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Abstract

More than 100 years after the devasting Messina-Reggio Calabria earthquake (M=7.1), the largest
seismic event ever recorded in southern Europe in the instrumental epoch, its causative seismic source
is still unknown, and the several rupture models proposed in the last decades are far from any shared
solution. Data interpretation on a new dataset of sub-seafloor geophysical soundings with
unprecedented resolution, relocated seismicity, and Vp model, together with morphotectonic
investigations and inverse modelling of available levelling data, provide additional constraints on the
deformation mechanisms and seismotectonics of the Strait of Messina area. High-resolution seismic
lines in the offshore, along with displaced Quaternary marine terraces on land, point to active
deformation along a previously unmapped ~ 34.5 km-long extensional fault. Spatial distribution of
relocated earthquakes highlighted that a cut-off of the seismicity occurs within the crustal depth. The
seismic discontinuity roughly delineates a foreland-dipping and low-angle discontinuity apparently
confirming previous studies predicting low-angle seismogenic sources for the 1908 seismic event.
However, according to the overburden stress and the attitude of the discontinuity, stress analysis
suggests that a seismic slip is unlikely along it. This therefore weakens the hypothesis that a large
earthquake may have nucleated along the low-angle discontinuity. Rather, aseismic creeping is
instead expected since movement is allowed only by assuming a mechanical weakness of the plane.
This mechanical behaviour is currently also supported by the large interseismic strain-rate recorded
in the area. Both seismic tomography and crustal-to-subcrustal scale 3D-modelling strongly suggest
a cause-and-effect relationship between slab retreat, mantle wedging, uplift in the upper plate block,
and active extension in the Strait of Messina area. Lithospheric doming of the upper plate is here
interpreted to be the main process controlling uplift in the Peloritani Mts. of Sicily and subsidence in
the Strait of Messina region where deformation is mainly accommodated by the weak low-angle
discontinuity. In this frame, an almost aseismical slip toward the foreland of the low-angle
discontinuity is here interpreted to produce stress perturbation in the area. Coulomb stress change
modelling revealed that simulated normal slip on the foreland-dipping discontinuity can induce
additional stress and promote failure in the overlying brittle faults. An excellent fit between calculated
and observed subsidence is achieved by geodetic data inversion that resolved a normal slip on the
low-angle discontinuity and a transtensional (slightly left-lateral) motion on the 34.5 km-long and
previously unknown extensional fault. The fault-length along with the observed seafloor
displacement make this tectonic structure as the most likely to have produced large earthquakes in
the Strait of Messina area.

Keywords: Messina-Reggio Calabria earthquake, seismic reflection data, causative fault, seismicity cut-off, stress
transfer, 3D modelling

1. Introduction

The Strait of Messina in southern Italy is a roughly NS trending, ~3 km wide seaway separating the
Italian peninsula from the island of Sicily. The Strait of Messina is considered a highly hazardous
area from a seismic viewpoint since it was struck by one of the most powerful seismic events (M 7.1)
ever recorded in the Italian peninsula in the instrumental epoch. The disastrous event occurred in the
early morning of 28" December 1908 and was accompanied by a tsunami, which inundated the

Calabrian and Sicilian coastlines a few minutes after the initial seismic event (Platania, 1909). The
2
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severe ground shaking and tsunami impact on the coasts were responsible for more than 100.000
deaths (Mercalli, 1909; Omori 1909), making the Messina-Reggio Calabria earthquake the deadliest
event in Europe. The earthquake was felt all over southern Italy and towards the south on the Maltese
islands, with major damages (X-XI EMS, see Barbano et al., 2005) concentrated over a ~ 4000 km?
box-shaped region encompassing the Strait of Messina. A higher degree of damage was reported in
Calabria than in Sicily (Baratta, 1910; Mulargia and Boschi, 1983). Since this devasting event, several
studies have attempted to define the active deformation field governing the area along with the
location, geometry, and kinematics of the 1908 causative seismogenic fault. Inverse modelling of
seismograms (Boschi et al., 1989; Bottari et al., 1989) and available geodetic levelling data, measured
before and after the mainshock (Loperfido, 1909), have for a long time been used as input data to
propose extensional rupture as well as many and often debated fault source models. Indeed, modelled
causative faults span from blind low-angle E-dipping (Sicilian side, see Capuano et al., 1988; Boschi
et al., 1989; De Natale and Pingue, 1991; Valensise and Pantosti,1992) to outcropping W-dipping
high-angle (Calabrian side, see Mulargia and Boschi, 1983; Bottari, et al., 1989; Shick, 1997; Aloisi
et al., 2012) extensional faults. Although there is a consensus on the deformation affecting the
mainland sectors of the Strait of Messina, the offshore tectonic setting, where the 1908 epicentre was
located (Schick,1977), has remained poorly understood and constrained. To a large extent, this lack
of a thorough understanding reflects the unavailability of marine geophysical data with a suitable
resolution. The offshore sector of the Straits was first highlighted by Argnani (2009) throughout a
grid of multichannel seismic profiles. However, the low-medium resolution of the seismic dataset
only allowed providing a general overview of the seismo-stratigraphic architecture of the Straits,
whereas the tectonic pattern remained unimaged and hence unresolved. More recently, interpretation
over a new seismic reflection dataset described the Strait of Messina and surrounding areas as a
complex tectonic puzzle where active transpressional and transtensional deformation, arising from
independent and overlapping tectonic processes, take place simultaneously (Doglioni et al., 2012).

High-resolution seafloor mapping (Ridente et al., 2014) shed light on the morpho-bathymetric
3
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features occurring in the submerged area of the Strait. According to seafloor mapping, the most
prominent morpho-structural feature is the axial channel of the Messina Canyon (Colantoni, 1987), a
near-rectilinear NNE-SSW trending submarine incision. This incision is characterized by a steeper
western flank at which several geomorphic features such as triangular facets and suspended incisions
indicate recent/active deformation, even if evidence of seafloor ruptures was not reported by the
authors alongside the submarine incision. Several submarine landslides were instead identified and
mapped along the eastern slope of the Straits on the Calabrian side.

Despite several remarkable papers published over the last decades concerning primarily the
identification of the seismogenic source of the 1908 event, the lack of coseismic ruptures both on-
land (Baratta, 1910) and offshore along with the unavailability of suitable sub-seafloor geophysical
soundings, make this issue far from solved. Apart from this, several other open questions, which are
essential to understand the seismotectonic regime of the Strait of Messina region, have remained
elusive. For instance, the geodynamic process from which tectonic stretching originated in the area
is still controversial, ranging from subduction cessation and plate reorganization (Goes et al., 2004),
rapid slab retreating and asthenosphere suction (Gvirtzman and Nur, 1999), and tectonic collapse
following the eastward retreating of the Ionian plate (Doglioni et al. 1999). Given the lack of suitable
information on the subcrustal setting beneath the Strait of Messina, the possible kinematic links
between deep-seated geodynamics and near-surface processes have not been thoroughly explored.
Through a cross-disciplinary investigation, including high-resolution marine geophysical data
interpretation, geomorphological analysis, high-precision relocated seismicity, and tomographic
models, we critically reviewed most of the literature regarding the deformation pattern and
seismotectonics of the Strait of Messina area. The interpretation of a dense grid of multichannel
seismic lines with unprecedented resolution, revealed in detail the sub-seafloor tectono-stratigraphic
setting of the Strait of Messina, providing original constraints on both the through-time geological
evolution and on the recent/active deformation field including the long-searched evidence for surface

faulting in the area. Spatial distribution of relocated earthquakes highlights how seismic stress is
4
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dissipated in the crust and leads to image previously undetected seismicity cut-off beneath the Strait
of Messina. Such cut-off, which seems to delineate a large crustal discontinuity dipping at a low-
angle towards the Ionian foreland, has been considered here as having a significant role in the
seismotectonic of the area. V, models allow achieving suitable information on the Africa-Europe
plate boundary dynamic at the subduction zone. The comprehensive interpretation in the 3D
environment of the newly provided data, along with rock mechanics analysis, numerical simulation,
and a different point of view on the historical observations and measurements available for the 1908
earthquake, allow supporting an alternative deformation model for the Strait of Messina region in
which seismic and aseismic processes can interact with each other to produce large earthquakes in
the area. The proposed deformation model, together with novel surface evidence for faulting in the
area and 3D reconstruction of the subcrustal setting, finally concurred to question most of the
previously inferred causative faults and seismic sources modelled for the 1908 Messina-Reggio
Calabria earthquake and to confirm some points about the deeper geodynamic processes and their

kinematic relationships with the shallowest Quaternary deformation in the area.

2. Background

The Strait of Messina, in the central Mediterranean region (Fig.1A), is a narrow sea-channel lying in
the fore-arc region of the Ionian subduction zone (Fig. 1B). The Straits is an NNE-SSW trending,
sigmoidal-shaped structural depression, about 40 km-long and with variable width spanning from 3
km in the north to 16 km in the south. It opened since the middle Pleistocene (Monaco et al.1996)
owing to crustal extension dynamics involving the inner-southernmost sector of the Calabrian Arc
(Fig. 1A). Extensional tectonics in the area has been explained through several large-scale processes,
mostly connected to the rolling-back dynamics of the Ionia slab at depth (Doglioni et al., 1999;
Gvirtzman and Nur, 1999). The investigated sector falls above the hinge zone of the lonian subduction
system (Fig. 1C), a long-lived geodynamic process developed in the frame of the Africa-Europe plate

convergence because of the sinking of the Ionian oceanic lithosphere (African margin) beneath the
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European block (Malinverno and Ryan, 1986; Jolivet and Faccenna, 2000; Faccenna et al., 2001).
Since ~35 Ma, the rapid SE-wards rolling-back of the Ionian slab controlled the tectonic evolution of
the Western Mediterranean region with the opening of large back-arc extensional basins (i.e. the
Ligurian-Provengal and Tyrrhenian Basins, see Scandone, 1979; Malinverno and Ryan, 1986; Patacca
and Scandone, 1989; Faccenna et al., 2004). Back-arc opening was accompanied by trench migration
and the consequent accretion ahead of narrow, foreland-verging orogenic wedges (see Faccenna et
al., 2014 and references therein). The time-progressive shortening was lastly responsible for the
shaping of the Apennine-Maghrebian Chain, a large orogenic domain extending from the Maghrebian
region in NE Africa to the Apennines in Italy, across the Calabrian Arc. The Calabrian Arc (CA in
Fig. 1A, see Amodio Morelli et al, 1976), originated from the deformation of the European paleo-
margin. The CA occupies currently the highest structural position in the orogenic system being over-
thrusted over the laterally variable (continental to oceanic) African block. It consists of an arched-
shaped terrane (Johnston and Mazzoli, 2009) formed by a pile of tectonic slices resulting from the
imbrication of European-derived rocks consisting mainly of Hercynian metamorphic basement and
remnants of Meso-Caenozoic carbonate covers (Ogniben, 1969). The CA and its continental root
form the upper plate region of the subduction zone currently with the role of backstop in the
collisional system. The SE-wards migration of the European backstop has been responsible for the
growth of a large accretionary prism in the Ionian Sea (Fig. 1 B) where sediments, scraped from the
descending slab, progressively emplaced. Although the Calabrian Arc lies in the fore-arc region of
the subduction system where shortening is usually expected, the late Quaternary deformation field is
that of an extending domain with large normal faults running along its axial zone (Fig. 1B).
Extensional faulting overprinted previous compressional features in the area (Monaco et al., 1996)
and was produced by crustal extension along the WNW-ESE-trending direction (Tortorici et al., 1995;
Monaco and Tortorici, 2000; Jacques et al., 2001). Fault activity was accompanied by a significant
vertical uplift with the formation of footwall-highs and fault-bounded marine basins including the

