are traced by dashed segments (ME= Malta Escarpment, AEFS=Alfeo-Etna
Fault System, IonFS= Ionian Fault System). Plots (d) and (h) show the hypocentral vertical sections along the AA’
profile indicated in the maps, +- 70 km around the profile.
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3.2 Seismogenic stress inversion

With the purpose of analyzing seismic faulting styles and related tectonic stress in the area of interest of the
present study, I have collected from literature and international catalogs the waveform-inversion focal mechanisms
of the earthquakes occurring in the area of Figure 4. I have limited the selection to seismic events of magnitude over
2.5 occurring in the period 1977-2018 at depths less than 70 km. The map of these focal mechanisms is shown in
Figure 5, the list of their parameters is furnished in Table 1.

Depth Strike

(km) ©) Source
19780311 19:20:49 16.03 38.1 15 270 41 -72 5.2 Italian CMT
19870813 07:22:10 15.06 379 35.9 352 42 -10 4.8 Italian CMT
19970325 00:46:14 16.03  36.93 33 104 78 179 4.5 Italian CMT
19990214 11:45:54 15.06  38.17 33 18 39 -108 4.7 Italian CMT
20010422 13:56:36 15.1 37.72 10 316 56 27 4.2 Italian CMT
20010526 06:02:20 16.34  37.46 33 71 54 134 4.5 Italian CMT
20021027 02:50:26 15.16  37.79 10 320 60 171 4.9 Italian CMT
20021027 07:32:09 15.18 3792 10 67 54 19 4.5 Italian CMT
20021029 10:02:22 15.27 37.67 10 316 61 -173 4.7 Italian CMT
20021029 16:39:48 15.56  37.69 10 207 54 -28 4.2 Italian CMT
20041011 07:31:41 1548  37.88 6.6 89 90 -45 3.6 D’Amico&al.(2010)
20041022 21:10:13 15.32  38.08 10.7 78 61 -37 3.4 D’Amico&al.(2010)
20050419 22:36:23 15.66  38.14 71 220 42 -10 3.1 D’Amico&al.(2010)
20050423 19:10:48 15.82 3843 13.6 120 50 -64 2.8 D’Amico&al.(2010)
20050818 22:02:27 15.12 37.8 6.7 82 50 -18 3.1 D’Amico&al.(2010)
20051030 19:09:47 15.93  38.53 22 241 66 -84 3.4 Li&al.(2007)
20060227 04:34:01 15.2 38.15 9 62 50 -71 4.1 D’Amico&al.(2010)
20060227 09:11:59 15.18  38.14 10.5 39 48 -90 3.1 D’Amico&al.(2010)
20060227 14:16:06 15.18  38.14 9.1 76 48 -58 3.1 D’Amico&al.(2010)
20060423 14:42:38 15.02  37.04 24 100 88 147 3.9 TDMT
20060530 11:30:40 16.52  37.63 46 347 85 0 4.5 RCMT
20060702 17:52:00 15.1 38.13 10 70 59 -49 2.6 D’Amico&al.(2010)
20060718 07:42:40 15.17  38.12 9.1 90 41 -48 3.1 D’Amico&al.(2010)
20060730 09:53:36 16.31  37.99 6 292 64 -7 2.7 Orecchio&al.(2014)
20060830 22:45:03 15.72  37.32 30 190 64 -23 3.1 Orecchio&al.(2014)
20061006 21:16:23 15.57 38.1 9.6 18 52 -90 3.2 D’Amico&al.(2010)
20061104 05:59:22 15.01  38.03 10.6 59 49 -36 3 D’Amico&al.(2010)
20061124 04:37:40 15.76  36.26 11 188 82 0 4.4 Italian CMT
20070615 22:56:01 15.29  36.97 18 12 87 20 3.6 TDMT
20070617 12:11:58 15.79  38.37 10 262 38 -43 2.9 D’Amico&al.(2010)
20070818 14:04:07 15.17  38.22 12 44 50 -23 3.9 D’Amico&al.(2010)
20070818 14:21:11 15.12  38.19 10 26 69 18 3.4 D’Amico&al.(2010)
20070913 15:19:52 15.16  38.25 8 246 82 -60 2.9 Totaro&al.(2016)
20080209 07:46:36 15.56  37.84 6.9 40 90 -10 3 D’Amico&al.(2010)
20080221 05:00:09 1797  37.82 30 333 27 134 4.7 Italian CMT
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Data Lat Depth Strike

