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High-quality non-linear hypocenter locations and waveform inversion focal mechanisms of recent, shallow earthquakes of the Messina Straits have allowed us to obtain the following main results: 1) seismicity has occurred below the east-dipping north-striking fault proposed by most investigators as the source of the 1908, magnitude 7.1 Messina earthquake, while it has been substantially absent in correspondence of the fault and above it; 2) earthquake locations and related strain space distributions do not exhibit well defined trends reflecting specific faults but they mark the existence of seismogenic rock volumes below the 1908 fault representing primary weakness zones of a quite fractured medium; 3) focal mechanisms reveal normal and right-lateral faulting in the Straits, reverse faulting at the southern border of it (Ionian sea south of the Ionian fault), and normal faulting at the northern border (southeastern Tyrrhenian sea offshore southern Calabria); 4) these faulting regimes are compatible with the transitional character of the Messina Straits between the zone of rollback of the in-depth continuous Ionian subducting slab (southern Calabria) and the collisional zone where the subduction slab did already undergo detachment (southwest of the Ionian fault); 5) the whole seismicity of the study area, including also the less recent earthquakes analyzed by previous workers, is compared to patterns of geodetic horizontal strain and uplift rates available from the literature. We believe that the joint action of Africa-Europe plate convergence and rollback of the Ionian subducting slab plays a primary role as regard to the local dynamics and seismicity of the Messina Straits area. At the same time, low horizontal strain rates and large spatial variations of uplift rate observed in this area of strong normal-faulting earthquakes lead us to include a new preliminary hypothesis of deep-seated sources concurring to local vertical dynamics into the current debate on the geodynamics of the study region.
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PREMISE
The Messina Straits area is well known to be one of the areas with the highest seismic risk in the Mediterranean region. The December 28, 1908 earthquake was one of the most devastating seisms of the past century with huge damage and 80,000 fatalities in Northeastern Sicily and Southern Calabria. Other major seisms which occurred in the previous centuries in Southern Calabria (February 1783) and Southeastern Sicily (January 1693) have also produced remarkable damage and victims on both sides of the Messina Straits.
Many geophysical and geological investigations have been performed on the 1908 earthquake with the purpose of identifying its source and relationship with the regional geodynamics. As discussed in a later Section, the intense efforts made by the scientific community to retrieve the source properties from the geodetic and seismic data available for the earthquake have allowed to obtain a family of solutions lying in an acceptably limited range concerning location, geometry and mechanism of the generating fault. The most convincing source appears to be a normal fault striking between N10W and NNE, east-dipping with a relatively low dip angle around 40°, and with the top located a few km beneath the Sicilian side of the Straits and the bottom beneath the Calabrian side (De Natale and Pingue, 1987; De Natale and Pingue, 1991; Capuano et al., 1988; Boschi et al., 1989; Bottari et al., 1989; Amoruso et al., 2002; Amoruso et al., 2006).
In the present study we analyze the local seismic activity recorded in the last twenty years in the Messina Straits area. We take benefit of the seismic network improvements occurred in this area during the 90’s of the last century, making good databases available to researchers interested in high resolution analyses of local seismicity (Amato and Mele, 2008). We also take benefit of 1) recent improvements of algorithms for hypocenter location (Presti et al., 2004 and Presti et al., 2008) and focal mechanism computation (D’Amico et al., 2010 and D’Amico et al., 2011) and 2) increasing accuracy of the seismic velocity structure of this region (Neri et al., 2012; among others). On these grounds, we have started the present work confident to be able to furnish incremental knowledge on the seismicity of this area and relationships with the regional geodynamics.
THE MESSINA STRAITS IN THE CALABRIAN ARC GEODYNAMIC FRAMEWORK
We have described the main geodynamic features of the Calabrian Arc region in previous studies, to which we address the reader interested in more details on the argument (see, e.g., Presti et al., 2013; Orecchio et al., 2015; Presti, 2020). Useful references may also be the basic continental-scale geodynamic reconstructions by Malinverno and Ryan (1986), Faccenna et al. (1996), and Rosenbaum et al. (2002). A widely shared geodynamic model of the Calabrian Arc region assumes the co-existence of 1) NNW–SSE convergence of Africa and Europe plates and 2) gravity-induced south-eastward rollback of a Ionian lithospheric slab subducting to northwest beneath the Tyrrhenian lithosphere (Figure 1). Plate convergence velocity is of the order of 3–5 mm/yr (see, e.g., D’Agostino and Selvaggi, 2004; Devoti et al., 2008), rollback of the subducting slab is also very slow (a couple of mm/yr; see, e.g., Hollestein et al., 2003; Devoti et al., 2008; Nocquet, 2012).
