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A B S T R A C T   

The middle Miocene to Quaternary evolution of the Crotone Basin (CB), on the Ionian side of the Calabrian Arc (southern Italy), was strongly controlled by the 
activity of the NNW- to NW-striking Rossano-San Nicola (RSFZ) and Petilia-Sosti (PSFZ) fault zones. The integration of low frequency 2D seismic reflection profiles, 
boreholes and geological maps has allowed the discovery of a positive flower structure, which is part of the RSFZ. Such a positive flower structure was responsible for 
the emplacement of an allochthonous unit in the Late Tortonian and contributed to the onset of gravitational collapse in the Pliocene. Dextral transpressional 
tectonics related to the RSFZ led to the expulsion of a S-verging thrust controlling the emergence of the northern sector (Cirò area), and the development of an 
elongated E-W-oriented depocenter in the southern sector of the Crotone Basin (Crotone area), from the Late Tortonian to Late Messinian. In the Late Messinian, the 
offshore area of the basin turned into a structural high marked by overall exposure conditions, as a consequence of the RSFZ activity. Contractional/transpressional 
activity also took place at the transition between the Early and Late Pliocene, when the PSFZ governed the superimposition of the Messinian Unit in the Crotone area. 
Conversely, phases of extensional/transtensional tectonics are inferred to have been occurred along the PSFZ during the Messinian, by the development of a tectonic 
trough in the south Crotone area. This tectonic regime is also supposed to have persisted during the Early Pliocene and the Pleistocene in the offshore area, where the 
development of local depocenters took place.   

1. Introduction 

The stratigraphic architecture of basin fills is crucial to infer large- 
scale tectonic driving forces responsible for the position and orienta-
tion of associated folds and faults, the local domains of extension and 
shortening, and the timing of the unconformities (Sylvester, 1988). 
Understanding the deformation phases associated with basinal parti-
tioning is key to interpreting the stratigraphic architecture (Catuneanu 
et al., 1998; Zecchin et al., 2012, 2013a, 2013b). 

The Calabria region in the central Mediterranean is characterized by 
a complex tectonic history due to regional geodynamic events that 
markedly influenced the sedimentary evolution of its onshore and 
offshore basins (Roda, 1964; Van Dijk, 1990; Cella et al., 2004; Massari 
et al., 2010; Zecchin et al., 2012; Massari and Prosser, 2013; Zecchin 
et al., 2013a,b; Zecchin et al., 2015; Zecchin et al., 2020; Critelli and 
Martín-Martín, 2022, 2024; Martín-Martín et al., 2023). Its evolution is 
closely related to the SE migration of the Calabrian terranes (also known 
as the Calabrian Arc) since the Middle Miocene onwards, under a setting 
characterized by the NW-dipping subduction of the Ionian oceanic plate, 
the associated slab rollback and the Tyrrhenian Sea back-arc extension 
(Malinverno and Ryan, 1986; Sartori, 1990; Patacca et al., 1990; 

Gueguen et al., 1998; Critelli, 1993; 2018; Critelli and Martín-Martín, 
2022; Martín-Martín et al., 2023) (Fig. 1). The phases of back-arc 
stretching in the Tyrrhenian Sea were interrupted by quiescence pe-
riods in arc migration, which were recorded as episodes of basin uplift 
and the development of associated unconformities (Zecchin et al., 2012, 
2015, 2020; Massari and Prosser, 2013). The SE migration of the Cala-
brian Arc produced its considerable fragmentation in several blocks 
bounded by NW- and WNW-trending shear zones (Knott and Turco, 
1991; Tortorici et al., 1995; Van Dijk et al., 2000; Mattei et al., 2002; 
Cifelli et al., 2007; Tansi et al., 2007; Tripodi et al., 2013, 2018) (Fig. 1). 