(yyyymmdd) T B Gm) () Source
20080413 13:06:57 15.7 38.25 14.3 6 47 -36 2.8 Orecchio&al.(2014)
20080501 21:05:49 15.07 37.8 2 97 76 -2 2.8 D’Amico&al.(2010)
20080513 21:28:30 15.06 37.8 12 76 46 -20 3.5 D’Amico&al.(2010)
20080705 17:04:36 15.87 38.2 2 311 59 2 2.6 D’Amico&al.(2010)
20080813 13:39:30 16.42 37.48 34 181 71 11 3.2 Orecchio&al.(2014)
20080901 14:45:40 15.06 37.97 8.1 70 31 -80 3.1 D’Amico&al.(2010)
20080902 09:16:45 15.06 37.99 10.3 279 64 -44 3.3 D’Amico&al.(2010)
20080902 21:57:20 15.69 38.25 34 351 72 -65 3.1 Orecchio&al.(2014)
20081024 18:47:54 16.47 38.59 28 323 38 -24 3.4 Orecchio&al.(2014)
20081027 10:55:55 15.13 38.11 2 50 28 -71 3.5 D’Amico&al.(2010)
20081102 06:46:44 16.49 37.64 40 141 67 -79 3.6 Orecchio&al.(2014)
20090205 14:50:14 16.03 37.39 28 167 78 18 3.3 Orecchio&al.(2014)
20090316 00:28:06 15.96 37.67 28 34 60 -24 3 Orecchio&al.(2014)
20090427 09:42:16 15.08 38.07 30 69 78 -19 3.6 Presti&al.(2013)
20090701 17:58:54 15.01 38.34 2 40 90 19 3.1 Presti&al.(2013)
20090727 22:15:14 15.69 37.12 30 353 48 -13 3.2 Orecchio&al.(2014)
20090804 16:17:16 15.71 37.12 18 22 73 -13 3.6 Orecchio&al.(2014)
20090829 06:55:17 15.47 37.92 8 56 80 -47 2.9 Orecchio&al.(2014)
20091012 20:07:49 15.96 37.23 30 204 82 12 3.4 Orecchio&al.(2014)
20091125 06:20:07 16.45 38.05 16 341 62 -43 3.2 Orecchio&al.(2014)
20091219 09:01:19 15.09 37.76 40 112 44 176 4.4 Italian CMT
20100402 20:04:47 15.11 37.76 2 274 55 10 4.2 Italian CMT
20100606 16:49:53 15.11 38.27 10 237 82 -34 3.5 Presti&al.(2013)
20100910 19:19:48 16.21 38.54 26 198 53 -60 3.3 Orecchio&al.(2014)
20100910 21:39:20 15.82 38.2 28 204 69 -70 3.2 Orecchio&al.(2014)
20101008 17:26:58 16.33 36.91 38 190 79 17 3.6 Orecchio&al.(2014)
20101127 08:45:49 15.64 38.08 38 332 22 -12 3.7 Orecchio&al.(2014)
20110426 21:02:30 15.16 38.15 2 33 40 -90 3.2 Totaro&al.(2016)
20110503 22:24:52 16.68 37.78 36 323 49 -41 3.6 Orecchio&al.(2014)
20120226 16:17:23 16.01 37.31 36 338 70 -40 3.7 Polonia&al.(2016)
20120324 20:34:59 15.88 37.59 32 158 84 -9 3.1 Polonia&al.(2016)
20120412 13:20:28 15.62 37.89 10 319 90 81 3.1 Polonia&al.(2016)
20120615 06:27:25 16.29 37.45 38 190 80 7 3.8 Polonia&al.(2016)
20120625 10:52:51 15.05 37.01 18 164 77 -16 3.2 Totaro&al.(2016)
20120627 01:14:20 15.03 37 4 182 90 3 3.5 Totaro&al.(2016)
20120627 01:20:59 15.03 36.99 4 10 81 -3 2.9 Totaro&al.(2016)
20120627 02:48:02 15.03 37 4 172 90 -6 2.9 Totaro&al.(2016)
20120704 11:12:12 16.87 37.69 40 186 74 3 4.6 RCMT
20120726 14:20:03 16.34 37.9 16 134 83 -19 3.1 Polonia&al.(2016)
20120828 23:12:15 15.71 38.25 454 130 10 -18 4.6 present work
20130303 23:39:13 15.83 38.13 8 237 57 -82 3.3 Totaro&al.(2016)
20130324 15:47:22 16.5 37.76 30 257 87 178 4.6 RCMT
20130402 01:10:52 15.59 37.79 12 219 85 -10 2.9 Totaro&al.(2016)
20131007 04:44:05 15.08 38.13 6 84 63 -29 2.8 Totaro&al.(2016)
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Data Lat Depth Strike Dip

