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ABSTRACT

The Messina Straits is a narrow marine basin shaped by regional-scale uplift and localized subsidence driven by
crustal faulting along the diffuse Africa-Eurasia convergent plate boundary. Catastrophic earthquakes have
struck the region, most notably the 1908 M,, 7.1 Messina event. However, the causative fault(s) and the geo-
dynamic drivers of this deformation remain unclear. In this study, we use seismological and marine geophysical
data to investigate neotectonic activity within the broader central Mediterranean geodynamic framework. By
analysing relocated hypocentres, principal stress conditions and deformation patterns, we explore the link be-
tween seismicity and tectonic features identified in seismic reflection profiles and morphobathymetric maps.

Our findings reveal a significant variation in seismogenic thickness and earthquake distribution across the
Messina Straits suggesting spatially variable tectonic processes. Stress tensors show a composite deformation
pattern, from predominantly extensional deformation between 6 and 20 km, to more heterogeneous deeper
deformation (40-80 km) that includes compressional mechanisms.

We interpret our fault structure data in the Messina Straits as reflecting the shallow crustal response to active
tectonics occurring within a large deformation zone oriented along and above the Calabrian slab edge. This zone
is characterized by several strike slip faults, including the Ionian fault in the Ionian Sea and the Capo Peloro fault
in the southern Tyrrhenian Sea, which together bound the extensional domain of the Messina Straits.

Based on our analysis, we propose that present-day subsidence and seismogenesis in the Messina Straits are
strongly influenced by deformation along these strike-slip segments, primarily driven by the relative motion
between Africa and Eurasia, in combination with tensile forces deriving from lateral variations in gravitational
potential energy.

Plain language summary: The Strait of Messina is a narrow stretch of sea between the island of Sicily and Calabria,
in southern Italy. This region of the central Mediterranean is located along the African and Eurasian plate
boundary, west of the Calabrian subduction zone where African lithosphere subducts underneath Calabria. Many
earthquakes strike the area, including a moment magnitude 7.1 event in 1908. In this study, we examine seis-
mological and marine geophysical data to better understand the processes that cause movement of the Earth’s
surface and deformation at depth, the direction of stresses in the Earth’s crust, and the links between faults and
earthquakes.

Our analysis shows that the thickness of the crust capable of producing earthquakes varies significantly across the
Strait of Messina. Seismic activity is mainly concentrated in two seismogenic layers; one layer is located at
shallow depth (6 to 20 km below the sea floor) while the other is deeper (40-80 km).

We find evidence of tectonic activity across a broad zone. The Strait of Messina lies within this zone, which is
located above, but not constrained to, the southwestern edge of the subducting plate. The zone includes two main
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faults that directly surround the Strait of Messina, the Ionian fault in the Ionian Sea and the Capo Peloro fault in
the southern Tyrrhenian Sea. Together, these faults form a step-like structure that seems to be responsible for the
vertical and horizontal movements in the Strait of Messina.

1. Introduction

The Messina Straits (MES) is located in a key area of the Calabrian
Arc subduction/rollback system between the Ionian forearc region and
the Tyrrhenian back-arc basin (Cavazza et al., 2004) (Fig. 1). It hosts
extensional tectonics and basin subsidence in a regional context of rapid
uplift of adjoining mountain chains (Cavazza and Longhitano, 2023;
Faccenna et al., 2011; Ferranti et al., 2007). The MES (Fig. 1) develops at
the transition between the contractional belt to the West along the
northern margin of Sicily (Billi et al., 2023) and the extensional domain
offshore Calabria (Pondrelli et al., 2004; Ferranti et al., 2008; Jacques
et al., 2001; Monaco and Tortorici, 2000; Scarfi et al., 2009; Westaway,
1993).

The relative plate motion of Africa and Eurasia (blue arrow in Fig. 1),
and the retreat of the Calabrian slab (black arrows in Fig. 1), control the
structural development and active tectonics in the MES region (Dewey
et al., 1989; Patacca et al., 1990; Wortel and Spakman, 2000; Faccenna
et al., 2001; Goes et al., 2004). This area hosted one of the largest and
most destructive earthquakes in the central Mediterranean (the 28

December 1908, M, = 7.1 Messina earthquake and tsunami, Pino et al.,
2009 and references therein). Studies of available geodetic, tsunami and
seismic data have resulted in a variable set of fault plane solutions, with
different locations, fault geometries, and mechanisms (see Supplemen-
tary Fig. S1); one of the main models involves a low angle eastward-
dipping normal fault within the MES (Amoruso et al., 2002, 2006;
Boschi et al., 1989; Capuano et al., 1988; De Natale and Pingue, 1987,
1991).

In the South-Central Mediterranean, several zones of predominant
deformation are observed from west to east (Fig. 1): thrusting along the
northern edge of the African continental domain, i.e., the Tyrrhenian
offshore of Sicily (Billi et al., 2006; Goes et al., 2004; Presti et al., 2013;
Pondrelli et al., 2004), a zone of extension onshore Sicily from Cefalt to
Mt. Etna (Billi et al., 2010); dextral transtensive shearing from the
Aeolian islands across the Peloritani domain of Sicily into the Ionian
basin (Billi et al., 2006; Goes et al., 2004; Gutscher et al., 2016; Palano
et al., 2015; Polonia et al., 2011), a zone of extensional deformation
from the Messina Straits towards the Apennines (Lavecchia et al., 2024
and references therein), and thrusting offshore Calabria due to

Fig. 1. Geodynamic setting of the Messina Strait area. Tectonic model modified from Lavecchia et al. (2024), Polonia et al. (2016), Billi et al. (2023). IF: Ionian fault
(Polonia et al., 2016); AEF: Alfeo-Etna fault (Polonia et al., 2016); CPF: Capo Peloro fault modified from Doglioni et al. (2012); ATLF: Aeolian-Tindari-Letojanni fault
system (Palano et al., 2012; Barreca et al., 2021). GPS vectors from Billi et al. (2023). Slab isodepths modified from Selvaggi and Chiarabba (1995) (orange lines in
the Tyrrhenian Sea) and Maesano et al. (2017) (yellow lines, dotted in the western lobe of the subduction system where a deep fragmentation of the subduction
system is associated with the activity of transtensional faults). Blue arrows: Africa-Eurasia slip vector (5 mm/yr, D’Agostino et al., 2008). Black arrows: retreat of the
Calabrian slab (3—4 mm/yr D’Agostino et al., 2008). White arrows: dextral shear movement and extension in the MES and western lobe of the accretionary wedge
(not to scale, unknown rates). The dextral shear corridor results from the resistance encountered in the eastern part of the plate boundary in the southern Tyrrhenian
Sea (Nijholt et al., 2018). Inset in the upper left: location of the study region in the Mediterranean Sea. Inset in the lower left: zoom of the Messina Straits region with
major faults reported in the literature and main historical earthquakes (Rovida et al., 2022). WF: West Fault from Barreca et al. (2021). MTF: Messina-Taormina Fault
from Meschis et al. (2019) and references therein. SCF: Southern Calabria Fault from Argnani et al. (2009). Red lines: normal faults in Calabria and Sicily modified
from Lavecchia et al. (2024). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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subduction of the Ionian lithosphere beneath Calabria (Polonia et al.,
2011; Minelli and Faccenna, 2010; Scarfi et al., 2018). Polonia et al.
[2016] define a dextral shear corridor that connects the Calabrian
subduction zone to the thrust zone along the north side of Sicily (see the
transparent grey zone with shearing arrows in Fig. 1). Shear activity
results from regional lithospheric deformation, including both Africa-
Eurasian relative motion and subduction processes. Nevertheless, the
relationship between upper crustal deformation and plate-interface
processes remains a key unresolved issue.

We combine marine geophysical data with relocated earthquake
hypocentres and new focal mechanisms to identify the seismogenic layer
in the MES area and crustal-scale fault activity. We seek to clarify the
connection between Calabrian subduction and structural development
at upper crustal levels. Our data analysis focuses on the following topics:
i) refining the location and geometry of active fault segments that
accommodate extension in the MES, ii) identifying the tectonic struc-
tures that host recent seismicity, iii) outlining the depth and charac-
teristics of seismogenic layers, iv) linking upper crustal structural
development to the extent and geometry of the subduction interface. We
aim to address the following scientific questions: how is recent seis-
micity linked to observed (sub)surface structures, and how can active
extension in the MES be understood in the context of the recent tectonic
reorganization of the region?

2. Geodynamic and tectonic setting

The MES (Fig. 1) is a narrow, NNE-striking topographic depression
located within the Calabrian Arc, separating the Aspromonte range to
the east from the Peloritani Mountains to the west (Fig. 1). It is part of
the transitional zone separating the faster SE-retreating slab beneath
Calabria from the Sicilian continental lithosphere (Doglioni, 1991;
Gvirtzman and Nur, 1999). The present-day extensional configuration of
the MES was established at the start of the Middle Pleistocene (Monaco
et al., 1996) as evidenced by normal faults in southern Calabria, the
evolution of the fluvial network and marine terraces (Monaco et al.,
2017; Westaway, 1993). The MES basin has been described dissimilarly
by various authors; it is controlled by a set of NNE-SSW trending normal
faults (Monaco and Tortorici, 2000; Monaco et al., 1996; Dorsey et al.,
2023), by a complex network of normal and transtensional transfer
faults (Ghisetti, 1992; Doglioni et al., 2012 and references therein) or by
a major E-dipping fault (Amoruso et al., 2002) with minor faults on the
basin margins (Bonini et al., 2011 among others).

