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Abstract 9 

The Western Ionian Sea is characterised by an active and diffuse seismicity, directly related to the 10 

convergence of the European and African Plates and by gravitational sinking and rollback of the 11 

oceanic lithosphere. In this area, the location of earthquakes is characterised by considerable 12 

uncertainties due to large azimuthal gaps, resulting in notable location errors. This problem was 13 

partially overcome with the use of data recorded by NEMO-SN1 seafloor observatory (October 2002 14 

- February 2003; June 2012 - May 2013). We relocated 1130 crustal and sub-crustal earthquakes 15 

using land network and NEMO-SN1 data. As most events occurred on Mt. Etna, we focused on 358 16 

earthquakes in the offshore area and near the coasts of Sicily and Calabria. The use of the combined 17 

land-marine networks has improved the earthquake locations in terms of azimuthal GAP, as well as 18 

in horizontal and vertical errors. The comparison between locations performed with and without 19 

NEMO-SN1 data shows that differences in latitude, longitude and depths are more evident in the 20 

Western Ionian Sea and in the coast of Sicily, where values of the differences over 5 km correspond 21 

to structural heterogeneities. The increased number of seismic stations deployed on land from 2003 22 

to 2012 did not influence the location of events occurring offshore, where NEMO-SN1 continued to 23 

be the distinctive tool in the location process. Moreover, the new 73 focal mechanisms computed with 24 

P-wave polarities from NEMO-SN1 and land stations are in agreement with the regional structural 25 

model, showing a prevalent normal, normal/oblique, and strike-slip kinematics. The similarity of two 26 

new focal solutions with the mechanisms of the main shock and aftershock of the 1990 earthquake 27 

demonstrates that the seismic structures are still active and potentially dangerous. The P-wave travel-28 

time residual analysis confirms the activity along the main structural alignments. 29 

A single point of observation in the Ionian Sea can significantly improve the quality of locations, 30 

giving an opportunity to focus on the seismogenic structures responsible for the occurrence of 31 

medium-to-high magnitude earthquakes.  32 
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 36 

1. Introduction 37 

The location of seismic events in the offshore areas is uncertain using only land-based seismic 38 

networks due to the large azimuthal gaps. In the last few decades, Ocean Bottom Seismometers 39 

(OBSs) and seafloor observatories have been used to improve the reliability of earthquake locations 40 

in the offshore or near the coasts. Numerous experiments have been performed with this purpose 41 

using OBSs stations (Dahm et al., 2002; Barberi et al., 2006; Sgroi et al., 2006) and seafloor 42 

observatories (Sgroi et al., 2007; Tréhu et al., 2018), demonstrating shifts of several km in the 43 

hypocentre determination (Lawton et al., 1982; Hino et al., 1996; Sgroi et al., 2006). Moreover, OBS 44 

networks are frequently used to locate offshore microseismicity of tectonic and volcanic origin, 45 

recorded poorly or not at all on-land (Shinohara et al. 2003; Tilmann et al. 2004; Goslin et al. 2005; 46 

Sgroi et al. 2006; 2007; Wilcock et al., 2016). 47 

In Italy, the difficulty in precisely locating the offshore seismicity by land-based seismic 48 

networks prevalently concerns earthquakes occurring in marine areas, such as the Ionian Sea, one of 49 

the most seismically active areas in the Central Mediterranean. In this region, the highest magnitude 50 

earthquakes ever measured in Italy during historical and recent times occurred (1169, Mw 6.6; 1693, 51 

Mw 7.4; 1908, Mw 7.2; 1990, Mw 5.7; Boschi et al., 1997), often followed by severe tsunamis (Tinti 52 

et al., 2004). Despite many studies in the Ionian Sea recognising the offshore seismogenic structures 53 

(Bianca et al., 1999; Gutscher et al., 2016), their locations are questionable or entirely unknown.  54 
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These problems were overcome thanks to the deployment of the NEMO-SN1 seafloor 55 

observatory in the Ionian Sea, about 25 km offshore eastern Sicily, as a node of the EMSO ERIC 56 

European Multidisciplinary Seafloor and water-column Observatory European Research 57 

Infrastructure Consortium (www.emso.eu) (Favali et al., 2006; Favali and Beranzoli, 2009). In the 58 

Ionian Sea, many other experiments using OBSs have been performed (Coltelli et al., 2016; Billi et 59 

al., 2020) with the aim of focusing both on the volcanic and tectonic setting associated with the Mt. 60 

Etna volcano and the active faults in the Ionian basin. 61 

In this work, we analysed the crustal and sub-crustal earthquakes recorded by NEMO-SN1 and 62 

by land stations during two periods (October 2002 – February 2003; June 2012 - May 2013). 63 

Notwithstanding the denser station coverage deployed on land from 2005, the seafloor observatory 64 

proved to be a unique tool in improving the locations of earthquakes occurring at the sea. The 65 

integration of travel times significantly improved the earthquake locations, demonstrating how a 66 

single offshore station, strategically located, can contribute greatly towards focusing on the most 67 

dangerous active offshore seismic structures. 68 

 69 

2. Geological setting 70 

The NEMO-SN1 site in the Ionian Sea was chosen for its high seismic and volcanic hazards, 71 

related both to the seismogenic structures, sources of historical high-magnitude earthquakes, and Mt. 72 

Etna. The study area is characterised mainly by convergence of the European and African Plates and 73 

by gravitational sinking and rollback of oceanic lithosphere (e.g. Argnani, 2009).  74 

From a structural viewpoint, the Malta Escarpment (ME in Figure 1) is a more than 150-km-75 

long regional fault system, mostly submerged, that trends NNW-SSE and separates the subduction 76 

foreland basin from the oceanic crust (Scandone et al., 1981; Ben-Avraham et al., 1995; Hirn et al., 77 

1997; Bianca et al., 1999; Meletti et al., 2000). Two oppositely dipping fault systems, the Ionian Fault 78 

(IF in Figure 1) and the Alfeo-Etna Fault (AEF in Figure 1), have recently been described based on 79 

the analysis of multiscale geophysical data, which show deformations along prevailing NW-SE strike-80 

http://www.emso.eu/
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slip/transtensional structures (Polonia et al., 2011; 2016). The lengths of IF and AEF range from tens 81 

to hundreds of km, therefore these structures are likely candidates as seismogenic sources of the 82 

highest magnitude earthquakes (Billi et al., 2010; Polonia et al., 2013; Gutscher et al., 2016). The 83 

same structures may also be considered possible sources of significant micro-seismicity, which is not 84 

accurately detected by the land network (Sgroi et al., 2007). 85 

In this complex picture, the origin and the anomalous position of Mt. Etna within the 86 

geodynamic context of the area are still controversial (e.g. Doglioni et al., 2001). During the first 87 

deployment of NEMO-SN1 seafloor observatory, a vigorous explosive eruption occurred on Mt. Etna. 88 

The eruption started on October 26, 2002, two hours after the occurrence of a seismic crisis (Patanè, 89 

2002; Barberi et al., 2004). NEMO-SN1 proved an efficient tool also in the volcano-tectonic 90 

earthquakes monitoring, recording several dozens of earthquakes associated to the seismic crisis that 91 

were not well-recorded and located by the land seismic network on the volcano edifice (Sgroi et al., 92 

2007). Moreover, the detection capability of the seafloor observatory also enabled recording the low-93 

frequency signal (volcanic tremor) that accompanied the 2002-2003 Mt. Etna eruption (Sgroi et al., 94 

2019). 95 

 96 

3. The NEMO-SN1 seafloor observatory and the land networks 97 

In the two periods, October, 2002 – February, 2003 and June, 2012 – May, 2013, the NEMO-98 

SN1 seafloor observatory was deployed about 25 km offshore eastern Sicily, at a depth of 2100 m 99 