(yyyymmdd) T B Gm) () Source
20131009 08:14:49 15.09 37.61 4 33 81 8 2.9 Totaro&al.(2016)
20131009 08:33:22 15.07 37.61 10 258 90 1 3.2 Totaro&al.(2016)
20131223 04:20:39 15.57 38.22 2 31 61 -60 3.5 Neri&al.(2014)
20131223 16:17:11 15.04 38.18 16 113 63 -33 3.1 Totaro&al.(2016)
20140102 06:13:18 15.04 38.18 12 103 38 8 3 Totaro&al.(2016)
20140219 06:58:05 15.11 38.17 8 34 62 17 3 Totaro&al.(2016)
20140323 18:31:52 16.48 37.47 38 177 61 21 3.6 Totaro&al.(2016)
20140417 21:52:26 15.21 38.23 2 12 90 2 2.8 Totaro&al.(2016)
20140517 22:38:44 15.61 37.41 30 191 78 -38 3.1 Totaro&al.(2016)
20140607 15:00:49 15.1 38.09 10 285 73 7 3.7 Neri&al.(2014)
20140607 15:13:20 15.1 38.08 10 238 39 -49 2.6 Totaro&al.(2016)
20140724 01:12:51 15.02 38.09 30 100 90 -16 3.2 Totaro&al.(2016)
20140926 23:38:11 16.5 36.78 40 267 75 170 4.2 RCMT
20141010 16:16:18 15.14 38.09 34 60 90 -76 3.1 Totaro&al.(2016)
20141010 16:27:13 15.14 38.09 30 349 72 -31 2.8 Totaro&al.(2016)
20141025 20:09:48 15.95 38.17 15 275 68 -79 3.3 TDMT
20141116 12:38:42 15.08 38.24 6 276 84 1 2.8 Totaro&al.(2016)
20150120 07:17:22 15.57 38.11 18 199 38 32 3.3 Totaro&al.(2016)
20150208 19:39:22 15.22 37.35 22 87 52 -50 3.1 Totaro&al.(2016)
20150312 15:29:04 16.23 38.43 2 230 59 -78 3.3 Totaro&al.(2016)
20150328 22:07:51 16.21 38.09 20 233 79 79 3.1 Totaro&al.(2016)
20150329 10:48:46 16.21 38.09 12 52 76 -83 3.5 Totaro&al.(2016)
20150420 01:07:43 15.12 37.8 3 178 83 -164 3.5 TDMT
20150430 05:35:21 15.39 37.86 26 160 61 44 2.9 Totaro&al.(2016)
20150511 08:26:32 16.8 37.33 40 184 62 20 4.5 RCMT
20150511 08:26:30 16.79 37.18 44 187 69 -9 4.2 present work
20150524 06:00:00 16.03 37.96 62 23 62 -3 4.1 present work
20150715 16:29:49 15.05 37.62 10 214 90 -11 3 Totaro&al.(2016)
20150801 02:46:51 15.86 37.64 42 195 90 9 3.4 Totaro&al.(2016)
20150803 13:52:37 16.14 37.39 38 205 59 1 3.6 Totaro&al.(2016)
20150806 01:59:43 15.19 38.24 8 214 76 -61 3.1 Totaro&al.(2016)
20150920 22:27:58 15.61 37.16 30 226 58 -2 3.8 Totaro&al.(2016)
20160306 08:12:36 16.74 38.2 39 248 75 158 4 TDMT
20170921 04:28:10 15.12 38.28 21 139 88 167 3.2 TDMT
20181002 02:16:17 15.76 38.22 17 38 63 -42 3.7 TDMT
20180602 07:40:54 15.15 37.71 8 247 86 168 3.4 TDMT
20180928 05:24:31 15.73 38.39 11 45 53 -112 4 TDMT
20181224 12:08:55 15.04 37.72 2 194 86 14 3.8 TDMT
20181226 02:19:14 15.12 37.64 0 306 88 4.9 TDMT

