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A B S T R A C T   

The Calabrian Arc represents one of the most active sectors of the upper plate of the Tyrrhenian-Ionian sub-
duction system. This research aims to reconstruct the evolution of the Squillace Basin (Ionian offshore of the 
Calabrian Arc) from the Late Miocene to Recent times and recognise active shallow and deep structures using a 
multiscale approach. The latter is based on interpreting high-penetration and high-resolution seismic reflection 
profiles, calibrated with well-log data coupled with bathymetric data and the distribution of instrumental 
earthquakes. Data highlight three steps in the evolution of the Squillace Basin. A Late Miocene extensional event 
led to the formation of WNW-ESE oriented horst and half-graben structures. During the Pliocene, deformation 
was localised in the central and northern sectors of the basin and expressed by a WNW-ESE oriented strike-slip 
fault and NW-SE normal to trastensional faults, respectively. A transpressional event started in the Early Pleis-
tocene, causing the positive inversion of deep (> 3 km) extensional faults and the formation of NW-SE to WNW- 
ESE oriented transpressional/reverse faults and related anticlines. The kinematics of these faults agree with the 
NW-SE oriented left-lateral Albi-Cosenza, Lamezia-Catanzaro and Petilia-Sosti crustal fault zones developed in 
north Calabria. The results of this work suggest that the transpressional structures in the northwestern sector of 
the basin likely represent the offshore prolongation of the Albi-Cosenza fault zone. NW-SE to WNW-ESE trending, 
shallow (<2 km) high-angle normal faults offset the younger deposits. Their depth and direction indicate that 
these faults are secondary structures formed in the extrados of the anticlines associated with the transpressional 
faults. The distribution of earthquakes shows events with M > 3 and depth <15 km located in the hanging wall of 
transpressional faults. The integrated data suggest that these structures are active and probably responsible for 
the major earthquakes that affected the Ionian offshore.   

1. Introduction 

The Calabrian Arc developed in the frame of the Tyrrhenian-Ionian 
subduction system since the Neogene by the sinking of the Ionian 
oceanic lithosphere below the European plate (Fig. 1a-c, Faccenna et al., 
2001). Lithospheric discontinuities and regional-scale crustal shear 
zones control the tectono-sedimentary evolution of the Calabrian Arc 
and its offshore. Polyphase subsidence and inversion tectonics in basins 
developed along the Calabrian Arc and its offshore testify rapid changes 

in time and space of direction and magnitude of stress induced by the 
frontal accretion of the Apulian and Ionian domains (e.g. Brutto et al., 
2016; Corradino et al., 2021; Loreto et al., 2013). 

The Catanzaro Trough and its eastern offshore prolongation, the 
Squillace Basin, belongs to the forearc region of the Tyrrhenian-Ionian 
subduction system and separates the northern and southern Calabrian 
Arc (Fig. 1b). Literature data highlight that this area is affected by a 
complex interaction between 1) lateral and trench-parallel slab tearing 
(Maesano et al., 2017; Neri et al., 2009; Rosenbaum et al., 2008; Scarfì 
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Fig. 1. (a) Schematic tectonic map of the Tyrrhenian-Ionian subduction system. Inset shows the location of the panel a. (b) Schematic map of the major tectonic 
structures of the Calabrian Arc (modified from Brutto et al., 2016; Corradino et al., 2020, 2021; De Ritis et al., 2019; Ferranti et al., 2014; Monaco and Tortorici, 
2000; Tansi et al., 2007; Van Dijk, 1991; Van Dijk et al., 2000; Volpi et al., 2017). The white rectangle indicates the study area. (c) Schematic cross-section showing 
the lithospheric structure across the backarc and forearc regions of the Tyrrhenian-Ionian subduction system (modified from Corradino et al., 2020; 2022). Purple 
line in panel a is the section trace. Abbreviations: ACFZ, Albi-Cosenza fault zone; AF, Apulian foreland; AR, Amendolara ridge; CAW, Calabrian accretionary wedge; 
cc, continental crust; CT, Catanzaro Trough; em, exhumed mantle; HBF, Hyblean foreland; LCF, Lamezia- Catanzaro fault system; MV, Marsili volcano; NCA, northern 
Calabrian Arc; PA, Paola anticline; PL, Pollino; PSFZ, Petilia-Sosti fault zone; PSS, Punta Stilo Swell; PVC, Palinuro volcano complex; SCA, southern Calabrian Arc; 
SEG, Sant'Eufemia Gulf; Sg, Sangineto line; SM, Sila Massif; SP, Sibari Plain; SRFZ, S. Nicola-Rossano fault zone; TAB, Transpressed Apulian Block; TFS, Tindari fault 
system; VA, volcanic arc. (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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et al., 2018) and related crustal deformation expressed by a strike-slip 
zone (Brutto et al., 2016; Corradino et al., 2021; Pirrotta et al., 2021), 
2) the Plio-Quaternary development of NW-SE to WNW-ESE-trending 
regional strike-slip fault system located in the northern Calabrian Arc 
and associated with its south-eastward migration (Monaco et al., 1998; 
Tansi et al., 2007; Van Dijk et al., 2000), and 3) deformation at local 
scale that controlled the Plio-Quaternary tectonic evolution of the 
Squillace Basin (Capozzi et al., 2012; Del Ben et al., 2008). 

