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Department of Mathematical and Computer Science, Physical Sciences and Earth Sciences, University of Messina, Messina, Italy

We analyze the seismicity of southern Calabria, the most active area of Italy from the
seismic point of view, and compare it with geodetic data available from literature. Our
analysis focuses both on the strongest earthquakes of the last centuries reported in the
[talian historical seismic catalog and on seismicity recorded in the last decades by
instrumental networks. The data highlight that strong shallow seismicity of southern
Calabria, imputed to normal faulting by previous investigators, corresponds to low
values of local, geodetic horizontal strain rate. This situation is quite different from that
observed along the Apennines from central Italy to northern Calabria, where normal-
faulting strong earthquake activity corresponds to relatively large values of extensional
strain rate. On the other hand, the strong earthquake activity of southern Calabria
corresponds to marked variation of vertical displacement rates detected from west to
east in the same area. We frame these evidences into the regional geodynamic model
assuming the coexistence of Africa-Europe NNW-trending plate convergence and SE-
ward residual rollback of the lonian lithospheric slab subducting underneath the
Tyrrhenian-Calabria unit. Taking also benefit from the recently found relationship
between the two strongest earthquakes of the 20th century in Italy (the southern
Calabria earthquakes of 1905 and 1908 of magnitude 7.5 and 7.1, respectively), we
propose that instabilities of the upper bending part of the subduction slab may perturb
shallow normal faults in the overriding plate and concur to shallow seismicity of southern
Calabria jointly with the dynamics of differential vertical motion marked by geodetic data.
The opposite action of lithosphere convergence and rollback may justify low values of
horizontal strain rate in the low coupling scenario of the lonian and Tyrrhenian-
Calabria units.

Keywords: earthquakes, geodetic strain, geodynamics, southern Calabria, Italy

INTRODUCTION

In the last decade, taking benefit from large improvement of geophysical datasets and methods,
researchers have much deepened the knowledge of the structure and dynamics of the Calabrian Arc
subduction zone (Figures 1 and 2), the most active area of Italy from the seismic point of view. Neri
et al. (2009, 2012) have found that southern Calabria is the only place in the Calabrian Arc
subduction zone where the subduction slab is still continuous over depth, while detachment of the
deepest portion of subducting lithosphere has already occurred beneath the Arc edges (northern
Calabria and northeastern Sicily, respectively; Figure 1). Other investigators (see, e.g., Presti et al.,
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FIGURE 1 | Simplified tectonic map of the Calabrian Arc region redrawn with modifications from Cadet and Funiciello (2004) and Polonia et al. (2011), with
additional data from Dellong et al. (2018). The solid curve with the sawtooth pattern, pointing in the direction of subduction, indicates the present-day location of the
lonian subducting system. Black sawteeth indicate the location of the in-depth continuous subducting slab, white sawteeth show locations where the slab has already
undergone detachment (Neri et al., 2009; Neri et al., 2012; Orecchio et al., 2014). The white arrow shows the sense of the gravity-induced subducting slab rollback.

The black arrows schematize the sense of motion of Nubia relative to Europe in the study area (velocities of the order of 3-5 mm/yr; D’Agostino and Selvaggi, 2004;
Devoti et al., 2008; Nocquet, 2012 and references therein). The gray belt and the converging arrows west of the Aeolian Islands in the southern Tyrrhenian sea show the
present-day site of accommodation of convergence at the longitude of Sicily after detachment of the subduction slab and tectonic reorganization of the plate boundary.
AA’ approximately indicates the NW-SE profile used for the cross-section sketch view of Figure 2. S, B, and V stand for Messina Straits, Gioia Basin, and Mesima Valley,
respectively. Dots with numbers 1 to 5 show the epicenters of the earthquakes of magnitude M over 6.5 which occurred since 1600 in the southern Calabria segment of
the Arc (see Table 1 for details). As = Aspromonte, CV = Capo Vaticano, LP = Lamezia Plain, M = Messina, R = Reggio Calabria, SEB = S. Eufemia basin.

2013; Totaro et al, 2016) have distinguished the main
compressional domain west of Calabrian Arc due to NNW-
trending Africa-Europe plate convergence from the subduction
domain where plate convergence and gravity-induced rollback of
the Ionian subducting slab coexist (Figure 1). Joint analyses of
geophysical and geologic data collected in the wide offshore
sectors of the subduction zone have led Polonia et al. (2016,
2017) to identify an incipient rifting process at the southwestern
edge of the Ionian subducting slab. A 3D reconstruction of the
interface between the subducting and the overriding plates
beneath southern Calabria has been performed by Maesano
et al. (2017) who have also debated whether this subduction