Table 1. Database of earthquake focal mechanisms of western Ionian Sea and surroundings reported in Figure 5a. O.T.,
Lon, Lat, Depth are the GMT origin time, the longitude, the latitude and the focal depth of the earthquake,
respectively. Strike, dip, and rake are the fault parameters of the focal solution. M is the earthquake magnitude.
Source is the bibliographic source of the solution (Italian CMT = http://rcmt2.bo.ingv.it/Italydataset.html,
CMT = http://www.globalcmt.org/, RCMT= http://rcmt2.bo.ingv.it/, TDMT = http://cnt.rm.ingv.it/tdmt; the other
sources are reported in the reference list at the end of the article).
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In the dataset of Figure 5 and Table 1, the focal mechanisms computed by the CAP method [Li et al., 2007;
D’Amico et al., 2010; 2011; Presti et al., 2013; Orecchio et al., 2014; Polonia et al., 2016; Totaro et al., 2016] are
affected by errors of the order of 8-10 degrees. The literature and the bibliographic sources of the other focal
mechanisms of Figure 5 and Table 1 indicate that these are typically characterized by fault parameter errors of
the order of 10-15 degrees [see, e.g., Helffrich, 1997; Frohlich and Davis, 1999; Pondrelli et al., 2006;
Hjorleifsdéttir and Ekstrom, 2010]. Then, the fault parameter errors of the solutions displayed in Figure 5 are,
in general, smaller than those of focal mechanisms computed by inversion of P-onset polarities in areas of
critical network geometry like ours [D’Amico et al., 2011; Presti et al., 2013; Scarfi et al., 2013; Musumeci et al.,
2014]. The overall level of uncertainty of focal mechanisms of the dataset of Figure 5 makes it suitable for
application of the method by Gephart and Forsyth [1984] for calculating seismogenic stress directions in the
study region (Figure 5a-d). This method searches for the stress tensor showing the best agreement with the
available focal mechanisms (FMs). Four stress parameters are calculated: three of them define the orientations
of the main stress axes; the other is a measure of relative stress magnitudes, R = (65-01)/(03-01), where a1, gy
and o5 are the values of the maximum, intermediate and minimum compressive stresses, respectively. In order
to define discrepancies between the stress tensor and observations (FMs), a misfit variable is introduced: for a
given stress model, the misfit of a single focal mechanism is defined as the minimum rotation about any
arbitrary axis that brings one of the nodal planes, and its slip direction and sense of slip, into an orientation that
is consistent with the stress model. Searching through all orientations in space by a grid technique operating
in the whole space of stress parameters, the minimum sum of the misfits of all FMs available is found. The
confidence limits of the solution are computed by a statistical procedure described in the papers by Parker and
Mc Nutt [1980] and Gephart and Forsyth [1984]. The size of the average misfit corresponding to the best stress
model provides a guide as to how well the assumption of stress homogeneity is fulfilled [Michael, 1987]. In the
light of results from a series of tests carried out by Wyss et al. [1992] and Gillard et al. [1996] to identify the
relationship between FM uncertainties and average misfit in the case of uniform stress, I will make the following
assumptions. I assume that the condition of homogeneous stress distribution is fulfilled if the misfit, F, is
smaller than 6°, and that it is not fulfilled if F>9°. In the range 6°<F<9°, the solution is considered as acceptable,
but may reflect some heterogeneity.

The advantage of using Gephart and Forsyth’s [1984] method instead of other more recent stress inversion
methods [such as, for example, Arnold and Townend, 2007; Vavrycuk, 2014; Karagianni et al., 2015] is that the
former is more conservative concerning the relative orientation of seismogenic stress and seismic dislocation
surface. In this connection, caution is appropriate in the present study because I do not make any assumption
here concerning the date of formation of the faults which generated the earthquakes of the dataset. The tectonic
stress orientation may have changed since the date of formation of the fault producing the study earthquake,
therefore I must consider a relatively wide range of possible angles between the today-acting stress and the
fault surface. This more conservative approach is better represented by the method of Gephart and Forsyth
[1984]. The effectiveness of this method in several conditions, also compared to more recent methods, is well
documented in the literature [see Hardebeck and Hauksson, 2001; Maury et al., 2013; Karagianni et al., 2015;
among others].

I report in Figure 6 a synthetic test showing the different results obtained by application of the methods by
Gephart and Forsyth [1984], Vavrikuk [2014] and Arnold and Townend [2007]. The Figure 6a shows the basic
focal mechanisms used for the test. The section (b) of the figure shows a synthetic dataset obtained from the
focal mechanisms of section (a), based on generation of 20 strike-slip, 5 reverse and 15 normal faulting
mechanisms by random perturbation of the basic mechanisms of (a). The sections (c) to (e) of the same figure
display the stress inversion results obtained for the dataset of section (b) by the above mentioned methods.
The solution obtained by Gephart and Forsyth (1984) exhibits quite large confidence limits of stress orientations
(Figure 6c¢), well representing the coexistence of compressive and extensional actions in the dataset of Figure
6b. The confidence limits are quite smaller in the case of inversion made by Vavrikuk [2014] (Figure 6d): this
method tends to highlight the prevailing stress tensor (compressional) even if it is only slightly prevailing (25
mechanisms out of 40). The Arnold and Townend [2007] method furnishes average stress orientations (Figure
6e) with small confidence areas contrasting with the high misfit value of 10.8°. As discussed later on in this
paper, the test of Figure 6 helps also finding a key of lecture of the results obtained by inversion of real
earthquake focal mechanisms, displayed in Figure 5 and Table 2.
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Figure 5.