[image: Figure 1]FIGURE 1 | Geodynamic sketch with main fault systems and topography of the Calabrian Arc region. In the upper-left inset, a simplified representation of the plate margin in the central Mediterranean region (black line) is shown. Full arrows indicate the present-day Africa motion with respect to Europe according to Nocquet (2012), and references therein. The white arrow in the main plate shows the sense of the gravity-induced subducting slab rollback. The dotted segments in the southern Calabria and Messina Straits area indicate the east-dipping blind faults proposed by several authors (see, e.g., DISS Working Group, 2018) as the seismogenic sources of the strong earthquakes of December 28, 1908 and February 5 and 7, 1783 discussed in the text. The stars indicate the epicenters of the 1908 Messina Straits and 1978 Aspromonte earthquakes according to Rovida et al. (2020) and Orecchio et al. (2019), respectively. A = Aspromonte, Af = Armo fault, B = Gioia Basin, Me = Messina,P=Peloritani, S = Messina Straits, V = Mesima Valley, LP = Lamezia Plain.
The Calabrian Arc presents strongly contrasting vertical movements, such as mountain chain uplifting of the order of 1–2 mm/yr since Middle Pleistocene and relative-to-chain subsidence in the major tectonic basins located on the western side of the chain (Figure 1; Monaco et al., 1996; Ferranti et al., 2007; Ferranti et al., 2010; Faccenna et al., 2011). Focusing on the Calabrian side of the Messina Straits area, Ferranti et al. (2007) estimated that the Late Holocene uplift is equally partitioned between steady and stick-slip coseismic contributions. On their hand, Ferranti et al. (2010) suggested a deep-seated contribution to remarkable uplift of Calabria, based on spatial correspondence between the uplifting area and the location of the Ionian subducting slab. It is worth mentioning that in the early phase of the debate on the Calabrian uplift, Negredo et al. (1999) proved by Finite Element Modeling that coexistence of plate convergence and roll-back of an in-depth continuous subducting slab beneath the Calabrian Arc is compatible with chain uplift observed in Calabria. More recently, strong spatial variation of vertical movements in the Arc area was detected by GPS data (Serpelloni et al., 2013) with maximum uplift rate into the chain and maximum subsidence into the basins.
Normal faults located around the basins west of the chain are considered to be major seismogenic faults, with particular reference to the NE-trending fault systems of the Messina Straits, Gioia Basin and Mesima Valley (S, B and V in Figure 1). It can be remarked that the strongest earthquakes of the S, B and V basins of Figure 1 (magnitude 7.1 of Dec 28, 1908 in S; magnitude 7.1 of Feb 5, 1783 in B; and magnitude 6.7. of Feb 7, 1783 in V) have been imputed to west-dipping faults located on the eastern border of the basin by some authors (e.g. Monaco and Tortorici, 2000; Jacques et al., 2001) and to east-dipping faults on the western border of the basin by others (e.g. Valensise and D’Addezio, 1994; Pizzino et al., 2004; DISS Working Group, 2018).
Analyses of different geophysical data have led Neri et al. (2009) and Neri et al. (2012) to propose that the Ionian subducting slab is still continuous over depth beneath the central part of Calabrian Arc (southern Calabria, between Messina Straits and Lamezia Plain; Figure 1), while detachment of the deepest portion of subducting lithosphere has already occurred beneath the Arc edges, i.e. beneath Northern Calabria (north of Lamezia Plain) and Northeastern Sicily (southwest of Messina Straits), respectively. The Messina Straits area (Figure 1) is transitional between the zone of rollback of the in-depth continuous Ionian subducting slab (southern Calabria) and the collisional zone where the subduction slab did already undergo detachment, southwest of the Ionian fault zone (Neri et al., 2012; Totaro et al., 2016; among others). In contrast to the mentioned spatial variation of vertical movements, the Southern Calabria Messina Straits area is characterized by quite low values of horizontal strain rate, of the order of 0–15 nanostrain/yr (Palano, 2015).
THE SOURCE OF THE 1908 EARTHQUAKE
In the first paper of the most recent epoch of seismological research concerning the 1908 earthquake source, Schick (1977) proposed a fault located in the middle of the Messina Straits, with a strike approximately along a north-south direction and dipping to the west (Figure 2). This conclusion was partly based on an analysis only qualitative of the original geodetic data gathered by Loperfido (1909) who measured vertical displacements on both sides of the Straits between two campaigns performed before and soon after the December 28, 1908 earthquake, respectively.
[image: Figure 2]FIGURE 2 | Graphical summary of the sources proposed by different authors for the 1908 Messina Straits earthquake (legend). The traces A–J corresponding to the different sources indicate the intersection of the prolongation of the respective sources (fault planes) with the earth surface. Black and gray lines indicate E-dipping and W-dipping sources, respectively.
Mulargia and Boschi (1983) presented a graben-shaped model assuming that the earthquake was generated by joint activation of two faults, a east-dipping one with top between the Sicilian side of the Straits and a west-dipping one with top beneath the Calabrian side (B1 and B2 in Figure 2).