interface may be locked or not. On their hand, Carafa et al. (2017)
have suggested high interseismic coupling with low seismic
coupling on the subduction interface, assuming that elastic
strain accumulating on the interface is released episodically in
creep events. The dynamics of plate interaction at the subduction
interface remains a major topic of debate in the study region.
Finally, Presti et al. (2017, 2019) have focused on the dynamics of
the Ionian subducting slab and proposed a revision of the
traditional view of down-dip compression throughout the
whole slab. In particular, Presti et al. (2019) stated that the
upper part of the descending slab (located above a necking
zone detected at 150km depth) is subjected to down-dip
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FIGURE 2| Cross-section sketch view of the subduction system along a
NW-SE profile crossing southern Calabria approximately indicated as AA' in
Figure 1. The figure shows the present-day state of subduction beneath
Southern Calabria in the reconstruction given by Presti et al. (2019).

Clear necking of the founding slab has occurred at a depth of ca. 150 km but
slab detachment has not happened, yet. The upper part of the slab located
above the necking zone is subjected to down-dip extension under its own
weight. This may generate seismic effects like those observed in 1905 when
the upper, elbow zone of the slab ruptured, producing the magnitude 7.5
earthquake of southern Calabria [a sketch of this process redrawn from Presti
etal. (2017), with modifications, is reported in the inset of this figure]. The 1905
rupture occurred on a high-dip plane parallel to the SW-NE subduction trench
orientation, with the most advanced northwestern part of the slab slipping
down with respect to the southeastern part (Presti et al., 2017).

extension under its own weight, and this stress regime would
produce seismic effects of great relevance in the upper bending
zone of the slab and, in turn, in the shallow normal faults of the
Tyrrhenian-Calabria overriding plate.

In the present study, we are going i) to examine data of
historical and recent seismicity of southern Calabria and ii) to
compare the main features of seismicity with geodetic data and
geodynamic information available from literature. We attempt to
give a unifying view of the data available and to identify future
strategies for the solution of the still existing model uncertainties
and ambiguities.

GEODYNAMIC FEATURES OF THE STUDY
REGION

As described more widely in previous papers (see, e.g., Presti et al.,
2013), the Calabrian Arc is a curved orogeny corresponding to the
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sector of maximum curvature of the Apennine-Maghrebian chain
in the central Mediterranean (Figure 1). Many investigators
(Malinverno and Ryan, 1986; Faccenna et al, 1996, among
others) have suggested that geologic and geophysical data in
the Calabrian Arc region can be interpreted in the framework of a
geodynamic model assuming the co-existence of i) NNW-SSE
convergence of Nubia and Europe plates and ii) gravity-induced
SE-ward rollback of the Ionian lithospheric slab subducting to
NW beneath the Tyrrhenian lithosphere (Figure 1). Nubia has
been slowly converging toward Europe during the last ca. 80 Myr
and NW-dipping subduction and ensuing rollback are thought to
have started about 35-30 Myr ago (see, e.g., Dellong et al., 2020
and references therein). Current plate convergence velocity in this
region is estimated to be on 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 believed to be quite slow (a couple of mm/
y1; see, e.g., Hollenstein et al., 2003; Devoti et al., 2008; Nocquet,
2012). Much faster rollback (velocity was ~8 cm/yr about 5 Myr
ago and has been progressively decreasing in more recent times)
is believed to have been the primary tectonic source for SE-ward
kinematics of the southern Tyrrhenian unit and its overthrusting
onto the Ionian lithosphere (Faccenna et al., 1996). The Calabrian
Arc curved segment of the margin (Figure 1) has been recognized
as a low coupling zone (Hsu, 2001).

Geologic data evidence that the Calabrian Arc (Figure 1)
includes strongly contrasting vertical movements, such as
mountain chain uplifting of 0.5-1.2mm/yr in the last
1-0.7Myr and relative-to-chain subsidence in the major
tectonic troughs on the western side (same figure; Monaco
et al., 1996; Faccenna et al., 2011). Normal faults located
closely 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) believed to have
generated the major earthquakes of December 28, 1908
(magnitude 7.1 according to the CPTI15 catalog; Rovida et al.,
2019; Rovida et al., 2020), February 5, 1783 (7.1) and February 7,
1783 (6.7), respectively, (see, e.g., Monaco et al., 1996; Neri et al.,
2006). Seismogenic stress inversion of recent earthquake fault
plane solutions (Neri et al., 2004; Neri et al., 2005; Totaro et al.,
2016) and analyses of geostructural data (Tortorici et al., 1995)
provided evidence that these fault systems are subjected to a
relatively uniform extensional stress regime with a nearly NW-SE
orientation of the minimum compressive stress o3.