The MES is located above the NNW-SSE oriented lateral termination
of the narrow Wadati-Benioff zone that describes the Calabrian slab
(Neri et al., 2009; Scarfi et al., 2018; Selvaggi and Chiarabba, 1995;
Prada et al., 2020), in the region where the geometry of the plate
interface changes from sub-horizontal to steeply-dipping (Maesano
et al,, 2017). In this setting, the extensional faults extending from
southern Calabria to eastern Sicily have been interpreted to result from
the gravitational collapse of the Calabrian Arc. In this interpretation,
slab roll-back originally induced the extension that is accommodated by
deep east-dipping normal faults and smaller and shallower west-dipping
faults (Tiberti et al., 2017).

The slow-down of the Calabrian rollback/subduction and the related
Tyrrhenian back-arc extension (Goes et al., 2004; Faccenna et al., 2011;
Wortel and Spakman, 2000) produced a Middle Pleistocene tectonic
plate reorganization of the southern-central Mediterranean. This process
is associated with the partial shift of the Sicilian thrusting towards the
southern Tyrrhenian contractional belt (Billi et al., 2023; Goes et al.,
2004). West-to-east variations in the nature and location of thrust zones
accommodating Africa-Eurasia convergence result in a broad corridor of
dextral shear deformation (shaded area in Fig. 1). Active deformation in
this zone is highly variable; in concert with dextral shear deformation, it
involves oblique divergence motions and the collapse of the western
lobe of the accretionary wedge along inherited Mesozoic discontinuities
(Polonia et al., 2017b). Major faults accommodating dextral shear in this
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region (Fig. 1) are the transversal NW-SE Aeolian-Tindari-Letojanni
fault system (ATLF) (Billi et al., 2006; Palano et al., 2012), the Capo
Peloro fault (CPF) (Doglioni et al., 2012), the Ionian fault (IF) system
(Polonia et al., 2016) and the Alfeo-Etna fault system (AEF) (Dellong
et al., 2018; Gutscher et al., 2016; Polonia et al., 2012: Polonia et al.,
2016). The modern-day STEP fault (Govers and Wortel, 2005) is pro-
posed to be located either along the AEF (Gutscher et al., 2016; Maesano
et al.,, 2020) or along the NW section of the IF (Polonia et al., 2011;
Polonia et al., 2016; Scarfi et al., 2018) where seismic refraction data
show a deep and asymmetric basin bounded by the IF system (Dellong
et al., 2020). However, the AEF is not activated by STEP propagation
related to the SW edge of the Calabrian slab. Its activity might instead
result from regional-scale lithospheric deformation, connecting the
thrust zone along the northern margin of Sicily with the Calabrian
subduction complex, within the dextral shear corridor including the
Etna volcano and segments of the Malta Escarpment (Polonia et al.,
2016; Nijholt et al., 2018).

The MES is located within a region exhibiting high uplift rates up to
1.7-2.4 mm/yr (Antonioli et al., 2006; Antonioli et al., 2021), in
response to mantle upwelling at the edges of the narrow and retreating
slab (Faccenna et al., 2011). Raised Late Holocene shorelines indicate
that the total uplift is balanced between regional and co-seismic com-
ponents. Interseismic steady uplift occurs at approximately 1 mm/yr,
consistent with regional uplift since the Middle Pleistocene (Westaway,
1993), while stick-slip motion occurs during seismic rupture (Ferranti
et al., 2008). Geodetic measurements show that the MES is currently
extending at a rate of 3-4 mm/yr (D’Agostino and Selvaggi, 2004; Pal-
ano et al., 2012; Serpelloni et al., 2010) and highlight distinct bound-
aries between the Tyrrhenian Sea and the Sicily and Calabria blocks
(D’Agostino and Selvaggi, 2004; Doglioni et al., 2012; Palano et al.,
2012; Serpelloni et al., 2005).

3. The 1908 earthquake

Historical earthquakes with M, > 5.5 for the last millennium in the
MES region include the 1172 CE (M,, = 5.6), 1509 (M,, = 5.6), 1749
(5.8), February 6th 1783 (M,y = 7.1), 1907 (M,, = 6.0), and the 1908
(M, = 7.1) events (Rovida et al., 2022). The causative faults for most of
these earthquakes remain debated, particularly for those that may have
originated offshore, or along faults extending in the submerged portion
of the Calabrian Arc subduction system (Pino et al., 2009).

The M,, 7.1 1908 Messina earthquake and associated tsunami caused
over 75,000 casualties and widespread destruction (Baratta, 1910;
Mercalli, 1909; Omori, 1909). The devastating tsunami that followed
the 1908 Messina earthquake, reached run-up heights up to 11 m,
causing massive damage along the coast of Sicily and Calabria (Baratta,
1910; Omori, 1909; Platania, 1909; Tinti et al., 2004). Some authors
attribute the tsunami generation solely to fault slip and bathymetric
effects (Gerardi et al., 2008), and have attempted to reproduce the event
through numerical modeling (Piatanesi et al., 1999). However, only a
portion of the observed run-up can be explained by coseismic fault
rupture alone, and the contribution of submarine landslides is recog-
nized as a critical, amplifying factor (Billi et al., 2008; Favalli et al.,
2009; Ridente et al., 2014; Tappin et al., 2008). Multiple slope failures
have been determined by the delayed breakage of submarine telecom-
munication cables, occurring up to 10 h after the mainshock, and the
complex structure of coeval seismo-turbidites in the abyssal domain
(Polonia et al., 2021 and references therein). The first slope failure
occurred near Mt. Etna, as indicated by the presence of volcanic min-
erals in the basal portion of the 1908 resedimented deposit, and was
followed by a sequence of submarine landslides. The combination of
these landslides with coseismic seafloor displacement likely played a
major role in generating the destructive tsunami (Polonia et al., 2017a).

Despite a range of inferred fault-plane solutions for the 1908 event
(Table 1 and Supplementary S1), seismological and geodetic observa-
tions point to a low-angle, NNE-SSW trending, east-dipping fault with an
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Table 1
- Source model proposed for the 1908 earthquake. *: source model with epicentre represented in Figs. 3, 8, 9, 10. See Supplementary Fig. S1 for fault positioning.
SOURCE MODELS N KINEMATIKS POSITION STRIKE DIP ANGLE DIP DIRECTION L TIP
POINT
Schick, 1977 1 Normal Center of the strait N20°E 70° WNW - Emergent
Caputo, 1979 1 Transtensive Center of the strait NE-SO 50°-70° NwW - -

. . F1 Sicilian side . 35° ESE 20 km Blind
Mulargia and Boschi, 1983 2 Normal F2 Calabrian side N15°E 70° WNW 20 km Blind
Bottari et al., 1986 1 Normal Calabrian side NE-SO 60° NwW 50 km Blind
Capuano et al., 1988 57 km Blind
De Natale and Pingue, 1991 1 Transtensive Sicilian side N10°W 39-40° ENE 50 km Blind
Amoruso et al., 2002 30 km Blind
Boschi et al., 1989* L . o . :

Valensise and Pantosti, 1992 1 Normal Sicilian side N15°E 30 ESE 45 km Blind
Argnani et al., 2009 Multiple - - - - - - Blind
Pino et al., 2009 1 Transtensive Sicilian side NNE-SSW - E 40-45 km Blind
Aloisi et al., 2013 Multiple Transtensive Calabrian side NNE-SSW 60° WNW 28 km Emergent
Meschis et al., 2019 1 Transtensive Sicilian side NE-SO 70° SE 58 km Emergent
Barreca et al., 2021 1 Transtensive Center of the strait N50°E 45° ESE 34,5 km Emergent

F1 Sicilian side ENE-WSW - SSE 28 km -
Andrenacci et al., 2023 2 Transtensive a . A - WNW —
F2 b Calabrian side NNE-SSW B ESE-SSE 25 km B

Notes: N=Number of fault planes; L = Length of the fault plane in the proposed model.

estimated length of about 40-45 km (Pino et al., 2009 and references
therein). A recent model based on macroseismic observations suggests a
multiple rupture mechanism (Andrenacci et al., 2023), involving the
simultaneous activation of SSE-dipping faults offshore Messina and a
fault on the Calabrian side of the MES. The latter may correspond to
either a WSW-dipping fault or the synthetic ESE-SSE-dipping fault
described by Barreca et al. (2021). Alternative interpretations include
rupture along the Taormina fault (Meschis et al., 2019), which was
questioned by Argnani and Pino (2023), or the activation of a westward
dipping, high-angle structure in Calabria (Aloisi et al., 2013; Bottari
et al., 1986; Mulargia and Boschi, 1983; Schick, 1977). Bonini et al.
(2011) attempted to reconcile the surface geological evidence of steeply
dipping faults along the MES margins with the frequently proposed
blind, east-dipping fault as the source of the 1908 earthquake. In their
model, shallow brittle deformation may represent the surface expression
of long-term tectonic activity along a deeper, major fault.