The studies that followed demonstrated that a single east-dipping fault located in the middle of the Straits may explain the main features of the levelling data (De Natale and Pingue, 1987; De Natale and Pingue, 1991; Capuano et al., 1988; Boschi et al., 1989; Bottari et al., 1989; Amoruso et al., 2002; Amoruso et al., 2006). The source models proposed by these authors differed one from the other in terms of the fault length and small differences in strike orientation between N10°W and NNE. All analyses, whether seismological or geodetic or joint seismological/geodetic, indicated normal faulting.
Valensise and Pantosti (1992) and D’Addezio et al. (1993) analyzed recent geologic and geomorphic features on both sides of the Messina Straits and compared the distribution and deformation patterns with the displacement fields produced by different fault models that were proposed by several authors for the 1908 earthquake. They concluded that the long-term evolution of the Straits is strongly affected by the repetition of coseismic deformation episodes related to the occurrence of 1908 –type earthquakes represented by Boschi et al.’s (1989) NNE-trending east-dipping source. A main product of these investigations is the 1908 earthquake source reported in the Database of Individual Seismogenic Sources (DISS Working Group, 2018).
By analysis of the original seismograms, Pino et al. (2000) inferred that the 1908 earthquake was generated by unilateral rupture, with northwards directivity along a 43-km-long fault in the Straits. The extensional nature of the faulting, which involved rupturing of a roughly N-S striking plane, was confirmed.
A nonlinear joint inversion of P wave first-motion polarities and coseismic surface displacement data of the great earthquake allowed Amoruso et al. (2002) to propose a very stable solution according to which the earthquake was generated by a fault oriented ca. N-S located beneath the Straits, dipping to east at an angle of 40° and characterized by normal mechanism with a minor dextral lateral component.
In a more recent paper, Aloisi et al. (2013) proposed that the original levelling data do not allow reliable discrimination of the fault plane and claimed that an antithetic plane dipping westwards at a high angle provides an almost equivalent solution. Based on geological considerations, they suggested the Armo fault, located on-shore east of the Straits in Southern Calabria (Figure 1), as the source of the 1908 earthquake. They argued that southern Calabria represents the locus of major deformation in the region and reported on the documented activity of the Armo fault during the late Holocene. Nevertheless, they did not provide any element that demonstrates that the only 18-km long Armo fault was activated during the 1908 earthquake. Some inconsistencies in this study were, however, contested by De Natale and Pino (2014) concerning, in particular, the use of the levelling data.
Convertito and Pino (2014) tested three typologies of sources among those proposed in the literature (Boschi et al., 1989; De Natale and Pingue, 1991; Aloisi et al., 2013) by computing synthetic seismograms from the respective sources and comparing the PGA and PGV values to the macroseismic intensity field available for the earthquake. They concluded that, among the tested models, the one characterized by an east-dipping fault, with strike oriented NS slightly rotated clockwise, better explains the observed macroseismic field of the 1908 Messina Straits earthquake. Then, they identified the fault proposed by Boschi et al. (1989) as the best fitting one.
In the last years several efforts have been made to find evidence of the 1908 earthquake source on the sea bottom of the Messina Straits. High-resolution swath bathymetry of the Messina Straits has led Ridente et al. (2014) to conclude that intense erosional and depositional processes superimposed on active tectonic deformation hinder the distinction between tectonic and sedimentary features, so that fault systems compatible with the source of the 1908 earthquake could not be identified. Based on multibeam sonar, chip profiler and seismic reflection data, Goswami et al. (2014) explored the seabed morphology of the Messina Straits and detected mass wasting processes around fault escarpments previously identified by Selli et al. (1978) on the Calabrian side of the Straits. No conclusion was, however, drawn in this connection concerning eventual seismic activity. More recently, Fu et al. (2017) discovered a major east-trending fault zone at the southern border of the Messina Straits, highlighted by a prominent 60 m high escarpment on the Ionian seafloor. Fu et al. (2017) proposed this fault zone as a potential source of seismic and tsunami hazard, but they excluded a role of it as source of the 1908 earthquake for incompatibility with the seismic data of this earthquake.
A couple of years ago, Meschis et al. (2019) tested the compatibility between the IGM levelling data of Loperfido (1909) with the NNE-SSW fault (I in Figure 2) reported by Doglioni et al. (2012) on the basis of geomorphic elements and acoustic data obtained by previous investigators in the Ionian offshore of Northeastern Sicily. Meschis et al. (2019) found the best fit of levelling data with this fault when assuming a east-ward dip of 70° and 5 m of maximum slip at depth. The authors have not, however, compared their source with the seismic data. Finally, during the phase of revision of the present article, a new paper appeared in the literature (Barreca et al., 2021) proposing a NNE-trending SE-dipping fault in the Messina Straits as the source of the 1908 earthquake, with the peculiar feature of a northeast-ward rotation of the northernmost part of the fault and possible continuation across southern Calabria mainland.