(Figure 1), as a node of EMSO, the European research infrastructure for seafloor and water column 100 

monitoring (www.emso.eu). The deployment site was chosen due to the importance of the western 101 

Ionian Sea area in the long-term monitoring of environmental processes related to marine ecosystems, 102 

climate change, and geohazards. The seafloor observatory was equipped with a set of geophysical 103 

and oceanographic instruments (gravitymeter, hydrophone, Conductivity and Temperature versus 104 

Depth - CTD, 3-C single-point current meter, several status sensors), including a 3-component 105 

broadband Guralp CMG-1T seismometer, with a 0.0027 to 50 Hz bandwidth frequency response and 106 
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100 Hz sampling rate. It was synchronized by a high-precision Rb clock, with a drift of less than 0.4 107 

ms/day (Favali and Beranzoli, 2006; Favali et al., 2013; Sgroi et al., 2014); these errors were well 108 

below the accuracy needed for the analysis performed in this work. 109 

The NEMO-SN1 seafloor observatory was deployed in autonomous acoustic-linked mode at 110 

37.442 N, 15.393 E, and 2072 m water depth (October, 2002 – February, 2003; Favali and Beranzoli, 111 

2006; Favali et al., 2006; Sgroi et al., 2007), and in cabled mode at 37.548 N, 15.398 E and 2037 m 112 

water depth (June, 2012 – May, 2013; Favali et al., 2010; 2013; Sgroi et al., 2014; Favali et al., 2015). 113 

The metadata can be retrieved at the link http://www.moist.it/sites/western_ionian _sea/2.  114 

During the two periods, NEMO-SN1 recorded a great variety of seismic events, comprising 115 

teleseismic, regional and local events. Moreover, low-frequency signals, such as volcanic tremor and 116 

oceanographic noise, were recorded well, giving important insights into the dynamics of Mt. Etna 117 

volcano and the Ionian seafloor (Sgroi et al., 2019).  118 

In this work, we collected data related to crustal and subcrustal earthquakes recorded by land 119 

stations of the Italian Seismic Network (Rete Sismica Nazionale, RSN) and the Etna Regional 120 

Network (ERN), both managed by the Istituto Nazionale di Geofisica e Vulcanologia (INGV - INGV 121 

Seismological Data Centre and Osservatorio Etneo) during the two deployments of NEMO-SN1 122 

(Figure 1). In 2002-2003, the RSN comprised about 25 stations in the study area (green triangles in 123 

Figure 1), equipped with S-13 Teledyne Geotech seismometers, acquiring continuous data at 50-Hz 124 

sampling rate. In the same years, the Etna Regional Network (ERN), mainly employed for the 125 

monitoring of Mt. Etna seismo-volcanic activity, was made up of about 20 stations distributed around 126 

the volcanic edifice (green triangles around the Mt. Etna area in Figure 1). Data were recorded by 3-127 

component stations (Mark L4C) with a 160-Hz sampling rate. Since 2005, a denser station coverage 128 

was achieved on land with the deployment of new broad-band seismic stations, while enlarged band 129 

sensors replaced the short-period ones in Sicily and in the area of Mt. Etna. In 2012-2013, the two 130 

land networks had approximately 150 stations in Sicily, Aeolian Islands, and southern Calabria (the 131 

additional stations are shown with blue triangles in Figure 1). These stations are equipped with 3-132 

http://www.moist.it/sites/western_ionian_sea/2
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component extended band (Lennartz 5 s) and/or broad-band (Trillium 40 s) sensors (Amato and Mele, 133 

2008; Schorlemmer et al., 2010).  134 

 135 

4. Data analyses 136 

4.1 Land and marine data 137 

We gathered information on earthquake locations reported by the Italian Seismicity Catalogue 138 

(Catalogo della Sismicità Italiana, CSI; Castello et al., 2006), the Italian Seismic Bulletin (Bollettino 139 

Sismico Italiano, BSI; ISIDe Working Group, 2007) and the “Catalogo dei Terremoti della Sicilia 140 

Orientale – Calabria Meridionale, INGV, Catania” (Gruppo Analisi Dati Sismici, 2019), compiling 141 

a seismological dataset of 1130 crustal and sub-crustal earthquakes during the time-period covered 142 

by the NEMO-SN1 monitoring. We then analysed the waveforms and handpicked the arrival times 143 

of the events recorded both by land stations and NEMO-SN1. To standardize the compiled dataset in 144 

terms of location procedure and quality, we performed a relocation of all events, integrating arrival 145 

times both from land seismic stations and NEMO-SN1. Locations were performed using the 146 

Hypoellipse code (Lahr, 1989) which allows applying different 1D velocity models (Sgroi et al., 147 

2012) and takes into account the negative elevation of the NEMO-SN1 seafloor observatory (Sgroi 148 

et al., 2007; 2012). In the 1D location process, seven available P-wave velocity models for the 149 

offshore-onshore south Calabria and Sicily are taken into account, being representative of the 150 

structural heterogeneity of the areas where seismic stations are placed. Starting from the southern 151 

Tyrrhenian Sea, the model of Monna et al. (2013), derived from a tomographic study performed 152 

around the Aeolian Islands, shows a crustal thickness of ~23 km; the model of Langer et al. (2007) 153 

represents the structural heterogeneity of the Madonie-Nebrodi-Peloritani system (Moho placed at 35 154 

km); the model of Hirn et al. (1991) is representative of Mt. Etna volcano and assumes a Moho depth 155 

of 30 km; the models of Musumeci et al. (2003) and Sgroi et al. (2012) are indicative of geology and 156 

structures in the area of Hyblean plateau (crustal thickness of 28 km) and central Sicily (Moho depth 157 

of 37 km), respectively. For the western Ionian Sea, a recent 1D velocity model (Sgroi et al., 2021) 158 
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computed using data of NEMO-SN1 and characterized by a crustal thickness of 21 km, was used in 159 

the 1D location process. 160 

The integrated locations of the 1130 earthquakes are shown in Figure 2, where the two different 161 

colours indicate the earthquakes occurring in the two periods 2002-2003 (green circles) and 2012-162 

2013 (blue circles), respectively. The distribution of locations is non-homogeneous as the cluster with 163 

the major concentration of earthquakes is associated with Mt. Etna, and is linked to its volcanic 164 

activity. About two weeks after the first NEMO-SN1 deployment (2002-2003), a vigorous explosive 165 

eruption occurred on Mt. Etna. Starting in the late hours of October 26, 2002, the eruption was 166 

preceded by a seismic swarm comprising several hundreds of earthquakes; most of them were 167 

recorded well by NEMO-SN1. A minor cluster of earthquakes is related to seismicity occurring in 168 

the transition onshore/offshore area of the Hyblean plateau and in correspondence of Messina Strait, 169 

while a minor and dispersed seismicity occurs at the external part of the Calabrian Arc in the Ionian 170 

Sea. Figure 2 shows that most seismicity during the 2002-2003 period was associated with the Mt. 171 

Etna eruption (with only a few events occurring offshore), while in the period 2012-2013 the volcano-172 

tectonic seismicity associated with Mt. Etna was lower and earthquakes occurred prevalently in the 173 

offshore area. 174 

To focus on the influence of the increasing number of land seismic stations on location 175 

improvement during the two periods of deployment of NEMO-SN1, we compared five couples of 176 

earthquakes occurring alternatively in 2002-2003 and 2012-2013 (circles numbered in Figure 2) and 177 

having similar epicentres (all located with the use of travel-times from NEMO-SN1; location 178 

parameters are listed in Table 1). The comparison of these events shows that locations are very similar 179 

for couples of earthquakes occurring offshore or near the coast (events 1-2, 3-4 and 5-6 in Figure 2; 180 