Detachment of the Ionian lithospheric slab subducting beneath
the Calabrian Arc was suggested by Monaco et al. (1996) to explain
the uplift of the Arc in the past 1-0.7 Myr. The question on
whether and eventually where the subduction slab is still
continuous in depth or already detached beneath the Calabrian
Arc has continued to be a primary subject of debate in more recent
years (e.g., Spakman and Wortel, 2004; Neri et al., 2009). A more
recent analysis of different geophysical data (gravity anomalies,
seismotomographic structure, and seismicity of crust and
uppermost mantle) has led Neri et al. (2012) to propose that
the subducting slab is still continuous over depth beneath the
central part of Calabrian Arc (southern Calabria; black sawteeth in
Figure 1) while detachment of the deepest portion of subducting
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lithosphere has already occurred beneath the Arc edges (northern
Calabria and northeastern Sicily, respectively; white sawteeth in
Figure 1). On the other hand, Finite Element Modeling of
lithosphere motions and strains on a regional scale (Negredo
et al, 1999) has proven that the coexistence of plate
convergence and rollback of an in-depth continuous subducting
slab beneath the Calabrian Arc is compatible with geodetic
displacement fields and chain uplift observed in Calabria.
Lithospheric structures accommodating slab segmentation and
roll-back have been proposed in the onshore and offshore areas
around northern Calabria and northeastern Sicily (Argnani and
Bonazzi, 2005; Govers and Wortel, 2005; Rosenbaum et al., 2008;
Orecchio et al,, 2015; Gutscher et al., 2016; Polonia et al.,, 2016;
Dellong et al., 2018; Dellong et al., 2020).

Seismogenic stress inversion by Totaro et al. (2016) evidenced
a more or less perpendicular-to-chain extensional process along
the Apennine-Maghrebian chain and compressional effects of
Africa-Europe slow convergence in all other sectors in the region.
More in detail, the well constrained NNW-trending o; in the
main E-trending seismogenic belt located offshore northern
Sicily, and the quite diffused transcurrent regime in
southeastern Sicily and Ionian offshore driven by NW- to
NNW-trending o;, mark clearly continental plate convergence
(Figure 1). These results match well with the recent Nijholt et al.
(2018) conclusion according to which in this south-central part of
the Mediterranean region “the Calabrian Arc is now further
transitioning toward a setting dominated by Africa-Europe
plate convergence, whereas during the past 30 Myr slab retreat
continually was the dominant factor.” In a very recent analysis
based on earthquake relocations and stress inversion in the
western Ionian, Presti (2020) confirmed that Africa-Europe
convergence is the primary tectonic action in that sector but
found also local stress heterogeneity imputable to the incipient
rifting process at the southwestern edge of the subducting slab
hypothesized by Polonia et al. (2017). In particular, SW-NE
opening in the NW-trending belt comprised between the
Alfeo-Etna and Ionian Fault Systems (Figure 1) is believed to
add an extensional stress component to convergence-related
compression in the offshore of Eastern Sicily (Presti, 2020).

STRONG EARTHQUAKE ACTIVITY OF
SOUTHERN CALABRIA

Normal faulting appears to be the dominant faulting mechanism
in southern Calabria (Figure 1; see, e.g., Ghisetti, 1984; Tortorici
et al, 1995; Valensise and Pantosti, 2001). In particular, normal
faulting mechanisms have been proposed for some devastating
earthquakes which occurred in this part of the Calabrian Arc
during the last centuries, those of February 5, 1783 and February 7,
1783 and December, 28 1908 (see locations in Figure 1 and
detailed descriptions given later on in this section). For these
earthquakes, however, the debate concerning the causative faults is
still open (see below). Even larger is the spreading of hypotheses
concerning the other devastating earthquake of September 8, 1905
for which all data of location, magnitude and mechanism are still
very debated (more details below). We next discuss the sources

Major Earthquakes of Southern Calabria, Italy

proposed in the literature for the earthquakes of magnitude over
6.5 which occurred in southern Calabria since 1600 according to
the CPTI15 catalog (Rovida et al., 2019; Rovida et al., 2020). These
earthquakes are listed in Table 1 and indicated by numbering in
the map of Figure 1. We are going to comment on the individual
earthquakes following a geographical order from south to north.