The forearc Crotone Basin is located on the Ionian side of the Cala-
brian Arc at the crucial point of this system. It also experienced the ef-
fects of a large-scale gravitational collapse and the emplacement of 
allochthonous units (the so-called Cariati Nappe in the N sector) (Mas-
sari and Prosser, 2013; Minelli et al., 2013; Ceramicola et al., 2014; 
Muto et al., 2014, 2017; Zecchin et al., 2018; Mangano et al., 2020, 
2023a,b). In such a background, the NW-trending (range from N 
120◦–140◦) Rossano-San Nicola (RSFZ) and Petilia Sosti (PSFZ) shear 
zones played a key role in the evolution the Crotone Basin (Lanzafame 
and Tortorici, 1981; Tortorici et al., 1995; Van Dijk et al., 2000; Mattei 
et al., 2002; Cifelli et al., 2007; Tansi et al., 2007; Tripodi et al., 2013, 
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Fig. 1. a) Structural map of the Calabrian Arc, which is comprised between the southern Appenine chain and Maghrebides thrust belt (modified from Van Dijk and 
Okkes, 1991). The Vavilov and the Marsili back-arc basins are located in the southern Tyrrhenian Sea. The Rossano-San Nicola (RSFZ) and the Petilia Sosti (PSFZ) are 
highlighted. b) Simplified geological map of the northern sector of the Calabrian Arc including the Crotone Basin. The latter is subdivided in two sectors, the Cirò area 
and the Crotone area, separated by an E-W-oriented normal fault (modified from Olivetti et al., 2012). The position of the two main shear zones (the Rossano-San 
Nicola and Petilia Sosti fault zones) affecting this area is also reported together with the major faults. Tectonic features from Van Dijk (1994), Tortorici et al. (1995), 
Van Dijk et al. (2000), Galli and Scionti (2006), Spina et al. (2007), Massari and Prosser (2013), Zecchin et al. (2020). 
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2018; Brutto et al., 2016, 2018; Civile et al., 2022) (Fig. 1a and b). 
Several explanatory models have been formulated so far, but some as-
pects of structural-stratigraphic frameworks still need to be clarified as 
the mechanisms that governed the development of the Cirò area and the 
characterization of the headwall region of the well-known large scale 
gravitational collapse, the Crotone Megalandslide (Ceramicola et al., 
2014; Conforti et al., 2014; Zecchin et al., 2018, 2020; Mangano et al., 
2020). 

The aim of this study is to provide new information on the tectono- 
stratigraphic evolution of the Crotone Basin and clarify the un-
certainties mentioned above. This is achieved through the interpretation 
of unpublished 2D seismic reflection profiles and exploration wells. An 
important test of this work is to tie the geometry of the unconformities 
bounding the stratigraphic sequences to the tectonic evolution of the 
shear zones and relate them to the geodynamics of the central 
Mediterranean. 

2. Geological setting 

The study area is located on the Ionian side of the Calabrian Arc part 
of the Calabrian Accretionary Wedge, and is locked between two shear 
zones, which are the RSFZ to the north and PSFZ to the south (Van Dijk, 
1991, 1994; Van Dijk and Okkes, 1991; Van Dijk et al., 2000; Civile 
et al., 2022; Tansi et al., 2007; Critelli and Martín-Martín, 2022; Man-
gano et al., 2023a) (Fig. 1a and b). The Calabrian Arc form an arcuate 
independent tectonic block that connects two Neogene orogens, the 
NW-trending Apennines to the north and the E-trending Maghrebian 
chain to the southwest (Fig. 1a). The offshore part of the Calabrian 
Accretionary Wedge is generally interpreted as the result of the rollback 
of the NW-dipping Ionian slab, which was accompanied by repeated slab 
tears. This led to a progressive narrowing of the slab under continued 
NW to NNW Cenozoic convergence between Africa and Eurasia 
(Malinverno and Ryan, 1986; Dewey et al., 1989; Sartori, 1990; Gue-
guen et al., 1998; Faccenna et al., 2001, 2004; Rosenbaum and Lister, 
2004; Barone et al., 2008; Critelli and Martín-Martín, 2022). The 

Calabrian Arc migrated towards the SE from the Late Serravallian on-
wards, after it was separated from the Corsica-Sardinia Block (Bonardi 
et al., 2001; Critelli and Martín-Martín, 2022; Martín-Martín et al., 
2023). The southeastward migration of the Calabrian Arc was periodi-
cally interrupted by episodes of collision between the adjacent tectonic 
plates (Amodio Morelli et al., 1976; Bonardi et al., 2001; Butler et al., 
2004; Iannace et al., 2007). Discrete phases of forward arc migration 
were accompanied by the formation of oceanic sub-basins (Vavilov and 
Marsili) in the Tyrrhenian Sea and led to prolonged tectonic subsidence 
in the study area (Zecchin et al., 2020; Campilongo et al., 2022). 