On the basis of the wide series of studies available in the literature, the largely most convincing source of the 1908 Messina Straits earthquake appears to be a low-angle east-dipping normal fault striking between N10W and NNE, with the top located a few km beneath the Sicilian side of the Straits. Analogue modeling allowed Bonini et al. (2011) to state that high-angle, very shallow normal faults detected over all the Messina Straits area can be interpreted as minor structures related to the activity of this low-angle east-dipping, deeper normal fault believed to have generated the 1908 earthquake.
METHODS OF ANALYSIS, DATA AND RESULTS
We perform estimates of hypocenter locations in the present study by the Bayloc Bayesian non-linear location algorithm (Presti et al., 2004 and Presti et al., 2008). Starting from seismic phase arrival times at the recording stations, Bayloc computes for an individual earthquake a probability cloud marking the hypocenter location uncertainty and defines the point-location of the earthquake as the point of maximum probability in the cloud. Then, Bayloc estimates the spatial distribution of probability relative to a set of earthquakes by summing the probability densities of the individual events. This procedure 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). More details on methodological aspects of Bayloc can be found in Presti et al. (2004) and Presti et al. (2008).
We have applied Bayloc to the earthquakes of magnitude greater than two occurred at depth less than 30 km in the area of Figures 3A–C during the period 2000–2020. We have taken the P- and S-wave arrival times of these earthquakes from the Italian national seismic database (http://terremoti.ingv.it/) and selected the subset of earthquakes for which a minimum of six P-wave arrival times at stations with epicentral distance <150 km were available. A map of the stations used for these hypocenter locations is shown in Figure 3D. The 3D velocity model estimated for the study area and surroundings by Neri et al. (2012) has been used for locations. Based on completeness analyses of the seismic database performed by previous authors (Schorlemmer et al., 2010), we are confident that our sample of shallow earthquakes of magnitude over 2.0 in the Messina Straits area is substantially complete. The results of our hypocenter locations are shown in the maps of Figures 3A–C, reporting the cumulative probability density of the earthquakes (A), the corresponding point-locations (B) and the seismic energy density relative to plot A (C). With the same types of representation, the Figure 4 reports the maps (A, C and E) and the W-E vertical sections (B, D and F) of the seismicity located in the sector of the 1908 earthquake source. All plots A-to-F show the trace of the 1908 earthquake fault of Amoruso et al. (2002), more precisely the intersection of the prolongation of the fault with the earth surface is reported in the map views. In addition, the low-right insets in the plots C and D of Figure 4 show the Bayloc’s barycentric distributions representing the average uncertainty volume of the located earthquakes in the map and section views (Presti et al., 2008). The relatively small extent of the average uncertainty volume of hypocenters, corresponding to ERH and ERZ values of the order of 0.7 and 1 km, respectively, represent a basic pre-condition for the forthcoming analysis and discussion of the earthquake space distributions. Finally, Figure 5 displays the cross-section views of the hypocenters of earthquakes of Figure 4 along profiles perpendicular to the orientations of the east-dipping sources of the 1908 earthquake proposed by different authors (Boschi et al., 1989; De Natale and Pingue, 1991; Amoruso et al., 2002; DISS Working Group, 2018). This family of east-dipping sources is here intended as a sort of range of uncertainty of the 1908 source.
[image: Figure 3]FIGURE 3 | Epicentral maps obtained by the Bayloc probabilistic location method for M ≥ 2 earthquakes occurred at depth less than 30 km in the period 2000–2020. For comparison, the 1908 earthquake source of Amoruso et al. (2002) is reported in plots A-to-C (gray line): the trace corresponds to the intersection between the fault plane prolongation and the earth surface. Bayloc locations are reported both in terms of cumulative probability density (A) and point-locations, i.e. points of maximum probability (B). The graphical representation in plot (B) allows for differentiation of earthquakes according to depth d and magnitude M (legend). Plots (C) and (D) show the seismic energy density relative to plot A and a map of the stations used for hypocenter locations, respectively.
[image: Figure 4]FIGURE 4 | Epicentral maps (left) and E-W oriented vertical sections (right) of recent earthquakes located in the sector of the 1908 earthquake source. For comparison, the 1908 earthquake source of Amoruso et al. (2002) is reported in all plots (black line): in the maps the trace corresponds to the intersection between the fault plane prolongation and the earth surface, in the vertical sections the trace shows the location of the circa north-striking east-dipping source. Top (A–B): earthquake point-locations with differentiation of earthquakes according to depth d and magnitude M (legend). Middle (C–D): distribution of the cumulative probability density. The average epicentre and hypocentre uncertainties expressed in terms of “barycentric map” and “barycentric vertical section” (see text, and Presti et al., 2008) are also reported in the low-right insets of C and D plots. Bottom (E–F): seismic energy density distribution. All the earthquakes reported in the maps (A,C,E) are projected onto the cross-sections (B,D,F).