In this structural frame, the Calabrian region represents one of the 
Italian areas with the largest concentration of seismic moment release 
(Calò et al., 2012; Frepoli and Amato, 2000) and a high probability of 
large earthquakes (Rotondi, 2010). In particular, the area of the Cata-
nzaro Trough and its western offshore, the Sant'Eufemia Gulf, was 
affected by historical seismic events with a magnitude M > 6.5. In the 
Ionian offshore, the distribution of instrumental seismicity shows scat-
tered events with a maximum magnitude of 4.3. 

During the last decade, several geological and geophysical studies 
were carried out in the Calabrian Arc and its offshore to identify the 
tectonic structures and their kinematic (Brutto et al., 2016; Capozzi 
et al., 2012; Corradino et al., 2020, 2021; Del Ben et al., 2008; Ferranti 
et al., 2014; Mattei et al., 2002; Monaco and Tortorici, 2000; Tansi et al., 
2007; Van Dijk et al., 2000; Zecchin et al., 2020) as well the seismic 
potential of this area (e.g. Neri et al., 2020; Presti et al., 2013; Scarfì 
et al., 2018). However, most studies concentrated on the deep seismicity 
associated with intraslab events. Therefore the relationships between 
recent deformation and shallow seismicity (< 15 km) need to be 
investigated. 

This study aims to define the structural pattern of the Squillace Basin 
by analysing seismic reflection profiles at different resolution/penetra-
tion, calibrated with well-log, multibeam bathymetric data and seis-
micity distribution map. A multiscale approach was used to distinguish 
different orders of faults (minor and major structures), characterise their 
geometry and obtain geological constraints to identify the structures 
potentially associated with large earthquakes that struck the eastern 
Calabrian region (Rovida et al., 2021). 

The data and interpretation we present, integrated with regional 
knowledge, give new insights into the active tectonics of the central 
Calabrian Arc. 

2. Geological and seismological setting 

2.1. Tectonics of the Calabrian Arc 

The Calabrian Arc is an arc-shaped segment of the Apennine- 
Maghrebian fold-and-thrust belt (Fig. 1a-c) that connects the NW- 
trending Apennine chain to the E-trending Sicilian Maghrebides in the 
context of the Africa-Europe convergence (Patacca et al., 2004). Its 
shape was associated with the diachronous collision of the Apennine belt 
with the Apulian foreland to the north and the Hyblean foreland to the 
south (Van Dijk et al., 2000) and the residual subduction and roll-back of 
the Ionian slab that, in turn, caused rapid SE migration of the Calabrian 
Arc (Faccenna et al., 2005) and its fragmentation in NW-SE elongated 
blocks (Knott and Turco, 1991; Van Dijk, 1991; Van Dijk and Scheepers, 
1995). The latter moved independently through regional strike-slip fault 

Fig. 2. a) Map of historical and instrumental seismicity with a maximum depth of 40 km, recorded since 1985 up-to-date. b) Focal mechanism solutions (Scarfì et al., 
2021) and c) P-axes distribution. 
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systems: Pollino and Sangineto line to the north and its offshore pro-
longation (Ferranti et al., 2009, 2014; De Ritis et al., 2019), Lamezia- 
Catanzaro line in the centre (Pirrotta et al., 2021; Tansi et al., 2007) 
and its offshore prolongation (Corradino et al., 2021), and Tindari line in 
the northeastern Sicily (Barreca et al., 2019; Cultrera et al., 2017; Scarfì 
et al., 2018). Regional extensional/transtensional faults developed 
along the western sectors of the Calabrian Arc (Monaco and Tortorici, 
2000; Spina et al., 2011), coeval to the Quaternary uplift with a rate of 
~1 mm/year (Ferranti et al., 2009; Molin et al., 2002; Pepe et al., 2014). 

The Northern Calabrian Arc (NCA) and its offshore consists of the 
Sila Massif, Coastal Chain, and several sedimentary basins (Fig. 1b), 
located along its western (Crati, Paola and Amantea basins) and eastern 
margin (Sibari Plain and Crotone basin) and to the south (Sant'Eufemia, 
Catanzaro and Squillace basin). 

Regional NW-SE strike-slip fault systems (ACFZ, PSFZ and SRFZ, 
Fig. 1b) cut the central-eastern sector of the NCA (Monaco et al., 1998; 
Tansi et al., 2007; Van Dijk et al., 2000), suggesting a NW-SE trending 
left-lateral crustal shear zone. Strike-slip fault systems and associated 
tectonic structures also formed a) in the hinge zone of the Paola Anti-
cline (PA, Fig. 1b) from the Late Pliocene to Early Pleistocene times 
(Corradino et al., 2020), b) in the Amendolara Ridge during the Middle- 
Late Pleistocene (AR, Fig. 1b, Del Ben et al., 2008, Ferranti et al., 2014), 
c) in the Calabrian accretionary wedge during the late Pliocene (TBA, 
Fig. 1b, Volpi et al., 2017), and d) in the Sant'Eufemia Gulf since the 
Early Pliocene (Brutto et al., 2016; Corradino et al., 2021). 