The evolution of the Crotone Basin was controlled by tectonic ac-
tivity along the PSFZ and the RSFZ (Critelli, 1999; Critelli et al., 2014; 
Bonardi et al., 2001; Zecchin et al., 2012; Massari and Prosser, 2013; 
Zecchin et al., 2015, 2020; Civile et al., 2022; Mangano et al., 2022a,b; 
Criniti et al., 2023) (Fig. 1a and b). The early stages of basin evolution 
were accompanied by subsidence and accumulation of continental 
conglomerate deposits on the so-called Serravallian Unconformity (SU), 
also known as the basal unconformity (Zecchin et al., 2020), and by 
basin-shoulder uplift that generated the regional-scale Tortonian Un-
conformity (TU) (Zecchin et al., 2020 and references therein). During 
the Tortonian time, a phase of transpressional tectonics led to the 
development of NW-trending structures responsible for the emplace-
ment of the Cariati Nappe, an Oligocene to Tortonian 
tectono-stratigraphic unit located in the northern part of the Crotone 
Basin (Muto et al., 2014, 2017) (Fig. 2, A-A’ geological transect). Later, 
the Crotone Basin recorded the effects of the Messinian Salinity Crisis 
and alternating episodes of transtension and transpression (Borrelli 
et al., 2021, 2022; Zecchin et al., 2013a, 2013b, 2020). The considerable 
sea-level drop recorded during the Messinian event, in the order of 
several hundred of meters, was accompanied by transpressional tec-
tonics and led to the exposure of the basin. This phase was marked by the 
development of the well-known Intra-Messinian (IMU) and Upper 
Messinian (UMU) unconformities (Zecchin et al., 2020; Borrelli et al., 
2021, 2022). The IMU is associated with a stratigraphic hiatus spanning 
from ~5.60 to 5.55 Ma and formed during the main Mediterranean 

Fig. 2. a) Simplified geologic map of the northern sector of the Calabrian Arc showing the main fault zones, namely the Rossano-San Nicola and Petilia Sosti (see 
caption Fig. 1 for more details). b) Schematic geological map of the Crotone area (modified from Massari and Prosser, 2013) illustrating the main fault lineaments 
constituting the PSFZ, which are the Tacina, the Sant’Antonio, the Marcedusa-Steccato and the Fosso-Umbro faults. The location of the seismic Profile 6 is also 
displayed. c) Foglio Cirò 562 (modified from Critelli et al., 2014) illustrating the orientation of Fault 1, Fault 2 and Thrust 1 that controlled the superimposition of the 
Cariati Nappe and the exhumation of Cirò area. A-A′ geological transect showing the Cariati Nappe. An E-W-oriented extensional fault separates the Cirò and the 
Crotone areas. Abbreviations: ACV-OLM: Early Oligocene – Late Miocene; ADC-ZNPC: Zanclean-Early Piacenzian; AV-CREO: Cretaceous – Eocene; CMD-LPLS: Late 
Pleistocene; KCR-PCCL: Piacenzian-Calabrian; LSER/LTOR: Late Serravallian – Late Tortonian; LSER: Late Serravallian; LTOR: Late Tortonian; MMIO: Middle 
Miocene; SER: Serravallian. 1. Recent coastal deposits; 2. Marine Terrace (Pleistocene); 3. Fluvial Terraces (Middle-Late Pleistocene); 4. Lamone Formation (Middle 
Pleistocene); 5. Arenaria di Strongoli (Gelasian); 6. Cutro Clay (Zanclean); 7. Zinga Group (Zanclean); 8. Cavalieri Marl and Timpone dei Giudei (Zanclean); 9. 
Carvane Group (Late Messinian); 10. Argille Scagliose (Middle Messinian); 11. Late Serravallian – Messinian; 12. Crystalline basement. 
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base-level drop (Clauzon et al., 1996, 2005; Butler et al., 1999; Krijgs-
man et al., 1999; Roveri et al., 2001, 2014; Hilgen et al., 2007; Zecchin 
et al., 2013a). The sudden base-level drop also induced isostatic/flexural 
rebound processes (DeCelles and Cavazza, 1995; Krijgsman et al., 1999; 