Table 1) with differences that are ascribable to the magnitude of events (a consistent difference in 181 

hypocentre depths is visible only for the couple of events 5-6). The azimuthal gaps show similar 182 

values, with a maximum difference of 9° for the events 3-4, and also horizontal and vertical errors 183 

are comparable. On the other hand, the two couples of events in central Sicily (events 7-8 and 9-10 184 
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in Figure 2; Table 1) are characterized by similar locations, while remarkable differences of the 185 

azimuthal gap (180° for events 7-8 and 147° for events 9-10) are computed. These results indicate 186 

that the increasing seismic stations coverage has significantly improved the location of earthquakes 187 

occurring on land, without any influence in the offshore where NEMO-SN1 continued to be the 188 

distinctive tool in the location process.  189 

 190 

4.2 Magnitude homogenization 191 

Magnitude is an indicator of earthquake size that reflects the specific instrument used, as well 192 

as the features of the events. In the 2002-2003 period, duration magnitude (Md) was routinely used 193 

for magnitude estimation, while the local magnitude (ML) has been computed using signals of broad-194 

band seismometers since 2005. In order to ensure homogeneity in our catalogue in terms of magnitude 195 

and to analyse the spatial distribution of magnitude of events during the two periods, we considered 196 

the amplitude data together with duration data for 266 earthquakes, as reported in the seismic 197 

catalogues. We derived a regression equation that was used to convert all magnitudes in our catalogue 198 

from Md to ML. Figure 3a shows a fairly linear trend of Md versus ML in the magnitude range between 199 

1.0 and 3.4; the value of correlation coefficient (R) is also indicated. We used this regression equation 200 

to compute the local magnitude for our seismicity catalogue. The distribution of ML computed for the 201 

1130 events is shown in Figure 3b. The ML values for the whole data set range between 0.9 and 4.5 202 

(27 events have a recomputed ML ≥ 3.5) with a peak around the value of 2.0 (Figure 3b). 203 

 204 

4.3 1D locations and statistical analysis 205 

Since our aim is to demonstrate the improvement in offshore earthquake location, we 206 

concentrated on the seismicity occurring in the Ionian Sea and in the coastal area of eastern Sicily 207 

and southern Calabria, extracting from our integrated catalogue 358 crustal and sub-crustal events 208 

out of the 1130 relocated earthquakes. We compared locations performed with and without the use 209 
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of travel times from NEMO-SN1. Figure 4 shows maps and E-W and N-S sections related to the 210 

locations with (Figure 4a) and without (Figure 4b) data from NEMO-SN1. The seismicity is 211 

prevalently clustered near the coasts of eastern Sicily and south Calabria, while, in the offshore, 212 

earthquakes occurred at or near the main tectonic structures of the Malta escarpment, Ionian and 213 

Alfeo-Etna Faults (Figure 4a-b).  214 

The use of the combined network of land stations and NEMO-SN1 has improved the earthquake 215 

locations in terms of azimuthal GAP as well as horizontal and vertical errors, and partially on root 216 

mean square (rms). The presence of a single seafloor station allowed us to significantly decrease the 217 

Mean (M) and Standard Deviation (SD) values computed on GAP, horizontal (ErrH) and vertical 218 

(ErrZ) errors, while a rough decrease of Standard Deviation (SD) is also observed on rms values 219 

(Figure 5). Average GAP for the 358 events decreases from M=199° (SD=66) of locations without 220 

NEMO-SN1 to M=180° (SD=63) of locations with NEMO-SN1 (Figure 5a). Most events have 221 

consistent decreases of GAP up to 143°, as for the earthquake on August, 8, 2012 (ML=1.6). Average 222 

rms for all events span from M=0.27 s (SD=0.10) of locations without NEMO-SN1 to 0.30 s (M) of 223 

locations with NEMO-SN1 (SD=0.09) (Figure 5b). The horizontal (ErrH) and vertical (ErrZ) errors 224 

of locations without NEMO-SN1 are characterized by M=1.36 km (SD=7.43) and M=2.82 km 225 

(SD=9.93), respectively. The horizontal and vertical errors of the location with NEMO SN1 are 226 

significantly lower: namely, ErrH is characterized by M=0.7 (SD=1.64) whereas ErrZ is characterized 227 

by M=1.24 (SD=5.53) (Figures 5c, d).  228 

We quantified the differences between locations with and without NEMO-SN1 travel times in 229 

terms of differences in latitude, longitude, and depth. Figures 6a-c-e show histograms indicating the 230 

differences in the ranges -20/20 km. As these differences are mainly concentrated in the -5/+5 km 231 

interval, we focused on these intervals, representing them in the maps of Figure 6b-d-f. We note that 232 

the locations with and without NEMO-SN1 are very similar in terms of areal distribution (Figures 6a-233 

b and c-d), as latitude and longitude differences are below 4 km for about 95% and 94% of events, 234 



11 
 

respectively. Higher values are more evident in the peripheral areas where the coverage of the seafloor 235 

station appears to be less influential. On the other hand, the locations performed with and without 236 

NEMO-SN1 show greater differences in terms of hypocentre depths (Figures 6e-f), where over 95% 237 

of the events are characterized by roughly doubled depth differences (up to 10 km). These differences 238 

are visible in the whole study area.  239 

 240 

4.4 Location residuals  241 

To detail the crustal and lithospheric structure of eastern Sicily and the Ionian Sea and focus on 242 

the importance of the seafloor observatory in defining the crustal structures in the offshore, we 243 

analysed the travel-time residuals (Figure 7) computed from the locations performed with land 244 

stations and the seafloor observatory data. The criteria used for the data selection are designed to be 245 

less than100 km in depth and with an epicentre distance less than 400 km; within this window the 246 

whole dataset was obtained, considering a total of 4732 P-wave arrivals.  247 

P-wave residuals indicate the complex velocity pattern of a region, as strong lateral velocity 248 

non-homogeneities and the passage from low to high velocity zones are required to explain the 249 

observed pattern of residuals. The travel-time residuals reflect the difference between actual and 250 

estimated model velocities along ray paths to stations and can compensate for heterogeneous velocity 251 

structures near individual stations. In this study, P-residuals computed on all stations enable focusing 252 

on the structural pattern in the Ionian and Tyrrhenian basins, around the coasts of Sicily and Calabria 253 

and in the inner areas of the two regions. Figure 7 shows the distribution of P-wave travel-time 254 

residuals for six depth intervals. The transition from high velocity (negative residuals) to low velocity 255 

(positive residuals) together with the relocations of earthquakes, reflect clearly the main seismogenic 256 

structures that can be defined in the morpho-structural domains within the Calabrian accretionary 257 

prism in the Ionian Sea (Polonia et al., 2011). Low velocities associated with Mt. Etna volcanism, 258 

showing continuity also in the offshore, are represented well by the positive residuals shown in Figure 259 

7. The most impressive result concerns the transition from high to low velocities in the Ionian basin 260 
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that corresponds to the position of the pre-Messinian wedge of the inner deformation front (Polonia 261 

et al., 2011; 2013). 262 

 263 

4.5 3D locations 264 

To test the quality of locations performed with and without NEMO-SN1 data, the dataset of 358 265 

events was relocated using a new 3D velocity model computed for the Western Ionian Sea (Sgroi et 266 

al., 2021) and the tomoDDPS algorithm (Zhang et al., 2009).  267 

The 3D velocity model derived from a detailed 3D image of the Calabrian-Ionian subduction 268 

system (Sgroi et al., 2021) and was obtained by seismic tomography. In these images, the Moho depth 269 

can be observed at about 20 km in the Ionian basin, while near the coast the Moho deepens up about 270 

30 km. This model, the result of the first inversion performed with marine data, investigated the 271 

offshore tectonic structures with unprecedented detail with respect to previous tomographic studies. 272 

Moreover, the study area is well resolved in the higher part of the model (up to 40 km depth) and in 273 

the western-central part of the Ionian Sea, due to the single seafloor station that assures the good 274 

event-station geometry in spite of the lack of coverage by seismic stations.  275 