Seismicity supports rifting in the West Ionian

15° . . . 15°

Plot (a) displays the fault-plane solutions of earthquakes of magnitude over 2.5 occurring in the period 1977-2018
at depths less than 70 km in the area contoured by the internal rectangle in Figure 2. Only solutions estimated
by waveform inversion are reported. The main parameters and the bibliographic source of each solution are
given in Table 1. The different colors in the figure identify different types of mechanisms following Zoback’s
[1992] classification based on values of plunges of P and T axes: 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). “U” includes all focal
mechanisms that do not fall in the other five categories [Zoback, 1992]. The beach ball size is proportional to the
earthquake magnitude (see legend). In the lower-right corner is reported the orientation of the principal stress
axes (lower hemisphere stereographic projection) obtained by inversion of the earthquake focal mechanisms
shown in map. Red, green, and blue dots indicate the orientations of the maximum (¢1), intermediate (¢2), and
minimum (03) compressive stresses, respectively. Crosses and squares indicate the 95% confidence areas for
the o1 and 03 axes, respectively. F is the average of the individual earthquake misfits with respect to the best
model of stress found by inversion (see text); n is the number of focal mechanisms used for stress inversion.
Plots b and c shows the orientation of the principal stress axes obtained by inversion of the earthquake focal
mechanisms shown in map (same symbols as in plot a). The plot ¢ shows the stress inversion results obtained
in the sector between Alfeo Etna Fault System (AEFS) and Ionian Fault System (IonFS), where Polonia et al.
[2017] have identified a rifting process with opening in the SW-NE direction, approximately. Plot d shows the
orientation of the principal stress axes obtained by inversion of the earthquake focal mechanisms shown in map,
i.e. same sector of plot c, depth range 30-70km. See Table 2 for numerical values of stress inversion results.
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Figure 6. Synthetic test showing the different results obtained by application of the stress inversion methods by Gephart
and Forsyth [1984], Vavrikuk [2014] and Arnold and Townend [2007]. Plot (a) shows basic focal mechanisms used
for the test. Plot (b) displays the synthetic dataset obtained by random perturbation of the basic focal
mechanisms of plot (a), based on generation of 20 strike-slip, 5 reverse and 15 normal faulting mechanisms.
Plots (c) to (e) display the stress inversion results obtained for the dataset of plot (b) by using the stress inversion
methods by Gephart and Forsyth [1984], Vavrikuk [2014] and Arnold and Townend [2007], respectively.

R 61PI(®) 6lAz(°) 62Pl(°) 62Az(°) 63PI(°) 03Az(°)

@) 112 11.3 0.5 74 180 16 355 1 86
(b) 43 8.3 0.3 34 318 54 114 11 220
© 27 6.7 0.5 7 146 58 247 31 52
) 17 3.3 0.6 16 139 73 330 3 230

Table 2. Stress tensor inversion of earthquake focal mechanisms performed for the earthquake sets indicated in Figure 5
and described in the text. N is the number of earthquakes (= focal mechanisms) belonging to the inversion set. F
is the average of the misfits of the individual earthquakes with respect to the best model of stress found by
inversion. R is the amplitude ratio (62-01)/(¢3-01) where o1, 02, and o3 represent the amplitudes of the
maximum, intermediate and minimum compressive stress, respectively. Pl and Az are the plunge and azimuth,
respectively, of the three main stress axes.
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4. Discussion

In the most recent analysis of regional seismicity and stress fields, Totaro et al. [2016] proposed a
geodynamic scheme highlighting extensional processes of the Apennine-Maghrebian chain occurring inside
the overall compressional domain due to Africa-Eurasia convergence (see, in particular, the Figure 4 of Totaro
et al., 2016]. This scheme matches well with the model by Nijholt et al. [2018] who stated that “the Calabrian
arc is now further transitioning towards a setting dominated by Africa-Eurasia plate convergence, whereas
during the past 30 Myrs slab retreat continually was the dominant factor”. On the other hand, as discussed in
Section 2 of the present paper, space variations of crustal motions measured in the Central Mediterranean
region have pushed several investigators to search for opening zones in the broadly compressive domain of the
Ionian sea. Relatively poor information available in the western Ionian is the main reason why this debate is
still open. With new data and analyses the present study focuses on the crucial zone of the western Ionian
with the purpose of furnishing a contribution in this framework.