The variety of interpretations reflects the complex geodynamic
framework and kinematic setting of the region (Serpelloni et al., 2010),
combined with the limited preservation of seafloor deformation in the
MES. The lack of observational evidence is due to high-energy sedi-
mentary processes that rapidly obliterate geomorphic features
(Martorelli et al., 2023). Seismic reflection profiles do not provide clear
evidence of surface ruptures or normal faulting, particularly for the so-
called “Taormina fault” (TF in Fig. 1) (Argnani et al., 2009; Argnani and
Pino, 2023). However, high-resolution offshore seismic lines and
onshore observations of displaced Quaternary marine terraces suggest
active deformation along a ~ 35 km-long extensional fault in the central
MES. Barreca et al. (2021) refer to this as the West Fault (WF in Fig. 1)
and consider it the source of the 1908 earthquake. The spatial distri-
bution of relocated earthquakes reveals a seismicity cut-off beneath this
fault, outlining a foreland-dipping, low-angle seismic discontinuity that
may have slipped aseismically. This aseismic slip could have increased
stress to the West Fault.

Present-day seismicity in the MES area is relatively low, with only
minor and scattered earthquakes occurring within a seismogenic layer
less than 15 km thick (Neri et al., 2021; Scarfi et al., 2009; Sgroi et al.,
2021a). However, interseismic GNSS velocities suggest that slip deficit
may be accumulating along the MES (e.g. Nijholt et al., 2018), high-
lighting the need for improved constraints on the location and geometry
of major active faults.

4. New constraints on seismicity in the Messina Straits region

In this section, we analyse the vertical and spatial distribution of

seismicity in the MES region, with particular focus on variations in
faulting patterns and deformation style.

4.1. Data and methods

We analyse a dataset of 2443 earthquakes with 0.7 < My, < 4.5 and
hypocentre depth < 100 km, recorded between 1990 and 2019 within
the area bounded by 15.2°-16.5°E and 37.5°-38.4°N (ISIDe Working
Group, 2007; Sgroi et al., 2021a; 2021b; 2021c). Seismological data
were recorded by land-based stations of the National Seismic Network
(RSN) and the Etna Regional Network (ERN), both operated by the
Istituto Nazionale di Geofisica e Vulcanologia (INGV Seismological Data
Centre and Osservatorio Etneo). Additional records were obtained from
the NEMO-SN1 seafloor observatory (Sgroi et al., 2021a; 2021b) and
from an Ocean Bottom Seismometer (OBS) network deployed during the
Seismofaults experiment (Billi et al., 2020; Sgroi et al., 2021c).

We relocate the earthquakes with the tomoDDPS algorithm (Zhang
et al., 2009) which offers the distinctive advantage of combining both
absolute and differential arrival times. This is particularly effective for
events with closely spaced foci, as it reduces travel-time errors caused by
inaccuracies in the velocity models outside the cluster volume. We
employ the high-quality 3D P-wave velocity model developed for the
Ionian Sea region (Sgroi et al., 2021a), which images the Moho at ~20
km depth in the central Ionian basin and at ~30 km beneath the coastal
areas of eastern Sicily and southern Calabria. The crustal structure is
resolved down to ~40 km depth, allowing for accurate relocation of
crustal seismicity within the study area.

To ensure homogeneity in the new catalogue, we convert magnitudes
from My (duration magnitude) to My (local magnitude) using the
regression equation described by Sgroi et al. (2021b). This conversion is
necessary since My was routinely used until 2005, after which it was
replaced by My, values derived from broadband seismometer data. The
M\, distribution of the 2443 events ranges from 0.7 to 4.5, with 85 % of
the events ranging from 1.5 to 2.9 (Supplementary S2).

We compute the cumulative seismic strain (grey in Fig. 2) from daily
rates considering uniform magnitudes and using Richter’s relation for
seismic energy (E in erg), i.e.:

log(E) = 9.9 4+ 1.9 My —0.024 M, ? (¢))

The strain release curve shows a marked increase in 2012, which
corresponds to improvements in the seismic network, i.e., the expansion
of broadband station coverage and enhanced detection capability for
lower-magnitude events. Distinct peaks in the daily earthquake rate are
associated with specific seismic sequences, which we describe in Section
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Fig. 2. Cumulative strain (grey area) and number of earthquakes per day (black vertical bars), related to the period 1 January 1990 to 31 December 2019.

6. Additional minor increases in strain release (grey area) are present in the standard FPFIT procedure (Reasenberg and Oppenheimer, 1985).
1995, 2010, 2015 and 2018, and coincide with the occurrence of higher- This procedure is based on a minimum of eight well-distributed and
magnitude earthquakes. The maximum local magnitudes of these indi- clearly identified first P-wave arrival polarities. The quality of each so-
vidual events range from 3.5 in 1995 to 4.1 in 2015 (see Fig. 2). lution was assessed based on polarity misfit and the uncertainty ranges

We compute 90 focal mechanism solutions for the MES region using of strike, dip, and rake values. From this dataset, we selected the 83 best-

Fig. 3. (a) Seismicity map of the Messina Straits (MES) area, with main tectonic features including the Capo Peloro (CP) and Ionian Fault (IF) systems from Doglioni
et al. (2012) and Polonia et al. (2016) respectively. Onshore faults from Lavecchia et al. (2024). WF: Western fault from Barreca et al. (2021). SCF: Southern Calabria
fault from Argnani et al. (2009). MTF: Messina-Taormina fault from Meschis et al. (2019) and references therein. Black dots indicate epicentres of our relocated 2443
earthquakes. The epicentre of the 1908 Messina earthquake, according to Boschi et al. (1989), is indicated by a red star, while seismic stations used in this work are
marked by filled triangles (green RSN and ERN; blue OBS). The locations of the MCS lines M31 and TIR10/01 are indicated by a double blue line, while the sections of
the lines shown in Figs. 6 and 7 are highlighted with a thick blue line. (b) Histogram and inset pie chart depict the distribution of earthquake depths. Mercator
projection at 38° N; datum WGS84. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
5
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quality focal mechanisms to estimate principal stress magnitudes (o1, 62
and o3 with 6; > 09 > 03) of the seismogenic stress tensor using the
method of Gephart and Forsyth (1984) and Gephart (1990). Seven focal
mechanisms were excluded from the stress inversion due to their kine-
matic incompatibility with the rest of the dataset (Supplementary Table
S1).

The shape of the stress ellipse (Angelier, 1979; Morris et al., 1996) is
defined by:

R= ((52—(51 )/(03 — 01) (2)

The method aims to determine the stress tensor that best fits all fault
plane solutions within a given volume, assuming spatially and tempo-
rally uniform stress.

We calculate the misfit angle (F) for each case to assess the degree of
fit between the stress tensors and the observed fault plane solutions.
Following established criteria, we interpret the stress field as homoge-
neous when F < 6°, and heterogeneous when F > 9° (Gillard et al., 1996;
Lu et al., 1997; Wyss et al., 1992). For misfit values in the intermediate
range (6° < F < 9°), the stress field is considered mostly homogeneous at
the 95% confidence level and thus acceptable for interpretation.

To compare our results with geological and structural data, we
distinguish the actual fault plane from the auxiliary plane in each focal
mechanism. Based on the misfit analysis, we apply the method described
by Wyss et al. (1992), which assumes that the fault plane and its slip
vector can be reliably identified when the difference in misfit between
the two nodal planes exceeds twice the F value. We compute the prin-
cipal seismic strains (g1, €2 and e3) using the algorithm of Kostrov
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(1974), and estimate their uncertainties following the routine by Wyss
etal. (1992). For these calculations, local earthquake magnitudes My, are
converted to scalar seismic moments (M) using the relationship log My
= 1.5 M, + 16.27, as proposed for the Italian region by Kiratzi (1994).

4.2. Results and interpretation

Fig. 3 displays the spatial distribution of the 2443 relocated earth-
quakes. During the relocation process, the root mean square (RMS) re-
siduals were reduced from approximately 0.50 s to 0.27 s over 11
iterations. The relocation results show enhanced clustering of hypo-
centers. The final residuals were reduced by about 47%, corresponding
to an average RMS of 0.05 s. The uncertainties in the relocated hypo-
centers range 0.48 + 0.25 km in the horizontal direction and 0.67 +
0.41 km in the vertical direction.

The seismicity distribution across the study region (Fig. 3) reveals
several clusters of earthquakes near the eastern coast of Sicily and
southern Calabria. Two prominent NW-SE trending clusters are present
offshore Taormina and along the IF system. In addition, several smaller
clusters are located within the MES, notably around the epicentral area
of the 1908 Messina earthquake (Boschi et al., 1989, taken from Omori,
1909) (Fig. 3). Most seismic events occur at shallow depths, with 33.4%
located between 0 and 10 km and 36.6% between 10 and 20 km
(Fig. 3b).