We used the tomoDDPS algorithm (Zhang et al., 2009) to perform 3D locations since it has the 276 

advantage of using a combination of both absolute and differential arrival time readings, so that for 277 

earthquakes with foci lying close to each other, travel times errors due to incorrect velocity models 278 

in the volume outside the cluster will effectively be cancelled. Furthermore, the algorithm produced 279 

a better clustering of earthquakes, allowing the relocation of 352 earthquakes out of 358 of 1D 280 

locations. Earthquake relocations (map and on E-W and N-S sections) using the 3D velocity model 281 

are shown in Figure 8. The seismicity in the Ionian Sea is rather diffuse, with the majority of 282 

earthquakes to be located are close to the Malta escarpment (ME), in the outer regions of the IF and 283 

AEF systems and in the Hyblean and Messina Strait areas. The main cluster of earthquakes is related 284 

to seismicity occurring in the onshore area of the Hyblean plateau; other minor clusters are visible 285 
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near the coastal area of Mt. Etna, and onshore and offshore southern and south-eastern Calabria. The 286 

map of distribution of earthquakes reflects the 1D locations, while major differences are evident in 287 

the E-W and N-S sections. The E-W and N-S sections show the distribution of earthquakes up to 100 288 

km depth. The shallowest events (down to 20 km) are concentrated on land and in the coastal area; 289 

deeper events (down to 60 km) prevail in the Ionian basin. 290 

The two E-W and N-S sections (Figure 8) contribute to highlighting the depth distribution of 291 

seismicity in relation to the main fault systems and structures. As a matter of fact, the main differences 292 

in the distribution of earthquakes based on the 3D velocity model (Figure 8) with respect to 1D 293 

locations (Figure 4) are related to the sharp transition between the southwestern region, where 294 

earthquakes enucleate at about 20-km depth, and the region toward NE where earthquakes reach over 295 

50-60 km of depth.  296 

 297 

4.6 Focal mechanisms 298 

To infer the kinematics of earthquakes occurring in the Ionian basin and thoroughly evaluate the 299 

effect using NEMO-SN1, we computed 73 new focal mechanisms (1.6≤ML≤4.5), taking into account 300 

the polarity detected from the NEMO-SN1 seafloor station during the handpicking procedure. We 301 

applied the FPFIT standard procedure (Reasenberg and Oppenheimer, 1985), considering the 302 

polarities of events occurring in the Ionian Sea area in the two time periods. The FPFIT conventional 303 

procedure is based on P wave polarity data and on their spatial distribution over the focal sphere. Of 304 

73 focal mechanisms, 71 earthquakes have a minimum number of eight clear polarities and the other 305 

two events, having seven polarities, have been included in our dataset due to their clear mechanism. 306 

The polarities are homogenously distributed over the focal sphere (approximately 75% of events have 307 

a number of polarities ≥ 10) and with discrepant polarities ≤ 2 (about 71% of earthquakes do not have 308 

discrepant polarities). We defined the quality factor (Q) of focal solutions, depending on the degree 309 

of polarity misfit and on the range of uncertainties in the strike, dip, and rake values. Q ranges from 310 

0 (low quality) to 2 (best quality). In our dataset, 37 mechanisms have Q=2, 34 have Q=1, and only 311 
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2 solutions have Q=0. The 73 focal mechanisms computed in this work are shown in Figure 9 and 312 

listed in Table 2. 313 

Following a classic classification scheme (Frohlich, 1992) based on the plunge of T-, B-, and P-314 

axes, we subdivided our solutions into five kinematic categories: thrust, thrust-strike, strike, normal, 315 

normal-strike, and horizontal-vertical. These five categories are schematically represented in a ternary 316 

diagram (right bottom inset in Figure 9a) with different coded colours. The relocated hypocentres are 317 

projected onto the map and E-W and N-S sections of Figure 9a, with colours indicating the prevalent 318 

kinematics of the used classification scheme (Frohlich, 1992). The map of distribution of focal 319 

mechanisms and the E-W and N-S sections (Figure 9a) show that earthquake kinematics are fairly 320 

homogeneous and in good agreement with a recently published regional structural model (Polonia et 321 

al., 2016). Despite the presence of a few events having thrust and thrust-strike kinematics, most of 322 

the considered earthquakes have a prevalent normal, normal/oblique, and strike-slip kinematics. The 323 

few thrust and thrust-strike focal solutions may be associated with minor structures located near the 324 

coast of eastern Sicily (e.g. the Taormina faults; Alparone et al., 2018).  325 

 326 

5. Discussion  327 

The land network improved significantly from 2003 to 2012 throughout the Italian territory and, 328 

in particular, in Sicily. In this region, the increase in the number of seismic stations involved the areas 329 

of the Aeolian Islands, central Sicily and Mt. Etna (Figure 1). The earthquake detection capabilities 330 

improved significantly on land, such as a lowering of the magnitude of detectable earthquake was 331 

observed (Amato and Mele, 2008; Schorlemmer et al., 2010). This is demonstrated by considering 332 

the significant improvement in event locations occurring on land; as an example, the decrease in the 333 

azimuthal gap for earthquake locations in the central Sicily area is shown. Two couples of events 334 

(Figure 2; Table 1), occurring in 2002 and 2012 and having similar locations, were characterized by 335 

a decrease in azimuthal gap from 264° (28 October, 2002) to 88° (18 July, 2012) and from 282° (17 336 

November, 2002) to 135° (26 June, 2012) (Table 1). On the other hand, there having been no 337 
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additional coverage in the western Ionian Sea area, significant improvements in earthquake locations 338 

were not observed for events taking place offshore: the GAP remained substantially unchanged for 339 

couples of earthquakes 1-2, 3-4, and 5-6 (Figure 2; Table 1), all located with data recorded by the 340 

seafloor observatory, and their similar good quality is due to the use of NEMO-SN1 travel times in 341 

the location process. From this point of view, the NEMO-SN1 seafloor observatory proved to be the 342 

only station able to improve location for events occurring in the Ionian Sea.  343 

During the two deployments of NEMO-SN1 (October 2002-February 2003; June 2012-May 344 

2013), the improvement in earthquake locations occurring in the offshore is analysed by comparing 345 

locations performed with and without data recorded by NEMO-SN1 seafloor observatory. The 346 

combination of the arrival times from the single seafloor station and on land stations enhanced the 347 

accuracy of earthquake locations in terms of rms residuals, azimuthal gaps, and epicentre and 348 

hypocentre errors, as previously shown by Sgroi et al. (2006; 2007; 2012; 2021). In this work, 1130 349 

local earthquakes were relocated integrating the travel times from NEMO-SN1 and land stations. On 350 

1130 earthquakes, 386 were recorded in the period 2002-2003, while 744 occurred in 2012-2013. On 351 

358 earthquakes, 31 occurred in the Ionian Sea in the period 2002-2003 (most seismicity recorded 352 

during the first deployment of NEMO-SN1 was associated with the vigorous Mt. Etna eruption), 353 

while 327 took place in the period 2012-2013. We concentrated on these 358 earthquakes in the Ionian 354 

Sea and compared the results of locations performed with (Figure 4a) and without (Figure 4b) the 355 

seafloor observatory. The comparison of locations performed using the integrated network of seafloor 356 

observatory and land stations and with land stations only shows a reduction in terms of mean (M) 357 

computed on azimuthal gap, rms, horizontal and vertical errors, which highlights the high quality of 358 

locations with NEMO-SN1. Differences in the azimuthal GAP up to values of 143° are computed 359 

(M=180° for locations with NEMO-SN1; M=199° for locations without NEMO-SN1), while M 360 

computed on rms residuals shows similar values for locations with and without NEMO-SN1 (M=0.30 361 

s and M=0.27 s, respectively). Moreover, a decrease in M computed on horizontal errors (from 362 