[image: Figure 5]FIGURE 5 | Plot (A) reproduces the epicentral map of Figure 4A reporting also the traces of the east-dipping sources of the 1908 earthquake proposed by different authors: Am02, B89, DP91 and Diss stand for Amoruso et al. (2002), Boschi et al. (1989), De Natale and Pingue (1991) and DISS Working Group (2018), respectively. Plots B-to-E display the cross-section views of the earthquakes of plot (A) along profiles perpendicular to the orientations of the different sources. All the earthquakes reported in the map (A) are projected onto the cross-sections (B–E). This family of east-dipping sources is here intended as a sort of range of uncertainty of the 1908 source.
Hypocenter locations obtained by Bayloc have been used as starting data for computation of focal mechanisms. For this, we have used the Cut and Paste (CAP) waveform inversion method by Zhao and Helmberger (1994), and Zhu and Helmberger (1996). Each waveform is broken up into Pnl and surface wave segments, which are given different weights during inversion. The same frequency bands have been used to filter synthetic and observed ground velocities, in detail 0.02–0.1 Hz for surface waves and 0.05–0.3 Hz for Pnl waves. Diversely from other waveform inversion methods of current use in the literature which are known to be effective when the earthquake magnitude exceeds a threshold of 3.5–4 (Pondrelli et al., 2006; Ekstrom et al., 2012), CAP has shown to be very effective also for earthquakes of magnitude in the range 2.5–3.5 (more details on CAP and its applications can be found in Zhao and Helmberger, 1994; Zhu and Helmberger, 1996; D'Amico et al., 2010; D'Amico et al., 2011; Scolaro et al., 2018).
We have applied the CAP method to seismic waveforms available in the database EIDA, http://orfeus-eu.org/webdc3/, for the shallow earthquakes that occurred in the study area since 2005. A greater number of waveforms is generally available in the database for the most recent earthquakes, and this has led us to obtain well constrained solutions in large majority for earthquakes occurred in the last few years. The earth structure used for the Green’s Functions computation was properly calibrated for the study area by D'Amico et al. (2011). The most stable focal mechanisms obtained by CAP in the present study are reported in Figure 6 and Table 1. The stability of the solutions has been carefully checked by means of tests and procedures widely described in D’Amico et al. (2011) and Scolaro et al. (2018). For conciseness, we report in Figures 7A–D the comparison between synthetic and observed waveforms relative to the earthquakes n. 1, 5, 10 and 14 of Figure 6 sampling the different sectors of the study area. An overally good fit of waveforms can be observed at almost all the recording stations, the map of which is given in Figure 6. In addition to the best solution obtained for the individual earthquake, each of the four sections of Figures 7A–D reports in the top the solutions obtained by moving the hypocenter of the event in all directions within the Bayloc’s uncertainty volume of the event itself. The focal mechanisms of the events 1, 5, 10 and 14 appear very stable. Similar levels of stability have been obtained for the other events of Figure 6. Finally, we note that the earthquake of October 6, 2006 in Table 1 (n. 13) was also present in the list of earthquakes analysed in the previous paper by Presti et al. (2013), indicated as n. 97 in their Table 1 and Figure 4. Slight differences of fault parameters between the respective solutions, resulting from difference between 1) Bayloc’s earthquake location used for CAP inversion in the present study and 2) Italian bulletin’s earthquake location used for CAP estimates reported in Presti et al. (2013), highlight substantial stability of this mechanism also varying the location of the event according to different procedures.
[image: Figure 6]FIGURE 6 | (A) Seismic stations used for focal mechanism computations. (B) Waveform inversion focal mechanisms computed by the CAP method for earthquakes occurred at depths less than 30 km in the Messina Straits area between 2005 and 2020. Numerical values of earthquake parameters are reported in Table 1. Polar plots of P- and T-axes for three different subsets of our FMs (1–3; 4–5 and 12–14; 8–11) are also reported, with the standard representation black = P and white = T. Dashed lines help recognizing the different compartments discussed in the text. The NW-SE striking gray belt in the Ionian Sea shows the location of the Ionian Fault Zone (see Polonia et al., 2016, among others).
TABLE 1 | Identity number, date and origin time, hypocenter coordinates, fault parameters and moment magnitude of the earthquakes reported in Figure 6. The number of traces used for each focal mechanism computation is also reported in the last column.
[image: Table 1][image: Figure 7]FIGURE 7 | Plots (A–D) show waveform inversion results obtained in the present study for the earthquakes n. 1, 5, 10 and 14 of Figure 6 and Table 1. For each event we report the best focal mechanism solution (top-left, in the box), the relative waveform fits (observed-black vs predicted-red; main part of the figure), and some stability tests of the solution performed by moving the hypocenter in all directions within the Bayloc’s uncertainty volume of the event itself (top of the plot, to the right of the best solution).