Strait of Messina structural depression (Ghisetti and Vezzani, 1982; Ghisetti, 1984; Monaco and
6
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Tortorici, 2000). Being the CA located atop the slab hinge (see Fig. 1C), regional uplift and extension
in the region have been commonly related to deep-seated asthenosphere processes or to plate
reorganization connected to the stalling of slab retreating process (e.g. Westaway, 1993; Wortel and
Spakman, 2000; Doglioni et al., 2001; Gvirtzman and Nur, 1999; Goes et al., 2004). Several studies
interpreted the fault-bounded Strait of Messina depression as the southern termination of a larger
extensional belt running longitudinally across the Calabrian mainland (Ghisetti and Vezzani, 1982;
Ghisetti, 1984). The belt includes several other normal faults such as the Cittanova, Scilla, S. Eufemia,
Reggio Calabria and Armo faults (see Westaway, 1993; Jacques et al., 2001; Ferranti et al., 2007;
Tortorici et al. 1995 and Fig. 1D for location), characterized by a late Quaternary activity and to
which strong historical seismicity has been associated (e.g. the 1783 and 1908 events, see CPTI15
and Rovida et al., 2016). New seismological data from the Calabrian Arc (Sgroi et al., 2021), suggest
the Messina Strait as an arc-orthogonal extensional depression kinematically linked to the
propagation of a larger NW-SE dextral shear zone (Polonia et al., 2011, 2016; Barreca et al., 2019)
bounding the Strait to the south. Whatever the geodynamic process producing deformation in the
area, crustal extension along the Calabrian Arc persists to the present-day as documented by the
normal solutions of earthquakes with M>5.5 occurring in the area (Gasparini et al., 1981; Dziewonski
et al., 1987; Pondrelli, 2002, see Fig. 1 B for earthquake location) and the measured differential
geodetic velocities (D’Agostino and Selvaggi, 2004; Mattia et al., 2009; Serpelloni et al., 2010;

D’Agostino et al., 2011, see blue arrows in Fig. 1D).

2.1 Geology of the Strait of Messina

As evidenced by several tectono-stratigraphic studies performed on-land (Tortorici et al. 1995;
Monaco et al., 1996; Monaco and Tortorici 2000; Di Stefano and Longhitano, 2009, Lentini et al.,
2000), the opening of the Strait of Messina area can be dated back to 0.8 - 0.6 Ma. Extensive field

mapping (Lentini et al., 2000 and reference therein) along with observed unconformities separating
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the various stratigraphic units (Monaco et al., 1996), identify the Strait of Messina as an extensional
Pleistocene syn-tectonic basin filled by marine to continental deposits. Top-set basin closure
succession consists of a huge volume of middle Pleistocene Gilbert fan delta-type deposits (Barrier,
1987), locally known as the Messina Gravels and Sands Fm. and widely outcropping on both sides
of the Straits. The Messina gravels show occasionally conglomeratic facies at the bottom and lie
unconformably atop the middle Pleistocene clays and calcarenites of the Spadafora and S. Corrado
formations, respectively. Older deposits consist of Upper Miocene-Pliocene rock series which include
Tortonian conglomerates, Messinian evaporites, and Lower Pliocene whitish globigerina-bearing
marly limestones (Trubi Fm., see Servizio Geologico d’Italia, 2007 for an overview). From the
structural point of view, the Strait of Messina is a rather tectonically unstable area where intense
Quaternary activity is evident due to the occurrence of raised marine terraces, which can be observed
widespread on both sides of the Straits (Monaco et al., 2017 and reference therein). The estimated
uplift of over 2 mm per year is among the fastest documented in Italy and has been associated to
combined, regional long-term, and local fault-related short-term signals (Westaway, 1993; Antonioli
et al., 2006; Ferranti et al., 2007; Monaco et al., 2017 and reference therein). The local contribution
is attributed to the late Quaternary activity of the extensional fault belt deforming the eastern and
western mainland sectors of the Strait of Messina (Fig.1 D). Surface evidence for faulting is more
prominent at the Calabrian side, where several NE-SW trending structures (i.e. the Armo, Reggio
Calabria and Scilla faults, see Fig. 1D for location) appear to have slipped recently, as suggested by
field (Ghisetti and Vezzani, 1982; Ghisetti, 1981;1984; Tortorici et al., 1995; Aloisi et al., 2012) and
coastal tectonic studies (Ferranti et al., 2007; Scicchitano et al., 2011). Conversely, evidence for
recent faulting in the Sicilian side remains doubtful, since deformation along few and scattered fault
segments, appear not to have involved sediments younger than the middle Pleistocene. Considerable
uncertainties also remain concerning the continuation of such bounding faults in the offshore realm.
The only known exception are the northernmost and narrower sectors of the Straits, where recent

faulting has been evidenced by high-resolution swath bathymetry and multichannel sparker profiles
8
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(i.e. along the Scilla Fault, see Ferranti et al., 2008 and Fig. 1 C for location). Less sophisticated
bathymetric and geophysical data were used by previous authors (Del Ben et al., 1996; Argnani et al.,
2009) to infer the occurrence of active faults on the eastern (Calabrian) side of the Straits. GPS
velocity measurements and fault investigations suggest that the Straits is opening at a rate of 1.5 - 3.4
mm/a in the WNW-ESE to NW-SE direction (D'Agostino and Selvaggi, 2004; Ferranti et al. 2007)

and subsiding at 1 mm/a (Bottari et al. 1989; De Natale and Pingue 1991; Amoruso et al. 2002).

2.2 Previous models on the 1908 causative fault and their weaknesses

Available seismograms registered by 110 globally distributed seismic stations were exploited over
the past decades by several authors to propose a rupture mechanism for the 1908 earthquake (Schick,
1977; Caputo, 1979; Gasparini et al., 1982; Mulargia and Boschi, 1983; Bottari et al., 1986; Boschi
et al., 1989; De Natale and Pingue, 1991; Pino et al., 2000; Amoruso et al., 2002; Michelini et al.,
2005, see also Pino et al., 2009 for an overview). Besides the proposed faulting mechanisms differing
slightly from each other regarding fault parameters (i.e. strike, dip, and length of the fault), there is
consensus about an extensional rupture that occurred on a NNE-SSW trending plane. On the contrary,
inversion of the levelling data and of the macroseismic field (Loperfido, 1909; Baratta, 1910;
Mulargia and Boschi, 1893, see Fig. 2 A and B respectively) leads to several, often contrasting,
models of the 1908 causative fault (Fig. 2C). Indeed, the models range from two opposite-dipping
normal faults with different dip-angle (Mulargia and Boschi, 1983; Aloisi et al., 2012) to E-dipping
blind low-angle fault on the Sicilian side (Capuano et al., 1988; De Natale and Pingue, 1991; Boschi
et al., 1989; Valensise and Pantosti, 1992; Amoruso et al., 2002) or to W-dipping high-angle fault
ruptured on the Calabrian mainland (Aloisi et al., 2012) or right along the Straits (Shick, 1997).
Macroseismic field along with structural and morphotectonic investigations have instead been used
by other authors to infer rupture along the NE trending, west-dipping faults slicing across the
Calabrian side of the Strait (Bottari et al., 1986; Ghisetti, 1984; 1992; Westaway, 1992; Tortorici et

al., 1995; Bottari, 2008). This hypothesis was supported, in addition to field data, by the highest
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degree of damage in southern Calabria (Fig. 2D) where significant subsidence and coseismic ground
fracturing were also recorded (Monaco and Tortorici, 2007; Blumetti et al., 2008). An enhanced uplift
of the out-of-water marine terraces in southern Calabria, which is higher than on the Sicilian side of
the Straits (Ferranti et al., 2007; Monaco et al., 2017 and reference therein), could in fact be in favour
of a seismotectonic scenario dominated by an activity along the W-dipping normal faults. Using
additional information such as seismicity and morphotectonic data, Aloisi et al. (2012) speculated
that the Armo and the S. Eufemia faults were part of a major crustal structure that slipped during the
1908 earthquake. A recently published work (Meschis et al., 2019) proposes a rupture along the so-
called Messina-Taormina Fault (MTF in Fig. 1D), a 70 km-long structure running close to the Sicilian
coast. Analogue modelling reproducing the structural architecture of the Strait (Bonini et al., 2011)
suggested that high-angle and low-angle normal faults could coexist in the same tectonic framework.
The model predicted that slip on a low-angle and E-dipping master fault could be accompanied by a
crestal graben formation and secondary antithetic W-dipping structures in the hanging-wall block.
However, the adopted angle of internal friction of 24° for the material reproducing a low-angle fault
core is not in favour of a coseismic slip along this structure (see section 6). In the absence of evidence
for surface faulting, the 1909 re-levelling measurements have for a long time represented the only
input data for source modelling. However, the lack of information on possible surface deformation
preceding the 1908 mainshock weakens the assumption that measured subsidence must necessarily
represent a coseismic deformation. More precisely, what is known is only that vertical deformation
was achieved after the 1908 mainshock (Loperfido, 1909) by the difference with pre-earthquake
measurements. However, pre-earthquake measurements do not necessarily mark the onset of
subsidence in the area. Accordingly, if and how long time before the earthquake the subsidence
process started is unknown and it could already have been underway before the 1908 mainshock.
Further, a long-ignored issue is that negligible or no uplift was registered by levelling measurements
at the borders of the box-shaped subsiding area. The Peloritani Mts. in Sicily, namely the footwall

block for several models predicting E-dipping faults, remained stable or slightly subsided right where
10
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uplift was instead expected (see Fig. 2B). This aspect raises some questions about the deformation
from which subsidence generated, pointing towards a possible occurrence of gravity-driven processes

equally capable of generating the observed surface deformation (see section 6).
3. Seismic reflection data

The subseafloor setting of the Strait of Messina was explored by a tightly-spaced grid (34 profiles,
see Fig. 3A) of high-resolution multichannel airgun-seismic lines recorded in December 2011—
January 2012 (R/V Meteor, Cruise M86/2). Profiles are variously oriented but mostly of them are

transversal to the Strait axis (see supplementary material).