The 90 focal mechanism solutions (Fig. 4) corresponding to earth-
quakes with magnitudes between 1.6 < My, < 4.5 reveal a range of ki-
nematics: 35 events exhibit normal faulting, 23 show normal/oblique

Fig. 4. (a) Focal mechanisms computed in this study; different colours of epicentres refer to kinematic classification (Frohlich, 1992); colour legend in Fig. 4b. Black
arrows indicate nodal planes identified as fault planes by misfit analysis of 83 earthquakes selected for calculation of stress and strain tensors; grey arrows show nodal
planes with the lowest misfit for earthquakes where the fault plane could not be identified (see text for details). (b) Location map of focal solutions. Onshore faults
(red lines) from Lavecchia et al. (2024). WF: Western fault from Barreca et al. (2021). SCF: Southern Calabria fault from Argnani et al. (2009). MTF: Messina
Taormina fault from Meschis et al. (2019) and references therein. Bottom left: histogram reports the number of focal mechanisms and corresponding kinematics
versus depths: two seismogenic layers (6-18 km depth and 40-80 km depth) are identified (see also cross sections A-A’ and B-B'). The full coloured dots in map
represent the 65 focal solutions that were used in the computation of stress and strain in the 6-18 km depth; the 18 focal solutions having focal depth major than 40
km (full grey dots). The FPSs fall in the intervals 0-20 km (72 events) and 40-100 km (18 events) while in the interval 20-40 km no focal mechanisms were computed
due to the lack of clear P-wave polarities of events. Colour legend: NF: normal fault, NS: normal-strike slip, SS: strike slip, TF: thrust fault, TS: thrust strike, HV:
horizontal vertical. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Seismogenic stress and strain tensor.
Dataset N F(°) R (1 [ 03 €1 €2 €3
Dip Strike Dip Strike Dip Strike Dip Strike Dip Strike Dip Strike
MS 65 7.0 0.6 49 202 41 25 2 294 49 170 41 2 6 267
MD 18 7.5 0.3 26 317 62 164 11 52 52 276 38 106 5 12

N, F and R are, respectively, the number of events, the average misfit corresponding to the stress solution found and the measure of relative stress magnitude. Dip and
strike of the maximum (o; and ¢;), intermediate (o2 and €5) and minimum (o3 and €3) compressive stress and strain axes are reported.

mechanisms, and 18 are strike-slip, predominantly dextral. Only 3
mechanisms are compressive, 5 thrust/strike-slip, and 6 are character-
ized by horizontal or vertical kinematics (Fig. 4; details in Supplemen-
tary Table S1). The depth distribution of earthquakes (cross sections in
Fig. 4b) highlights two distinct seismogenic intervals: a shallow crustal
volume between 0 and 20 km (MS) and a deeper volume between 40 and
80 km (MD). Stress and strain parameters for both intervals are sum-
marized in Table 2. The regional NW-dipping alignment of earthquakes
at depth > 40 km may reflect intra-slab seismicity, as previously sug-
gested by seismic tomography studies (Scarfi et al., 2018; Selvaggi and
Chiarabba, 1995; Maesano et al., 2017).

Tension axes of the shallow group (MS) predominantly exhibit a NW-
SE orientation (Fig. 5). However, when considering offshore and
onshore events in Calabria separately (Supplementary S3), the stress
regime appears more heterogeneous on land (F = 7.4) compared to
offshore (F = 6.5).

Since the principal stress directions for the two shallow groups
appear roughly similar (Supplementary Fig. S3), we compute the stress

tensor for a combined volume consisting of the 65 shallower events (MS;
Fig. 5b), and separately analyse the 18 deeper focal mechanisms (MD;
Fig. 5d), for a total of 83 events (since 7 were excluded from the anal-
ysis). Both MS and MD stress inversions (Fig. 5) show high heteroge-
neities, with F values slightly lower in the MS volume than in the MD
volume. For the MS group, the best model indicates that 6; and o3 are
oriented NE-SW and NW-SE, with dips of 49° and 2°, respectively
(Fig. 5). In the MD group, o is oriented NW-SE with a dip of 26°, while
o3 is characterized by a dip of 11° and is oriented NE-SW (Fig. 5). We
performed an ANOVA statistical analysis to test whether the deep and
shallow stress directions of the P-axis belong to different populations.
The results (Supplementary Table S3) show that the two distributions
(MD and MS) are not significantly different. This is further supported by
the comparison of the polar diagrams (Fig. 5e) and the ternary diagrams
(Supplementary S4), which reveal that the distribution of MD (with
fewer earthquakes) is encompassed within the MS distribution (which
includes more events). The uncertainties associated with the stress di-
rections (Fig. 5) prevent us from conclusively interpreting the upper and

Fig. 5. (a, c) Projection of the P-axes (red lines and arrows) and T-axes (blue lines and arrows), indicating maximum shortening and stretching directions, for the MS
group (a) and for the MD group (c). Onshore faults from Lavecchia et al. (2024). Other faults modified from the literature (see Figs. 1, 3, 4 for more details). CPF:
Capo Peloro (Doglioni et al., 2012). IF: Ionian Fault (Polonia et al., 2016). (b, d) Stress and strain tensors for the MS and MD groups computed at 95% confidence
limits (grey and black areas). Black lines represent active tectonic features (refer to Fig. 3 caption for details on the mapped faults). (e) Polar diagrams showing the

distribution of the P-axis strike for MS (left) and MD (right) volumes.
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lower plates as either mechanically “coupled” or “uncoupled”. While the
deep earthquake dataset is limited, as is typical for this region, the sta-
tistical treatment of stress/strain tensors and the differentiation between
MS and MD populations, despite not definitive, offer new insights into
the slab-upper plate interactions.

The relative stress amplitude R, derived from the shape of the stress
ellipse (Eq. 2), shows different values for the two Fault Plane Solutions
(FPSs) groups: 0.6 for the MS group and 0.3 for the MD group. This
indicates a larger amplitude in the stress computation for the MS group.
However, the differences in the R values are statistically not significant.

Horizontal tension prevails in the shallow group (Fig. 5 and Sup-
plementary S4). P-axes in the deep group are predominantly oriented
NW-SE, which aligns with the direction of the slab dip (Fig. 5c). The
deep group also exhibits normal faulting and strike-slip events, resulting
in a heterogeneous pattern similar to the one described by Neri et al.
(2004, 2005). The heterogeneity in the shallow group is reflected by the
high F value (7.0°), which is illustrated by the composite distribution of
P- and T- axes in the region (Fig. 5a).

The strain tensor in both the MS and MD groups (Fig. 5) shows
heterogeneity, although the minimum compressive strain (e3) derived
from 65 earthquakes in MS group (Table 2) closely aligns with o3,
indicating that the seismogenic faults are nearly orthogonal to 3. A
similar trend is observed in the MD group, although it exhibits greater
heterogeneity compared to the MS group, likely due to the lower number
of events in the MD dataset.

5. Marine geophysical data
5.1. Methods

We select a multiscale marine geophysical dataset that includes
deep-penetration and high-resolution seismic reflection profiles, as well
as morpho-bathymetric data. To better image vertical discontinuities
associated with major faults, particularly in the uppermost part of the
sections, which are often affected by frequency limitations in standard
processing, we reprocess selected multi-channel seismic (MCS) profiles.

The MCS profile M31, part of the CNR-ENI Deep Crust Seismic Pro-
files (CROP) dataset and originally acquired in the 1990s, was re-
processed to obtain a prestack depth-migrated (PSDM) section across
the IF system. The reprocessing follows an iterative procedure using the
SIRIUS/GXT Migpack software package. The velocity model is con-
strained through focusing analysis and common reflection point gathers
following the approach of MacKay and Abma (1993).

Seismic line TIR10/01 was acquired during the TIR10 cruise in 2010
as part of a collaborative project between CNR and La Sapienza Uni-
versity of Rome, within the framework of the Italian CROP Project. The
survey aimed to investigate subsurface structures of the southern Tyr-
rhenian Sea and the Strait of Messina using multichannel reflection
seismic techniques. The seismic source consisted of a tuned array of
three SERCEL GI-GUNS (two with capacities of 45/45 in® and one of 75/
75 in®) designed for high-resolution seismic imaging. The guns were
towed at a depth of 5 m and operated under a pressure of 140 bar,
ensuring strong and coherent seismic signals. Data acquisition was
carried out using a SERCEL digital streamer with 96 channels and a
group interval of 12.5 m, towed at a depth of 4 to 7 m. The data were
sampled at 0.5 ms interval over a total record length of 12 s and stored in
SEG-D format. The shot interval was set at 37.5 m along the vessel’s
track.

The re-processing of seismic line TIR10/01 aims to preserve ampli-
tude ratios and maximizing the high-frequency content of the data to
enhance resolution in the shallowest part of the section. This is achieved
using the industry-standard software Disco/Focus by Paradigm
Geophysical. The workflow involves several steps designed to improve
the clarity and accuracy of the final seismic images. The initial step fo-
cuses on generating time-migrated sections using a standard processing
sequence. Several additional processing techniques are applied to
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further improve the data quality. These include residual static correc-
tions and removing “multiple” reflections from the data. This is achieved
through a two-dimensional surface-related multiple elimination (SRME)
technique, combined with adaptive filtering to ensure a cleaner final
image. Noise reduction plays a crucial role in the processing workflow.
Both random and coherent noise, often responsible for obscuring
geological signals, is carefully attenuated using filters applied in
different domains, including the common shot, offset, and receiver do-
mains, as well as the frequency-wavenumber (f-k) and tau-p domains. To
accurately position seismic events in depth, an iterative refinement of
the velocity model was carried out. Once optimized, poststack depth
migration is applied using a finite difference approximation to the wave
equation, resulting in a high-resolution seismic image that reveals fine-
scale structural details in the shallow subsurface geology.