DISCUSSION
Figure 3 shows the epicenter map of the earthquakes shallower than 30 km which occurred in the Messina Straits area during the last 20 years. Seismicity has been mainly located in the Straits, in the Calabrian on-shore east of it, and in two offshore sectors located NE and SW of it, respectively. A maximum magnitude of 4.0 has been recorded in the whole area during the study period. A quite low seismicity level (both as number and energy of earthquakes) was recorded on the Sicilian on-shore of the Straits. Higher and lower activity recorded on the Calabrian and Sicilian sides of the Straits, respectively, correspond to higher and lower degree of surface faulting and associated deformation (rate of geological moment release) estimated in the respective sectors by Ghisetti (1992). The Figure 4 allows us to better focus on the seismicity located in the upper 20 km in the Straits and the Calabrian on-shore east of it, in particular we may look at the events occurring in the sector of the 1908 earthquake fault as reconstructed by Amoruso et al. (2002). All plots A-to-F in Figure 4 show, in fact, the trace of Amoruso et al.’s 1908 earthquake fault, more precisely the trace in the map representations corresponds to the intersection between the fault plane prolongation and the earth surface. In the cross-section views, the trace shows the location of the circa north-striking east-dipping Amoruso et al.’s source. A striking feature appearing from Figure 4 is that the recent seismicity occurred in the Straits is nearly all located below and east of the Amoruso et al.’s 1908 fault plane, with some events only located close above the bottom edge of the fault. This feature is highlighted by the great accuracy of hypocenter locations already discussed in the previous Section. Non-linear locations performed by the Bayloc algorithm, and the use of the robust dataset of the last 2 decades, have allowed us to obtain hypocenter distributions accurate enough for comparison between recent earthquake activity and the 1908 source. Less accurate locations performed with linearized methods applied to databases as long as 4 decades (including poorer network geometries) result in very noisy distributions of hypocenters (see, e.g., Barreca et al., 2021). The plots of Figure 4 show also several clusters of earthquakes below the 1908 fault, more or less concentrated, but they do not display any clear evidence of trends indicating seismogenic faults. The findings of Figure 4 suggest that a huge portion of the rock volume located above the 1908 fault is quite inactive from the seismic point of view. This could mean that the rock fracturing level is relatively low in it. The events located close above the bottom edge of the 1908 fault and east of it mark the (Calabrian) eastern boundary of the low-fractured block standing over the fault. Figure 5 displays the hypocenter vertical sections of the recent seismicity occurred in the 1908 earthquake fault area, taken perpendicular to the orientations of the east-dipping sources proposed by different authors in the literature. The Figure shows that the conclusions drawn by comparing the recent earthquake locations to the location of the Amoruso et al. (2002) source of the 1908 earthquake are confirmed when considering the other sources, in particular most of the hanging wall of the 1908 fault is a low-fractured block.
The Figure 6 displays the waveform inversion focal mechanisms estimated in the present study for the recent shallow earthquakes occurred in the study area of Figure 3. The figure shows reverse mechanisms at the southern border of the area (earthquakes n. 1–3), extensional ones at the northern border (8–11), and a mixture of extensional and right-lateral mechanisms in the Straits and the Calabrian on-shore of it (4–5 and 12–14). The earthquakes n. 6 and 7, located near the right-lateral Ionian fault zone corresponding to the southwestern edge of the Ionian subducting slab (shadowed belt in Figure 6; see also Polonia et al., 2016), show dextral strike-slip mechanisms compatible with the kinematics of same fault zone. The distribution of mechanisms of Figure 6 (see also the polar plots of P and T axes relative to the different compartments) matches well with the geodynamic model of the study area assuming that the Messina Straits area is transitional between the zone of rollback of the in-depth continuous Ionian subducting slab (southern Calabria) and the collisional zone where the subduction slab did already undergo detachment (southwest of the Ionian fault zone) (Neri et al., 2012; Orecchio et al., 2014; among others). Normal faulting earthquakes in the Tyrrhenian sea offshore southern Calabria (FMs n. 8–11) are compatible with southeast-ward rollback and trench retreat of the subducting Ionian slab. Reverse mechanisms in the Ionian sea southwest of the Ionian fault zone (FMs n. 1–3) are compatible with the collisional domain existing southwest of the subducting slab edge. The transitional character of the Messina Straits implies reasonably the coexistence of normal faulting and right-lateral mechanisms, the latter accommodating the internal deformation of the overriding unit subjected to differential southeast-ward advance onto the subducting one (this mechanism is schematized in the forthcoming Figure 9A). Coexistence of normal faulting and right-lateral mechanisms is just what we obtain in the present study by analysis of focal mechanisms in the Messina Straits and the Calabrian onshore east of it (FMs n. 4–5 and 12–14 in Figure 6). The quality of the focal mechanisms (some examples of stability tests are given in Figure 7) supports our interpretation of themselves in the frame of the above mentioned geodynamic model.