3.1 Seismic-stratigraphy
Although high-resolution seismic data provide excellent constraints on the tectono-sedimentary
evolution of the Strait of Messina, only a basic seismo-stratigraphy interpretation is given here
according to the aim and topic of the study. The interpretation of the basin-fill seismo-stratigraphic
units was therefore performed on selected representative profiles and was based primarily on 1) their
seismic features (e.g. amplitude, lateral continuity, and frequency of internal reflectors), ii) bounding
discontinuities and iii) the depositional architecture. The lithostratigraphic interpretation was
supported by available borehole data drilled in the offshore between Messina and Villa S. Giovanni
(see Monaco et al., 1996 and Fig. 3B for location), whereas ages were assigned based on correlations
with the well-known sedimentary units outcropping on-land on both sides of the Straits (Fig. 3A, see
Lentini et al., 2000 and reference therein). Accordingly, seismic units have been labelled from the
bottom to the top following the formational names attributed on-land (see Servizio Geologico d’Italia,
2007). In general, the basin-fill sedimentary package is characterized by slope and channel-fill units
limited by well-defined discontinuities that have been interpreted as angular and/or erosional
unconformities. Seismic facies analysis shows the occurrence of several seismic bodies, spatially
variable in thickness, within the up to 0.5 s TWT thick sounded seismo-stratigraphic section (Fig.

4A). The deeper recognized seismic units show low-medium amplitude, laterally discontinuous
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reflectors, and locally chaotic seismic facies. Its stratigraphic position and drill-hole data in the
northern sector of the Straits (Bh4-borehole in Monaco et al., 1996, see Fig. 3C) allow interpreting
the seismic body as Tortonian sands and conglomerates, which are also widely outcropping on-land
and locally known as the S. Pier Niceto Formation (SPN in Fig. 4B). Upward facing, this unit is
locally covered by a seismic body showing chaotic seismic facies, occasionally characterized by
isolated and high-amplitude reflectors, and bounded at the top by an undulating discontinuity. The
seismic features and the stratigraphic position of the unit enabled us to interpret it as Messinian
evaporitic limestones (ELM in Fig. 4B). The Pliocene sediment section lies unconformably above the
ELM unit and is characterized by two, variable in thickness, seismic bodies. The lower seismic body
occurs discontinuously atop the ELM and consists of a tiny body with semi-transparent seismic facies.
According to its stratigraphic position, it has been interpreted as the Zanclean Trubi Formation (TRB
in Fig. 4B). The overlying unit is a well-layered seismic body characterized by high-frequency and
laterally continuous reflectors with a sub-parallel geometry. This unit shows the greatest thickness
(~0.3 TWT) in the western part of the Straits and then gradually decreases towards the east where it
generally pinches-out against the lower units. The seismic facies and its position in the sediment
column enabled us to correlate the seismic body to the middle-upper Pliocene succession, which is
outcropping on-land. This succession encompasses the well-layered alternance of calcarenites and
marls of the Rometta formation and the marls of the Massa S. Lucia Formation (RMT+MSL in Fig.
4B). A low-amplitude seismic facies occasionally encompassing high-amplitude reflectors
characterizes the overlying, ~ 0.1 TWT thick seismic body that, following on-land log sections, has
been attributed to the Middle Pleistocene Spadafora Clays (SPC in Fig. 4B). The younger unit is
characterized by seismic facies of high-frequency and strongly reflective reflectors generally
occurring on the eastern side of the Straits. Its seismic features allow interpreting this seismic body
as middle Pleistocene calcarenites of S. Corrado formation (SCC in Fig. 4B). The uppermost seismic
unit is characterized by high-frequency, low-to-medium amplitude reflectors with a sub-parallel or

occasionally cross-stratified pattern. The seismic facies and stratigraphic level enabled us to interpret
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this unit as the Upper Pleistocene Messina gravels and sands Formation (MGS in Fig. 4B). In the
eastern part of the Straits, a lens-shaped seismic unit (MGS1) has been interpreted as the basal

conglomeratic facies of the Messina gravels and sands Formation.

3.2 Offshore structural pattern

The detailed analysis of seismic-stratigraphy, performed on selected profiles and displaced reflectors
observed throughout the entire seismic dataset, enabled depicting the sub-seafloor tectonic setting of
the Strait of Messina as well as its through-time evolution. The seismic interpretation was also
corroborated by field observation at key sites, which provide an analogue to understand deformation
in the offshore. Overall, seismic data interpretation and temporal constraints (see section 3.1) pointed
to the investigated sector as being deformed according to distinct tectonic phases, which have been
registered by the sediment section. The pre-rifting deformation is recognizable in most of the seismic
profiles where a system of folds and reverse faults had involved the Mio-Pliocene part of the sounded
seismo-stratigraphic section. Evidence of shortening has been detected mainly off the Sicilian coast
where the lower part of the sounded stratigraphic succession is folded and locally displaced by the
propagation of several faults with reverse kinematic. Along the P204 line, located between the cities
of Messina and Reggio Calabria, shortening has given rise to the development of a short-wavelength
(1.5-2 km) system of ramp-anticlines and associated thrusts (Fig. 5A). Thrust propagation folds
controlled the deposition of the Mio-Pliocene sedimentary section as demonstrated by the diverging
pattern of reflectors on the hanging-wall blocks and sediments thickening at thrust-top-basin
depocenters (Fig. 5A). A slightly diverging pattern of reflectors observed also within the ELM
(Messinian) and SPN (Upper Tortonian) units, enabled to date the onset of contractional tectonics in
the area back to the upper Miocene. Shortening continued during the Pliocene accompanied by the
development of a small thrust-top-basin where the Pliocene sediments of the Trubi, Rometta, and
Massa S. Lucia Formations (TRB, RMT+MSL, see section 3.1) deposited syn-tectonically (Fig. 5A).

Syn-folding deposition of the Pliocene units is also observed along the P217 seismic lines where the
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folds growth was registered by the diverging pattern of the reflectors within thrust-top synclines (Fig.
5B). As revealed by the angular unconformity separating the Pliocene sediments from the overlying
units (Fig. 5 B), tectonic shortening in the area vanished at the end of the Pliocene time. Afterward,
the no-longer active folded structures were eroded and unconformably sealed by the younger
(Pleistocene) seismic units (SPC, SCC, and MGS see section 3.1 and Fig. 4B), as revealed by the sub-
parallel pattern of their internal reflectors. Seismic data interpretation and spatial correlation
highlighted the contractional feature as having a NE-SW direction, whereas observed folds
asymmetry suggests a tectonic transport towards the SE. Detailed age constraints and sediment
pattern analysis indicated the investigated sector as having experienced compression up to the
Pliocene-Pleistocene transition, therefore confirming previous studies in the area (see Monaco et al.,
1996). The occurrence of younger extensional faults overprinting the previous (Miocene-Pliocene)
compressional setting accounts for a Quaternary tectonic inversion in the area from which the modern
Strait of Messina developed. Extensional tectonic features are widespread all over the investigated
sector where the fault pattern depicts an overall asymmetric graben structure extending roughly along
the axial zone of the Straits. A major bounding fault (hereinafter the W-fault), has been recognised
on the western side of the Strait. It consists of an E-dipping and low-angle (45°) normal fault slicing
throughout the sounded sub-seafloor and displacing the seismo-stratigraphic units with variable
offsets (Fig. 5C). Minor associated extensional structures occur mainly east of the main W-fault and
they consist of small, synthetic and/or antithetic faults generally confined within the Pliocene
succession and/or occasionally displacing the base of the youngest units (MGSI1, Fig. 5C). Close to
the main W-Fault, associated synthetic structures are often characterized by wipe-out zones
suggesting fluids ascent through the fault zone. Spatial correlations along the entire seismic dataset
allow following the W-fault for a total length of ~20 km in the offshore. It occurs 3.5 km off the
Sicilian coast and extends in the offshore from the P230 line (in the south) to the P1007 line (in the
north) close to the Calabrian coast (see suppl. Figs. 1, 2, and 3 to follow the fault trace). According

to the interpreted seismic-stratigraphy (see section 3.1) and applying time-to-depth conversion, the
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W-fault has displaced the basal boundary of the Messina Gravels and Sand Formation (MGSI,
Middle-Upper Pleistocene, see zooms at the bottom of Fig. 5) of about 80 m as well as the seafloor
of the same amount. It is worth noting that the W-Fault emerges at the seafloor right where previous
authors (Ridente et al., 2014) observed/mapped triangular facets and suspended incisions along the
most rectilinear portion of the Messina canyon. Quaternary faulting in the eastern side of the Straits
has only been inferred from the occurrence of some scarps at the seafloor. Although scarps roughly
correlate with the offshore continuation of some tectonic structures mapped on-land (i.e. the Armo
and Reggio Calabria faults, see Fig. 1D), clearly displaced reflectors were not observed at depth in
the sub-seafloor setting. Seafloor scarps have been observed only along the P231 and P233 seismic
lines, located in the southern portion of the Straits (Fig. 3A), whereas neither evidence for faulting
nor seafloor scarps have been recognized to the north approaching the Calabrian coast at the ideal
offshore continuation of the Reggio Calabria Fault (suppl. Fig. 2 b-c). Noteworthy, the easternmost
portion of the P230, P231, and P233 seismic lines in the Calabrian side roughly illuminate the same
sector explored by previous authors where an active fault displacing the seafloor was considered to
be the seismogenic source for the 1908 earthquake (i.e. the South Calabria Fault, see Line Taol7 in
Argnani et al., 2009). However, by applying time-to-depth conversion and removing vertical
exaggeration from the high-resolution seismic lines covering the same area, the dip-angle of both the
seafloor fault-scarp and of the accounted sub-seafloor fault trace reduce notably to 15-20°.
Accordingly, the seafloor scarp could represent the frontal portion of a submarine landslide (see also
Ridente et al., 2014) and the inferred sub-seafloor fault trace a Messinian in age paleo-slope above
which the Pliocene sediments deposited unconformably (suppl. Fig. 3 b-c).