Our high-resolution seismic reflection dataset also includes profiles
acquired using a Teledyne-Benthos Chirp sonar system, mounted on-
board of the R/V Urania of the Italian CNR during a series of geophysical
cruises conducted between 2000 and 2010. The Chirp data were pro-
cessed using the SeisPrho software package (Gasperini and Stanghellini,
2009).

We employ a morphobathymetric map compiled using data from the
EMODnet bathymetry archive (http://www.emodnet-bathymetry.eu),
to identify and characterise major active faults within the study area. We
integrate the offshore bathymetry with onshore topography derived
from ASTER Global Digital Elevation Map (https://asterweb.jpl.nasa.
gov/gdem.asp), and generate the map using the GMT mapping pack-
age (Wessel and Smith, 1998).

5.2. Results and interpretation

In this section we describe marine geophysical data at both regional
and local scales and from north to south. The reprocessing of multi-
channel seismic lines TIR10/01 and CROP M31 provides substantially
improved imaging of shallow deformation features, including reflector
terminations, fault offsets, and seafloor-breaking features. These im-
provements allow for a more precise mapping of the CPF and IF systems,
and for distinguishing between tectonic and sedimentary features that
were not clearly resolvable in previous versions of these datasets
(Doglioni et al., 2012; Polonia et al., 2016).

5.2.1. The seismic reflection profile TIR10/01

MCS line TIR10/01 was acquired along the Tyrrhenian coast of
southern Calabria and extends into the MES, following a NE-SW orien-
tation (Figs. 3 and 6). The relatively undeformed seafloor to the NE
undergoes a significant uplift at Capo Peloro. This uplift is associated
with a prominent sub-vertical fault and a suite of secondary tectonic
structures, which together produce displacement of seismic reflectors up
to the seafloor. Tectonic deformation in this area is partially obscured by
a major truncation surface, likely corresponding to the Messinian un-
conformity (Doglioni et al., 2012), and by overlying contourite deposits
composed of Plio-Quaternary sediments (Fig. 6). The Messinian
erosional unconformity is displaced by approximately 250-300 m along
the fault plane. On the northwestern limb of the Capo Peloro anticline,
the fault offsets seismic reflectors and intersects the seafloor, indicating
recent activity. The sense of motion along the Capo Peloro fault can be
inferred from the geometry of the anticline (Doglioni et al., 2012), which
is consistent with active right-lateral transcurrent motion.

5.2.2. The seismic reflection profile CROP M31

MCS line CROP M31 was acquired along the Ionian coast of southern
Calabria, extending into the MES in a ESE-WNW direction (Figs. 3 and
7). The seismic profile reveals that a stack of highly deformed sedi-
mentary units characterizes the marine sector of the MES, offshore
eastern Sicily. A system of thrusts and back-thrusts that belong to the
Calabrian domain bounds these units. The structural architecture is
consistent with other, better-constrained areas of the region, and


http://www.emodnet-bathymetry.eu
https://asterweb.jpl.nasa.gov/gdem.asp
https://asterweb.jpl.nasa.gov/gdem.asp

T. Sgroi et al.

Fig. 6. (a) Uninterpreted depth-migrated multichannel seismic (MCS) line
TIR10-01. (b) Structural interpretation of the seismic line, highlighting key
features. The seismic reflector marking the top of the Messinian sequence
(horizon M) is indicated by a thick green solid line. Given the sub-vertical
orientation of the Capo Peloro fault plane, present-day transtensional or
transpressional components are negligible. The location of this seismic line is
shown in Fig. 3. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

comprises Mesozoic carbonates and Paleocene to Miocene accretionary
complexes (Bonardi et al., 2001; Capozzi et al., 2012; Milia et al., 2017;
Rossetti et al., 2004; Van Dijk et al., 2000) (Fig. 7). These older units are
draped by well-layered Pliocene to recent sediment and locally by
evaporites filling the Messinian basins, as evidenced by transparent or
chaotic units bounded by high-amplitude reflectors. The deeper sedi-
mentary layers are deformed conformably to the uppermost-accreted
units, while the upper part of the section reveals morphological scarps
and truncations of reflectors. This is indicative of displacement of the
thrust sheets and compatible with strike slip/transtensional faulting that
postdates the emplacement of the thrust sheets (Fig. 7a). The IF system
(s.p- 1300-1400), is represented by a ~10 km wide zone containing
three major sub-vertical strike slip faults. We infer these faults as active
tectonic features based on offsets in seismic reflectors, lateral changes in
seismic facies, and variations in the polarity of the seismic signal, which
suggest the involvement of fluid flow and lateral migration of fluids
(Fig. 7b). The Pliocene-recent unit appears sub-horizontal and largely
undisturbed, except for one of the splays that reaches the surface, where
a seafloor incision corresponds to a canyon system. Below depth > 6 km,
seismic resolution diminishes, making it difficult to determine whether
these faults merge into a single structure or remain distinct. The strike
slip faults deform and disrupt older reverse faults that delineate the
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different Calabrian units.

We interpret the IF as an active deformation zone striking NW-SE,
approximately 15 km wide, that consists of a series of high-angle
transtensional faults of variable lengths (Fig. 8). This fault system dis-
rupts the stack of thrusts and back thrusts of the Calabrian Arc Wedge
(Fig. 7). Additionally, two, E-dipping faults (SP 2000 in M31 profile,
Fig. 7) are located in the eastern part of the profile, offshore Taormina,
where recent seismic activity is recorded (see next section 6.0 and
Fig. 9).

5.2.3. Sub-bottom chirp and multibeam data

We reconstruct the shallow expression of active faults within the
MES by analysing morphobathymetric data and high-resolution seismic
reflection profiles. Multibeam data in the MES (Fig. 8a) reveal a prom-
inent canyon axis running in the central part of the straits. The conti-
nental margins within the MES are asymmetrical; the western flank of
the basin is steep and deeply incised by tributary canyons, while the
eastern flank is broader, displaying an irregular seafloor morphology.
This includes features such as en-échelon scarps (Fig. 8) and sigmoidal
reliefs that align with submarine canyons extending inland and con-
necting to onshore river valleys.

The quality of high-resolution seismic reflection profiles collected in
the study area is generally poor due to the hard seafloor, which is
frequently swept by strong currents that limit the presence of soft sed-
iments, thus inhibiting seismic penetration. Despite these limitations,
Chirp profiles reveal that seismic reflector offsets and sediment tilting
along seafloor scarps are associated with ongoing deformation (Fig. 8c).
We interpret these observations as evidence of active transtensive faults
(Fig. 8a). In the northern part of the MES, high-resolution seismic pro-
files show that the CPF is linked to a V-shaped valley, situated between a
morphological high to the SSW and a more depressed region to the NNE.
On the opposite side, N-S trending Chirp-sonar profiles collected across
the IF deformation zone indicate that a branch of the fault system cor-
responds to a ~100 m morphological break, created by two asymmetric
ridges approximately 1.5 km wide.

Combined observations from the integrated analyses of MCS profiles
and high-resolution data highlight widespread transtensional deforma-
tion in the central part of the MES. This deformation is consistent with a
tectonic domain characterized by a dextral shear corridor, which in-
cludes the IF and CPF (Polonia et al., 2016 and Doglioni et al., 2012,
respectively). This wide shear zone may play a key role in controlling
transtensional processes and the formation of the en-échelon morpho-
logical scarps observed on the multibeam map.

6. Relationship between seismicity, tectonic and geodynamic
features

Several seismic sequences occurred within the time-window selected
for our observations (Fig. 9). We analyse the location, number of events,
and maximum magnitudes of each sequence (Supplementary Fig. S5) to
investigate potential links with tectonic features identified in this study
through analyses of geophysical marine data. Our focus is on 16 se-
quences (Fig. 9) located in the MES area and its surroundings,
comprising between 3 events (sequence #7) and 39 events (sequence
#6). Most earthquakes within these sequences exhibit normal and/or
transtensive mechanisms, with a few events showing a predominant
strike-slip component. Only sequences #10, #6 and #14 display thrust,
thrust-strike, and horizontal-vertical mechanisms. The earthquake
magnitudes within the sequences do not reach the highest observed
values (maximum M, = 3.8; Fig. 9 and Table S2); in contrast, higher
magnitudes (>4) are associated with isolated events occurring at greater
depths. Some sequences (e.g., #1-2 and #15-16 in Fig. 9) include
earthquakes recurring in the same area over several years, suggesting
repeated reactivation of the same tectonic structure at similar depths
(Table S2). Within the MES, the sequences generally occur at relatively
shallow depths, typically less than 15 km, whereas those near the IF tend
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Fig. 7. a: Pre-Stack Depth-migrated MCS line M31. Principal tectonic blocks and main structural and stratigraphic features are indicated. Bottom: close-up view (b:
uninterpreted; c: interpreted) of the sector crossing the Ionian Fault system offshore the MES region. The dextral sense of motion is taken from Polonia et al. (2016).