The earthquake of December 28, 1908 (no. 5 in Figure 1 and
Table 1) has been imputed to E-dipping faults with top located
beneath the western side of Messina Straits (e.g., Amoruso et al.,
2002; DISS Working Group, 2018) or to W-dipping faults with top
located beneath the eastern side of the Straits (e.g., Tortorici et al.,
1995; Aloisi et al., 2013). In particular, by joint inversion of leveling
and seismic data associated to this earthquake Amoruso et al.,
(2002, 2006) obtained a nearly N-trending E-dipping source plane
passing through Messina (M in Figure 1). On their hand, Aloisi
etal. (2013) proposed a NE-striking NW-dipping fault located east
of Reggio Calabria (R in Figure 1) on the grounds of geologic
evidence of Holocene activity, geodetic strain, and seismicity
recorded in the last decades. For the same earthquake, the DISS
catalog (DISS Working Group, 2018) reports a NE-trending SE-
dipping fault with top located a couple of km beneath the Sicilian
coast of the Straits (Figure 1) mainly derived by work of Valensise
(1988) and Valensise and Pantosti (1992). In spite of the different
opinions still existing in the scientific community concerning the
causative fault of this event, there is a general consensus concerning
its normal faulting mechanism and the depth of the source
assumed to be confined to the upper 15km of crust. Magnitude
M; values between 6.9 and 7.2 are reported for this event in the
literature (Pino et al., 2009).

Several investigators (Tortorici et al., 1995; Bosi and Galli,
20005 Jacques et al., 2001) related the earthquake of February 5,
1783 (number 1 in Figure 1 and Table 1) to a W-dipping NNE-
trending normal fault separating the Aspromonte chain from the
Gioia basin (Figure 1). On the other hand, an E-dipping NNE-
trending blind normal fault with top beneath the Tyrrhenian
shoreline of the Gioia basin was proposed as the source of the
same earthquake by Valensise and D’Addezio (1994) and in the
DISS catalog (DISS Working Group, 2018). Both sources are,
however, confined to the upper 15-20 km of crust. A very similar
situation occurs concerning the source of the earthquake of
February 7, 1783 (no. 2 in Figure 1 and Table 1) for which
the DISS catalog (DISS Working Group, 2018) suggests an

TABLE 1 | Earthquakes of magnitude over 6.5 which occurred in southern
Calabria since 1600 according to the CPTI15 catalog (Rovida et al., 2019;
Rovida et al., 2020). N is the order number of the earthquake used also in the map
of Figure 1. The other columns report the date of the earthquake (year, month,
day) and its epicentral coordinates and magnitude M taken from the
bibliography indicated in the last column. Three different solutions (a—c) are
reported for the earthquake no. 4 of September 8, 1905.

N Year Month Day Latitude Longitude M Source

1 1783 02 05  38.297 15.970 7.1 CPTI5

2 1783 02 07 38.580 16.201 6.7 CPTI5

3 1783 03 28  38.785 16.464 7.0 CPTI5

4a 1905 09 08  38.667 16.067 6.8 Boschi et al. (2000)
4b 1905 09 08  38.811 16.000 7.0 CPTI5

4c 1905 09 08  38.640 15.540 7.5 Prestiet al. (2017)
5 1908 12 28  38.146 15.687 7.1 CPTI5
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E-dipping NNE-trending normal fault with top on the western
side of the Mesima Valley (Figure 1), while Tortorici et al. (1986)
and Jacques et al. (2001) proposed a NW-dipping, NNE striking
normal fault separating the crystalline bedrock of the chain from
the sedimentary Plio-Pleistocenic clastic sequence of the eastern
side of the valley (Figure 1).

The source of the earthquake of September 8, 1905 (no. 4a—c in
Figure 1 and Table 1) is even more debated: i) epicenter location
onshore in the Capo Vaticano promontory area (4a in Figure 1)
or offshore in the Tyrrhenian sea (4b and 4c, same figure); ii)
depth estimates in the upper crust of the overriding plate (in the
case of locations 4a and 4b) or at the top of the Ionian subducting
slab (4c); iii) magnitude values between 6.7 and 7.5 (DISS
Working Group, 2018, and references therein). Onshore or
near-to-coast shallow locations and lower magnitude values
come in general from macroseismic analyses of the earthquake
(see, e.g., Boschi et al., 2000). The DISS catalog (DISS Working
Group, 2018) reports the solution proposed by Loreto et al. (2013)
on the basis of multibeam and seismic reflection analysis carried
out in the S. Eufemia basin (SEB in Figure 1), i.e., a NE-striking
SE-dipping normal fault defined as S. Eufemia fault. By a Bayesian
non-linear location method based on use of seismic wave arrival
times, Presti et al. (2017) stated that the 1905 earthquake occurred
in the Tyrrhenian offshore of Calabria, a few tens km west of
Capo Vaticano (4c in Figure 1), at a depth between 35 and 55 km.
The same authors intervened in the current debate on location,
magnitude and generation process of this major earthquake, by
stating that it had a magnitude of the order of 7.5 and originated
from rupture of the bending zone of the Ionian subduction slab

Major Earthquakes of Southern Calabria, Italy

(Figure 2B). According to Presti et al.’s reconstruction, rupture
occurred on a nearly vertical plane parallel to the SW-NE
subduction trench orientation, with the most advanced,
northwestern part of the slab slipping down with respect to
the southeastern part (Figure 2B). This process was framed by
the same authors in the geodynamic model of the study region
assuming slow SE-ward rollback of the Ionian subducting slab
pulled by gravity (Malinverno and Ryan, 1986; Faccenna et al.,
1996; Wortel and Spakman, 2000; among many others). Presti
etal. (2017) showed also that the 1905 earthquake caused positive
Coulomb Stress Changes on the hypothesized sources of the 1908
earthquake in the Messina Straits area, therefore favoring the
occurrence of the latter at very short distance only 3 years later.