Seismic interpretation over the analysed seismic dataset confirms that the shallow portion of the Strait
of Messina area was controlled during the Quaternary by the propagation of extensional faults. In this
frame, the previously unmapped W-Fault displaced the seafloor and appears as/proves to be the most

evident tectonic structure in the area. Conversely, seismic imaging in the Calabrian side rules out a
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continuation in the offshore of the Armo and Reggio Calabria faults and appear to disprove the

occurrence of the South Calabria Fault (see Argnani et al., 2009).

3.3 The continuation on-land of the W-fault

Seismic data interpretation pointed to how the W-Fault represents the first evidence of Holocene
deformation in the area. However, while its southern tip can be placed certainly between the line P230
and P231 (see Fig. 3A), its northward continuation is poorly constrained since the fault plane bends
to the east pointing straight toward the Calabrian mainland where fault orientation roughly fits with
the Catona River mainstream (Fig. 6A). To support its continuation on land across southern Calabria,
morpho-structural features were investigated along the drainage basin of the Catona River, a large
ENE-WSW trending fluvial system flowing towards the Strait of Messina. Landscape analysis was

supported by a high-resolution (5x5m cell size) DTM (http://geoportale.regione.calabria.it/opendata)

and by 1:10.000-scale aerial photographs. Climate cycles coupled with regional and local uplift gave
rise to the development of a flight of Pleistocene alluvial-marine terraces in the area (Miyauchi et al.,
1994; Monaco et al., 2017 and references therein), which are currently well-preserved out-of-water
along the flanks of the Catona drainage basin at variable altitude (Fig. 6A). Altitude distribution of
the accurately re-mapped basal boundary of the terraces and age constraints (Bonfiglio, 1972;
Bonfiglio and Violanti, 1983; Dumas et al., 1987; Balescu et al., 1997) were then taken as reference
points to detect possible deformation in the area. Geological profiling over the high-resolution DTM
revealed that all the terraces preserved in the southern flank of the Catona drainage basin are
systematically tilted toward the North whereas, in the northern flank, they lie at a higher topographic
altitude. Previously mapped faults in the area bordering the northern flank of the Catona drainage
basin (i.e. the Campo Piale high, see Monaco et al., 2017 and reference therein), could have
contributed in the past both to enhance terraces uplift on its footwall and compensate it in the hanging-
wall where 167 and 200 ka-old terraces are preserved. In general, altitude distribution and tilting of

the terraces in the area result in a miscorrelation between climate markers of the same age located at
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the northern and southern flanks of the Catona drainage basin, respectively (Fig. 7). This arrangement
strongly suggests the occurrence of a tectonic structure in-between. Tectonic control along the river
is also suggested by the absence in the south of the 100 and 330-ka terraces suggesting a differential
uplift between the two flanks of the drainage system. Further, an evident fluvial deflection has been
observed on the northern flank of the Catona fluvial valley NW of S. Roberto village. Here, a tributary
WNW-ESE trending fluvial incision, locally known as V.ne Passo dei Limbi, has been strongly
deflected by about 90°, hence changing its direction from N115E to N45E (V.ne Funica, see inset in
Fig. 6B). The displaced 410-ka marine terrace (see profile n. 8 in Fig. 7) clearly suggests that fluvial
deflection has been controlled by a NE-SW trending fault segment occurring right along the V.ne
Funica. The undisturbed, 900-ka old terrace in the eastern sector of the Catona fluvial valley (see
profile n. 9 in Fig. 7), excludes faulting continuation in this area, supporting fault plane bending to
the NE along the Funica fluvial incision. Tilted-to-dislocated marine terraces and observed fluvial
deflections along the Catona fluvial valley therefore supports a continuation of the W-Fault on-land
in southern Calabria. Finally, by joining the offshore and the on-land segment, an orientation

consistent with the coastline trend of the Strait of Messina is achieved for the W-Fault.

4. Seismological data

4.1 Earthquakes

The analysis of national and local earthquake catalogues has pointed that about 2700 low-magnitude
(0.6<M<4.3) earthquakes originated in the studied region in the last 40 years (1981-2018). The re-
located seismic events are distributed mainly between the Ionian coast of NE Sicily and the Calabrian
mainland whereas a substantial lack of crustal seismicity is observed to the west, beneath Sicily and
south of the Straits, in the Ionian offshore (Fig. 8A). About 20 km further south, seismic activity
resumes along the NW-SE Aeolian Islands-Ionian Sea Fault System (Scarfietal., 2016, 2018; Barreca
et al., 2019). Events clustering is observed along the Sicilian coastal domain close to the city of

Messina and about10 km further south in the offshore where a NNE-SSW trending cluster of events
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(see also Scarfi et al., 2009) aligns well with the trace of the active W-Fault (Fig. 8A), as mapped by
seismic interpretation in the axial zone of the Straits (see section 3.2). To the east, in mainland
Calabria, earthquakes appear to roughly follow the main NE-SW trending Quaternary morpho-
structural features occurring in the area. Earthquakes gather mainly at the overlapping sector between
the Armo and Cittanova faults (Fig. 8A). The 3D-view of earthquakes reveals how seismicity is
distributed at depth in the crustal domain. Of note, depth-distribution of events pointed to a wedge-
shaped seismogenic volume beneath the investigated sector, which is limited downward by an evident
cut-off of seismicity (Fig. 8B). Most likely, the discontinuity in the seismicity pattern accounts for a
brittle-ductile transition (BDT) that separates a rigid (seismogenic) overlying block from a much less
rigid (almost non-seismogenic) underlying block. The transition delineates roughly a low-angle and
SE-dipping possible crustal discontinuity occurring at depth between the Strait of Messina (6 km-
depth) and southern Calabria (18 km-depth). In this frame, the previously described clusters (i.e.
below the Strait of Messina seaway) localize above the seismicity cut-off where they appear to
delineate steeper tectonic structures (Fig. 8B). Events distribution beneath southern Calabria seems
to follow the projection at depth of the Armo fault, whereas no seismicity is associated with the
Reggio Calabria fault. Information on the current kinematics affecting the investigated sector have
been achieved by the analysis of available focal solutions (see Scarfi et al., 2020 and Supplementary
Table IV). Seismic faulting in the area is mainly characterized by normal kinematics in the depth-
range 5-15 km, whereas rare and deeper earthquakes (10-50 km) show strike-slip and oblique-reverse
kinematics (Fig. 8A). Along the central portion of the Strait of Messina and in southern Calabria,
nodal planes are mainly oriented NNE-SSW even if they change direction to E-W at the north-eastern
corner of the Strait of Messina along the Catona drainage basin (see section 3.3). Although beneath
the Strait of Messina the events clustering suggests the occurrence of very steep tectonic features, the
nodal planes of associated focal solutions (including the 1908 event) show dip-angle in the range 45-
55°, compatible with the inclination of the W-Fault (see section 3.2). The resulting seismotectonic

picture is that of seismic faulting mainly occurring within the wedge-shaped seismogenic volume
18



493

494

495

496

497

498

499
500
501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

along moderate-dipping fault planes connecting downward on the deeper foreland-dipping
discontinuity (Fig. 8C). A stress tensor model for the investigated sector was achieved by the
inversion of the selected fault planes solution. By using the STRESSINVERSE software (Vavrycuk,
2014), and according to the method proposed by Michael (1984, 1987) and Lund and Slunga, (1999),
a sub-vertical (88°) principal stress tensor (S1) and horizontal (2°), NW-SE striking minimum S3

were resolved (Fig. 8D), confirming extensional regime in the area.

4.2 V) tomographic model

Vertical sections through the available Vp model (see Scarfi et al., 2018 and suppl. Fig. 4 for the
uninterpreted Vp sections) have been selected to explore the lithospheric structural architecture of the
investigated area. The geophysical data consist of four NW-SE oriented lithospheric sections passing
orthogonally to the forearc-trench region of the Ionian Subduction Zone down to a depth of 60 km
(Fig.9A). The Moho discontinuity is identified where P-wave velocity of 7.6-7.8 km/s is exceeded
(see Rabbel et al., 2013). Tectonic interpretation allows imaging the geometry of the shallow portion
of the subduction system where the lonian oceanic lithosphere is underplating the Calabrian
continental backstop (Fig. 9B and C). Following the Tyrrhenian Moho geometry in the upper plate of
the system it is possible to note that, above the subduction hinge, the European plate is strongly folded
upwards to form an asymmetric lithospheric culmination right below the Peloritani Mts (NE Sicily).
In this frame, it is likely that extensional deformation in the investigated sector has been favoured by
the lithospheric warping, sustaining uplift and extrados stretching in NE Sicily and tectonic collapse
to the east along the Strait of Messina and southern Calabria. The discontinuity inferred by the cut-
off in the crustal seismicity (see section 4.1) falls along the E-facing and steepest limb of the
lithospheric culmination roughly fitting with its inclination. The occurrence of a low-angle and E-
dipping discontinuity within the reconstructed tectonic setting shows similarities with the structural
architecture of the Umbria—Marche sector of the Northern Apennine thrust belt (Fig. 9D) where the

active, low-angle Alto Tiberina Fault occurs (see Barchi et al., 1998; Boncio et al., 2000).
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5. Data analysis from 3D modelling