Location of the seismic line shown in Fig. 3.

to occur at greater depths (Fig. 9). The deepest and southernmost se-
quences (#13, #4 and #12 in the offshore region and #8 onland close to
Ali Terme in Fig. 9) occurred at depths ranging from 8 to 25 km. Those
are located in proximity to faults identified at shallower levels along the
MCS line CROP-M31, including one segment of the IF system.

The northernmost sequence (sequence #7 in Fig. 9, Supplementary
Table S2) occurred at depths between 12 and 15 km, near the northern
entrance of the MES, along the continuation of the CPF system. This
sequence consists of three events; the first, with an extensional focal
mechanism (event #28 in Fig. 9b), was followed about a month later by
two additional events (#29 and #30 in Table S1) at the same depth and
coordinates. The latter two exhibit normal-strike-slip (NS). All three
focal mechanisms have NW-SE axes, closely aligning with the trend of
the CPF although SE of its termination, so far detected.

Five of the 16 sequences occurred near the 1908 earthquake epi-
centre (Boschi et al., 1989 taken from Omori, 1909) at depths <12 km
(sequences #5 - My, max 3.2, #6 - M|, max 3.2, #10 - M|, max 3.8, #11 - My,
max 2.9, and #14 - M[, qax 2.3 in Fig. 9a; Table S2). Sequences #6, #5,
and #11, are located in the area where short fault segments, corre-
sponding to seafloor scarps, were identified through Chirp sub-bottom
profiles and multibeam bathymetric data (Fig. 8b).

A set of slip-orthogonal and slip-parallel cross sections incorporating
seismic events (Fig. 10) offers insights into the relationships among
earthquake distribution, major faults, and slab geometry, and is further
supported by tomographic data (Supplementary Fig. S6). The trench-
orthogonal cross sections A, B, and C (Figs. 10 and Supplementary S6)
illustrate the geometry of the subduction interface and its connection to
upper plate seismicity. In the westernmost section (A-A’, Fig. 10),
earthquakes are concentrated within the upper 30 km of the lithosphere,
with no clear indication of deeper (>40 km) seismicity. The IF is marked
by a cluster of earthquakes dipping towards A, occurring within an area
bounding a high-velocity anomaly between 10 and 20 km, as revealed
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by tomographic images (Supplementary S6). The subduction interface
appears more continuous beneath Calabria (profiles B-B’ and C-C’),
while the earthquakes distribution indicates a variation in slab dip north
of the IF, where the slab hinge is located at approximately 30-40 km
depth. North of the slab hinge (brown line with triangular “teeth” in
Fig. 10), the subduction interface deepens from 40 to 60 km over a
horizontal distance of about 45 km across the slab (Fig. 10, cross sections
D, E, F). The estimated slab dip is approximately 24°, consistent with the
value derived from the maximum stress orientation (c1) for the MD
group (Fig. 5).

The trench-parallel sections E and F (Fig. 10) show that the IF
deformation zone is highlighted by a cluster of seismic activity, marking
the transition between two regions with distinct seismogenic behaviour.
Northeast of the IF, a clear subdivision into two main seismogenic layers
is observed at depth of 0-20 km and 40-100 km (Fig. 10). In contrast, to
the southwest of the IF, deep seismicity is minimal, except for a few
events located at the western end of profile F (Fig. 10). Section E-E’
further indicates that slab-related seismicity is confined to the northeast
of the IF (Fig. 10).

Focal mechanisms (Fig. 10) indicate that the upper plate is pre-
dominantly affected by normal, strike-slip, and normal/strike events
(represented by blue, green and violet circles). In contrast, deep seis-
micity also includes thrust-strike and pure thrust earthquakes (repre-
sented by red and brown circles), which are clustered along the top of
the slab in the deepest portion of the sections. This clustering suggests
that plate convergence may generate compression at deep levels.

7. Discussion
The multiscale analysis of seismological and marine geophysical data

enables the identification of active faults within the MES, providing key
constraints for refining the tectonic model that explains extensional
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Fig. 8. Left: morphobathymetric map of the Messina Strait area with traces of active faults from available literature (orange lines onshore from Lavecchia et al.,
2024; CPF: Capo Peloro Fault from Doglioni et al., 2012; WF: Western Fault from Barreca et al., 2021). Red patches within the MES represent active deformation as
evidenced by multibeam data (this study). Green sigmoidal area: basin depocenter as evidenced by the opposite dipping normal faults located in the area of the 1908
epicentre. IF: Ionian Fault system as mapped through the integrated analyses of seismological and geophysical data (this study). Mercator projection at 38° N; datum
WGS84. Right: examples of high-resolution seismic reflection profiles used to infer the traces of active faults (location in the map on the left). Yellow star: epicentre of
the 1908 Messina earthquake, according to Boschi et al. (1989). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

processes and their relationship to both Africa-Eurasia plate conver-
gence and margin segmentation above the slab edge. Crucially, our
interpretation does not rely solely on morphobathymetric features to
define fault structures. Instead, we correlate bathymetric lineaments and
seismic reflector offsets (Chirp and multichannel seismic data) with the
spatial distribution of recent seismicity and associated focal mecha-
nisms. This integrated approach allows us to recognize fault-controlled
canyon incision and en-échelon scarps, which we interpret as the
shallow expression of active faults embedded within a broader trans-
tensional framework.

7.1. Relationship between recent seismicity and active faults

Morpho-bathymetric data and high-resolution seismic reflection
profiles, within the intrinsic limitations of such data in complex mor-
phologies like the MES, reveal bathymetric scarps within the MES. While
some of these scarps are clearly linked to erosional processes at canyons
edges, we present evidence of extensional structures accommodating
basin subsidence. Seafloor patches exhibiting active deformation appear
to be associated with small en-échelon NE-SW fault strands. These are
located near the 1908 epicentre, as defined by isoseismals distribution

11

(blue lines in Fig. 10a modified from Baratta, 1910). The presence of NE-
SW transtensional deformation in the MES is further supported by the
distribution of earthquakes and focal mechanisms, as well as by stress
and strain inversions. Recent seismic sequences are concentrated at the
NE and SW tips of the observed en-échelon fault segments, occurring at
depths between 4 and 12 km. Stress and strain inversions suggest
transtensional deformation along NE/SW-oriented fault planes.

The short fault segments identified within the MES are consistent
with tectonic models that involve transtensional deformation along the
central canyon axis into the MES (Barreca et al., 2021). However, our
data do not image a continuous fault plane, as suggested in previous
studies that reported a lack of compelling evidence for faulting at the
MES seafloor (Argnani et al., 2009). This discrepancy may be explained
by the complex interaction between tectonics and sedimentary pro-
cesses. Rapid uplift in Calabria and Sicily results in steep continental
slopes, which favour high-energy sediment remobilization, density
currents erosion, and widespread slope instability (Martorelli et al.,
2023; Ridente et al., 2014). Seismicity further enhances sediment dy-
namics and triggers multiple slope failures, which reshape seabed
morphology and inhibit the preservation of fault scarps (Polonia et al.,
2013). All of these processes could obscure diagnostic deformation
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Fig. 9. (a) Map and E-W and N-S sections of the 16 seismic sequences occurred in the Messina Straits area in the study period (1990-2019). Red patches within the
MES represent active deformation as evidenced by multibeam data (this study). Yellow area: basin depocenter as evidenced by the opposite dipping normal faults
located in the area of the 1908 epicentre. Red star: epicentre of the 1908 Messina earthquake, according to Boschi et al. (1989). Orange faults from Lavecchia et al.
(2024) and Barreca et al. (2021). Red faults: this study. Colours indicate the sequences in term of occurrence: the time interval of occurrence, the number of
earthquakes and the maximum value of M, for each sequence are reported in Table S2. (b) Map and E-W and N-S sections of the five seismic sequences occurred in the
area surrounding the hypothetical area of the 1908 earthquake. NF: normal fault, NS: normal-strike slip, SS: strike slip, TF: thrust fault, TS: thrust strike, HV:
horizontal vertical. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

patterns at or near the seafloor. Another possibility is that the main
seismogenic fault does not reach the seafloor (Table 1), as suggested by
the joint analysis of seismological and geodetic data, which indicates
that the rupture extended from 12 to 3 km depth (Pino et al., 2009).
Despite all these uncertainties, the analyses of geomorphic features
within the MES as proposed by Ridente et al. (2014) and already dis-
cussed by Barreca et al. (2021) show that the distribution of the trian-
gular facets, diverted channels, elongated relieves and suspended
incisions (Ridente et al., 2014) correlates well with the proposed faults.
The alignment of erosional features with seismicity clusters and inter-
preted structural trends adds contextual support to the neotectonic
model proposed. We interpret topographic steps and tilted reflectors as
indicators of neotectonic activity, particularly when located along the
projected trace of mapped or inferred faults. We agree that documen-
tation of surface rupture requires caution, and we do not claim definitive
rupture evidence, but rather correlative geomorphic and structural in-
dicators of recent tectonic activity.