The Figure 5a and Table 2 (set a) show the results of stress inversion of earthquake focal mechanisms in the
study area. The results indicate a high level of stress heterogeneity (F-value of 11.3°) which can be explained
in terms of two clearly different domains in the study area: (i) the extensional domain of Calabrian Arc in the
northwestern corner of the study area and (ii) the overall compressional one of the remaining part (Ionian
sea) imputable to Africa-Eurasia convergence [see also Totaro et al., 2016]. Then, a stress inversion run has
been performed considering only the Ionian offshore of Sicily and Calabria, therefore excluding the Calabrian
Arc domain (Figure 5b, Table 2 set b). In this case, the F-value of 8.3° marks again a certain level of stress
heterogeneity in the dataset, although lower than in the inversion of Figure 5a. This means that the exclusion
of the Calabrian Arc extensional domain from the inversion reduces but does not eliminate completely the
heterogeneity, i.e. stress is not homogeneous in the Ionian sector usually considered as a compressional
domain [Totaro et al., 2016, among others]. Figure 5c and Table 2 (set ¢) display the results of stress inversion
performed in the area of incipient rifting proposed by Polonia et al. [2016, 2017], approximately located
between the Alfeo-Etna and Ionian Fault Systems. In this case, the F-value drops to 6.7° that is quite smaller
than the values of the larger datasets of Figures 5a and 5b, but still larger than the value of 6° assumed as
approximate upper bound of values corresponding to stress homogeneity (see previous Section). Therefore,
stress is moderately heterogeneous in the area between the Alfeo-Etna and Ionian Fault Systems. Here, the best
model of stress coming from inversion is characterized by a NW-trending, horizontal ¢ matching well with the
direction of convergence of Africa and Eurasia in this part of the plate margin. However, the 95% confidence
limits of stress orientations reveal that o orientation is practically unconstrained from horizontal NW-SE to
vertical. This may suggest that some extensional process opening SW-NE acts together with NW-trending
plate convergence in this sector.

A close analogy can be noted between the stress confidence limits of Figure 5c (real earthquakes) and those
obtained by inversion of synthetic focal mechanisms (Figure 6¢). This suggests that the focal mechanisms
available between the Alfeo-Etna and Ionian Fault Systems (Figure 5c) may be generated by the action of two
different tectonic sources: (i) a compressional stress with o; trending SE-NW imputable to Africa-Eurasia
convergence, in agreement with the most recent studies [Montone and Mariucci, 2016; Totaro et al., 2016];
(ii) an extensional stress with SW-NE opening direction which can be plausibly related to the rifting process
hypothesized by Polonia et al. [2017]. I have reported in Figure 7 the individual misfits of the earthquakes of
Figure 5c with respect to the corresponding stress solution, as a function of focal depth. The best model of
stress in 5c is compressional with SE-NW o7, which recalls regional stress related to Africa-Eurasia
convergence. According to the plot of Figure 7 plate convergence seems to be the only geodynamic process
active at depths between 30 and 45 km, approximately. In fact, at these depths, nearly all the individual misfits
are lower than 10° (average error of focal mechanisms in the dataset). Conversely, the individual misfits of
the earthquakes shallower than 30 km (in half cases exceeding 10°; Figure 7) suggest some degree of stress
heterogeneity in the depth range 0-30 km. Based on the information furnished by the plot of Figure 7, I have
performed a stress inversion run excluding from the dataset of Figure 5c all the earthquakes shallower than
30 km. The results of this additional run are shown in Figure 5d and Table 2 set d. The value of F (3.3°) and the
small confidence limits of stress orientations indicate that stress is homogeneous and well constrained at
depths between 30 and 45 km in the sector of Figure 5d. In this framework, the best model of stress
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characterized by a NW-SE sub-horizontal ¢4, indicates that the action of plate convergence is dominant in
this depth range in the area of incipient rifting identified by Polonia et al. [2017]. According to the results of
Figure 5c-d and to the plot of Figure 7, the extensional processes associated to rifting are to be confined to the
upper ca. 30 km in this area. Unfortunately, the low number of focal mechanisms available above the depth level
30 km (only 10) does not allow a separate stress inversion and this operation has to be postponed to a moment
when additional data will be available. It is also worth mentioning that the analysis of the individual misfits
of the earthquakes of Figure 5c as a function of magnitude (not reported graphically for conciseness) evidences
that all the events of magnitude over 4.0 (maximum magnitude of 4.5) can be imputed to the convergence-
related regional stress (misfits less than 10°). On the other hand, the weaker events (magnitude less than 4.0)
show in several cases misfits larger than 10°, what means that they in part reflect stress heterogeneities due
to more localized processes, such as rifting. In this case, too, the relatively low number of focal mechanisms
available does not allow stress inversion of proper subsets partitioned according to earthquake magnitude.