The tectonic evolution of the other basins developed in the NCA and 
its offshore since the Middle Miocene was reconstructed by a lot of au-
thors and explained with contrasting models: 1) extensional tectonics 
was proposed for the formation of Crati and Amantea basins since the 
Serravallian (Brozzetti et al., 2017; Mattei et al., 2002); 2) NW-SE 
trending left lateral regional crustal shear zone was considered to 
have the main control in the developing of Crati and Sibari basins since 
the Early Pleistocene (Spina et al., 2011; Tansi et al., 2007); 3) exten-
sional tectonics, interrupted by compressional or transpressional events, 
was considered responsible for the evolution of the Paola Basin (Milia 
et al., 2009), Crati Basin (Knott and Turco, 1991), Crotone Basin (Con-
solaro et al., 2013; Massari et al., 2010; Van Dijk, 1991; Zecchin et al., 
2020), Sant'Eufemia Gulf (Brutto et al., 2016; Corradino et al., 2021) 
and Squillace Basin (Capozzi et al., 2012); 4) shortening was supposed to 
control the formation of the ~5 km deep Paola syncline (Pepe et al., 
2010; Corradino et al., 2020) and piggyback or perched basins in the 
frame of the eastward migration of the Apennine fold-and-thrust belt 
(Monaco et al., 1996). 

We refer to the age of the above-mentioned tectonic events in the 
2022 version of the International Chronostratigraphic Chart (ICS, Cohen 
et al., 2013; updated). The change regards the Gelasian, included in the 
Pliocene in older versions of ICS and now belonging to the Pleistocene as 
the lowest Stage/Age. 

2.2. Seismotectonic framework 

Central Calabria has been affected by strong earthquakes generated 
by crustal faults (DISS Working Group, 2018) in historical times (Fig. 2). 
Among these, the March 1783 event with Mw of 7 and Io of 11 occurred 
in the area of the Catanzaro Trough, the 1905 event with Mw of 7.0 
affected the Sant'Eufemia Gulf, and the March 1832 earthquake with M 
of 6.6 occurred in the Crotone area (Rovida et al., 2021). 

The analysis of GPS data (Devoti et al., 2017) and focal mechanisms 
(Scarfì et al., 2021; Totaro et al., 2016) indicates that western Calabria is 
characterised by an NW-SE oriented extensional tectonic regime asso-
ciated with large magnitude earthquakes (e.g., Galli and Peronace, 
2015). In contrast, the Ionian margin of the Calabria region is affected 
by strike-slip tectonics associated with the oblique plate convergence 
(Totaro et al., 2016) and by active compressional structures related to 
the migration of the Calabrian accretionary wedge (e.g., Gutscher et al., 
2017; Polonia et al., 2011). 

2.3. Study area: Squillace Basin 

The Squillace Basin is located in the Ionian offshore of the Calabrian 
Arc (Fig. 1b). The southern and northern boundaries of the Squillace 
Basin are the Punta Stilo swell (Mangano et al., 2022) and the onshore 
Crotone basin, respectively. A complex canyons system connects the 
narrow shelf with the deep basin. Also, its slope is characterised by 
recent seabed morphologies such as slides and slumps (Morelli et al., 
2011). To the north of the basin, a mega landslide (at least 500 km2, 
orange dotted line in Fig. 1b) moves towards the Ionian Sea through a 
Messinian salt layer (Minelli et al., 2013; Zecchin et al., 2018). 

According to Del Ben et al. (2008), the evolution of the Squillace 
Basin was controlled by a generalised transtensional tectonic regime. 
The prominent feature is the west-east trending trough located in its 
central sector. It is filled by Middle-Upper Miocene sequences, covered 
by about 2.5 km thick Plio-Quaternary deposits. The steep depression is 
associated with a W-E trending, left lateral transtensional fault devel-
oped during the Pliocene, whose western extension is considered the 
WNW-ESE transtensional Lamezia-Catanzaro system (Del Ben et al., 
2008). The latter bounds to the north the Catanzaro trough and sepa-
rates the northern and southern Calabrian Arc (Guarnieri, 2006; Pirrotta 
et al., 2021; Tansi et al., 2007; Van Dijk et al., 2000). Other authors 
documented transtensional tectonics from the Messinian to Middle 
Pliocene that caused the formation of a roughly NW-SE-oriented narrow 
basin (e.g., Capozzi et al., 2012). This tectonic event was followed by a 
Late Pliocene – Early Pleistocene compressional event, which led to the 
development of a thrust zone in the northern Crotone swell and recent 
extensional tectonics that affected the sedimentary infill of the Squillace 
Basin. 

3. Seismological data and analysis 

The seismic activity of the Calabrian Arc has been instrumentally 
recorded since the early 1980s. In order to visualise possible cluster 
alignments and reconstruct the geometry of the faults in the studied 
area, the seismic events were selected from the available database (htt 
ps://istituto.ingv.it/it/risorse-e-servizi/archivi-e-banche-dati.html) in 
the period 1981–2022 and were relocated by using the tomoDDPS code 
(Zhang et al., 2009). This algorithm has the advantage of improving 
hypocentre location through a combination of absolute and differential 
arrival-time readings between couples of closed-spaced earthquakes and 
by using a 3D velocity model – here we adopted the velocity model of 
Scarfì et al. (2018), suitable for the Calabrian area. 