M=1.36 km computed on locations without NEMO-SN1 to M=0.70 km computed on locations with 363 
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the seafloor station) and vertical errors (from M=2.82 km to M=1.24 km computed on locations 364 

without and with NEMO-SN1, respectively) is observed.  365 

The recompilation of the local magnitude of the whole dataset was done to standardise the 366 

catalogue of the seismicity recorded in 2002-2003 and 2012-2013, and to highlight possible 367 

correlations among seismicity, the main tectonic structures in the Ionian Sea and the epicentres of the 368 

highest magnitude earthquakes occurring in the past. Although the maximum magnitude recorded 369 

during the study period was ML=4.5, we noted that most events of our dataset took place near the 370 

same epicentre areas affected by the highest magnitude events which struck eastern Sicily and south 371 

Calabria in historical and recent times (red stars and years in Figures 4 and 8).  372 

Figure 8a shows the epicentral map and the two cross-sections, including a total of 352 373 

earthquakes in the western Ionian Sea, with the use of data recorded by NEMO-SN1 and a 3D velocity 374 

model recently computed for the western Ionian area (Sgroi et al., 2021). This seismicity is 375 

prevalently diffuse but some events are also clustered, as in the areas of onshore/offshore Hyblean 376 

and south Calabria. In the Ionian Sea, the seismicity is linked to the main active tectonic structures in 377 

this area, namely the external Calabrian Arc accretionary prism associated with the subduction 378 

process, the tectonic structures related to the Malta escarpment, and the seismogenic structures that 379 

are active in the Ionian Basin (Polonia et al., 2016; 2017). The main tectonic feature of the crustal 380 

structures and uppermost mantle are also highlighted by the distribution of P-wave-travel time 381 

residuals (Figure 7). Residuals are largely controlled by the main crustal structures and show a 382 

significant variation in areal and depth distributions. The larger positive and negative values of 383 

residuals are 5-10 km depth interval where the contrast between high and low velocities are mainly 384 

associated with the tectonic structures and volcanism. Moreover, the IF is apparent in the depth 385 

interval between 5-15 km by the sudden transition from positive to negative residuals. This depth 386 

interval corresponds to the detachment of the Eastern Lobe of the subduction system on the top of the 387 

basement, which occurs at about 10 km depth (Polonia et al., 2016). 388 
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Although 1D and 3D locations (with NEMO-SN1 data) show similar epicentres, the main 389 

difference concerns the depths, demonstrating also the influence of a more realistic velocity model 390 

(tomographic model) in defining hypocentres more accurately. To quantify the difference between 391 

3D locations performed with and without NEMO-SN1, we computed the misfit of 352 earthquakes, 392 

taking into account the differences of latitude, longitude and depths for each event. Histograms of 393 

misfit (Figure 10a) show that 93% of differences are within 10 km, most events having misfits within 394 

2 km (240 out 352, representing 66% of the dataset; Figure 10b). In Figure 11, we mapped the values 395 

of misfits within 10 km computed on 352 events located with the 3D velocity model. We observe that 396 

more external locations are characterized by misfit over 5 km (from red to orange coloured) and this 397 

is justified by the locations of earthquakes since the combined land-marine network is not able to 398 

accurately capture the hypocentres for events occurring in these areas. On the other hand, differences 399 

are clearly visible in the central part of the study area, where earthquakes are better located by the 400 

combined land-marine network. Moreover, using the same velocity model for the 3D location 401 

performed with and without NEMO-SN1, it is presumable that differences in latitude, longitude and 402 

depth (that are more consistent) are imputable to the seafloor station travel times. Indeed, the most 403 

relevant differences are observed in the central part of the Ionian basin, while minor differences are 404 

observable near the coast where land stations assure a good coverage around hypocentres. This fact 405 

also confirms that the increasing seismic stations coverage has not influence in the location of events 406 

occurring offshore, where NEMO-SN1 continued to be the foremost tool in the location process. In 407 

the onshore, an area characterized by high value of shift is visible in the Hyblean Plateau and can be 408 

associated with the dike intrusions in a Neogene-Quaternary volcanic area (Behncke, 2004); P-wave 409 

travel time residuals also highlight the presence of lower velocities in this area (depth interval 0-5 km 410 

in Figure 7). In the offshore, remarkable similarities are found between the main shifts of locations 411 

performed with and without NEMO-SN1 and the positions of serpentinite diapirs derived by Multi-412 

Channel Seismic (MCS) data only and MCS and magnetic/sediment core data (Polonia et al., 2017), 413 

as well as with free-air satellite-derived gravity data (Polonia et al., 2011). The same shifts can also 414 
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be associated with the major structural boundaries and domains of the Calabrian Arc subduction 415 

complex. The pattern of misfit and the distribution of depths correlate well with the arc-orthogonal 416 

extension across the subduction zone (Sgroi et al., 2021), whereas some uncertainties can be related 417 

to the low resolution of seismic data in the offshore. The arc-orthogonal extension is also clearly 418 

apparent in the map of residuals at 15-20 km (Figure 7), whose lower limit coincides with the 419 

transition from continental to oceanic crust (Dannowski et al., 2019). 420 

Significant features are also evident in the four cross-sections traced on 3D relocations and 421 

shown in Figure 11b, where seismicity is projected along the traces shown in Figure 11a, having a 422 

width of ± 10 km from the cross section line. From sections A-A’ and B-B’ in Figure 11, an area 423 

extending from the surface to more than 10 km having scarce seismic activity, is visible along the 424 

Alfeo-Etna Fault (AEF) that shows an aseismic behaviour in the accretionary wedge, probably linked 425 

to changes in rheology within the subduction complex (Sgroi et al., 2021). The cross-sections C-C’ 426 

and D-D’ show a crustal thickening (crustal thickness about 30 km) associated with the seismic 427 

clusters, which occur near the coast of eastern Sicily, south Calabria and along the IF system, whereas 428 

in the central part of basin, crustal thickness is on average about 20 km, compatible with an oceanic 429 

crust (Dannowski et al., 2019). In general, the distribution of 352 earthquakes recorded by NEMO-430 

SN1 along the four cross sections reflects the presence of an arc-shaped area connecting AEF and IF 431 

near the eastern coast of Sicily at different depths. The shape and position of this area (characterized 432 

by low VP, visible in the 15-20 km depth interval of Figure 7) are consistent with the distribution of 433 

the depth misfit shown in Figure 11 and this area corresponds to the arc-normal incipient rifting across 434 

the Calabrian subduction zone (Sgroi et al., 2021). 435 

The distribution of seismicity and map of focal mechanisms show the coexistence of two main 436 

tectonic regimes (strike-slip and extensional domains), while a compressive tectonic is relegated to 437 

rather small areas, as in the Taormina offshore. The presence of only one subduction-type earthquake 438 

in the frontal thrust of Calabrian Arc subduction system confirms that the subduction may be 439 
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considered blocked or inactive, although it is evident in the deepening of the seismogenic layer in 440 

offshore south Calabria (Sgroi et al., 2021).  441 

Two new focal mechanisms in our dataset are computed for earthquakes occurring near the 442 

epicentre area of the 1990 earthquake (events 5 and 15 in Table 2). The solutions of these events are 443 

similar to the focal mechanisms that were computed in other works for the main shock and aftershock 444 

of the 1990 earthquake. Giardini et al. (1995) and Sgroi et al. (2021) computed a normal kinematic 445 

for the main shock of the 1990 earthquake and these solutions are very similar to that computed on 446 

the event 5 (Table 2) of our work. On the other hand, a strike-slip mechanism is computed for event 447 

15 (Table 2) and it is similar to that computed by Amato et al. (1995) on the largest aftershock of the 448 

1990 sequence. These results confirm that distinctive structures were activated during the 1990 449 

sequence and that these seismogenic structures are still active and potentially dangerous. 450 