Finally, the earthquake of March 28, 1783 (no. 3 in Figure 1 and
Table 1) was possibly related to a fault located in the Lamezia plain
attributable to the ESE-trending, left-lateral transtensional
structural system that dissects and advances the southern
Calabrian Arc toward ESE (DISS Working Group, 2018).
According to Jacques et al. (2001) the trace and nature of the
fault that slipped during this earthquake are unclear as well as the
source depth which may have been greater than in the cases of the
earthquakes of February 1783 (no. 1 and 2 in Figure 1 and Table 1).

DATA AND ANALYSIS

Figure 3 (built with the data available in the Italian earthquake
catalog, CPTI15; Rovida et al., 2019; Rovida et al., 2020) clearly
shows that the Calabrian Arc is one of the most active areas of
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Italy from the seismic point of view. This feature is evident from
the epicenter map of the earthquakes of magnitude >6.0 which
occurred since 1600 (panel A) as well as from the space
distribution of the corresponding seismic strain rate (panel B).
Time interval and magnitude threshold used for drawing this
figure allow us to guarantee the completeness of the catalog over a
relatively long period of time (Stucchi et al., 2011). The seismic
strain rate has been estimated on a 0.2° x 0.2° grid by using the
approach proposed by Jimenez-Munt et al. (2001). These authors
started from the basic Kostrov (1974) relationship and assumed
that each earthquake involves a strain rate effect following a
Gaussian function:

1 N r2
Excimic = 5———5— 3 [Mo (N - ) _in
Eseismic ZHystzAf < [ 0( m)]n eXp< b2>

where Lg = 25 km, 7,, is the distance to the earthquake #-th, and At
is the investigated time interval. The b parameter is the width of
the Gaussian function. High values of b tend to smooth too much
the horizontal gradient of the calculated strain rate, whereas small
values of it restrict the deformation to the close vicinity of each
epicenter. Several trials have been performed to choose the most
appropriate value of b in the study case and this was fixed to
20 km.

The panel A of Figure 4 displays the space distribution of
recent shallow seismicity occurring in southern Italy. The plot
reports, in particular, the earthquakes of magnitude >3.0
occurring at depth less than 30 km between January 1, 2005
and March 31, 2020. We have located the hypocenters of these
earthquakes by the Simulps standard linearized method (Evans
et al., 1994) using the P and S arrival times available from the
INGV bulletin database (http://terremoti.ingv.it/) and the 3D
local velocity model estimated by Neri et al. (2012) by integration
of crustal (Orecchio et al., 2011) and sub-crustal (Neri et al., 2009)
seismotomographic models of the Tyrrhenian region. The
linearized procedure of location based on time residual
minimization has led to location error estimates of the order
of 1 km (ERH) and 2 km (ERZ) for earthquakes located in the
Calabrian Arc. Slightly larger errors of the order of 2 km (ERH)
and 3 km (ERZ) were obtained in the same area by Presti et al.
(2017) using the Bayloc Bayesian non-linear location algorithm.
This algorithm computes a cloud of probability density for each
hypocenter location and was shown to provide more reliable
hypocentral uncertainties with respect to standard linearized
algorithms in suboptimal network conditions (Presti et al.,
2004; Presti et al., 2008). We take Bayloc’s error estimates by
Presti et al. (2017) as more conservative estimates of hypocenter
uncertainty in the present study. The magnitude threshold of 3
(plot A) should guarantee the completeness of the INGV seismic
catalog (http://terremoti.ingv.it/) since 2005 in southern Italy and
the concerned Tyrrhenian and Ionian offshores (Schorlemmer
etal,, 2010). Plot A shows greater density of epicenters i) near the
Etna volcano in eastern Sicily, ii) in the southern Tyrrhenian sea
offshore Sicily, iii) in northern Calabria, and iv) along the
southern Apennines. Very low activity can be noted in the
Ionian offshore of southern Calabria. To better explore this
situation, we have decided to analyze for hypocentral locations
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FIGURE 4 | The panel (A) shows the epicentral map of earthquakes of
magnitude M > 3.0 which occurred at depth less than 30 km in southern Italy
between January 1, 2005 and March 31, 2020. Hypocenter locations have
been performed using the P- and S-readings available from INGV