Event distribution highlights that most earthquakes are located in 
the Calabrian onshore. Their hypocentral depth is mainly in the range of 
5–20 km in the western sector. Moving towards the Ionian zone, i.e. 
north of Crotone and into the Catanzaro Trough, foci of earthquakes 
show greater depths, along with some NW-SE hypocentral alignments 
(Fig. 2a). 

Focusing on the Squillace Basin, about 300 earthquakes occurred in 
the last 40 years along the coastal area and offshore, with magnitudes 
mainly in the range of 1.0–3.0 and a maximum of 4.3 (Fig. 2a). Most of 
the events concentrate in the northern sector, and their hypocentral 
depth varies between shallow to about 30 km (Fig. 2a). Focal mecha-
nisms of earthquakes located in the basin and along the central-western 
coast, some within 10 km of depth, indicate mainly strike-slip or 
transpressive movements (Fig. 2b), with P-axes oriented about NW-SE to 
NNE-SSW (Fig. 2c). 

4. Marine data and methods 

Multibeam bathymetry and seismic reflection data (MCS Airgun and 
Chirp sonar) are part of the seismic dataset acquired in two oceano-
graphic cruises on board the N/O Explora of the Osservatorio Geofisico 
Sperimentale (OGS) by the University of Trieste (Italy). In particular, the 
data set was acquired in the frame of the “Morphology and Evolution of 
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the Submarine Canyons in the Ionian Margin of Calabria” Project of the 
University of Trieste, Italy (MESC05; Morelli et al., 2011) and “MAGIC” 
campaign funded by the Italian Civil Protection in 2005 and 2009, 
respectively. 

4.1. Multibeam bathymetry 

Swath bathymetric data were collected using multibeam systems at 
different frequencies. The Reason Seabat 8111 (100 kHz) and the Reson 
SeaBat 8150 (12 kHz) were used in shallow and deep water, respec-
tively. Data processing included: a) patch test on calibration lines, b) 
tide corrections, c) statistical and geometrical filters to remove coherent 
and incoherent noise, and d) manual removal of spikes. Processed data 
were gridded, generating DEMs with cell sizes varying from 10 m in 
shallow water (<100 m) to 50 m in deep water (>500 m). The bathy- 
morphological map was projected in UTM 33 N—Datum WGS84. 

4.2. Seismic reflection data acquisition and processing 

Over 90 km of multichannel high-penetration reflection (Airgun) 
seismic data and ultra-high resolution reflection (Chirp) seismic data 
(orange and white lines, Fig. 2a) were recorded in the Squillace Basin. 

Airgun profiles are primarily oriented in the NNE–SSW direction, 
with crossline seismic profiles acquired along the WNW–ESE direction. 
A 48-channel streamer with an active length of 600 m recorded the 
signals generated by two GI-Gun of 2 × 355 cubic in of total volume. A 
DGPS system controlled the navigation positioning. The processing 
sequence included the following operations: geometry assignment by 2D 
CDP profiles binning, DC removal, signature deconvolution, F-K filter, 
trace stacking, static corrections, velocity analysis, multiple attenua-
tions, post-stack Kirchhoff time migration, time-variant bandpass 
filtering and automatic gain control removal to restore the True 
Amplitude. Signal penetration exceeds 4 s two-way time (t.w.t). 

Ultra-high resolution seismic-reflection data were recorded using the 
Chirp II (Benthos©inc) sub-bottom profiler, which operates with 16 
transducers in a wide frequency band (2–7 kHz), and a chirp pulse of 
20–30 ms. The shot interval was 0.5 s. Acquired profiles run mainly 
along the NE-SW direction and are tied by lines recorded mainly in the 
NW-SE direction (see Fig. 2a for location). A DGPS system controlled the 
navigation positioning. Data were processed running the following 
mathematical operators: a) true amplitude recovery using a T2 spherical 
divergence correction, b) time-variant gain to boost amplitudes of 
deeper arrivals and c) mutes to eliminate the signal noise on the water 
column. Signal penetration exceeded 80 ms t.w.t. in the deeper sector of 
the basin. Vertical resolution is up to 5 cm beneath the seafloor. Seismo- 
and sequence stratigraphy-based analysis facilitated the reconstruction 
of the depositional architecture of seismic-stratigraphic units. Seismic 
units were calibrated using well-log data (Fig. 2b). 

An additional grid of MCS profiles from Vi.DE.PI database (yellow 
lines, Fig. 2a) was used for this study (https://www.videpi.com/videpi/ 
sismica/sismica.asp). The MCS sections were converted from raster to 
SEG-Y format using the GeoSuite AllWorks software. The geodetic 
reference system is the WGS84 with a UTM 33 N projection. 

5. Results 

5.1. Morpho-bathymetry of the Squillace Basin 

The Squillace Basin is a portion of the Ionian continental margin of 
about 6000 km2, where the continental shelf extends from a few hun-
dred meters to 8 km (Fig. 4), whether the slope is wide up to 50 km and 
steep from 2◦ up to 8◦. 