 451 

6. Conclusions  452 

The location, the extension and the seismic potential of faults located in the Ionian Sea are poorly 453 

constrained based only on data recorded by land seismic networks. The NEMO-SN1 seafloor 454 

observatory deployed in the Western Ionian Sea has proved a promising tool in detecting local 455 

seismicity and highlighting the seismogenic structures in this area, contributing to depict the 456 

geological and structural features offshore and in the coastal areas of eastern Sicily.  457 

The quality of locations (from low-medium to medium-high magnitude) of earthquakes 458 

occurring offshore has been enhanced by the use of the marine station. We demonstrated that the use 459 

of the combined network of land stations and the single seafloor station NEMO-SN1 has improved 460 

earthquake locations in terms of azimuthal GAP and horizontal and vertical errors. Moreover, the 461 

differences in latitude, longitude and depth between the 1D and 3D locations, shows that the major 462 

shifts are concentrated in correspondence of geological and tectonic structures extending either on 463 

land and offshore, with the main differences in the hypocentre depths. Independent analysis 464 

performed on P-wave travel time residuals confirms our findings. This proves that seafloor 465 
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observatory data are very important to better constrain earthquake locations and to detect the position 466 

of structural offshore heterogeneities.  467 

The handpicking of the seismic phases performed on NEMO-SN1 seismograms, allowed us to 468 

collect P-wave first motion polarities, and 73 new focal mechanisms were computed. These focal 469 

mechanisms contributed in highlighting the kinematics of the area, delineating prevalent normal, 470 

normal/oblique, and strike-slip solutions. These solutions are in good agreement with the regional 471 

structural model, while the few thrust and thrust-strike focal solutions may be associated with minor 472 

structures near the coast of eastern Sicily. Similarities of locations and fault plain solutions are found 473 

between a few events of our dataset and the main shock and aftershock of the 1990 earthquake, 474 

demonstrating that the seismogenic potential of this area, which experienced large earthquakes in the 475 

past, has not diminished. 476 

Moreover, the seismicity that is potentially missed by land seismic stations can be recorded and 477 

precisely located by using marine stations. This testifies to the importance of extending the network 478 

to the sea in a permanent way.  479 
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Table 1: Comparison between couples of events having near locations (all earthquakes were located 672 

with data recorded from NEMO-SN1) and occurring in the two periods of NEMO-SN1 deployments 673 

(2002-2003 and 2012-2013) to test the performance of land seismic network. The number refer to the 674 

events shown in Figure 2. An improvement of locations due to the increase of the number of land 675 

seismic stations is visible only for earthquakes occurring on land.  676 

ID Date 
(dd/mm/yyyy) 

O.T. 
(hh:mm:ss.cc) 

Lat 
(°) 

Lon 
(°) 

Depth 
(km) 

Md ML No Gap 
(°) 

Rms 
(s) 

ErrH 
(km) 

ErrZ 
(km) 

1 17/11/2002 23:06:33.43 37.94 15.43 2.2 1.6   12 139 0.24 0.5 0.3 
2 17/04/2013 05:18:21.12 37.94 15.44 8.8 1.3 1.5 16 140 0.25 0.4 0.4 
3 05/01/2003 15:53:27.15 37.79 15.39 8.9 2.7     35 118 0.5 0.2 0.3 
4 11/10/2012 19:53:08.83 37.80 15.39 16.9   2.1 46 109 0.41 0.2 0.3 
5 01/12/2002 01:05:50.55 37.97 16.11 11.7 2.4     9 212 0.26 0.8 0.9 
6 05/11/2012 15:46:48.87 37.96 16.10 38.0   1.9 10 205 0.23 0.7 0.6 
7 28/10/2002 00:11:29.74 37.53 14.85 3.0 1.6     12 264 0.31 1.5 0.6 
8 18/07/2012 00:27:27.75 37.54 14.85 8.2   2.7 55 84 0.39 0.2 0.2 
9 17/11/2002 04:56:05.03 37.02 14.71 5.6 2     16 282 0.26 0.5 0.5 
10 26/06/2012 21:26:59.94 37.01 14.70 3.2   1.9 16 135 0.28 0.3 0.3 

  677 
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Table 2: Focal mechanism parameters computed on 73 earthquakes shown in Figure 9. The Cat 678 

column indicates the type of mechanism (key: TF=thrust fault; TS=thrust-strike fault; NF=normal 679 

fault; NS=normal-strike fault; SS=strike slip; HV=horizontal-vertical kinematics).  680 

N DATE O.T. LAT LON DEPTH ML N N   PLANE 1   P-AXIS T-AXIS Q Cat 

  (dd/mm/yyyy) (hh:mm:ss) (°N) (°E) (km)   polar disc STRK (°) DIP (°) RAKE (°) AZM PLNG AZM PLNG     

1 28/11/2002 00:00:28 37.217 15.628 12.67 3.4 13 0 160 55 -70 121 72 236 8 1 NF 
2 02/12/2002 12:28:13 37.715 15.139 2.91 3.3 8 0 130 20 -100 237 65 48 25 1 NF 
3 12/02/2003 08:57:17 37.874 15.365 8.79 2.8 13 1 80 85 10 214 3 305 11 1 SS 
4 15/06/2012 06:27:25 37.498 16.325 26.19 3.5 16 1 155 65 -50 113 52 217 11 2 NS 
5 16/06/2012 06:21:53 37.320 15.280 23.11 2.7 15 0 120 65 -80 50 68 203 19 2 NF 
6 25/06/2012 10:52:49 37.005 15.013 2.81 3.0 8 0 280 80 180 145 7 235 7 2 SS 
7 27/06/2012 01:07:37 36.998 15.021 4.68 2.2 10 0 15 90 10 150 7 240 7 1 SS 
8 27/06/2012 01:14:19 37.011 15.055 4.73 3.7 26 0 185 85 20 317 10 51 18 1 SS 
9 27/06/2012 01:20:58 37.003 15.018 3.33 3.0 9 0 95 80 -170 319 14 49 0 1 SS 