We show in Figure 8A the map of present-day uplift rate values reported by Serpelloni et al. (2013) for a ca. NW-trending rectangular sector including southern Calabria (south of Lamezia Plain) and the Messina Straits. The GPS stations used by Serpelloni et al. (2013) for their study are almost all concentrated in the southwestern half of the rectangle, more precisely in the sector of the Arc comprising the basins of Gioia Tauro and Messina Straits. We may consider the cross-section view of the same data (Figure 8B, taken from Serpelloni et al.’s Figure 13) as representative of the uplift rate pattern along profile crossing (from SE to NW) the Aspromonte chain, the basins (Gioia Tauro and Messina Straits), and the eastern Aeolian Islands in the southeastern Tyrrhenian sea. The profile of our Figure 8B (taken from Figure 13 of Serpelloni et al., 2013) shows the maximum value of uplift rate in southeastern Calabria (0.8 mm/yr; southeast of the top of the chain indicated by T) and a rapid drop to a minimum of—0.8 mm/yr moving to NW in the basins’ area (Ba). Northwest of the minimum, the profile shows a NW-ward increasing uplift rate from—0.8 mm/yr to circa 0 mm/yr. This pattern indicates a SE-ward progressive subsidence in the area of the basins (Gioia Tauro and Messina Straits). Even if future data acquisition is needed for a more robust analysis of the uplift rate pattern in this area, in particular in the Messina Straits area, we take from Serpelloni et al.’s data a preliminary indication of a possible phenomenon of east-ward progressive subsidence in the Messina Straits. We may also note from Figure 8 that 1) the maximum uplift rate of 0.8 mm/yr corresponds to the eastern boundary of the Aspromonte chain and 2) the rapid drop of uplift rate observed moving to NW contains the location (E) of the March 11, 1978, magnitude 4.7 earthquake investigated by Orecchio et al. (2019). For this earthquake, Orecchio et al. (2019) estimated a depth of 8 km and a normal-faulting mechanism on a high-dip NNE-trending fault plane dipping to WNW (Figure 8C). On the basis of these data, we tend to believe that the March 1978 Aspromonte earthquake may have derived from differential uplift into the chain area.
[image: Figure 8]FIGURE 8 | Map plot (A) and related cross-section view plot (B) of the present-day uplift rate values estimated by Serpelloni et al. (2013) in a ca. NW-trending rectangular sector including southern Calabria and the Messina Straits (redrawn from Serpelloni et al., 2013). “Ba”, “T” and “E” in the plot (B) indicate, respectively, the basins’ area (Gioia Tauro basin and Messina Straits), the top of the mountain chain and the location of the 1978 Aspromonte earthquake. Serpelloni et al.’ s (2013) gray curve indicating the uplift rate pattern along the MM’ profile in plot (B) evidences that the maximum of the present-day uplift rate is located southeast of the top of the chain and of the 1978 Aspromonte earthquake. The plot (C) (with the inset showing the Aspromonte-Peloritani profile and the focal mechanism of the 1978 Aspromonte earthquake) furnishes sketch representations of 1) present-day vertical displacements across the Messina Straits area desumed from the patterns of plots (A) and (B), 2) topography, and 3) the locations and kinematics of the faults which generated the earthquakes of 1908 (magnitude 7.1) and 1978 (magnitude 4.7). In the same plot (C), “increasing subsidence” indicates the approximate location of the descending pattern of the gray curve that can be noted in the basin’s area (Ba) in plot (B), while “increasing uplift” marks the location of the gray curve growing pattern between the basin and the zone of maximum uplift rate. As explained in the text, future checks of these uplift/subsidence patterns should be performed by acquisition of new data especially in the offshore sectors.