Stratigraphic and tectonic interpretation from high-resolution seismic lines, along with relocated
earthquakes and seismic tomography, provides an opportunity to better understand the tectonic
pattern of the investigated area down to sub-crustal depth. To have a comprehensive view of all
analysed data and particularly on the spatial correlations between tectonic and seismological features,
a simplified but consistent three-dimensional model was built up by using Move 2019.1 geo-
modelling software package (Petex Ltd). Structural interpretation and spatial interpolation of faults
picked along the entire 2D seismic dataset (see section 3.2), and on-land morpho-structural data
enabled us to depict the shallow structural pattern characterizing the Strait of Messina (Fig. 10A).
Sub-surface 3D geometry of the shallow faults was achieved by extruding them along-dip up to the
seismogenic depth and maintaining fixed their dip-angle. Modelling revealed the W-Fault
(onshore+offshore) as an N50OE trending tectonic feature dipping towards the ESE (N135E) at 45°
and characterized by a bend toward the west of the non-linear fault plane. Since seismic imaging does
not support offshore continuation for the faults occurring in the Calabrian side of the Straits (i.e. the
Armo and Reggio Calabria Faults), we only modelled their onshore expression considering as
geometric constraints the field data provided by previous authors (Ghisetti, 1992; Tortorici et al.,
1995). Modelling suggests both the Reggio Calabria and Armo faults as a N20E striking and W-
dipping (N300E) tectonic structures having a length of 14 and 25 km, respectively (Fig. 10A).
Modelling for these two faults was necessary to test again their reliability as a potential source for
large earthquakes in the area (see section 5.1). Hypocentres distribution of relocated earthquakes in
the area (see section 4.1) may suggest the existence of a rheological boundary at depth within the
crustal domain. Serial (2.5 km spaced) profiles performed across the Straits and earthquakes
projection (within + 2.5 km from the profiles traces, see suppl. Fig. 5) allow modelling the possible
3D plane roughly fitting the cut-off of seismicity. Finally, modelling resolved a 30x24 km-wide

discontinuity dipping towards the SE at an angle of about 24° (Fig. 10B). To frame the modelled
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shallowest tectonic features in the larger context of the Africa-Europe plate convergence, a schematic
3D-model of the deeper subduction system was also provided by interpolating the Tyrrhenian Moho
discontinuity and the top-slab surface of the descending African plate as traced on the available
seismic tomography (see Fig. 10C). As stated above (see section 4.2), seismic tomography evidenced
a significant up-bending of the upper plate block. 3D-interpolation highlight a dome-shaped uplift of
the upper plate localizing above the slab-hinge zone and right beneath the Sicily mainland (Fig. 10
C). Modelled top-slab surface and Tyrrhenian Moho discontinuity highlights how the lithospheric
uplift is more marked right where the slab is more inclined (Fig. 10C) suggesting, therefore, a link
between differential slab retreat dynamics and fore-arc mantle upraise (see also Doglioni et al., 1999,
2009). 3D modelling of all features therefore provides an opportunity to explore the geometric and
kinematic relationships between deep-seated geodynamic processes and deformation in the upper
portion of the crust (Fig. 11). According to the regional setting of the Calabrian Arc, the foreland-
dipping low-angle discontinuity highlighted by the rheological transition (seismogenic vs non-
seismogenic, see Fig. 8B and C) can be interpreted as an old decollement level originally separating
a rigid hanging-wall block (crystalline) from under-thrusted and less rigid sediments. Subsequently,
the old decollement was folded and tilted following the upper plate asymmetric doming just to the
west until to be placed in the current foreland-dipping position at the steepest eastern limb of the

lithospheric culmination (Fig. 11B).

Vignaroli

In this setting, possible reactivation of the old decollement as a low-angle detachment fault could
therefore be favoured by sliding eastward of its hanging-wall block under the gravity and tectonic
forces. (see section 6). The reconstructed geometric relationships and a kinematic linking between
the low-angle plane and faults pattern in the overlying Strait of Messina were predicted by analogue

modelling performed for the area. According to the sand-box experiment (see Bonini et al., 2011),
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simulated slip on the low-angle structure supports tectonic collapse and graben formation in the zone

above its shallowest tip and along the hanging-wall block.

6. An alternative model to explain subsidence and seismic rupture in the area

Although roughly modelled from the seismicity cut-off, the low-angle discontinuity here evidenced
is consistent with the E-dipping source models imaged for the 1908 Messina-Reggio Calabria
earthquake by previous authors (e.g. see Amoruso et al., 2002 and reference therein). However,
frictional fault reactivation theory predicts that slip on low-angle normal faults (LANF <30°, see
Wernicke, 1981) is unlikely since movement on such faults requires contradicting the Anderson
theory (Anderson, 1951; Sibson, 1985). Likewise, seismic vs. aseismic mechanical behaviour of
LANFs has long been debated since large earthquakes along such kinds of structures are rare in the
seismological record. Conversely, worldwide examples also suggest that LANFs could occasionally
have a brittle-frictional nature and thereby capable of generating M > 6 earthquakes (see Axen, 1999
for an overview). Although our modelled low-angle plane could be dimensionally capable (30x24
km-wide) of generating M~7 earthquakes, the observed cut-off in the seismicity suggests how it could
mark a brittle-ductile transition (BDT) since it appears to separate a rigid (seismogenic) overlying
block from a much less rigid (almost non-seismogenic) underlying block (Fig. 9). By using the stress
analysis tools of Move 2019.1 software (Petex, Ltd), the stress tensors derived from the inversion of
earthquake focal solutions (see section 4.1 and Fig. 8D) were remotely applied to the modelled low-
angle surfaces. Considering an average density of 2700 kg/m® for the crystalline rocks and
approximating the vertical max stress (S1) to the lithostatic load, an overburden pressure of about 320
MPa is resolved at a mean depth (12.5 km) in the medium around the low-angle modelled plane (Fig.
12A). According to the dip-angle of the discontinuity (24°) and to the applied lithostatic load, slip
tendency analysis (t/on ratio, see Fig. 12 B) revealed that the low-angle discontinuity is an almost
mechanically stable plane in the confining effective normal stress field (i.e. the normal stress minus

fluid pore pressure), considering a typical angle of internal friction (¢) of 30° (see inset 1 in Fig.
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12A). Nonetheless, a comparison between the N-S extension of the low-angle discontinuity with the
first-order wavelength of the observed subsidence (Fig. 12 C) suggests a cause-and-effect relationship
between a possible movement on the discontinuity and measured surface deformation. The ideal
projection at the surface of the modelled discontinuity in fact revealed a good fit between its north-
eastern and south-western limits and ground elevation changes from positive to negative (Fig. 12C).
In this view, a possible movement on the low-angle plane can be assumed only for values of the
internal friction (@) lower than 26° (see inset 2 in Fig. 1A) or, alternatively, for values of the
coefficient of internal friction (us) lower than 0.48. Since a ps < 0.48 is out of the typical ps range for
most brittle rocks (0.6-0.8, see Byerlee, 1978; Jaeger and Cook, 1979), possible movement on the
low-angle structure is expected only according to a mechanical weakness of the discontinuity where
aseismic creeping or stable sliding is more likely than stick-slip behaviour (see Collettini et al., 2009;
2011). Several studies have suggested that some mature crustal faults are weak compared to
laboratory friction values (Zoback, et al., 1978; Rice, 1992; Byerlee, 1978). This assertion is in line
with the tectonic history inferred for the low-angle fault, a former decollement tilted by the upper
plate doming (see section 6 and Fig. 11B). Further, no uplift recorded by the levelling data (see
Loperfido, 1909) at the ideal footwall-block of the low-angle discontinuity (i.e. in the Peloritani Mts.
Fig. 2B) appears in contrast with a tectonically-driven fault movement. At Capo Peloro, in the
northern end of the Straits (see Fig. 13A for location), the projection at the surface of the NE corner
of the modelled low-angle plane matches well with the negative ground elevation changes detected
in the area by the high-precision levelling network (Spampinato et al., 2013). Data levelling revealed
a constant deformation trend during the last 40 years, suggesting the NE-corner of Sicily as a low-
rate subsiding area above the modelled low-angle plane. According to Doglioni et al. (2005), low
friction rocks may easily slip, and in active tectonic settings, they tend to be associated with higher
strain rates. High strain rate in the order of 120 nano-strain/yr has in fact been resolved along the
Strait of Messina area (Mattia et al., 2009; Serpelloni et al., 2010) where the interseismic strain has

been modelled to be produced by a 3.5 mm/yr motion along a low-angle and E-dipping discontinuity
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(Serpelloni et al., 2010). All these issues, together with the weak assumption that measured ground
variations are doubtless coseismic, therefore open new perspectives on the deformation process that
caused surface deformation and lead us to propose a previously unexplored model to explain ground
elevation changes, stress perturbation, and earthquake triggering in the area. The model exploits the
3D reconstructed geometric relations between the deep-seated low-angle discontinuity and the
overlying faults (i.e. the W-Fault, Reggio Calabria, and Armo faults, see section 6 and Fig. 11A) and
foresees the possibility that an almost aseismic slip event, possibly gravity-driven (see Doglioni et
al., 2005) and probably occurring along the low-angle discontinuity just before the 1908 mainshock,
may have mechanically destabilized the overlying and already tectonically stressed brittle faults
therefore inducing them to rupturing in large earthquakes along the Strait of Messina region according

to their dimensions.

6.1 Testing the model

To kinematically validate the proposed deformation model, the 3D modelled geometries and nearby
relationships between the low-angle discontinuity and the overlying faults (i.e. W-Fault, Reggio
Calabria, and Armo Faults) were used as input data to simulate 1) low-angle fault-induced vertical
displacements on the Strait of Messina topography and ii) the response of shallow faults to the same
stress perturbations following the Coulomb stress-transfer criterion. Results have been then exploited
to perform elastic dislocation models (Okada, 1985) aimed at comparing the expected surface
displacement from both the source fault (i.e. the low-angle discontinuity) and the mechanically

solicited receiver shallow faults with the ground subsidence observed after the 1908 mainshock.

6.1.1 Coulomb Stress Changes modelling
According to the Coulomb stress-transfer criterion, along-fault discrete deformation and associated
earthquakes may result in a local stress re-distribution in the fault-surrounding rock volume and in a
perturbation of the shear and normal stress acting on nearby tectonic structures (King et al., 1994). In
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addition to being governed by the mechanical properties of the medium, failure and earthquake
nucleation on nearby faults can also be encouraged where Coulomb Stress Change (hereinafter CSC)
is positive (> 0.1 bar) or vice versa discouraged if induced stress change is negative (see Stein, 1999
and Anderson and Johnson, 1999 for an overview). The Coulomb stress change is defined as ACFF
= At + W Aon, where At is the change in shear stress (positive in the slip direction), Acn is the change
in normal stress (positive when the fault is unlocked), and p’ is the apparent friction coefficient after
accounting for the pore fluid pressure effect (see Reasenberg and Simpson, 1992). Assuming as
plausible the existence of a cause-and-effect relationship between the movement on the low-angle
discontinuity and the measured ground elevation changes (see section 6), we simulated a normal dip-
slip displacement on the 3D foreland-dipping fault and then compared the predicted displacement
field on the Strait of Messina topography with the elevation changes measured after the 1908
mainshock (Loperfido, 1909, Figs. 2B and 13 A). Considering previous accounts on the mechanical
behaviour of the low-angle discontinuity, a zero cohesive strength and an average us of 0.4 is assumed

at the low-angle fault to simulate a real-world scenario. A Young’s Modulus of 75 Gpa is obtained

oo [
P=1p

where Vy is the average P-wave velocity (5.3 Km/s) as obtained by the available V, model, E is the

by the following equation:

Young’s Modulus and p is the bulk density (2700 Kg/m?). Using a trial-and-error approach and
realistic fault surfaces, topography response modelling was obtained by directly incrementing slip
magnitude until the predicted displacement matched with the first-order wavelength of the observed
subsidence. The best-fits are achieved for a magnitude of the applied normal slip between 1 and 1.8
[m] that produced a maximum topographic variation of -0.7 m at the centre of the Strait of Messina
and along its coastal sectors (Fig. 13A). Uplift in the order of 0.15 [m] is also predicted to occur in
much of southern Calabria above the basin-ward tip (-18 km) of the low-angle discontinuity whereas
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a slight subsidence is expected along the Peloritani Mts. in Sicily. Along the southern coast of
Calabria, predicted uplift and subsidence match well with the positive to negative ground changes
evidenced by the levelling data. The maximum slip magnitude (1.8 m), achieved from the above
forward simulation was again used to generate stress perturbation in the elastic medium surrounding
the low-angle discontinuity and to evaluate the response of the overlying brittle faults (i.e. the W-
Fault and Armo fault). Using the detailed 3D fault configuration (Fig. 13B), CSC transfer between
the deep-seated and shallow structures was therefore investigated by setting the low-angle
discontinuity as a source fault and the overlying W-Fault and Armo as receiver faults. The Reggio
Calabria Fault was excluded from the computation since, given its length, a large earthquake such as
the 1908 event cannot be generated by this structure. A regional stress field, achieved from the
inversion of focal solutions (see section 4.1 and Fig. 8D), was also applied to the shallow fault system
to evaluate the background stress state on the fault planes. Shallow faults were assumed as
cohesionless and a typical coefficient of internal friction (us) of 0.4 was considered at the fault core
(King et al., 1994). Forward modelling predicts an additional positive Coulomb induced stress (max
3.2 bar) along much of the W-Fault (Fig. 13C), whereas negligible stress is transferred to the Armo
Fault (Fig. 13 D). Considering the available focal solution for the 1908 earthquake (see Fig. 8A), the
induced CSC related to pure slip-motions (normal, left-lateral and right-lateral dislocation; Aki and
Richards, 1980), was also investigated for the more destabilized W-Fault. The analysis of the CSC
transfers on faults for the specified rake revealed the shallow portion of the W-Fault as potentially
capable of slipping for much of its length following a normal oblique left-lateral motion (Fig. 13 E
and F), while a right-lateral motion is possible only on a small area at its northern tip (Fig. 13G).
Although stress perturbation caused by the slip on the low-angle discontinuity is not able to
destabilize the Armo fault, we tested the possibility of failure along such structure by forwarding a
large earthquake on the nearby and potentially unstable W-Fault. Considering the length (34.5 km)
of the W-Fault, CSC transfer analysis was operated by simulating 2.5 m of normal dip-slip motion

on the structure, the maximum expected displacement derived from empirical-scale relationships (see
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Weels and Coppersmith, 1999, Leonard, 2010) according to a seismic event of M ~ 6.9. Computed
CSC also revealed in this case that negligible positive stress is transferred to the Armo Fault for fixed
pure slip-motion (Fig. 13 H-L). Overall, the CSC analysis therefore supports the proposed alternative
model in which an almost aseismic slip on the low-angle discontinuity can mechanically destabilize
the overlying faults. However, results suggest that stress perturbation induced by the slip on the low-
angle discontinuity is mainly transferred to the W-Fault where Coulomb pressure exceeding 3 [bar]

provides conditions for fault failure and earthquake triggering.

6.1.2 Inversion of levelling data by multiple sources
As evidenced by Aloisi et al. (2013), modelling on available levelling data (Loperfido, 1909) does
not constrain a unique model solution for the 1908 earthquake, since they are not suitable for
differentiating between W-dipping faults on the Calabrian side from E-dipping faults on the Sicilian
side of the Straits. To further validate our proposed deformation model (see section6), we sought to
answer the question if the levelling data could be the result of multiple dislocations along different
sources and not the exclusive consequence of a coseismic slip along a single fault. Remarking the
results from the CSC analysis, which showed that normal and left-lateral dislocations are encouraged
along much of the W-fault, an analytical inversion of the levelling data using a rectangular dislocation
model (Okada, 1985) and multiple sources has been performed. Analytical inversion was run through
the Pattern Search technique together with local Genetic Algorithm Search and nonlinear least-
squares optimization (Cannavo, 2019). A jackknife resampling method (Cannavo, 2019) was also
adopted to estimate the uncertainty of each parameter. Effects of the topography were not considered
in the data inversion since they have no influence on data output because of the large extension of the
investigated area compared to the mountain range elevations and to the kind of recorded data. The
medium was assumed to have a typical Poisson ratio of 0.25. Dislocation modelling was performed
in an elastic, isotropic, and homogeneous half-space by considering for each structural discontinuity

the spatial coordinates, dimensions, dip-angle, and finally the dislocation components (normal and
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left-lateral are positive in Tab. 1). To obtain a more realistic configuration of the faults, the non-linear
W-fault plane was split into four patches (Fig.14 A). In the computation, levelling benchmarks on the
Sicilian side were excluded because the chosen referring point (S. Rizzo hill, see Fig. 13A for
location) is probably too close to the area affected by the subsidence (Loperfido, 1909). Keeping
locked all the fault parameters except for the dip-slip dislocation component (Tab. 1), data inversion
was firstly performed by applying a dip-slip motion to the low-angle discontinuity to simulate sliding
toward the east. Results suggest that a dip-slip normal dislocation of about 1.1 [m] is enough to
reproduce the first-order wavelength of the observed subsidence pattern (Fig. 14B). It is noteworthy
that the previously described trial-and-error approach (see section 6.1.1) provided that a motion in
the range of 1-1.8 [m] on a more realistic representation of the low-angle discontinuity and using a
real topography can explain the subsidence provided by the levelling data. Inverting the levelling data
using a simplified representation of the faults, we obtained a value (1.1m) within that range.
Following the results coming from the CSC analysis, we verified if the observed levelling data pattern
is better reproduced in the “second-order” variations by adding the effects of dislocations along the
faults located above the low-angle discontinuity (i.e. the W-fault, Reggio Calabria, and Armo fault).
Considering the geometrical parameters of the overlying faults (Tab. 1) and the slightly oblique
extensional stress field (see Fig. 8D), levelling data inversion was performed by accounting only for
the lateral and dip-slip components of motion. The parameter search range for the normal component
was limited to the maximum displacement (4.89 m) expected from a 7.1 magnitude earthquake as
estimated for the 1908 seismic event. According to the focal solution available for the 1908 event and
considering the E-dipping nodal plane (see Fig. 8A), the left-lateral component was limited to 35%
of the maximum normal component. An excellent fit between calculated and observed ground
variations is then resolved through the activation of the low-angle discontinuity and the overlying
faults (Fig. 14B). The computed modules of the dislocation’s components for the shallow faults (Tab.
1), revealed that deformation on the W-fault is dominant with a normal component of about 4.5 [m]

and a left-lateral component of 2.3 [m] on its southernmost portion. As indicated also by the CSC
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analysis, the inversion of levelling data again suggests the negligible role of the Armo fault in

producing ground variations since a normal dip-slip dislocation of 0.028 m is achieved (Tab. 1).

7. Discussion

7.1 The reliability of the W-Fault as a causative fault for the 1908 seismic event
Seismo-stratigraphic and tectonic interpretation over the dense grid of seismic lines revealed how the
shallow portion of the Strait of Messina has been shaped by an array of Quaternary extensional faults
overprinting a previous Mio-Pliocene compressional setting. Overall, the activity of the younger
faults has deformed the area according to an asymmetric graben structure, giving rise to the modern
Strait of Messina. However, marine geophysical investigations revealed that while in the western
(Sicilian) side of the Straits Quaternary faulting is quite evident, the offshore continuation of the faults
slicing across southern Calabria (i.e. the Armo and Reggio Calabria faults, see Fig.1 D) is not clearly
supported. In the western side, about 3 km off the Sicilian coast, an NNE-SSW trending extensional
fault (the W-Fault) has been found to propagate through the whole sounded sub-seafloor setting. The
tectonic structure has also considerably deformed the seafloor by about 80 m, providing therefore
first evidence of Holocene rupture in the area. A morphotectonic analysis was performed in southern
Calabria following the orientation of the W-Fault as mapped in the offshore. Tilted-to-dislocated
marine terraces and fluvial deflections strongly support a continuation of the W-Fault on-land in
southern Calabria right along the Catona River fluvial valley (see section 3.3). By merging the two
segments of the W-Fault, a previously unknown 34.5 km-long active tectonic structure is therefore
evidenced in the Strait of Messina area (Fig. 15). According to the empirical-scale relationships
(Wells and Coppersmith, 1994; Leonard, 2010), the fault has the potential to generate an M~6.9
earthquake, which is the minimum estimated magnitude for the 1908 earthquake. Noteworthy, the
surface expression of the mapped W-Fault well overlaps with observed severe damage (Baratta, 1910)
and with the zone where the higher concentration of ground fracturing was reported (see Blumetti et

al., 2008 and Fig. 15). The breaking of a submarine telephone cable crossing the Straits (between
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Gallico in Calabria and Gazzi in Sicily, see Comerci et al., 2008 and Fig. 15 for location) during the
1908 earthquake further suggests that surface rupture may have occurred offshore right along the W-
Fault. According to the proposed deformation model (see section 6) and the CSC analysis, stress
perturbation by a probable aseismic slip event on the low-angle discontinuity resolved additional
Coulomb stress along the W-Fault. The potentially induced transtensional slip for much of the W-
Fault length (see Fig. 13 E-G) fits well with the kinematic rupture of the 1908 seismic event as
provided by the available focal solution. Geodetic data inversion by multiple sources (see section
6.1.2), finally suggested that an excellent fit between the calculated and the observed subsidence is
resolved by simulating a 1.1 m of normal displacement along the low-angle discontinuity and a left-
lateral transtensional motion of ~ 5 m (4.5 m normal slip and 2.3 m left-lateral slip) along the W-
Fault, a displacement value that is compatible with an M~7 earthquake. All these issues strongly
suggest the W-Fault as the best candidate to have produced large earthquakes in the Strait of Messina
area. As documented by historical reports and observations (Platania, 1909), a huge tsunami
inundated the Calabrian and Sicilian coastlines a few minutes after the mainshock event. Modelling
of runup and arrival data are is favour of a submarine landslide source in the southern sector of the
Strait (Billi et al., 2008, 2010). This imply that the causative fault of the 1908 earthquake can be
limited in its extent to the Strait of Messina area, therefore supporting the location here provided for
the W-Fault. Moreover, seismic rupture and significant shacking are also expected by coulomb stress
change (see also Billi et al., 2008) at the tips of extensional faults and, accordingly, mass failure in
the nearby are encouraged where the slope is steep enough. This assertion agrees with the submarine
landslide location provided by previous authors (e.g. Billi et al., 2008, 2010), which is close to the
southern tip of the W-Fault. In addition, a new composite source has been recently proposed to explain
tsunami in the Strait of Messina area (see Schambach et al. 2020). Results from simulation point to a
double-source (mass failure + seafloor rupture) substantially confirming the location of previously
reported submarine landslide (see Billi et al., 2008; 2010) and a coseismic rupture along the Strait.