Hilgen et al., 2007; Barone et al., 2008; Govers et al., 2009; Massari and 
Prosser, 2013; Muto et al., 2014). In contrast, the UMU is inferred to be 
linked to incipient collision and temporary coupling of the NE part of the 
Calabrian Arc with the Apulian microplate around 5.42 Ma (Massari and 

Fig. 3. Uninterpreted and interpreted seismic profiles 1 to 5 a) to l) showing the main seismic-stratigraphic units separated by unconformities. Black-colored 
segments indicate faults. Abbreviations: SU – Serravallian Unconformity; TU – Tortonian Unconformity; UMU – Upper Messinian Unconformity; MPCU – Middle 
Pliocene Unconformity; EPSU – Early Pleistocene Unconformity. See Fig. 5 for their locations. Seismic data have been provided by ENI Natural Resources. 
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Prosser, 2013). 
In the Early Pliocene (Zanclean), the Crotone Basin experienced 

widespread subsidence associated with the onset of ocean spreading in 
the Vavilov sub-basin in the Tyrrhenian Sea. This event, which started at 
ca. 4.2 Ma, coincides with the onset of slope instability in the Crotone 
Basin (Feraud, 1990; Massari and Prosser, 2013; Zecchin et al., 2018, 
2020; Mangano et al., 2020, 2021, 2022b,2023b). A second Pliocene 
tectonic episode took place at the Zanclean-Piacenzian boundary and 
was associated with transpressive movements along the NW-trending 
shear zones. It led to a general uplift of the Crotone Basin, resulting in 
the formation of the Mid-Pliocene Unconformity (MPCU; Zecchin et al., 
2004a; 2012, 2015). This transpressive episode was responsible for the 
onset of the Crotone Megalandslide (Minelli et al., 2013; Zecchin et al., 
2018; Mangano et al., 2020, 2021, 2022b, 2023a ). 

Following the Late Pliocene (Piacenzian) tectonic subsidence 
concomitant with ocean spreading in the Vavilov Basin, the Crotone 
Basin recorded another transpressional event in the Gelasian, which led 
to the formation of the so-called Early Pleistocene Unconformity - EPSU 
(Zecchin et al., 2012, 2015). A phase of rapid tectonic subsidence and 
basin collapse occurred during the Late Gelasian in parallel with the 
opening of the Marsili sub-basin in the Tyrrhenian Sea at 2.3–2.1 Ma 
(Zecchin et al., 2012, 2015). Later in the ‘mid’ Pleistocene, the Calabrian 
Arc was affected by transpressional tectonics at ~1.2–1.1 Ma, as 
recorded by the well-known Mid-Pleistocene unconformity (MPSU; 
Zecchin et al., 2020). Following this phase, the Crotone Basin underwent 
rapid uplift at the order of ~1 mm/yr, as documented by the formation 
of marine terraces along the coast (Gliozzi, 1987; Zecchin et al., 2004b; 
2011). 

Following Zecchin et al. (2020), in this study we adopted a wider 
meaning for the Crotone Basin, which is composed of three areas: the 
Crotone area to the south, the Cirò area to the north and the offshore 
area (Fig. 1b). The Crotone and the Cirò areas, separated by an 
E-W-oriented extensional fault (Fig. 1b), evolved together until the Late 
Tortonian/Early Messinian and then developed in a different way 
(Zecchin et al., 2020). 