The most prominent bathymetric feature in this area is the Squillace 
canyon, a 40 km-wide and >50 km-long shelf incised structure (Fig. 4). 
The Squillace canyon consists of a complex system of canals and three 
main branches (B1–3, Fig. 4). The latter are characterised by composite 

heads (CH, Fig. 4) that deeply intersect the shelf from the northwest (in 
front of Catanzaro) to southwest. The three composite heads link to-
wards the slope with well-carved erosive valleys. Their thalwegs show 
variable trends with sinuous and meandering sections (CH2 and CH3) or 
a straight section interrupted by a sharp deviation (CH1). Despite these 
complex trends, it is possible to recognise a general counterclockwise 
rotation of the directions of the three main branches from NW-SE (upper 
reach of B1) to WNW-ESE (B3), moving from northwest to southwest 
along the basin. 

A second shelf incised canyon, named Botricello, develops in the 
northern part of the basin (Fig. 4). It is smaller (8 km wide and about 40 
km long) and characterised by two branches <15 km long. The canyon's 
heads have a landward retrogressive erosion character and are respon-
sible for the repeated turbidity currents occurring along the canyon 
(Ceramicola et al., 2014; Loher et al., 2018). 

Several WNW-ESE to NW-SE morphological highs up to 4 km long 
and 2 km wide dissect the slope of the basin (Fig. 4). They occur both 
adjacent to the main canyon body and across the headwalls. In partic-
ular, two morphological highs, located between branches B1 and B2 of 
the Squillace canyon, are delimited by steep and rectilinear scarps and 
are dissected by minor NW-SE escarpments. 

WNW-ESE elongated scarps limit wide terraces within the slope 
north to the Punta Stilo swell (dotted lines, Fig. 4). 

5.2. Seismo-stratigraphic characterisation and interpretation 

Two seismo-stratigraphic units, named from bottom to top as unit 
MD and PQ, were identified based on their bounding unconformities and 
seismic characters (e.g., amplitude, lateral continuity, and frequency of 
internal reflectors). 

Unit MD is characterised by subparallel, locally discontinuous, me-
dium frequency, and medium-to-high amplitude reflectors. Its bound-
aries at the top and bottom correspond to high-amplitude reflectors. The 
reflectors are sub-horizontal in the southern and northern sectors of the 
basin (CDPs 0–400, Fig. 5a; CDPs 0–100, 700–900, Fig. 5b), whereas 
they are inclined in the central sector (CDPs 500–1100, Fig. 5a; CDPs 
200–700, Fig. 5b). The upper limit was associated with the top of 
evaporites deposited during the late Messinian salinity crisis or an 
erosional unconformity formed during the late Messinian sea level fall 
(Just et al., 2011 and references therein). We correlate unit MD with the 
Upper Miocene deposits based on the seismic signature and well-log 
data. 

Unit PQ overlay the M horizon and is characterised by continuous, 
high-to-medium frequency and medium-to-high amplitude reflectors. 
Based on its seismo-stratigraphic position and well-log data, we corre-
late unit PQ with the Plio-Quaternary sedimentary succession wide-
spread in the Tyrrhenian Sea. In the central sector of the basin, we have 
recognised an unconformity surface (US1) that separates the unit PQ 
into two subunits, labelled PPL and CR, from bottom to top (CDPs 
600–1100, Fig. 5a). Well-seismic calibration indicates that the US1 
formed during the Early Pleistocene (Calabrian). In the other sector of 
the basin, the US1 becomes a conformity surface. 

Subunit PPL consists of a series of subparallel reflectors with an ag-
gradational internal geometry. The strata paraconformably overlay the 
M horizon and locally show onlap terminations onto the M horizon 
(around CDP 12900, Fig. 5a). 

Subunit CR is marked by layered reflectors with onlap geometry onto 
the unconformity US1 in the central sector of the basin (Fig. 5a). Here, 
the strata are inclined with a wedge geometry and become sub- 
horizontal upwards. In the southern and northern sectors of the basin, 
strata are generally characterised by a sub-horizontal horizontal geom-
etry. Subunit CR is bounded upwards by the seafloor. 

Within the subunit CR, an unconformity surface, named US2, was 
recognised in the central sector of the basin (Fig. 5b). The overlaying 
deposits show onlap termination onto the surface. 

In the northern sector of the basin, the two subunits of PQ are not 
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detectable due to the Crotone Megaslide (Minelli et al., 2013). The 
slide's base lies roughly at a depth of 1.5 s and corresponds with an 
erosional surface that cut the post-Messinian deposits (blue reflector, 
Fig. 5c). 

5.3. Fault systems of the Squillace Basin 

Normal faults offset the Unit MD with opposite dipping towards the 
south and north, bounding horst and half-graben structures (Figs. 5a, b 
and c; 6a and b). Upper Miocene deposits seal them, except for the 
northern sector of the basin, where the faults cut the M horizon (Fig. 5c). 

In the central sector of the basin, a major fault cut the deposits of Unit 

Fig. 3. (a) Grid of seismic profiles and location of wells used for this study. See Fig. 1b for the location of the map. (b) Stratigraphic correlation among selected wells 
in the Squillace Basin. 
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MD and the lower part of Unit PPL with a sub-vertical fault plane 
(around CDP 800, Fig. 5a; around CDP 400, Fig. 5b). The thickness of 
Unit MD on both sides of the fault plane is different. The geometry of the 
fault and the thickness mismatch suggest the strike-slip kinematics of 
this structure. In plan view, this fault develops with a roughly WNW-ESE 
orientation (Fig. 6b). 