However, since the occurrence of the seismic source selected for the tsunami modelling (i.e. the 70-
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km long MTF, see Meschis et al., 2019, and Fig. 1D for location) is disproved by the high-resolution
seismic investigation (see section 7.2), it is likely that the seafloor rupture was charged by the

constrained W-Fault.

7.2 Questioning the previously inferred 1908 causative faults and models

By taking advances from i) the high-resolution seismic imaging covering much of the Strait of
Messina, ii) the distribution of crustal seismicity and V, model, iii) fault dislocation modelling and
stress analysis, a critical review of the previous hypothesis concerning the 1908 causative fault is set
out here. In addition to providing evidence for surface faulting along the W-Fault, seismic imaging
also concurred to weaken or disprove previous inferred causative faults located in the offshore. The
P231, P230 and P233 seismic lines in the southern sector of the Strait of Messina, clearly illuminate
the Calabrian side of the Strait. The lines cover the region of the possible continuation of the Armo
and Reggio Calabria faults offshore as well as the area where previous authors mapped an active fault
(i.e. the South Calabria Fault, see Argnani et al., 2009). Although the occurrence of some high-angle
seafloor scarps seems to support active faulting in the area, time-to-depth conversion of the seismic
lines and no vertical exaggeration applied, revealed how the slope degree of the scarps is reduced
notably to 15- 10°. Accordingly, the seafloor scarps likely represent the frontal portion of submarine
landslides (see also Ridente et al., 2014) rather than seafloor dislocation produced by active faults, as
also supported by the absence of sub-seafloor displaced reflectors (see suppl. Fig. 3 B and C). In this
view, the offshore continuation of the Armo and Reggio Calabria faults is therefore disproved, as is
the occurrence of the South Calabria Fault (SCF in Fig. 1C), the latter inferred to be the seismogenic
source of the 1908 earthquake (see Argnani et al., 2009). Strong seismotectonic implications stem
from the non-continuation in the offshore of the faults slicing across southern Calabria since their
seismic potential must be reduced in the light of their minor length. Seismic imaging in the Sicilian
side enabled us to also question a recently published paper (Meschis et al., 2019) concerning new
source modelling in the Strait of Messina. According to the authors, the 1908 earthquake was caused
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by a coseismic slip on a 70 km-long mapped fault, the so-called Messina-Taormina Fault (MTF in
Fig. 1D and model in Fig. 2D). However, the occurrence of such a long fault off the Sicilian coast,
inferred only on the basis of a few raised coastal marine terraces in the Sicily mainland (De Guidi et
al., 2003), seems to be disproved by the high-resolution seismic investigation as well as by previous
studies in the area (see Argnani, 2009; Barreca et al., 2019). Neither evidence for faulting nor seafloor
scarps have in fact been observed along the P231and P233 lines in the southern portion of the Strait
and crossing the mapped MTF (suppl. Fig. 3 A, B, and C).

Hypocentres of earthquakes have suggested the occurrence of a rheological boundary at depth within
the crustal domain. Following similar tectonic patterns evidenced all along the Apennine Chain (e.g.
the Altotiberina faults, see Barchi et al., 1998 and Fig. 9D), we infer this discontinuity to be an
extensional low-angle (24°) and E-dipping detachment fault. At first sight, this finding seems to
confirm previous models on the 1908 causative fault that predict rupture along a low-angle and E-
dipping fault (e.g. Boschi et al., 1989; Valensise and Pantosti, 1992; Convertito and Pino, 2014;
Amoruso et al., 2002). Nevertheless, considering its dip-angle and the calculated overburden pressure
(320 Mpa, see section 6), stress analysis suggests the low-angle discontinuity as an almost
mechanically stable plane according to a typical angle of internal friction (¢) of 30° for brittle rocks.
A possible movement on such low-angle plane can therefore be postulated only for values of the
internal friction (@) lower than 26° (Fig. 12 A). Such a low value accounts however for a mechanical
weakness of the low-angle discontinuity where stick-slip behaviour and the nucleation of large
earthquakes are unlikely (see Collettini et al., 2009; 2011). The current high strain rate (120 nano-
strain/yr) calculated for the Strait of Messina region (Mattia et al., 2009; Serpelloni et al., 2010) rather
suggest an almost aseismic stable-sliding motion of the low-angle discontinuity that produces large
interseismic strain in the area. Considering this scenario as unchanged in the last 100 years, nucleation
of large earthquakes on the low-angle discontinuity is unexpected, weakening therefore the previous
hypothesis on this issue. The inversion of geodetic data by using multiple sources (see section 6.1.2)

also suggests a less than primary role of the W-dipping faults occurring in southern Calabria in
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generating large earthquakes. Though a seismic activation is predicted by the modelling for the Armo
Fault, the resolved normal dip-slip dislocation of 0.028m accounts however for a M<6 seismic event.
A sub-event, recorded in the seismogram five minutes after the 1908 mainshock (Oddone,1909),
could be attributed to a possible coseismic slip along the Armo fault. This inference is also suggested
by CSC analysis, where simulated displacement for an M~7 earthquake along the W-Fault can
transfer a dip-slip component of ~50 bar in the deeper portion of the Armo fault plane (see Fig. 13
H). Maximum uplift of 0.13 m at the footwall block of the Armo fault is apparently in contrast with
a possible low-magnitude event along this structure. However, the uplift magnitude in the area is also

best explained by a dip-slip movement on the low-angle discontinuity (see Fig. 13 A).

8. Conclusion

Sub-seafloor geophysical explorations with unprecedented resolution provide new constraints on the
structural architecture and the seismotectonics of the Strait of Messina, the most seismically
hazardous region of Italy. Quaternary stretching in the area has been accommodated by the
development of an array of extensional faults occurring in the shallowest crustal portion of the
investigated area. Evidence for recent faulting is more apparent in the Sicilian side of the Strait where
the NNE-SSW trending W-Fault has displaced the seafloor by ~ 80 m about 3 km off the Sicilian
coast. The W-Fault emerges at the seafloor along the most rectilinear segment of the Messina Canyon
and right where previous authors observed/mapped triangular facets and suspended incisions (see
Ridente et al., 2014). Continuation across the southern Calabria mainland of the W-Fault has been
demonstrated by tilted-to-displaced Quaternary marine terraces along the Catona River valley,
accounting therefore for a total length of the fault of ~34.5 km (Fig. 15). A seismicity cut-off
evidenced by the high-precision relocated hypocentres in the area, suggests the occurrence of a
rheological boundary within the crustal depth roughly delineating a low-angle and E-dipping
discontinuity. Vp tomographic models enabled us to image the subcrustal setting of the investigated

sector revealing a large lithospheric doming in the upper plate of the Ionian Subduction Zone. The
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upper plate doming localizes right where the slab is steepest, suggesting it is the result of supra-
subduction mantle wedging at subduction zone compensating slab retreat dynamics (Doglioni et al.,
1999; Gvirtzman and Nur, 1999; Faccenna et al., 2011). The large-scale folding of the upper plate
block is probably the main process controlling deformation in the area such as the uplift of the
Peloritani Mts. of Sicily and collapse to the east according to its asymmetry. The current large
interseismic strain rate in the area (Mattia et al., 2009; Serpelloni et al., 2010), along with the seismic
discontinuity and mechanical modelling, strongly suggest that collapse to the east of the lithospheric
doming (i.e. in the Strait of Messina area, see Fig. 11) is accommodated almost aseismically by the
low-angle, foreland-dipping discontinuity. In this framework and following the 3D-modeling, a
cause-and-effect relation between the mantle wedging/lithospheric bulging, sliding of the low-angle
fault, and the opening of the Strait of Messina can be invoked. Accordingly, Quaternary deformation
in the area and related seismotectonic processes are interpreted as the upper crustal response of a sub-
crustal process dominated by differential slab retreating and associated fore-arc mantle upwelling,
confirming previous studies in the area (Doglioni et al., 1999; Gvirtzman and Nur, 1999; Faccenna et
al.,2011). Alternatively, assuming a slab stalling in the area (Faccenna et al., 2001; Goes et al., 2004),
the localized mantle upwelling could be also explained by a consequence of crustal thinning along
the horsetail (or wing structure) termination of the Ionian Fault (Sgroi et al., 2021). A significant
reduction of the intermediate stress (sigma 3) could also provide stress perturbation and fault
triggering in the area (see Sgroi et al., 2021).

Finally, new data and analysis pointed to hierarchically different structural discontinuities with
distinct frictional behaviour that may have interacted with each other to produce large earthquakes in
the Strait of Messina region. The alternative deformation model proposed here is supported by the
CSC analysis and by the new inversion of the levelling data performed using multiple sources. The
two-independent analyses highlight that additional stress can be transferred mainly to the W-Fault
according to a simulated normal slip on the low-angle discontinuity and that an excellent fit between

calculated and observed subsidence is resolved by activating only the foreland-dipping fault and the
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W-Fault. This confirms the significant role of the two discontinuities in producing subsidence in the
area, whose cumulated effects can explain long, and short wavelength signals evidenced by the
levelling pattern. To conclude, the W-fault along the axis of the Strait (and its extension in the
Calabria onshore) is therefore proposed as the source of the 1908 earthquake, even though a coeval
reactivation of the antithetic Armo fault in the Calabria mainland cannot be ruled out. Finally, results
and interpretation coming from this paper, and particularly data concerning seismogenic faulting in
the area, may be of significant interest for the design of the “Strait of Messina Bridge”, planned many

times in recent decades (see Fig. 15 for one of the planned bridge routes).
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Figure Captions

Fig. 1 - The Strait of Messina in the tectonic framework of central Mediterranean. a) Location of the
Calabrian Arc (CA) in the broader context of a collisional belt resulting from the convergence
dynamics between the European Plate in the north and the African Plate in the south. b)
Seismotectonics of the central Mediterranean area including the Calabrian Arc and the Eastern Sicily
margin with draped the major Quaternary faults reported by previous authors (see Barreca et al. 2014,
2019; Cultreraetal., 2016, 2017; Billi et al., 2006; Gutscher et al. 2016)and strong (M>5) earthquakes
(Pondrelli et al., 2006; Anderson and Jackson, 1987; Gasparini et al., 1982; Dziewonski et al., 1987).
Blue contours represent the depth of the Ionian subduction interface (see Maesano et al., 2017). ¢)
Location of the Strait of Messina in the fore-arc region of the Ionian Subduction Zone (ISZ). The
subduction interface is modelled from the contours-data provided in Maesano et al., (2017). d)
Quaternary faults (barbed on the downthrown side) slicing across the Strait of Messina area (see
Ghisetti 1992; Monaco and Tortorici, 2000; Jacques et al., 2001; Argnani et al., 2009) and epicentre
location and focal solution of the 1908 seismic event. Blue arrows represent space geodetic data in
the Nubia reference frame (see Serpelloni et al.,2010). ARF, Armo Fault; CF, Cittanova Fault; MGF,
Motta San Giovanni Fault; RCF, Reggio Calabria Fault; SCF, Southern Calabria Fault; SEF, S.
Eufemia Fault; SF, Scilla Fault. Bathymetric data and topography were extracted from the Emodnet
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bathymetry (http://www.emodnet-bathymetry.eu) and from the SRTM (Shuttle Radar Topography
Mission) 30 plus topography (http://topex.ucsd.edu/WWW _html/srtm30_plus.html), respectively.