Bulletin database (http://terremoti.ingv.it/), the standard location method of
Evans et al. (1994) and the local seismic velocity model of Neri et al. (2012).
The panel (B) shows the epicentral map of the earthquakes of magnitude over
3.0 which occurred in the same period at depth less than 250 km in a NW-
trending rectangular area crossing southern Calabria. The panel (C) displays
the hypocenter vertical section along the profile AA" of the earthquakes of
panel (B). For comparison, the location of the lonian subducting slab derived
from data published in previous works (Lucente et al., 1999; Barberi et al.,
2004; Cassinis et al., 2005; Montuori et al., 2007; Neri et al., 2009; Piana
Agostinetti et al., 2009) is also reported in panel (C).

all the earthquakes occurring at depth between 0 and 250 km in
the rectangular area indicated in Figure 4B and to report in
Figure 4C the cross section of these earthquakes taken along the
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profile AA' indicated in 4B. Considering the location errors of
1km (ERH) and 2km (ERZ) obtained for the shallow
earthquakes by the Simul linearized method, and also the
more conservative values of 2 and 3 km estimated by non-
linear methods (see above), we are led to conclude from
Figure 4C that no significant seismicity is located at the top of
the subducting slab (or subduction interface) shown in the
vertical section for comparison, while seismicity is clearly
detectable at shallow depth in the overriding plate and at
deeper depths in the interior of the subducting slab.

Figure 5 shows the horizontal strain rate in Italy estimated by
Palano (2015) using global positioning system (GPS) data
collected between 1994 and 2013. Palano’s dataset included
379 continuous GPS stations and 80 episodic GPS sites located
in Sicily and the Northern Apennines in the framework of specific
Projects. Palano (2015) aligned estimated GPS velocities to a fixed
Eurasian reference frame, derived a continuous velocity gradient
tensor on a regular 0.35° x 0.35° grid and then computed the
average 2-D strain-rate tensor reported in Figure 5 (see Palano,
2015 for further details). The figure evidences clear difference

Major Earthquakes of Southern Calabria, Italy

between low values of 0-15nanostrain/yr of extensional
horizontal strain in southern Calabria and quite larger values
of 35-55 nanostrain/yr along the rest of the Apennine extensional
belt in the Italian peninsula from northern Calabria to central
Italy. This finding was further evidenced in the more recent paper
by Chiarabba and Palano (2017).

Figure 6 displays the vertical displacement rates estimated by
Serpelloni et al. (2013) using 2.5-14 years long position time
series from more than 800 continuous GPS stations of several
networks operating in the Euro-Mediterranean and African
regions (see Supplementary Table S1 of Serpelloni et al., 2013).
Starting from raw data the same authors analyzed the absolute
IGS08 position time series to estimate tridimensional velocities.
Figure 6 reports both the observed (colored circles) and the
interpolated vertical velocity fields for the southern Tyrrhenian
region (see Serpelloni et al., 2013 for further details). The inset
displays the values of vertical displacement rates along the profile
MM’ perpendicular to southern Calabria. Both representations
show significant variations of vertical displacements on the
territory of southern Calabria, with the eastern side of this

45.0°N

z
g
<
o
<
.
]
z
by
<
3
50 nanostrain/yr
-
shortening
<
lengthening

X \vVror .

EEE Y
7 7 1 v v v s
- -

g

W

P AT L B Ry 4 -
S

' ”,,,\\ (

X *
-
. Yt %

.-.—/*-Q-fox

z \
=
©
8 NN X R
NX o
kilometers
6.0°E 9.0°E 12.0°E 15.0°E 18.0°E
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area uplifting with respect to the western one at a rate of 1-2 mm/
yr.

Even considering the approximations of the data available, the
vertical displacements reported in the inset of Figure 6 appear to
match well with local geologic data which indicate mountain
chain uplifting of 0.5-1.2mm/yr in the last 1-0.7 Myr and
relative-to-chain subsidence in the major tectonic troughs on
the western side (Monaco et al., 1996; Faccenna et al., 2011). As
reported in a previous section, the zones of uplift in Calabria are
predicted by numerical modeling of lithosphere motions and
strains based on the assumption of coexistence of continental
plate convergence and rollback of an in-depth continuous
subducting slab beneath the Calabrian Arc (Negredo et al., 1999).