3. Data and methods 

A dataset consisting of 2D seismic reflection profiles and wells 
(Figs. 3–5), provided by ENI National Resources (the main Italian energy 
company), integrated with information from field geology studies were 
used in this work. The interpretation of seismic data is based on the 
recognition of key reflectors (generally corresponding to lithological 
changes and/or unconformities) bounding seismic units characterized 
by different seismic facies and/or configuration patterns, reflector ter-
minations, depth (TWT) and thickness of the units. Regional un-
conformities were identified on seismic reflection profiles and calibrated 
on the basis of well stratigraphy information and literature data. 

4. Results 

4.1. The Serravallian to Pleistocene unconformities and their distribution 
along the Crotone Basin 

4.1.1. Serravallian Unconformity 
The Serravallian Unconformity (SU) was locally recognized in both 

the onshore and offshore sectors of the Crotone Basin and corresponds to 
the base of the Serravallian San Nicola Formation (Zecchin et al., 2020; 
Arcuri et al., 2023). On the basis of correlations between seismic lines 
and wells (Figs. 3–5), this unconformity is associated with a medium-to 
high-amplitude reflector found between ca. 0.3 s (TWT) and ca. 3 s 
(TWT) in seismic profiles. This reflector is deformed by various trans-
pressional faults that dip to the N, SW and NE depending on the location, 
and form structural highs and lows (Fig. 3h, l, 4 d). 

The SU truncates the reflectors of the underlying units, while the 
overlying reflectors show onlap and downlap terminations with it. In the 

Cirò area, the SU was uplifted by the activity of the tectonic structure 
named: Thrust 1 and Fault 2 (see Fig. 3b–d). 

4.1.2. Tortonian Unconformity 
The Tortonian Unconformity (TU) was locally interpreted in the 

offshore sector of the basin and in the Cirò area, and constitutes the base 
of the Tortonian Unit (Zecchin et al., 2020). Based on the correlation 
between seismic profiles and wells, it was found between ca. 1.3 s (TWT) 
and ca. 2.9 s (TWT), and is associated with a medium-to high amplitude 
reflector (Fig. 3b,d, f, l, 4 d, 5), In the offshore sector, the TU has been 
identified in two positive flower structures associated with the activity 
of the RSFZ (Mangano et al., 2023a); while in the flower structure 
located to the S, the TU shows an antiformal geometry (Fig. 3l), in the 
northern sector the TU dips abruptly towards the W and represents the 
backlimb of the Cariati Nappe, which is onlapped by the Tortonian de-
posits (Fig. 3d). 

4.1.3. Base of Evaporites 
The Base of Evaporites (BE) has been identified in the Crotone area 

and in the S offshore sector. It is associated with the base of the Messi-
nian Unit. Based on the available wells and seismic data, the BE was 
found between ca. 0.2 s (TWT) and ca. 2.1 s (TWT), and is associated 
with a medium-amplitude reflector (Fig.. 3b, 4b and 5). In the N Crotone 
area, the BE is displaced by a N-dipping transpressional fault (Fault 2) 
and forms the base of a depocentre filled by over 1.5 s (TWT) thick 
Messinian and Plio-Pleistocene deposits (Fig. 3b). 

4.1.4. Upper Messinian Unconformity 
The Upper Messinian Unconformity (UMU) was recognized in both 

the onshore and offshore sectors of the basin and corresponds to the base 
of the Zanclean Unit (Zecchin et al., 2020). On the basis of wells and 
seismic lines, it was identified up to ca. 2.6 s (TWT) and is associated 
with a medium-to high amplitude reflector (Fig. 3d–f, h, l, 4 b, d, 5). This 
reflector seems to be deformed by the activity of WSW-, ENE-, SW-, NE- 
N-, S-dipping transpressional faults and shows both antiformal and 
sinformal geometries (Fig. 3f–h, l, 4 b). The UMU truncates the under-
lying reflectors, while the overlying reflectors show downlap and onlap 
terminations against it. In the N offshore sector, the UMU is part of the 
backlimb of the Cariati Nappe, where it is onlapped by the Zanclean 
deposits (Fig. 3d). In the Crotone area, the UMU is displaced by the 
Tacina, Sant’Antonio, Marcedusa-Steccato and Fosso-Umbro faults, 
which are part of the PSFZ, and characterized by both transtensional and 
transpressional movements Massari and Prosser (2013); Civile et al. 
(2022), (Fig. 4d). 