10 27/06/2012 02:48:00 37.003 15.014 3.47 3.3 19 2 90 75 170 316 4 47 18 1 SS 
11 17/07/2012 11:22:39 38.007 16.282 14.65 2.5 11 0 85 30 -40 89 57 319 23 1 NS 
12 28/07/2012 02:51:23 37.076 15.628 24.77 2.7 11 0 145 50 -50 122 60 28 2 2 NS 
13 17/08/2012 09:29:02 37.091 15.391 12.21 2.7 11 1 275 80 -160 140 21 47 7 0 SS 
14 18/08/2012 11:27:34 37.520 16.826 44.25 2.5 11 0 30 70 0 347 14 253 14 1 SS 
15 18/08/2012 22:23:02 37.322 15.209 18.91 1.9 9 0 65 55 0 26 24 284 24 0 SS 
16 25/08/2012 21:33:31 37.942 15.569 5.71 2.4 10 0 45 50 60 156 1 248 67 2 TF 
17 28/08/2012 23:12:15 38.244 15.746 45.50 4.5 30 0 25 60 -180 246 21 344 21 2 SS 
18 13/09/2012 20:47:27 37.099 15.266 13.23 2.0 8 0 60 35 -80 113 78 323 10 2 NF 
19 17/09/2012 02:53:41 37.932 15.896 48.24 2.3 20 0 350 35 -50 355 63 232 16 2 NF 
20 22/09/2012 17:25:09 37.851 16.072 41.92 1.9 10 0 5 85 -30 317 24 55 17 1 SS 
21 27/09/2012 06:44:26 37.294 15.899 34.00 2.9 20 0 115 50 -150 322 46 64 11 1 NS 
22 30/09/2012 06:31:31 37.497 15.164 18.57 1.8 10 0 40 25 -90 130 70 310 20 2 NF 
23 11/10/2012 19:53:08 37.818 15.398 10.49 2.3 24 1 70 45 80 347 0 254 83 2 TF 
24 12/10/2012 13:12:28 37.687 16.784 41.40 2.5 13 0 25 45 -50 11 62 268 7 1 NF 
25 18/10/2012 06:18:48 37.281 15.177 20.29 2.0 8 0 200 30 -90 290 75 110 15 2 NF 
26 19/10/2012 18:37:18 37.126 15.363 13.26 2.6 11 0 170 55 -30 138 44 42 7 2 NS 
27 26/10/2012 13:21:30 36.999 15.013 5.31 2.8 8 0 90 80 -170 314 14 44 0 1 SS 
28 01/11/2012 19:03:47 38.013 16.228 52.26 1.8 13 0 135 65 -180 357 17 93 17 1 SS 
29 09/11/2012 13:52:36 37.937 15.655 27.31 2.1 13 0 55 90 -140 288 27 182 27 2 SS 
30 13/11/2012 07:06:33 38.214 15.857 75.10 4.4 22 1 110 55 -150 322 44 58 7 2 NS 
31 18/11/2012 02:37:29 37.485 15.796 15.23 1.8 11 0 200 80 -50 147 41 260 24 1 NS 
32 18/11/2012 05:06:09 37.049 15.577 9.05 2.0 11 1 135 55 -30 103 44 7 7 1 NS 
33 24/11/2012 23:38:57 37.588 16.285 33.56 2.8 28 0 115 60 -140 330 48 238 2 2 NS 
34 25/11/2012 12:11:30 37.918 15.444 4.03 1.9 20 1 60 55 70 164 8 279 72 1 TF 
35 04/12/2012 15:39:22 37.668 15.147 4.72 2.0 7 0 150 25 -90 240 70 60 20 1 NF 
36 07/12/2012 10:23:23 37.933 15.477 8.62 1.9 9 1 355 70 20 307 1 216 28 2 SS 
37 10/12/2012 23:39:17 37.072 15.518 2.32 2.1 9 0 165 60 -30 130 41 37 3 1 NS 
38 24/12/2012 16:29:47 38.082 15.690 9.87 2.3 13 0 0 30 -110 137 71 285 16 1 NF 
39 27/12/2012 22:21:54 37.146 16.104 13.08 2.4 16 1 125 50 -40 100 53 2 6 1 NS 
40 28/12/2012 08:55:38 37.384 15.918 15.78 2.7 26 1 175 65 -40 135 45 232 6 2 NS 
41 29/12/2012 04:29:26 37.262 15.159 20.22 2.6 11 0 140 15 -30 155 51 1 36 2 HV 
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42 30/12/2012 19:32:01 37.483 15.449 21.10 2.6 26 0 85 85 -160 311 18 217 10 2 SS 
43 07/01/2013 14:34:07 37.710 15.663 23.17 2.7 29 0 150 50 -60 127 67 219 1 2 NF 
44 09/01/2013 10:02:09 37.523 15.951 26.28 2.1 13 0 170 80 -20 125 21 218 7 1 SS 
45 17/01/2013 01:08:42 37.816 15.362 17.68 2.0 8 1 290 90 170 335 7 245 7 1 SS 
46 19/01/2013 02:43:44 37.600 15.572 22.80 2.6 22 2 195 85 -30 147 24 245 17 2 SS 
47 01/02/2013 20:36:20 37.791 16.168 31.71 2.1 10 0 50 55 -60 17 65 119 6 1 NF 
48 02/02/2013 16:23:27 37.330 15.468 7.25 2.4 14 0 165 70 -40 122 42 222 11 1 NS 
49 07/02/2013 19:42:41 37.931 15.420 7.57 1.8 9 1 345 45 -160 191 42 300 19 2 NS 
50 28/02/2013 10:51:11 38.137 15.823 9.20 2.5 7 0 115 60 -60 74 62 184 10 2 NF 
51 28/02/2013 20:14:37 37.572 15.988 39.37 3.2 30 2 30 90 10 165 7 255 7 2 SS 
52 03/03/2013 23:39:12 38.140 15.821 9.88 3.3 14 0 55 20 -60 98 61 302 27 2 NF 
53 11/03/2013 10:18:21 37.227 15.402 14.40 3.3 21 1 155 55 -50 124 58 218 2 2 NS 
54 12/03/2013 13:49:43 37.762 16.303 25.34 2.4 13 0 185 5 80 104 40 286 50 2 HV 
55 21/03/2013 22:03:05 37.279 15.276 16.50 3.4 20 1 20 80 40 145 19 249 35 2 TS 
56 23/03/2013 06:22:44 37.126 15.295 22.34 1.6 8 0 75 75 -150 299 32 203 9 1 NS 
57 24/03/2013 15:47:22 37.694 16.461 29.86 4.4 42 1 160 50 -70 135 74 236 3 2 NF 
58 24/03/2013 20:37:49 37.715 16.391 31.90 3.1 20 0 5 15 -90 95 60 275 30 1 NF 
59 25/03/2013 20:11:06 37.763 16.371 46.79 2.3 8 0 115 60 -140 330 48 238 2 1 NS 
60 28/03/2013 16:40:14 37.429 15.335 19.38 1.7 11 0 100 75 -150 324 32 228 9 1 NS 
61 02/04/2013 01:10:51 37.815 15.589 8.61 2.9 28 0 135 80 170 1 0 91 14 2 SS 
62 02/04/2013 18:38:10 37.850 15.575 24.46 2.1 9 0 290 90 -170 155 7 65 7 1 SS 
63 04/04/2013 05:26:29 37.818 15.580 11.28 2.0 12 0 175 55 -90 85 80 265 10 2 NF 
64 04/04/2013 11:12:28 37.084 15.279 21.51 2.5 12 0 10 75 30 138 9 234 32 2 TS 
65 06/04/2013 02:47:57 37.769 15.787 29.98 1.9 14 0 180 60 -50 143 55 243 7 2 NS 
66 07/04/2013 02:22:45 37.269 15.247 15.69 2.1 9 0 150 70 -20 109 28 18 1 2 SS 
67 09/04/2013 07:25:10 38.048 15.916 42.41 2.8 19 1 65 80 -170 289 14 19 0 1 SS 
68 09/04/2013 12:55:24 37.375 15.185 18.50 1.9 10 1 115 25 -60 151 64 3 22 1 NF 
69 11/04/2013 19:47:09 37.499 15.138 18.47 2.4 17 0 130 50 -70 105 74 206 3 1 NF 
70 17/04/2013 05:58:34 37.638 15.508 16.23 1.9 11 0 280 85 -140 151 31 46 23 2 NS 
71 17/04/2013 08:15:52 37.656 15.486 24.54 2.0 9 0 120 85 100 201 39 41 49 1 HV 
72 16/05/2013 15:40:49 37.846 16.237 28.88 2.9 14 1 30 45 70 314 2 217 76 2 TF 
73 18/05/2013 20:12:07 37.107 15.040 6.71 1.9 10 0 225 80 50 345 24 98 41 2 TS 
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Figure Captions 682 

Figure 1. Map of seismic stations belonging to the Italian Seismic Network (Rete Sismica Nazionale, 683 

RSN) and Etna Regional Network (ERN), and the NEMO-SN1 seafloor observatory. The two 684 

colours indicate the operative seismic stations during the two periods of deployment of NEMO-685 

SN1 (green triangles: October 2002 – February 2003; blue triangles: June 2012 – May 2013). 686 

The short-period stations deployed on land during the 2002-2003 period (green triangles) were 687 

replaced with enlarged and/or broad-band stations in 2005, while in the period 2012-2013 688 

additional broad-band stations (blue triangles) increased the station coverage exclusively on 689 

land, without any improvement in earthquake detection capabilities of the RNS and ERN in the 690 

offshore.  691 

Main geological features including Malta escarpment (ME), Alfeo-Etna Fault and Ionian Fault 692 