DISCUSSION

The coexistence of plate convergence and subducting slab
rollback in the Calabrian Arc area (more precisely in the
southern Calabria segment of Calabrian Arc; Neri et al,, 2012)
may explain the low values of horizontal strain rate estimated by
geodetic measurements in southern Calabria (Figure 5). As said
in a previous section, NNW-trending plate convergence with
velocity of 3-5 mm/yr is reported in the literature for this part of
the Mediterranean region (see, e.g., D’Agostino and Selvaggi,
2004; Devoti et al., 2008; Nocquet, 2012). Velocity values of the
order of a couple of mm/yr are reported for SE-ward rollback of
the Ionian slab subducting beneath the Tyrrhenian-Calabria unit
(see, e.g., Hollenstein et al., 2003; Devoti et al., 2008; Nocquet,
2012). We note that plate convergence and rollback are not
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parallel. With the respective values of velocity, the oblique,
opposite action of lithosphere convergence and rollback in
southern Calabria may justify the low value of horizontal
strain rate as well as the low level of shallow seismicity
detected in the Ionian offshore of southern Calabria
(Figure 4). Also, it can be noted the very low level of
seismicity at the top of the subducting slab in the hypocenter
vertical section of Figure 4C, compatible with the thesis of weak
coupling in the Calabria subduction zone (Hsu, 2001).

We attempt to frame the strong earthquake activity of
southern Calabria into the geodynamic context presented
above. We have said in a previous section that the strong
shallow earthquakes of December 28, 1908 and February 5,
1783 and February 7, 1783 can be imputed to NE-trending
normal fault systems located closely west of the chain, i.e., the
Messina Straits, Gioia Basin, and Mesima Valley fault systems (S,
B, and V in Figure 1). The horizontal strain rate in this area of
normal-faulting strong earthquakes is low and this situation is
quite different from that observed in the normal-faulting
earthquake belt of the Apennine chain from central Italy to
northern Calabria where horizontal strain rates are relatively
large (Figure 5). Starting from Presti et al, (2017) findings
concerning the magnitude 7.5 southern Calabria earthquake of
1905 (summarized in the previous section) we hypothesize that
ruptures and instabilities of the upper bending part of the Ionian
subducting slab may contribute to shallow seismicity of southern
Calabria. Presti et al. (2017) stated that the 1905 earthquake
originated at 35-55km depth in the Tyrrhenian offshore of
Calabria (epicenter location 4c in Figure 1) and was due to
rupture in the elbow zone of the subducting slab occurring on a
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nearly vertical plane parallel to the subduction trench orientation
(Figure 2B). The same authors related this rupture process to
gravity pull of the Ionian subducting slab and found also that it
caused significant, positive Coulomb Stress Changes on the
source of the 1908 earthquake in the Messina Straits area. In a
more recent paper, Presti et al. (2019) analyzed the magnitude 4.5
southern Calabria earthquake of July 14, 2018, identified as the
only earthquake of magnitude over 4.0 occurring in the last three
decades in the same area and depth range (30-70 km) of the 1905
earthquake. The 2018 earthquake was located at about 60 km
depth in the seismogenic core of the descending slab. Based on
necking of the descending slab and seismicity increase detected at
depths around 150 km, Presti et al. (2019) proposed that i) the
slab is approaching detachment at this depth and ii) the part of
the slab above necking may be subjected to down-dip extension
under its own weight, that is, under gravity pull due to the same
mass located above the necking zone. The same authors
concluded that down-dip extension of the upper slab produces
diffused seismogenic stress acting in the inner core of the slab
(2018 event) and in the top-elbow zone of it (1905).

We suggest that relatively deep dynamics may concur to
normal-faulting shallow seismicity in southern Calabria.
Gravity-pull of the upper part of the Ionian subducting slab
(that located above necking) may cause ruptures and instabilities
in the shallowest portion of the descending slab which, in turn,
may perturb stress acting on the normal faults in the Calabria-
Tyrrhenian overriding plate (Figure 7) favoring the occurrence of
shallow earthquakes. These processes of rupture/instability in the
upper slab and the related seismicity in the overriding plate
(strong normal-faulting earthquakes) may occur in the
presence of low horizontal strain rate.

3D reconstruction of the Calabrian Subduction Interface
(CSI) led Maesano et al. (2017) to estimate a maximum
moment magnitude of ~8 in the CSI framework,
corresponding to seismic rupture over the whole length of
the trench under condition of full coupling. The same
authors claim that the dearth of shallow seismicity related to
the CSI can either suggest that it is enduring interseismic
locking or is aseismic, with the second hypothesis implying
that plate convergence is spent through other mechanisms
rather than interplate earthquakes. On their hand, Carafa
et al. (2017) suggested high interseismic coupling with low
seismic coupling on the same subduction interface, i.e., elastic
strain accumulating on the interface would be released
episodically in creep events.