4.1.5. Zanclean Surface 
The Zanclean Surface (ZS) was interpreted in the S sector of the 

Crotone area and represents the top of the Latest Messinian Unit (Zec-
chin et al., 2020) (Fig. 4b). Based on geological maps (Fig. 2b) and the 
high acoustic impedence contrast in seismic profile 6 (Fig. 4a), the ZS 
has been associated with a high amplitude reflector that reaches a depth 
of 1.6 s (TWT). The ZS onlaps the underlying reflectors and is onlapped 
by the overlying Zanclean Unit. The ZS is also dissected by two N- and 
S-dipping shear surfaces, inferred to be the subsurface counterpart of the 
Sant’Antonio and Marcedusa-Steccato faults (Fig. 4b). 

4.1.6. Mid-Pliocene Unconformity 
The Mid-Pliocene Unconformity (MPCU) was interpreted in the 

whole basin and represents the base of Piacenzian/Early Gelasian de-
posits (Zecchin et al., 2020). On the basis of the available wells, it has 
been found between ca. 0.1 s (TWT) and ca. 2.0 s (TWT), and correlated 
with a medium-to high-amplitude reflector in seismic profiles (Fig. 3d–f, 
h, l, 4 b, d, 5). For most part of the offshore area, the MCPU is a 
correlative conformity and is deformed by WSW-, ENE-, SW-, NE-, S- and 
N-dipping transpressional and transtensional faults, which led to the 
formation of antiformal and sinformal geometries. In the Crotone area, 
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Fig. 4. Uninterpreted and interpreted seismic profiles 6 and 7 a) to d) showing the main seismic-stratigraphic units separated by unconformities. Black-colored 
segments indicate faults. Abbreviations: SU – Serravallian Unconformity; TU – Tortonian Unconformity; UMU – Upper Messinian Unconformity; ZS – Zanclean 
Surface; MPCU – Middle Pliocene Unconformity; EPSU – Early Pleistocene Unconformity. See Fig. 5 for their locations. Seismic data have been provided by ENI 
Natural Resources. 
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the MPCU has been deformed by the Crotone Megalandslide (Zecchin 
et al., 2018; Mangano et al., 2020) (Fig. 3b). In the southern sector of the 
Crotone area, the MPCU is dissected by the Tacina, Sant’Antonio, Fosso 
Umbro and Marcedusa-Steccato faults associated with the PSFZ (Massari 
and Prosser, 2013; Civile et al., 2022) (Fig. 4b). 

4.1.7. Early Pleistocene Unconformity 
The Early Pleistocene unconformity (EPSU) was recognized in the 

whole offshore sector and represents the base of the Late Gelasian de-
posits (Zecchin et al., 2020). Based on the correlation between wells and 
seismic lines, it was identified between ca. 0.3 s (TWT) and ca. 1.2 s 
(TWT), and is associated with a medium-amplitude reflector (Fig. 3d–f, 
h, l, 4 b, d, 5). With respect to Zecchin et al. (2012, 2015, 2020), ac-
cording to whom the EPSU was recognized as unconformable, in the 
present study the latter appears as a correlative conformity and is found 
both in morphological highs and depocenters in the distal area. This 
topography is seen to have been influenced by the activity of WSW-, 
ENE-, SW-, NE-, S- and N-dipping transpressional and transtensional 
faults (Fig. 3d–f, h, l). 

4.2. Shear zones in the Crotone Basin 

4.2.1. The rossano-san-nicola fault zone (RSFZ) 
The RSFZ consists of several NW-oriented fault segments character-

ized by an alternation of transtensional and transpressional tectonic 

activity. These structures affect the mid-Miocene to Quaternary seismo- 
stratigraphic deposits and formed structural highs and depocentres 
(Figs. 3 and 4). 