Fig. 2 —a) Macroseismic intensity field derived from the 1908 seismic event (from Baratta, 1910). b)
Available levelling data from Loperfido (1909) are reported as blue (subsidence) and red (uplift)
circles. Vertical change values are reported in supplementary Tab. [. ¢) Damage distribution of the
December 1908 earthquake (data from Baratta 1910; Boschi et al., 1995; Monaco and Tortorici,
2007). Blue circles represent reported ground fracturing (see Blumetti et al., 2008). d) Previous
models on the causative fault of the 1908 seismic event (view from the south).

Fig. 3 —a) Location of seismic grid in the offshore and framed in the on-land geological framework
of the Strait of Messina (data from Lentini et al., 2000 — Sicilian side; Ghisetti, 1981; and
http://geoportale.regione.calabria.it/opendata - Calabrian side). ¢) Location of drill-holes data and
reconstructed stratigraphy (d) in the Strait of Messina offshore (data from Monaco et al., 1996). e)
Trace location throught the available Vp models by Scarfi et al., (2018) and selected earthquakes in
the 3D view (f).

Fig. 4 — a) Seismic facies analysis performed on the P204 seismic line crossing the Strait from
Messina (in the NW) to Reggio Calabria (in the SE) and the interpreted seismo-stratigraphic model
(b). Formational nomenclature according to Servizio Geologico d’Italia, 2007.

Fig. 5 — Tectonic interpretation over the P204, P1002, and P217 seismic lines showing previous
compression overprinted by extensional tectonics. a) NW-dipping ramp-thrusts and associated
anticlines and thrust-top basins interpreted along the P204 line and deforming the Mio-Pliocene
sediment section. b) Thrust-top-basins along the P217 seismic line. ¢) The Pleistocene extensional
W-Fault and associated minor structures observed along the P204 and P1002 (d) lines, respectively.
Zooms on the bottom-right display the seafloor displacement (~80m) produced by Holocene activity
of the W-Fault. m: multiple.

Fig. 6 - Morphotectonic map of the Catona River drainage basin in the northern mainland sector of
the Strait of Messina, showing the altitude distribution of the Quaternary alluvial-marine terraces
occurring in the area and fluvial deflection involving the Funica and Passo dei Limbi fluvial incisions.
Dating of marine terraces are from Monaco et al. (2017) and reference therein. The dashed blue line
indicates the location of the inferred tectonic structure that has been interpreted as the continuation
on land of the W-Fault (see Fig. 7 for explanation). The red dashed lines are previous faults mapped
in the area. Digital topographic data are from  Regione  Calabria (
http://geoportale.regione.calabria.it/opendata)

Fig. 7 — Geological cross-section across the Catona River drainage basin (see Fig. 6 for profile trace
locations) constrained by the re-mapped bottom boundaries of marine terraces of different ages.
Geological profiling shows a miscorrelation between the terraces of the same aged located in the
northern and southern flanks of the Catona River, strongly suggesting the occurrence of a tectonic
structure in-between.

Fig. 8 — a) Map-view distribution of the relocated seismicity (0.6<M<4.3) recorded in the Strait of
Messina region in the last 40 years (1981-2018) and available focal solutions (see Scarfi et al., 2020
and reference therein). b) Seismicity cut-off evidenced by the 3D-positioning of earthquakes in the
crustal domain. ¢) Crustal section across the Strait of Messina interpreted following the seismicity
distribution at depth (buffer of = 17.5 km from the section trace) and nodal planes attitude (in section
view) selected from available focal solutions. d) Stress tensor model for the investigated sector as
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achieved by the inversion of the selected fault planes solutions (see dashed orange polygon in Fig.
8A) within a depth of 30 km. Earthquakes with (*) have hypocentral depth > 30 km and hence are
not considered for stress inversion. The 1908 focal solution is from Gasperini et al. (1982).

Fig. 9 — a) Traces of vertical sections through the available Vp model (see Scarfi et al., 2018 and
suppl. Fig. 5 for the uninterpreted lithospheric sections). ¢) Vj section B-B’ selected for tectonic
interpretation. Black dots are the earthquakes projected to the Vp section showing the position of the
seismic discontinuity in the upper portion of the crust. d) Tectonic interpretation over the B-B’ Vjp
section showing the architecture of the Ionian Subduction Zone (ISZ) and the upper plate doming
occurring beneath the Peloritani Mts. in Sicily. The cut-off of seismicity, interpreted as a low-angle
foreland-dipping discontinuity, occurs at the E-facing and steepest limb of the lithospheric
culmination. d) Crustal section across the central Apennines used as analogue to interpret the Strait
of Messina sub-crustal setting (see Barchi et al., 1998).

Fig. 10 — 3D modelling of the shallow (a) and deep-seated (b) structural discontinuities analysed in
the present study. ¢) The subcrustal setting as achieved from the modelling of the Tyrrhenian Moho
and of the Ionian slab showing the position of the upper plate doming.

Fig. 11 — a) Crustal to subcrustal 3D modelling of the study area (view from the NW) showing the
position and the spatial relationships between the shallow faults (W-Fault, Armo, and Reggio Calabria
faults) with the low-angle discontinuity, and location of the latter with respect to the upper plate
doming. b) Cartoon (not-in-scale) explaining the possible significance of the low-angle discontinuity.
Following the tectonic setting of the area, it has been interpreted as being an old decollement tilted
by the upper plate doming.

Fig. 12 — a) Stress analysis performed over the low-angle discontinuity to evaluate its possible slip
for different mechanical properties at the fault core. Using a typical angle of internal friction (¢) of
30° (inset 1), the discontinuity results stable whereas movement is allowed for angle of internal
friction <26° (inset 2). b) Computed slip-tendency (average value = 0.38) for the low-angle
discontinuity assuming a ¢ =30°. c¢) Comparison between the N-S width of the low-angle
discontinuity with the subsidence measured after the 1908 seismic event in southern Calabria.

Fig. 13 — a) Predicted subsidence in the Strait of Messina topography as achieved from a simulated
normal slip on the low-angle discontinuity. b) 3D geometries and nearby relationships between the
Low-angle and overlying faults used as reference features to perform Coulomb Stress Change (CSC)
analysis. Induced stress on the receiver W-Fault (c) and on the Armo fault (d) by stress perturbation
caused by a normal slip on the low-angle discontinuity (source fault). e-g) Slip components of the
induced CSC for the W-Fault. h-1) Components of induced stress on the Armo fault (receiver fault)
by stress perturbation caused by a ~5 m of normal slip simulated on the W-Fault (source fault).

Fig. 14 — a) Generalized fault-planes exploited as dislocation sources for the inversion of levelling
data. Black dots represent the benchmarks measured by Loperfido, (1909). Values of ground
elevation changes are reported in supplementary Table II. b) Analytical inversion of the levelling data
by using multiple sources showing a comparison between the recorded ground variations and the
calculated. The best fit (red line) is achieved by the software computation by dislocating mainly the
low-angle discontinuity and the W-Fault (see Table I).

Table 1 - Model parameters and related uncertainties resulting from levelling data inversion. Normal
and left-lateral dislocation components are positive. The depth of the sources is referred to the sea
level.
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Fig. 15 — The W-Fault as mapped from seismic data interpretation and morphostructural analysis
performed in southern Calabria overlapped with damage distribution (red polygons, Baratta, 1910)
and ground fracturing (empty black circles, Blumetti et al., 2008) related to the 1908 seismic event.
Blue dashed line is a telephone cable broken during the 1908 seismic event. The yellow star is the
epicentre of the Messina-Reggio Calabria earthquake and related focal solution (Gasperini et al.
1982). Bathymetric data are from the M86/2 dataset (R/V Meteor).
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Table 1
Model parameters and related uncertainties resulting from levelling data inwersion. Mormal and left-lateral dizlocation components are pasitive. The depth of the
sources iz referred to the zea level.
Fault parameters  Low-angle discontinuity  Armo faole Reggio Calabria fault  W-fault segment 1 W-fault segment 2 W-fault segment 3 W-fault segment 4
x {m) 545468 (Axed) 560785 {fxed) 557625 (Axed) 562180 (fixed) 554283 (fxed) 540322 (fixed) 540962 (fxed)
¥ (ml 4225731 (fixed) 4211933 (fixed) 4221901 (fixed) 4229344 (fixed) 4225621 (fxed) 4212327 (fixed) 4219754 (fixed)
= (m) —6213 (fixed) 0 (fixed) 0 ifixed) 0 ifixed) 0 (fxed) 0 (fxed) 0 (fxed)
Length (km) 51.0 (fixed) 17.7 (fixed) 13.0 {fixed) 10.2 {fixed) 7.9 (fixed) &4 (fxed) 7.7 (fxed)
Width (km) 24.0 (Ax=d) 9.0 (Oxed) 5.0 (fxed) .0 (fxad) 5.0 (fxed) 9.0 (fxed) 9.0 (Axed)
Azimuth (7} M23E (fixed) NIE (fixed) MN20E {fixed) NE4E (fxed) M50E {fixed) N7E (fixed) N25E (fixed)
Dip-angle (°1 2432 (fixed) 60.0 [fixed) 60.0 (fixed) 450 {fixed) 45.0 (fixed) 45.0 (fAxe=d) 45.0 (fix=d)
Strike-alip (m) 0.0 (fxedy 0.00 & 0.00 0.00 & 0.00 2174 0.01 2.30 & 0.00 2.5 4+ 0.00 L40 4+ 0.01
Dip-alip {m) 113+ 0.0 0.03 + 0.01 0.00 £ 0.00 021 4+ 0.01 0.13 + 0.01 446+ 0.01 0.00 &+ 000
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