Some normal faults show a younger activity, reaching the deposit of 
the subunit CR (CDPs 500–600-1050, Fig. 5a; CDPs 150–700, Fig. 5b; 
Fig. 5c). Thickening deposits were recognised in the hanging wall of the 
faults, and the upper part of the fault planes shows a reverse kinematic 
(e.g. CDPs 600–800, Fig. 5a; around CDP 200, Fig. 5b; around CDP 100, 
Fig. 5c). Based on these features, the younger faulting is interpreted as 
the result of positive inversion process, associated with a transpressional 
tectonic phase. The inversion is partial (sensu Williams et al., 1989) 
because the faults maintain a normal displacement in depth (e.g. around 
CDP 1050, Fig. 5a). The transpressional reactivation of main faults 
dipping towards the centre of the basin led to uplift and bending of the 
previous basin fill (Fig. 5a and b). The shortening, related to the trans-
pressional faults, formed a ~ 1.2 km-deep E-W trending depression 
located in the central sector of the basin. Other minor compressional/ 
transpressional faults (around CDP 1300, Fig. 5a) and splays formed 
close to the main structures (around CDP 550, Fig. 5a). In the central 
sector of the basin, the depression is filled by deposits of the subunit CR 
that show onlap termination onto the top of the subunit PPL (Fig. 5a). 
The lower part of the subunit CR is characterised by growth strata, 
suggesting a deposition during the transpressional reactivation of the 
main faults. Considering that the bottom of this subunit is aged at ~1.8 
Ma (US1, Fig. 5a), it is possible to date the beginning of the 

transpressional deformation at the Early Pleistocene (Calabrian). Thus, 
the unconformity US1 has a tectonic origin. 

In the other sectors of the basin, subunit CR was also involved in 
shortening (CDPs 600–700, Fig. 5b; around CDP 100 and 300, Fig. 5c). 
The transpressional structures displaced the lower part of subunit CR, 
folded its upper part and controlled the formation of unconformity 
surfaces within the subunit CR. The deep (>3 km) transpressional faults 
show NNW-SSE to WNW-ESE orientation in plain view and are associ-
ated with ridges bounded by canyons in the northern and western sec-
tors of the basin (Fig. 6c). 

NW-SE to WNW-ESE trending, high-angle normal faults offset the 
subunit CR (Fig. 7a and b). Some of these faults cut older units, reaching 
a maximum depth generally <2 km (using 1800 m/s for time-to-depth 
conversion). Some of these faults propagate upwards, reaching the 
seafloor (Fig. 7b). The fault throw measured at the seafloor varies from a 
few meters to a few dozen meters, and, consequently, they have a mild 
morphological expression (Fig. 6c). An exception is in the southern area 
of the basin, where a series of north-dipping normal faults correspond to 
WNW-ESE elongated scarps bounding wide terraces within the slope. 

6. Discussion 

6.1. From deep to shallow: tectonic interpretation of the Squillace Basin 

The multiscale approach, coupled with the morpho-bathymetric map 
analysis, allowed us to define three steps in the structural evolution of 
the Squillace Basin from the Late Miocene to Recent times. 

The first event was characterised by a late Miocene extensional 

Fig. 4. Morpho-bathymetric map of the Squillace Basin. Orange dotted lines indicate scarps. B1–3, Main branches of the Squillace canyon; CH, canyon heads; CR, 
Crotone swell; MH, morphological high. 
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deformation that led to the formation of a series of roughly WNW-ESE- 
oriented horst and half-graben structures. Our results agree with pre-
vious findings concerning the Messinian transtensional structures rec-
ognised by Capozzi et al. (2012). A late Miocene extensional event was 
also documented in the Crotone Basin (Massari and Prosser, 2013), 
Amantea Basin (Mattei et al., 2002) and Sant'Eufemia Gulf (Brutto et al., 
2016; Corradino et al., 2021). The extensional tectonics in the study area 
and surroundings is supposed to be related to the intense stretching of 
the continental crust that occurred in the central Mediterranean in 
response to the opening of the Tyrrhenian Basin since late Tortonian 
(Pepe et al., 2000; Spadini et al., 1995). 

During the Pliocene, deformation concentrated in the central and 
northern sectors of the Squillace Basin (Fig. 6b). In the central sector, 
evidence of strike-slip deformation comes from the thickness mismatch 
of the Unit MD on both sides of the fault (CDPs 700–900, Fig. 5a; CDPs 
300–500, Fig. 5b). Based on the constant wide of the horsts and grabens 

observed in seismic profiles (Fig. 5a and b), we cannot exclude that the 
strike-slip reactivation involves one of the normal faults formed during 
the late Miocene extensional event. The end of fault activity was prob-
ably in the Early Pliocene, as suggested by deposits of the subunit PPL 
that are offset in the lower part only (CDP 800, Fig. 5a; CDP 400, 
Fig. 5b). The strike-slip structure can be linked to a deeply rooted NW-SE 
oriented fault interpreted in the Line CROP M5 (black line, Fig. 3a) by 
Capozzi et al. (2012), forming releasing bends. In map view, the strike- 
slip fault is observed to step to the right suggesting that its kinematics is 
dextral (Fig. 6b). Both the right-lateral kinematics of the fault and its age 
agree with the Pliocene – Early Pleistocene right-lateral transpressional 
tectonic event occurred in the Sant'Eufemia Gulf. 