According to Muto et al. (2014, 2017), seismic profiles in the N Cirò 
area reveal a N-dipping shear surface associated with a SW-verging fault, 
named here as Fault 1 (Fig. 3b–d). Towards the S, two 
contractional-transpressional faults, named Fault 2 and Thrust 1, were 
identified (Fig. 3a–d). These faults dissect the Pre-Langhian-Tortonian 
deposits together with the SU and TU unconformities, while Fault 2 
dissects the Messinian units as well as the BE surface and is in turn cut by 
the basal shear surface of the Crotone Megalandslide (Mangano et al., 
2021). It is assumed that Fault 1 and 2 are connected to a deep-seated 
subvertical fault that generated a positive flower structure showing an 
orientation comparable with that of the RSFZ (Fig. 3d and 6). Following 
Zecchin et al., 2020, Thrust 1 has been associated with the inferred 
S-verging thrust resulted in the uplifted Cirò area (Fig. 3b–d). In the E 
offshore sector, two deep-rooted faults dipping to the N and NE, here 
named Fault 3 and Fault 4, are seen to crosscut reflectors of Pre-Langhian 
to Serravallian units and define a structural high delimited at the top by 
the UMU (Fig. 3h–l). It cannot be ruled out that the activity of such 
transpressional faults has driven the development of older structural 
highs defined by the SU (Fig. 3h–l). The orientation of these transpres-
sional faults is similar to that shown by the outcropping fault system 
forming the RSFZ (Fig. 6). 

Along the entire E offshore sector, the MPCU and EPSU along with 

Fig. 5. Available wells have been provided by ENI National Resources. Locations of both wells and seismic profiles are illustrated on the right corner. See captions 
Figs. 3 and 4 for abbreviations. 
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the Zanclean to Recent deposits are deformed and dissected by a set of N- 
, NE-, S-, WSW- and ENE-dipping high-angle transtensional faults that 
define small-scale depocentres. and exhibit the same orientation as the 
outcropping NW-oriented structural lineaments of the RSFZ (Fig. 3d–f, 
h, l). 

4.2.2. The Petilia-Sosti Fault Zone 
The PSFZ consists of main fault branches represented by the Tacina, 

Sant’Antonio, Marcedusa-Steccato and Fosso-Umbro faults (Van Dijk, 
1994; 2000; Massari et al., 2010; Massari and Prosser, 2013; Civile et al., 
2022), and some other minor structures that dissect all the 
seismo-stratigraphic units and unconformities of the Mid-Miocene to 
Quaternary succession of the Crotone Basin (Fig. 4b). Along the W and 
SW sectors of the CB, seismic profiles document the presence of S- and 
N-ward dipping faults that displace Messinian to Recent deposits, as well 
as the BE, the UMU, the ZS and the MPCU (Fig. 4b). Following Massari 
and Prosser (2013) and Civile et al. (2022) (Fig. 2b), these fault seg-
ments may be associated with the subsurface counterpart of the 
outcropping Tacina, Sant’Antonio, Marcedusa-Steccato and Fosso 
Umbro faults. The two fault segments corresponding to the Sant’Antonio 
and Marcedusa-Steccato faults define a tectonic trough hosting 

Messinian to Quaternary units, which show lateral thickness changes. 
Within this tectonic trough, the Latest Messinian and Pliocene units form 
onlap relationships with the UMU and the ZS, perfectly matching the 
well-known Early Pliocene transgressive phase. A relative raised posi-
tion of the Messinian Unit between the Marcedusa-Steccato and 
Fosso-Umbro faults, can also be appreciated in the S Crotone area (the 
southernmost part of seismic Profile 6, Fig. 4b). 

5. Discussion 

Although many authors contributed in the last decades to establish 
the basis of the stratigraphic and structural framework of Crotone Basin, 
questions that deserve further investigation related to the structural and 
stratigraphic record regards i) the timing of the emplacement of the 
Cariati Nappe, ii) the differentiation of the evolution between the Cro-
tone and the Cirò areas, iii) the occurrence of very thick Messinian de-
posits in the northernmost Crotone area, in contrast with their absence 
in its offshore counterpart and in the Cirò area, iv) the characterization 
of the headwall region and timing of the large gravitational collapse. 
The analyses of high penetration data reveal before anything else the 
presence of a positive flower structure, inferred to be part of the RSFZ. 