We suggest the following geodynamic processes to explain the findings of the present study concerning recent seismicity of the Messina Straits and the information available from literature concerning 1) the 1908 earthquake and 2) other geophysical features of the southern Calabrian Arc. A primary process is the widely shared coexistence in the study region of 1) Africa-Europe NNW-trending plate convergence and 2) SE-ward residual rollback of the Ionian lithospheric slab subducting underneath the Tyrrhenian-Calabria unit. As said above, the Messina Straits area can be considered as transitional between the zone of rollback of the in-depth continuous subducting slab (southern Calabria) and the collisional zone where the subduction slab did already undergo detachment (southwest of the Ionian fault zone) (Neri et al., 2012; Orecchio et al., 2014). This transitional character of Messina Straits would produce the observed coexistence of normal faulting and right-lateral mechanisms (Figure 6), the latter accommodating the internal deformation of the overriding unit due to the decreasing trench retreat when approaching the slab edge. As said in a previous Section, the coexistence of Africa-Europe convergence and rollback of the Ionian subducting lithosphere was shown to be able to produce uplift of southeastern Calabria (Negredo et al., 1999), and this is in agreement with Serpelloni et al.’s (2013) uplift rate pattern that we have reported in Figure 8. The above discussed phenomenon of east-ward progressive subsidence in the Messina Straits inferred from Serpelloni et al.’s uplift pattern reproduced in Figure 8, if it will confirmed in the future by a more robust set of data including sea bottom measurements, could offer a new explanation of the loading mechanism of the 1908 fault. The east-ward increasing subsidence, eventually imputable to instabilities in the top of the subducting slab of the type suggested for the study region in previous papers (Orecchio et al., 2014; Presti et al., 2019), could drive the huge low-fractured block resting on the fault to slide episodically onto the more fractured basement representing the footwall of the fault (Figure 9). We offer this purely speculative hypothesis to the currently intense debate on local seismicity (Tiberti et al., 2017; Carafa et al., 2017; Presti et al., 2017; Neri et al., 2020; among others) and to future plans of data acquisition in the study region, also considering that vertical dynamics of the type suggested here would represent a simple and rather appropriate model for an area of strong normal-faulting earthquakes and relatively low horizontal strain rates like the Messina Straits.
[image: Figure 9]FIGURE 9 | Sketch representation of geodynamic engines producing seismicity in the Messina Straits area. The map view of plot (A) shows the progressive reduction of trench retreat velocity from northeast to southwest along the southern Calabrian Arc (southern Calabria–Straits) when approaching the southern edge of the Ionian subducting slab. This process produces internal deformation of the Messina Straits transitional zone between the extensional domain of southern Calabria and the collisional one of Sicily, southwest of the slab edge. Internal deformation of the Messina Straits is accommodated by dextral strike-slip mixed to normal faulting mechanisms (Figure 6B). The same polar plots of P- and T-axes reported in Figure 6B are also shown in this Figure for easier comparison. The representation of processes given in the section view of plot (B) is based on the preliminary evidence of east-ward progressive subsidence in the Messina Straits inferred from Serpelloni et al.’s (2013) uplift pattern reproduced in Figure 8. If this east-ward progressive subsidence will be confirmed in the future by new data including sea bottom measurements, this scheme will offer a new possible explanation of the loading mechanism of the 1908 fault. The east-ward increasing subsidence, eventually imputable to instabilities in the top of the subducting slab of the type suggested for the study region in previous papers (Orecchio et al., 2014; Presti et al., 2019), could drive the huge low-fractured block LFB resting on the fault to slide episodically onto the high-fractured volume HFV representing the footwall of the fault.
CONCLUSION
The recent crustal seismicity in the area of the major, 1908 Messina Straits earthquake has mainly occurred below the east-dipping north-striking fault proposed by most investigators as the source of the 1908 earthquake, while it has been substantially absent in correspondence of the fault and above it (Figures 4, 5). This distribution of seismicity suggests the existence of a huge, low-fractured shallow block resting on a somewhat fractured medium, with the separation surface between them roughly corresponding to the fault which generated the 1908 earthquake (Figure 9B).
The focal mechanisms of recent earthquakes (Figure 6) furnish a convincing picture of the transition from the extensional domain of southern Calabria (where southeast-ward trench retreat is still active, although slow) to the compressional domain of Sicily (where detachment of the subducting slab has already occurred), see Figure 9A. The progressive reduction of trench retreat from northeast to southwest produces internal deformation of the Messina Straits transitional zone and this deformation is accommodated by dextral strike-slip faulting mixed to normal faulting.
Starting from the above findings, we state that the joint action of Africa-Europe plate convergence and rollback of the Ionian subducting slab can be considered a major engine of seismicity in the Messina Straits area. A remarkable feature of the Messina Straits and the nearby southernmost Calabria is the occurrence of strong normal-faulting earthquakes (like 1908 and 1783) associated to evidence of relatively low horizontal strain rate furnished by GPS data of the last few decades (Palano, 2015). Different hypotheses have been proposed to explain this feature (Carafa et al., 2017; Presti et al., 2017; Tiberti et al., 2017; Neri et al., 2020). Starting also from strong spatial variations of geodetic uplift rate estimated by Serpelloni et al. (2013), we believe that hypotheses of deep-seated sources of stress concurring to local vertical dynamics (see, e.g., Orecchio et al., 2014) may reasonably be part of the ongoing debate on the study area. The apparent east-ward progressive subsidence in correspondence with the basin area (Serpelloni et al.’s Figures 10, 13 and our Figure 8), if confirmed in the future by acquisition of new data with particular reference to offshore areas, will furnish a new possible interpretation of the loading mechanism of the 1908 fault: the east-ward increasing subsidence would drive the huge low-fractured shallow block to slide episodically onto the more fractured basement in the Straits area (Figure 9B).
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