The regional tectonic setting of the MES includes two dextral shear
zones on opposite sides of the narrow subsiding basin: the CPF to the
north, and the IF to the south (Fig. 10). In our interpretation, these shear
zones form the lateral margins of a broader north-south-oriented
deformation zone, within which extension is accommodated along
NE-SW-striking, oppositely dipping normal faults on both basin mar-
gins (Doglioni et al., 2012; Lavecchia et al., 2024; Polonia et al., 2016;
Tiberti et al., 2017; DISS Working Group, 2021). The West Fault (WF;
Barreca et al., 2021) lies within this zone and represents one of en-
échelon normal-fault segments that link and transfer strain between the
CPF and IF. While part of the WF, as mapped by Barreca et al. (2021),
aligns with two of these segments, there is no evidence of its
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southwestward continuation or for any direct connection with onshore
faults in Calabria, as also supported by recent Quaternary fault-strain
data (Lavecchia et al., 2024). In this framework, the CPF and IF do
not connect directly to the WF in a simple geometric sense (Barreca
et al., 2021); instead, the normal-fault system, including the WF, ac-
commodates differential extension and shear between the two master
shear zones in a releasing-bend/overstep configuration. Seismic reflec-
tion profiles (Figs. 6 and 7), focal mechanism solutions (Figs. 4, 9 and
10), and fault geometries derived from this and previous work (Fig. 8;
Doglioni et al., 2012; Polonia et al., 2016; Barreca et al., 2021) support
the presence of these discrete but kinematically related fault systems.
While Doglioni et al. (2012) reported limited horizontal displacement
along the CPF based on shortening in nearby anticlines, we interpret its
structural role at the scale of the broader deformation zone, where
dextral shear is expressed in combination with localized extension. The
IF, in particular, reactivates a Mesozoic transform fault and thus con-
stitutes a lithospheric-scale structure (Polonia et al., 2016; Sgroi et al.,
2021a. Moreover, the coseismic deformation field from the 1908
earthquake (Loperfido, 1909) defines a subsiding area between the CPF
and IF systems, coincident with uplifted marine terraces indicating
middle-late Pleistocene uplift rates of about 1.3 mm/yr (Antonioli et al.,
2021). This area corresponds to a sigmoidal-shaped depocenter near the
1908 epicentre, where seismicity has recurred in 2005, 2006, 2014, and
2015 (Table 2, Fig. 9).

Our multidisciplinary analysis indicates that present-day crustal
deformation in the MES involves short normal-fault segments rather
than a single continuous Messina-Taormina fault extending southwest of
the IF, as previously suggested by Meschis et al. (2019). The source fault
of the 1908 event remains debated, but our interpretation places the WF
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Fig. 10. (a) Schematic sketch summarising structural setting in the MES region; blue lines are isoseismals of the 1908 earthquake from Baratta (1910); IF: Ionian
Fault system; CPF: Capo Peloro fault (Doglioni et al., 2012). We note that the dextral strike slip deformation along this fault and along the Ionian Fault produce NE-
SW extensional deformation in the MES evidenced by short en-échelon scarps in the 1908 epicentral area (red lines). Faults onland (orange lines) are from Lavecchia
et al. (2024). AF: Armo Fault; CF: Cittanova Fault; SEF: S. Eufemia Fault. WF: Western Fault from Barreca et al., 2021). Yellow area: basin depocenter as evidenced by
the opposite dipping normal faults in the area of the 1908 epicentre. Violet coastal areas: coseismal uplift during the 1908 event; green coastal areas: subsiding areas
during the 1908 event. (b) Cross-sections of projected seismicity along parallel and orthogonal tracks relative to main tectonic structures. Hypocentres are projected
along the traces within +10 km distance from the section; coloured circles are associated to the type of focal mechanism (blue: normal; violet: normal strike; green:
strike slip; brown: thrust; red; thrust strike; black: horizontal vertical). Light brown lines represent the average depth of deep seated seismicity marking the topmost
part of the Ionian slab whose depth and geometry in this area is in agreement with previous works (Maesano et al., 2017). Red star: epicentre of the 1908 Messina
earthquake, according to Boschi et al. (1989). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

within the active fault network that transfers strain across the MES,
consistent with a combined dextral-extensional kinematic regime
(Fig. 10).

Finally, recent dense geodetic measurements (Billi et al., 2023)
indicate that the present-day extension rate across the MES is lower than
previously inferred, possibly reflecting an increased proportion of
dextral shear within the subsiding basin (Fig. 1). This is in agreement
with the large-scale dextral shear corridor proposed for the Calabrian
Arc subduction system (Polonia et al., 2016; Del Ben et al., 2008) and
provides a kinematic context for the CPF, IF, and WF as interacting el-
ements within a mixed dextral strike-slip-normal fault system.

7.2. Causes of deformation in the MES region

7.2.1. Slab rollback

Subduction and rollback of the Ionian slab beneath Calabria
(Faccenna et al., 2001; Wortel and Spakman, 2000) played a central role
in the tectonic evolution of the south-central Mediterranean. Tear
faulting of the Ionian lithosphere and the evolution of a STEP fault was
an intrinsic part of this evolution (Govers and Wortel, 2005). This setting
where slab tearing accommodated continued subduction and rollback
likely induced mantle flow, which may explain the presence of Mt. Etna
(Faccenna et al., 2011; Schellart, 2010). Also, STEP-perpendicular ten-
sion has the potential to leave a series of extensional basins in the wake
of the active tear, which is similar to those observed in case of pro-
gressive horizontal slab tearing (Ascione et al., 2012; Buiter et al., 1998;
Mancinelli et al., 2018; Van der Meulen et al., 1998, 1999, 2000). Such
STEP fault activity has been proposed and recorded for the SW termi-
nation of the Ionian slab edge as it propagated along the African con-
tinental margin (Milia et al., 2021; Pavano and Gallen, 2021; Wortel
et al., 2009). The STEP along the SW termination of the Ionian sub-
duction zone is currently located just south of Calabria (Fig. 1). The
tectonic reorganization that occurred since Middle Pleistocene involved
a large slowdown or cessation of slab rollback as well as a jump from
extension in the back-arc to the fore-arc (Goes et al., 2004). It is there-
fore likely that the contribution of slab rollback to active (surface)
deformation diminished after 1 Ma.

7.2.2. Gravitational potential energy

We suspect that lateral variations in gravitational potential energy
contributes to extension in the MES, similar to the (rest of the) Apen-
nines (e.g., D’Agostino et al., 2014). Present-day variations in gravita-
tional potential energy mostly accumulated during the Cenozoic history
of accretion and lithospheric thinning. During the last ~1 Myr, rapid
uplift (Catalano et al., 2008; Gallen et al., 2023; Westaway, 1993) in the
Calabria and NE Sicily forearc further enhanced regional contrasts in
gravitational potential energy that led to an increase of extensional
forces on the region.

7.2.3. Offset between fault systems that accommodate Nubia-Eurasia
relative motion

Polonia et al. (2016) identify another possible source of active
deformation in the region. Slow convergence of Nubia and Eurasia is
accommodated by thrusting along the Africa-Tyrrhenian margin to the
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north and northwest of Sicily (Billi et al., 2006; Goes et al., 2004; Presti
et al., 2013), and by underthrusting of African lithosphere at the Ionian
trench. The significant offset between these two thrust zones implies the
existence of a regional dextral shear corridor across east Sicily (Fig. 1).
Here we propose a refinement of the shear corridor hypothesis such that
it includes normal fault activity.

The dextral shear corridor hosts many active fault zones with mul-
tiple segments; these are the AEF and IF in the Ionian basin, the Cefalu-
Etna zone on Sicily (Billi et al., 2010), the MES, the Cittanova and other
normal faults onshore and offshore Calabria (Catalano et al., 2003,
2008; Lavecchia et al., 2024), and the CPF and ATLF in the Tyrrhenian
Sea (Fig. 1). These fault zones can be subdivided into sets that are
dominated by normal faults whilst the other set displays predominant
strike-slip motion, combined with a vertical component.

There are two main sets of normal faulting; the Cefalu-Etna zone that
consists mostly of normal faulting segments (Billi et al., 2010) where
deformation appears to be mainly driven by variations in gravitational
potential energy (Nijholt et al., 2018). Starting from the Malta Escarp-
ment and moving to the NE, the belt of normal faulting segments rotate
their strike clockwise, from N-S just east of Sicily, to NNE in the MES and
finally NE at Calabria. Faults along the Malta Escarpment are mostly
inactive south of Siracusa (Gutscher et al., 2016; Polonia et al., 2016).
Normal fault activity near Mt. Etna is a local feature associated with
volcanic activity, not representative of regional tectonics. MES activity
is usually ascribed to result from the same processes that generate the
extension onshore and offshore Calabria (e.g., Dorsey et al., 2023; Fac-
cenna et al., 2011; Tiberti et al., 2017).