In the northern sector of the Squillace Basin, the Pliocene tectonics 
caused the formation of a series of normal to transtensional faults that 
offset the upper Miocene deposits (Figs. 5c, 6b). 

Since the Early Pleistocene (Calabrian), strike-slipe tectonics affected 

Fig. 5. (a), (b) and (c) High penetration seismic profiles “Line F-75-72”, “Line F-75-70” and “Line F-75-115”, respectively, and their interpretation. Insets show the 
location of the profiles. 
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a large part of the Squillace Basin (Fig. 6c), causing the positive inver-
sion of deep (> 3 km) extensional faults inherited from the previous 
events (around CDP 600 and 1050, Fig. 5a; around CDP 150 and 700, 
Fig. 5b) and the formation of new reverse faults (around CDP 1300, 
Fig. 5a; around CDP 900; Fig. 5b). 

The reactivation of deep faults was diachronous, as suggested by the 
unconformity surface S2 recognised within the subunit CR (Fig. 5b). This 
surface terminates onto a limb of an anticline associated with the 
development of the transpresional fault in the southern sector of the 
basin (around CDP 300, Fig. 5b), indicating that the structure developed 
before the formation of the surface S2. Conversely, the same surface is 
involved in the deformation of an anticline in the central part of the 
basin (CDPs 500–700, Fig. 5b). These geometries suggest the trans-
pressional event in the centre of the basin occurred later than in the 
southern part. Also, the onlap terminations of the deposits of the subunit 

CR onto the anticline limb in the central sector (around CDP 600, 
Fig. 5b) indicate that the transpressional fault and related anticline are 
no longer active. Conversely, the transpressional fault, which affects the 
southern sector of the basin (around CDP 200, Fig. 5b), deforms the 
seafloor suggesting its current activity. 

In the northern and western sectors of the basin, transpressional and 
reverse faults are NW-SE oriented, cut deposits of the subunit CR and 
propagate upwards, folding the shallower deposits (e.g. Figs. 5c, 7a). To 
the south, the transpressional faults show a WNW-ESE orientation along 
the Stilo Swell margin. The transpressional structures have a morpho-
logical expression at the seafloor, forming ridges bounded by canyons. 
North of the Squillace Basin, the Crotone Basin (Fig. 1b) was also 
affected by compressional deformational during the middle Pleistocene, 
with a NE-SW oriented vector of maximum shortening (Zecchin et al., 
2020). This direction is compatible with the orientation of the 

Fig. 6. Structural maps of the Squillace Basin showing fault systems active during (a) the Late Miocene, (b) the Pliocene and (c) the Quaternary. Quaternary 
secondary normal faults are mostly related to deformation occurring in the anticline extrados of deep transpressional faults. 
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transpressional structures developed in the Squillace Basin. 
In correspondence with the deep transpressional faults, a series of 

high-angle normal faults offset the subunit CR (Fig. 7a). Some faults 
offset the seafloor and form morphological scarps (Figs. 4, 7b), thus 
suggesting that they were active during the Holocene. These shallow 
normal faults are NW-SE to WNW-ESE oriented, parallel to the elongated 
axis of the morpho-bathymetric ridges (Fig. 6c). Based on their depth 
and direction, we interpret these faults as secondary structures formed 
due to tensional stress in the extrados of anticlines associated with the 
deep transpressional faults. Thus, we propose that the transpressional 
structures and associated minor faults are active from the Calabrian to 
recent times. Conversely, Capozzi et al. (2012) interpret the formation of 
the recent normal faults as a consequence of an extensional regime that 
affected the study area during the Quaternary. Our interpretation also 
differs from the evolutionary model proposed by Del Ben et al. (2008), 
which consider a generalised transtensional tectonic regime as the cause 
for the formation and development of the Squillace Basin since the 
Pliocene. 

The kinematics of the transpressional faults defined in the Squillace 
Basin fits with the roughly NW-SE oriented left-lateral crustal shear 
zones documented along the northern Calabrian Arc (ACFZ, PSFZ and 
SRFZ, Fig. 1b, Civile et al., 2022; Monaco et al., 1998; Tansi et al., 2007; 
Van Dijk, 1991; Van Dijk et al., 2000). Here, extensional faults are 
reactivated in a transpressional regime in the Late Pliocene and Middle 
Pleistocene, forming anticlinal structures and resulting in a complex set 

of thin- and thick-skinned back-thrusts (Van Dijk et al., 2000; Van Dijk 
and Scheepers, 1995). Therefore, we propose that the transpressional 
structures in the northwestern sector of the Squillace Basin are the 
offshore prolongation of the Albi-Cosenza fault zone (ACFZ, Fig. 1b). 

The growth of ridges associated with the deep transpressional faults 
results in a shallower bathymetry in the northern and western sectors of 
the Squillace Basin. Here, a series of canyons trending towards SE and 
ESE developed parallel to the elongated axis of the ridges. Our data 
suggest that their formation can be related to the uplift of ridges, which 
induced a lowering of the base level. 