Figure 4a-d displays the locations obtained by Bayloc for the earthquakes of magnitude over 2.5 occurring
in the study area between 1985 and 2018. The completeness magnitude of the INGV seismic catalog for this
area since 1985 was estimated to be in the order of 2.0-2.5 by Schorlemmer et al. [2003]. By comparing the
Bayloc’s epicenter distribution of the earthquakes shallower than 30 km shown in Figure 4b with the structural
map of Figure 1, we may note: (i) a certain degree of seismic activity in correspondence with the northern
segment of the Malta escarpment, the only considered active in this structural system by several authors [see,
e.g., Argnani, 2009; Gutscher et al., 2016]; (ii) a clear belt of seismic activity trending NW-SE between the
Alfeo-Etna and the Ionian fault Systems; and (iii) a drop of seismicity going to NE across the Ionian Fault
System. In the 30-70 km depth range (Figure 4c) there is no seismicity in correspondence with the Malta
escarpment and most of seismic activity is dispersed around the Ionian Fault. The SW-NE vertical section of
Figure 4d highlights that seismicity is as shallow as 20 km west of the Alfeo-Etna Fault System, but deepens
to depths of the order of 40 km between the Alfeo-Etna and the Ionian Fault Systems, and remains stable at
this depth level for several tens of km around the Ionian Fault System. In the same vertical section the presence
of seismic activity, although weak, can also be noted in the upper 20 km halfway between the Alfeo-Etna and
the Ionian fault systems (AEFS and IFS; Figure 4d). All the features detected in Figure 4a-d can be noted also
in the plots of Figure 4e-h reporting the subset of earthquakes occurring between 2005 and 2018, i.e. the
information is stable when reducing the time interval of the analysis from 34 to 14 years, what also corresponds
to a slight decrease of epicenter and focal depth average errors (values labeled in the plates 4a and 4e).

Previous investigators [see, e.g., Polonia et al., 2011; 2016; Palano et al., 2015b] have proposed that the
Ionian fault zone corresponds with the southwestern edge of the Ionian subducting slab dipping to NW and
presumably still affected by slow SE-ward residual rollback. The Ionian fault zone would represent the shallow
expression of a STEP fault [Polonia et al., 2016]. The above commented epicenter and hypocenter distributions
of Figure 4 support this interpretation: earthquake distributions evidence, in particular, that the dislocation
processes between the subducting slab (located northeast of the Ionian Fault system) and the adjacent
lithosphere (southwest) are distributed over a relatively wide zone, probably because the slab rollback
kinematics are slow and do not mimic fast STEP dynamics [Gallais et al., 2013; Orecchio et al., 2014]. The weak
earthquake activity detected in the upper 20 km halfway between the Alfeo-Etna and Ionian Fault Systems
(Figures 4d-e) occurs in a NW-trending highly fractured zone, site of a rifting process with SW-NE opening
direction where serpentinite diapirs rise from deeper depths [Polonia et al., 2017]. This extensional process can
be a cause of stress heterogeneity evidenced by stress inversion in the domain of Figure 5c, where SW-NE
extension appears to be superimposed to NW-SE compression related to Africa-Eurasia convergence (Figure
8). Earthquake space distribution and stress orientations in the western Ionian are compatible with the
geodynamic hypothesis of Polonia et al. [2017] assuming a rifting process near the southwestern edge of the
subducting slab. This interpretation appears also to match well with the space variation of GPS vectors in
Sicily and Calabria [Figure 8a; vector data from Palano et al., 2012]: these show clear rotation of crustal motions
when crossing the onshore prolongation of the NW-trending zone located between the Alfeo-Etna and Ionian
Fault Systems.

I look at a future availability of additional data in the study area to explore in a greater detail the local
space variations of stress and the contributions by the different tectonic factors. On the other hand, I evidence
the new contribution to knowledge of regional geodynamic processes given by the present study in comparison
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to the most recent stress inversion analyses carried out in the same area [Totaro et al., 2016]. In fact, although
the primary seismogenic role attributed to plate convergence by Totaro et al. [2016] is confirmed here, the use
of a more conservative stress inversion method allows me to better detect in the present study the
heterogeneity of stress in the study area (see, e.g., Figure 5c¢). In particular, signatures of a rifting-related
extensional component have, here, been detected into the compressional domain produced by plate
convergence (Figure 8). According to the results of the present study the effects of rifting would, approximately,
be confined to the upper 30 km of the area between the Alfeo-Etna and Ionian Fault Systems (see Figures 5d,
7 and 8b). In this volume, however, the number of focal mechanism data available is not enough for a separate
inversion.