The transpressive Capo Peloro fault (Doglioni et al., 2012) can be
interpreted as offsetting the offshore normal faults from the MES and the
Calabrian offshore (Dorsey et al., 2023). Given that observations only
constrain it over a limited distance, the continuation of the CPF onshore
Calabria might occur along a transverse fault proposed by Tiberti et al.,
2017; their Fig. 3), but other authors only consider several discontin-
uous normal faults in the SW sector of the Calabrian onshore domain (e.
g., Lavecchia et al., 2024; Quye-Sawyer et al., 2021). The ATLF hosts a
set of transtensive fault segments that start near the Aeolian islands and
can be followed onshore until halfway the Peloritani domain as a pull-
apart system (Fig. 1) (Barreca et al., 2014; Billi et al., 2006; Cultrera
et al., 2017a, 2017b; Palano et al., 2015). The continuation of trans-
tension towards the Ionian basin has only been inferred from geodetic
observations (Palano et al., 2012), so that we cannot link the active pull-
apart system of the ALTF directly to fault sets in the Ionian offshore. In
the Ionian basin, the IF is observed near the Sicilian coast as a feature
that cuts through the entire accretionary wedge into the basement and
offsets the crustal reflectors (Polonia et al., 2011, 2012, 2016; Fig. 7).
Further to the SSE beyond the subduction hinge, the IF bounds the two
lobes of the accretionary wedge. South of the IF, the AEF also cuts the
accretionary wedge (Gutscher et al., 2017, 2019; Polonia et al., 2011).
There is no consensus in the literature on the lithospheric nature of the
IF and AEF, and which of these faults then acts as the STEP fault to the
Calabrian slab (Barreca et al., 2016, 2020; Gutscher et al., 2016; Mae-
sano et al., 2020; Polonia et al., 2016; Scarfi et al., 2016, 2018). Dellong
et al. (2018) present crustal structure profiles depicting that the IF de-
limits the Calabrian block in its northernmost sector, across which the
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sedimentary layer thickness increases and crustal thickness decreases
with a jump. Considering that the crust in this domain has been altered
by serpentinite diapirism and the notion that this region is the old locus
of Tethyan ocean rifting resulting in inherited structural highs, faults
and ocean-to-continent transitions (Polonia et al., 2017b), we note that
the IF is the most likely candidate for the STEP fault to the Calabrian slab
(see Nijholt (2019) for a more elaborate discussion). The AEF is then
likely activated as part of the dextral shear corridor (Polonia et al.,
2017b).

In summary, several fault systems are present within the dextral
shear corridor: a set of discontinuous, (predominantly) dextral strike-
slip fault zones, most notably the IF, CPF and ATLF. The MES then
straddles two of these faults, the IF in the south and CPF in the north, and
its extensional activity may be partially driven as part of the large-scale
shear corridor between these offset fault zones. We note that we do not
consider the MES to be a pull-apart or releasing overstep sensu stricto,
given that the MES would have developed solely as part of a strike-slip
fault zone in this case. We suggest that the fault zone developed before
the ~1 Ma reorganization and that these pre-existing fault segments
accommodate extension in the MES under the post-1 Ma stress
conditions.

7.2.4. Slab pull

Beneath the MES study area, the top of the Calabrian slab is located
at a depth between 30 and 50 km depth (Maesano et al., 2017; Selvaggi
and Chiarabba, 1995; this study). The megathrust has a moderate dip of
about 24-26° as derived through seismicity distribution and the dip
value of the maximum stress orientation (c;) derived from stress ana-
lyses. Shallow earthquakes (MS) thus occur in the overriding plate,
while deep events (MD) occur in the slab. Since the contribution of the
Calabrian slab in driving seismogenesis is unclear, the slab and the
overriding plate are decoupled with no effect of the slab in the MES in
case there are different stresses in the crustal and deeper levels. On the
other hand, if shallow and deep seismicity is similar, slab dynamics may
have influence on the MES tectonics. Our conclusion that we cannot
determine that stress directions vary significantly with depth is a po-
tential indicator for continuity of shear tractions across the megathrust.
However, it is not irrefutable evidence. Deep and shallow parts of the
subduction zone may appear to be mechanically coupled in our study
region. If this is the case, a consequence is that slab-related forces may be
transmitted to the overriding plate and also contribute to extensional
deformation in the MES. One of those forces is slab pull. Nijholt et al.
(2018) perform mechanical balance models and find that the net slab
pull of the Calabria slab is small because contraction in the overriding
plate would be the result of higher values of net slab pull (which is not
observed). Additionally, the potential tearing of the slab (Maesano et al.,
2017; this study) that has been proposed to cause the uplift of the
Calabrian domain (e.g., Gallen et al., 2023; Westaway, 1993) also points
to a small contribution of slab pull.

7.2.5. Mantle convective flow

Basal shear tractions due to mantle flow (e.g., Barba et al., 2008;
Palano et al., 2017) are a potential driver of extension in the area.
Whether radial mantle tractions, resulting in uplift of the domain, are
the dominant underlying cause of the present-day extension is plausible,
yet the decoupling of the slab may also be the factor that causes the
uplift.

7.2.6. Forces related to the STEP fault

MES extension may also be connected to the presence of a nearby
STEP fault or to slab edge effects, as put forward by e.g., Scarfi et al.
(2016) and Barreca et al. (2021). Crustal velocity models computed from
teleseismic receiver function inversion highlight a strict correspondence
between the 3-D models for both the Sicilian and Calabrian sites sug-
gesting that they are driven by a single geodynamic process and for this
reason both MES sites were described as affected by the presence of a
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vertical tear fault (Bianchi et al., 2016). A near vertical STEP fault zone,
in fact, likely passes NW to SE through or near our study area (Barreca
et al., 2016; Palano et al., 2015; Polonia et al., 2016). Near the STEP
locus, south of the MES, seismic lines indicate that an extensional basin
straddles the shallow slab edge (Dellong et al., 2018), with the IF at its
Calabrian delimitation (Polonia et al., 2016). This fits well with the
downflexing above the shallow slab edge, and seismicity near various
STEPs which shows well constrained horizontal T-axes perpendicular to
the STEP fault, e.g., North Scotia Ridge (Okal and Hartnady, 2009),
Tonga (Millen and Hamburger, 1998) and Pliny-Strabo trenches (Howell
et al., 2017). Primary T-axes are quasi-perpendicular to the STEP fault
strike, i.e., NE-SW oriented. Given this orientation, STEP-related tensile
stresses are likely insignificant in the MES.

7.3. Preferred interpretation of MES activity

A combination of plate convergence, slab rollback, and STEP faulting
have shaped the region. The relevance of the slab waned since ~1 Ma.
The present-day MES cannot be interpreted simply as a continuation of
the extensional zone of Calabria because it is located within the dextral
shear corridor of distributed deformation across many fault zones. The
most likely causes of the present-day deformation in the MES region are
the Nubia-Eurasia relative motion in combination with extension due to
(local) variations in gravitational potential energy. The placement of the
MES in the dextral shear corridor is unique in the sense that it (very
likely) captures both these facets of the tectonic system; extensional
activity on a seismogenic fault amidst two dextral strike-slip faults,
which roughly aligns with the extensional fault segments of Calabria.
Further research will be needed to constrain the drivers of the present-
day deformation.

8. Conclusions

In this study, we investigate the relationship between recent seis-
micity and (sub)surface structures in the Messina Straits, within the
broader geodynamic framework of the south-central Mediterranean Sea,
with particular emphasis on the extent and geometry of the plate
interface. Our analysis integrates relocated seismic events, newly
derived focal mechanisms, and stress/strain inversion results with
seismic reflection profiles. The interpretation of these data leads to the
following conclusions:

- Geophysical data provide evidence of tectonic activity within a large
shear corridor that cuts across the Messina Straits region along the
southwestern edge of the Calabrian slab. This zone includes two
main faults, the Ionian fault in the Ionian Sea and the Capo Peloro
fault in the southern Tyrrhenian Sea.

- We observe a significant variation in seismogenic thickness and

earthquake distribution across the Messina Straits. Northeast of the

IF, a clear subdivision into two main seismogenic layers: from pre-

dominantly extensional deformation between 6 and 20 km, to more

heterogeneous deeper deformation (40-80 km) that includes
compressional mechanisms. In contrast, to the southwest of the IF,
deep seismicity is minimal.

Beneath the Messina Straits study area, the top of the Calabrian slab

is situated at a depth ranging from 30 to 50 km. The megathrust

exhibits a moderate dip angle of approximately 24-26°, as deter-
mined by the distribution of seismic activity and the dip of the
maximum compressive stress direction.

Stress directions, as inferred from focal mechanisms, are relatively

uniform with depth. Uncertainties in the stress directions do not

allow us to determine whether the megathrust is ‘coupled’ or

‘uncoupled’.

High-resolution seismic reflection profiles and morphobathymetric

maps reveal diffuse transtensional deformation within the Messina

Straits. The presence of seafloor patches characterized by active
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deformation appears to be associated with small en-échelon NE-SW
fault strands that define a sigmoidal-shaped depocenter located in
close proximity to the 1908 epicentre.

- Recent seismic sequences occurred in 2005, 2006, 2014 and 2016
(sequences 5, 6, 11 and 14) seems enucleating close to the NE and SW
tips of the observed en-échelon fault segments, and they occur at
depths between 4 and 12 km. Stress and strain inversions indicate
transtensional deformation along prevailing NE/SW-oriented fault
planes.

The present-day MES cannot be interpreted simply as a continuation
of the extensional zone of Calabria because it is located within the
dextral shear corridor of distributed deformation connecting the plate
boundary offshore northern Sicily to the subduction zone in the Ionian
Sea. Its position within this transverse shear corridor is unique, as it
captures both margin segmentation processes driven by plate conver-
gence and extension due to variations in potential energy.
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