6.2. Seismotectonic implications 

Our data and interpretation allow recognising two fault systems in 
the Squillace Basin. In particular, the deepest (> 3 km), NW-SE to WNW- 
ESE trending, transpressional faults in the northern and western sectors 
of the basin (Fig. 6c) fit with the structures of the fault zones that dissect 
the northern Calabrian Arc (Fig. 1b). The presence of push-up and 
antiformal folds that deform the younger deposits (subunit CR) and form 
ridges on the seafloor suggests their recent activity. The second fault 
system includes minor shallow (< 2 km) high-angle normal faults 
developed at the culmination of anticlines related to the deep trans-
pressional faults. Some of these faults form escarpments at the seafloor, 
suggesting they are active. 

The instrumental seismicity at a depth <15 km highlights the 

Fig. 7. (a) and (b) High and very-high resolution seismic profiles “Line Mesc_04” and “Line Mesc_11”, respectively, and their interpretation. Insets show the location 
of the profiles. 
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Fig. 8. (a) Structural map of the Squillace Basin showing the Quaternary fault systems and the distribution of seismicity in the range between 0 and 15 km. (b) 
Section ABCD showing the hypocenters of events located within 11 km on either side of the section. The dotted lines represent the faults intercepted by the section. 
The red line in panel a is the section trace. (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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occurrence of events in the northern, western and southern sectors of the 
Squillace Basin, located in the hanging wall of transpressional structures 
with a morphological expression on the seafloor (Fig. 8a and b). 

Considering the distribution of the earthquakes that lies in corre-
spondence with the transpressional structures, and the depth of hypo-
centres compatible with the depth of the transpressional faults, we 
suggest that deep transpressional structures are responsible for the 
major instrumental earthquakes that affected the Ionian offshore. Thus, 
seismo-stratigraphic and structural interpretation, supported by bathy-
metric and seismological data, suggest that the transpressional system is 
active and may be the source of future strong earthquakes and tsunamis. 

The secondary structures (depth < 2 km) formed in response to 
tensional stress in the extrados of anticlines associated with the deep 
transpressional faults. Further, they offset incoherent Pliocene fine- 
grained and Quaternary coarser rocks even if some of these shallow 
faults cut the Messinian competent rocks (e.g. chalk at a depth of 1.6 km, 
Floriana well-log in Fig. 3b). Although these shallow secondary could be 
seismogenic, their length, depth, and the lithology of the deformed rocks 
suggest that they are inconsistent with hazardous seismicity. 

7. Conclusions 

A multiscale approach, based on the interpretation of seismic profiles 
with different resolution/ penetration, calibrated with well-logs, and 
integrated with bathymetric data and the distribution of instrumental 
earthquakes, allowed us to reconstruct the tectono-stratigraphic evolu-
tion of the Squillace Basin from the Late Miocene to Recent times. The 
results of this study also allowed identifying the active and seismogenic 
faults capable of producing large earthquakes and minor structures 
formed in response to local stresses in the extrados of anticlines. The 
main outcomes are summarised in the following. 

The tectono-stratigraphic evolution of the Squillace Basin from the 
Late Miocene to Recent times consists of three steps. The first occurred 
during the Late Miocene and was characterised by extensional tectonics. 
During the Pliocene, strike-slip tectonics affected the central sector of 
the basin, while extensional to transtensional tectonics was dominant in 
its northern part. Since the Early Pleistocene, contractional and strike- 
slip movements caused the positive inversion of some deep (> 3 km) 
extensional faults and the formation of NW-SE to WNW-ESE transpres-
sional/reverse faults and related anticlines. 

The orientation of the Quaternary transpressional faults developed in 
the Squillace Basin is similar to that of the regional NW-SE fault systems 
(ACFZ, PSFZ and SRFZ, Fig. 1b) that cut the northern Calabrian Arc. 
Therefore, we propose that the Albi-Cosenza fault zone, which is the 
nearest to the study area, can be prolonged offshore, including the 
transpressional structures in the northwestern sector of the Squillace 
Basin. 

Earthquakes with M > 3 and depth <15 km fall along the Quaternary 
transpressional faults, suggesting their recent activity and defining them 
as potential sources of large earthquakes. 

Shallow (<2 km) normal faults developed at the anticline extrados 
associated with the deep transpressional faults. Some faults reach the 
seafloor suggesting that they are active faults. However, considering 
their length, shallow depth and the low competent rocks they cut, the 
shallow structures have a low seismogenic potential. 
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reviwer Stéphane Dominguez and an anonimuos reviewer for their 
critical reading and useful comments that allowed us to improve the 
manuscript. 

References 

Barreca, G., Scarfì, L., Gross, F., Monaco, C., De Guidi, G., 2019. Fault pattern and 
seismotectonic potential at the south-western edge of the Ionian Subduction system 
(southern Italy): New field and geophysical constraints. Tectonophysics 761, 31–45. 

Brozzetti, F., Cirillo, D., Liberi, F., Piluso, E., Faraca, E., De Nardis, R., Lavecchia, G., 
2017. Structural style of Quaternary extension in the Crati Valley (Calabrian Arc): 
evidence in support of an east-dipping detachment fault. Ital. J. Geosci. 136 (3), 
434–453. 

Brutto, F., Muto, F., Loreto, M.F., De Paola, N., Tripodi, V., Critelli, S., Facchin, L., 2016. 
The Neogene-Quaternary geodynamic evolution of the central Calabrian Arc: a case 
study from the western Catanzaro Trough basin. J. Geodyn. 102, 95–114. 
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