The results of the present study may contribute to answer some questions put by previous investigators such
as, for example, Serpelloni et al. [2007] (where strain locates between Hyblean and Apulia domains?) or Palano
et al. [2012] (is Ionian rigidly connected with the Hyblean block or diverging from it?). Earthquake locations
and stress distributions allow stating that (i) the Western Ionian is a main site of strain release between
Hyblean and Apulia domains and (ii) the Ionian is not “rigidly connected with the Hyblean block”. Concerning
the two alternative scenarios proposed by Palano et al. [2012] and here reported in Figure 2b-c, the results of
the present study appear closer to the hypothesis of a Ionian block diverging from the Sicilian-Hyblean-Malta
block (Figure 2c). Concerning the question of D’Agostino et al. [2008] whether the assumption of a rigid
Apulian-Ionian-Hyblean microplate is correct or not, the results of the present study showing signatures of a
rifting process in the Ionian as proposed by Polonia et al. [2017] suggest that D’Agostino et al’s [2008] question
was meaningful and the Apulian-Ionian-Hyblean system needs more complex modeling.
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Figure 7. Diagram reporting the earthquake individual misfit (with respect to the stress solution) versus focal depth for the
earthquakes of Figure 5c. In the depth range 30-45 km nearly all the individual misfits are lower than 10°
(approximate average error of focal mechanisms in the dataset). This indicates that plate convergence is likely
the only geodynamic process active at these depth levels. A certain degree of stress heterogeneity is revealed by
individual misfits at depth shallower than 30 km.
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Figure 8. (a) This figure shows the overall compression caused by Africa-Eurasia convergence (black arrows) disturbed by
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incipient rifting in the westernmost Ionian offshore Sicily [i.e., white diverging arrows between AEFS and IonFS,
from Polonia et al., 2017]. Black-to-grey transition of GPS crustal motion vectors marks their clear orientation
change from NW-ward to NE-ward and corresponds with the onshore prolongation of the lonian NW-trending
rifting zone [GPS vectors are from Palano et al., 2012]. The grey arrow shows the sense of the subducting slab
rollback. (b) Sketch representation of stress distribution along a SW-NE vertical section of the western Ionian
area: circles indicate homogeneous compression due to SE-NW plate convergence; ellipses indicate the zone
where SW-NE rifting-related extension is superimposed to SE-NW compression. (c) Sketch view of the Calabrian
arc subduction zone modified from Polonia et al., [2017]. Extensional processes in the rifting zone between the
Alfeo-Etna and Ionian Fault Systems (dotted area) drive serpentinite diapirs rising in correspondence of the
tearing slab edge [following Polonia et al., 2017, diapirs are schematically indicated by irregular patches].
Black arrows indicate Africa-Eurasia convergence.
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5. Conclusion

Earthquake relocations and stress inversion of focal mechanisms in the still poorly resolved geodynamic domain
of western Ionian lead to the following conclusions: (i) the main finding of previous investigations indicating the
primary tectonic action of Africa-Eurasia convergence in this part of the Mediterranean region [Montone et al.,
2012, Montone and Mariucci 2016; Totaro et al., 2016] is confirmed; (ii) the level and style of stress heterogeneity
detected in the study area furnish, however, evidence of additional tectonic factors acting together with convergence.
In this regard, an additional factor can be recognized in the rifting process at the southwestern edge of the
subducting slab recently hypothesized by Polonia et al. [2017]. SW-NE opening in the NW-trending belt comprised
between the Alfeo-Etna and Ionian Fault Systems would add an extensional stress component to convergence-
related compression in the offshore of Eastern Sicily: this is really observed in the plot of stress orientations obtained
by inversion of focal mechanisms (Figure 5c). Also, the hypocenter relocations evidence that the dislocation
processes between the subducting slab (located northeast of the Ionian Fault System) and the adjacent lithosphere
(southwest) are distributed over a relatively wide zone, probably because the subduction kinematics are slow and
do not mimic fast STEP dynamics [Gallais et al., 2013; Orecchio et al., 2014]. This wide zone located between the
Alfeo-Etna and Ionian Fault Systems (Figures 3d and 4d) corresponds to the NW-trending highly fractured zone of
rifting where serpentinite diapirs rise from deeper depths [Polonia et al., 2017]. The stress inversion results of Figure
5c-d and the analysis of earthquake individual misfits in Figure 7 suggest that the seismic effects of rifting are
confined to the upper 30 km of the area between the Alfeo-Etna and Ionian Fault Systems (a final sketch of the
results into the geodynamic context is given in Figure 8c).

Data and sharing resources. Data used in the present study were collected from the databases of Istituto Nazionale
di Geofisica e Vulcanologia (http://istituto.ingv.it/it/archivi-e-banche-dati) and from catalogs and bibliographic
sources indicated in detail in the article.
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