Our reconstruction of the dynamic processes occurring in the
study region includes the reduction of convergence-related
compressional effects due to the opposite action by rollback
(Figure 7). Coupling would be gradually decreasing at the
subduction interface and this may explain the dearth of thrust
seismicity on the CSL This view matches well with the above
mentioned findings of Hsu (2001) according to which the
Calabria subduction zone represents a weak plate coupling
zone. It can also be speculated that the long period of
completeness of the historical catalog of Italian earthquakes
(estimated to be of the order of 7 and 5 centuries for M7 and
M6 earthquakes, respectively; Stucchi et al., 2011) may, at some
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extent, weaken the hypothesis of enduring interseismic locking on
the CSI. Analyses of displacements on the subduction interface by
inversion of geodetic data, similar to those proposed for Japan by
Yokota et al. (2016, 2018), would be useful in this connection, but
the location of our subduction zone including the western Ionian
sea, Calabria, and the southeastern Tyrrhenian sea (Figure 1)
does require contribution by offshore monitoring of crustal
displacements, that is not available at present. Finally, we
remark that our reconstruction of the local geodynamics based
on coexistence of convergence and rollback processes in a low-
coupling scenario appears to be coherent with inferences from
comparisons between crustal strain fields and Fast Polarization
Directions of seismic wave propagation below the crust (Palano,
2015). Along-Arc Fast Polarization Directions attitudes revealing
maximum horizontal extension perpendicular to orientation
found by geodetic strain analyses in the upper crust was
proposed as an evidence of different deformation mechanisms
of crust and mantle in the framework of the ongoing subduction
and rollback of the Ionian slab (Palano, 2015).
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FIGURE 7 | Panel (A) reports a sketch representation of the gravity-
induced subduction slab rollback and plate convergence in southern Calabria.
The continuous and dashed lines indicate the location of the rollbacking slab at
different times t; and t,, with t, > ;. Rollback and convergence are
oriented SE- and NNW-ward, respectively. Their almost opposite motions
tend to balance each other, what causes very low horizontal strain rate at
Earth’s surface and gradually decreasing coupling between the subducting
and overriding plates. The detail of the contact zone between subducting slab
and overthrusting plate shown in panel (B) furnishes a schematic view of
seismogenic processes occurring at shallow depth in the overriding plate
(Tyrrhenian-southern Calabria unit). In our reconstruction, instabilities of the
upper part of the lonian subducting slab (such as the 1905 major earthquake;
see also Figure 2) and chain-to-valley differential vertical motion detected at
surface would play the role of dynamic sources of normal-faulting earthquake
activity occurring at shallow depth in southern Calabria. Basically, major
shallow earthquakes of southern Calabria result from complex interaction
between different dynamic factors (subduction slab rollback and plate
convergence) and, finally, from vertical dynamics produced by this interaction.

Frontiers in Earth Science | www.frontiersin.org

August 2020 | Volume 8 | Article 579846


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Neri et al.

CONCLUSION

Low horizontal strain rate associated with the main features of
seismicity and marked spatial variation of vertical displacement
in southern Calabria suggest a new view of dynamic processes and
seismogenesis in one of the highest seismic hazard areas in Italy.
While marked extension is observed along the Apennine chain
between central Italy and northern Calabria with areal change
values as large as 55-35nanostrain/yr, and this closely
corresponds to normal-faulting strong seismicity, the southern
Calabria segment of the chain displays relatively low extension
between 0 and 15 nanostrain/yr although normal-faulting
earthquake activity is here even stronger than along the rest of
the Apennine chain. Based also on recent results concerning
relationships between intermediate and shallow earthquakes
occurring in southern Calabria, we suggest that the observed
patterns of ground deformation and seismicity in this specific
segment of the chain may be explained with low coupling
between the Ionian subducting slab and the Tyrrhenian
overriding plate. The opposite action of plate convergence and
subduction slab rollback, leading to low coupling, may justify low
values of horizontal strain rate. Also, the coexistence of
lithosphere convergence and rollback is compatible with GPS
and geologic evidence of marked spatial variation of vertical
displacement rate in southern Calabria. Ruptures or
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instabilities in the upper bending part of the Ionian
subducting slab due to slab gravity pull are able to perturb
shallow normal faults located in the overriding Tyrrhenian
plate and may concur to shallow seismicity of southern
Calabria. In other words, normal-faulting earthquakes
occurring at shallow depth in southern Calabria would be
produced by the joint action of i) the dynamics of chain/valley
differential vertical movements and ii) the Coulomb Stress
Changes due to ruptures or instabilities of the upper bending
zone of the subducting slab. New work for comprehensive
quantitative description of these processes, based on Finite
Element Modeling of the plate boundary in southern Calabria,
is being planned as the next step of this research.
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