(AEF and IF; Polonia et al., 2016), and splay faults (S1, S2, S3) are sketched in red. The 693 

epicentres of the five highest magnitude earthquakes recorded in the study area (1169, Mw 6.6; 694 

1693, Mw 7.3; 1783 Mw 7.1; 1908, Mw 7.2; 1990, Mw 5.6; Boschi et al., 1997) are indicated 695 

with red stars and years. 696 

Figure 2. Map of seismicity recorded by NEMO-SN1 during the two deployment periods of the 697 

seafloor observatory: October 2002 – February 2003 (green circles) and June 2012 – May 2013 698 

(blue circles). A total of 1130 locations were computed integrating the travel-times of the land 699 

stations (RSN and ERN) and NEMO-SN1. Most earthquakes occurring in the period 2002-2003 700 

are associated with the seismic swarm that preceded and accompanied the Mt. Etna eruption; in 701 

the period 2012-2013, although a high number of events took place on Mt. Etna, the seismicity 702 

occurred prevalently in the Ionian Sea and in the coastal area of south Calabria and eastern 703 

Sicily. The numbers from 1 to 10 indicate couples of events having similar locations and 704 

occurred in 2002-2003 and 2012-2013 (odd and even numbers, respectively); locations of these 705 

ten events are shown in Table 1. Main tectonic structures including Malta escarpment (ME), 706 



33 
 

Alfeo-Etna Fault and Ionian Fault (AEF and IF; Polonia et al., 2016) and splay faults (S1, S2, 707 

S3) are sketched in red. 708 

Figure 3. (a) Regression equation of local magnitude versus duration magnitude for 266 earthquakes 709 

simultaneously recorded by both RSN and ERN. This regression was necessary to standardise 710 

the seismic catalogue and correlate the size of events to the tectonic structures. The solid line is 711 

the best fit to the data; the value of the correlation coefficient (R) is also indicated. (b) Histogram 712 

of the local magnitude distribution of the 1130 events. The values range from 0.9 to 4.5. with a 713 

peak at 2.0.  714 

Figure 4. Comparison of 358 1D locations computed (a) with NEMO-SN1 travel-times (black 715 

circles) and (b) without NEMO-SN1 travel-times (grey circles). Dimension of circles are 716 

proportional to the local magnitude recomputed above (see legend inside the maps). It is worth 717 

noting that the highest magnitude earthquakes of our catalogue occurred near the area where the 718 

five highest magnitude earthquakes were recorded in the past (1169, Mw 6.6; 1693, Mw 7.3; 719 

1783 Mw 7.1; 1908, Mw 7.2; 1990, Mw 5.6; Boschi et al., 1997), indicated with red stars and 720 

years. In general, during the two deployment periods of NEMO-SN1, the offshore seismicity 721 

occurred prevalently along the main tectonic structures identified in the Ionian Sea (red 722 

sketched: Malta escarpment - ME, Alfeo-Etna Fault – AEF and Ionian Fault - IF, splay faults – 723 

S1, S2, S3). 724 

Figure 5. Quality statistics and comparison between (a) GAP, (b) rms, and (c) horizontal (ErrH) and 725 

(d) vertical (ErrZ) errors from locations with NEMO-SN1 data (black histograms) and without 726 

NEMO-SN1 data (grey histograms). Mean (M) and Standard Deviation (SD) computed for these 727 

parameters and compared for locations with (black) and without (grey) NEMO-SN1 data are 728 

reported inside the rectangular areas. The presence of a single seafloor station contributes to 729 

improving the location of events occurring offshore, through the decrease of the azimuthal gap 730 

and the associated location errors.  731 
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Figure 6. Differences in terms of latitude (a, b), longitude (c, d) and depth (e, f) between locations 732 

performed with and without NEMO-SN1. Histograms show that the main differences in latitude 733 

(a) and longitude (c) are within ±5 km, while the differences in depth (e) are roughly doubled. 734 

The distribution of these differences within the values of ±5 km is indicated in the three maps 735 

(b, latitude; d, longitude; f, depth). Latitude and longitude have similar values in the central part 736 

of the study area, showing higher values in the peripheral areas, while differences in hypocentre 737 

depth are more consistent in the whole study area. Dots indicate the locations performed with 738 

data of NEMO-SN1 and their dimensions are proportional to the recomputed ML. The main 739 

tectonic structures (Malta escarpment - ME, Alfeo-Etna Fault – AEF and Ionian Fault – IF, splay 740 

faults – S1, S2, S3) are sketched in black. 741 

Figure 7. P-wave travel time residuals computed from the locations performed with land stations and 742 

the seafloor observatory data. The blue areas indicate fast residuals (high velocities); the red 743 

ones slow residuals (low velocities). Six layers are considered and earthquakes occurring in each 744 

layer are shown with circles proportional to the recomputed magnitude. The pattern of residuals 745 

is indicative of the crustal tectonic and volcanic structures in the onshore and offshore areas of 746 

Sicily and Calabria. The main tectonic structures (Malta escarpment - ME, Alfeo-Etna Fault – 747 

AEF and Ionian Fault – IF, splay faults – S1, S2, S3) are sketched in black. 748 

Figure 8. Comparison of 352 3D locations computed (a) with NEMO-SN1 (black circles) and (b) 749 

without NEMO-SN1 (grey circles). Dimension of circles are proportional to the recomputed 750 

local magnitude (see legend inside the maps). Differences between 1D and 3D locations are 751 

perceptible in terms of hypocentre depths. As in the 1D locations computed with NEMO-SN1 752 

travel times, the highest magnitude earthquakes occurred near the area where the five highest 753 

magnitude earthquakes were recorded in the past, indicated with red stars and years (1169, Mw 754 

6.6; 1693, Mw 7.3; 1783 Mw 7.1; 1908, Mw 7.2; 1990, Mw 5.6; Boschi et al., 1997) and along 755 
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the main tectonic structures, including Malta escarpment (ME), Alfeo-Etna Fault (AEF) and 756 

Ionian Fault (IF; Polonia et al., 2016), and splay faults (S1, S2, S3) (red sketched). 757 

Figure 9. (a) Map, E-W (bottom left) and N-S (upper right) sections of the 73 new focal mechanisms. 758 

The bottom right inset shows the classification scheme (Frohlich, 1992) based on the plunge of 759 

T-, B-, and P-axes of the 73 new focal solutions (b). Key: TF, thrust fault; TS, thrust-strike fault; 760 

NF, normal fault; NS, normal-strike fault; SS, strike slip; HV, horizontal-vertical kinematics. 761 

Prevalent normal, normal-strike and strike-slip mechanisms characterize the Ionian Sea 762 

kinematics, with a few thrust kinematics concentrated in the offshore south of Messina Strait. 763 

Figure 10. (a) Differences in latitude, longitude and depth (misfit) of 3D locations performed with 764 

and without data from NEMO-SN1; about 93% of these differences are within 10 km. (b) Misfit 765 

of differences distribution within 2 km; about 66% of the events are characterised by misfit 766 

values minor to 2 km. 767 

Figure 11. (a) Map of misfit in terms of differences in latitude, longitude and depth between 3D 768 

locations performed with and without NEMO-SN1 (up to values of 10 km). The areas from red 769 

to orange correspond to structural heterogeneities found in the Western Ionian Sea and near the 770 

coast. (b) Cross-sectional view of the relocations from the 3D model. Seismicity is projected 771 

along the traces shown in (a), having width of ± 10 km from the cross-section line. Focal 772 

mechanisms for events along the sections are shown. Black arrows refer to the earthquakes 773 

having locations and mechanisms similar to those of the main shock and aftershock of the 1990 774 

earthquake. 775 
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