Fig. 6. Digital Terrain Model (DTM) map in projection UTM 33 (WGS84) of the onshore and offshore parts of the Crotone Basin showing the main fault segments 
belonging to the RSFZ and PSFZ. The DTM map was modified from Civile et al. (2022) and was generated using the following freely available datasets: The land data 
derived from: SRTM (Shuttle Radar Topography Mission) worldwide digital elevation data with 30 m (1 arc-second) resolution, released by NASA (SRTM PLUS 
Version 3.0) and made available by the U.S. Geological Survey (https://lpdaac.usgs.gov/search/); TinItaly DEM, a digital elevation model of the whole Italian 
territory that is available as a 10 m cell size grid (Tarquini et al., 2012, 2012; http://tinitaly.pi.ingv.it/Download_Area2.html). The bathymetry data derived from 
EMODnet Digital Terrain Model with a 1/16 * 1/16 arc minutes grid resolution (about 115-115 m), and extracted from the following link: https://www.emodnet. 
bathymetry.eu/. The vector data (coastline) derived from Copernicus, which is the European Union’s earth observation programme based on satellite and in situ 
observations (https://land.copernicus.eu/imagery-in-situ/eu-hydro/eu-hydro-river-network-database). Structural map of the main elements recognized in 
seismic profiles. 
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Such positive flower structure stands out as a key player that answers all 
the aforementioned questions. One more relevant advance in this study 
shows for the first time the subsurface counterpart of the PSFZ and 
provides an important update of the structural-stratigraphic framework 
of the Crotone Basin. 

5.1. Serravallian and Tortonian 

The opening of the Crotone basin dates back to the Serravallian, 
following a phase of basin uplift that contributed to the development of 
the SU (Zecchin et al., 2020 and references therein). The present data 
suggest that conditions of subaerial exposures leading to the formation 
of the SU persisted also in the considered part of the modern offshore 
sector, not only in the exposed part of the basin. Seismic profiles 
document that the SU truncates the underlying reflectors and delimit 
some structural highs (Fig. 3h, l, 4 d). This evidence suggests that the 
marine area during the formation of the SU was placed further seaward 
toward the Ionian Sea. 

The CB was dominated by a long-lasting subsidence phase during the 
Late Serravallian to Tortonian, despite an episode of tectonic tilting 
along the basin margin that led to the formation of the TU. The present 
data show that the TU is only found locally along the offshore sector, 
confirming previous results by Zecchin et al. (2020), which highlighted 
a development of the TU limited to the Cirò area. At the greater detail, 
considering that the TU is not found in the Crotone area, we exclude the 
occurrence of an extra-regional tectonic event and for this reason we 
infer that the TU terminates against the SU in the offshore counterpart of 
the Crotone area (Fig. 3l). 

During the Late Tortonian, the Cirò area was affected by a trans-
pressional tectonic regime that determined the superposition of the 
Cariati Nappe. This event occurred through the activation of a SW- 
verging transpressional fault “Fault 1” (Fig. 3b–d), which crosscut the 
Serravallian and Tortonian deposits, confirming the previous observa-
tions by Muto et al. (2014, 2017). A novelty of this study is the discovery 
that Fault 1 connects to a NW-oriented positive flower structure, the 
position of which corresponds to that of the RSFZ (Fig. 3b–d, 6). 

5.2. Latest Tortonian to Late Messinian 

In order to justify the relative raised position of the Serravallian- 
Tortonian deposits of the Cirò area with respect to the Plio-Pleistocene 
succession of the Crotone area, Zecchin et al. (2020) hypothesized the 
presence of a S-verging thrust that also drove the formation of an E-W 
oriented depocenter in the Crotone area that accommodated the depo-
sition of a ca. 1600 m thick Messinian Evaporites. According to the 
current results, the activity of a S-verging thrust (Thrust 1, Fig. 3b–d) 
during the Messinian is confirmed as a first-order control on the uplifting 
of the Cirò area as well as on the development of E-W-oriented depo-
center in the Crotone area (Figs. 2 and 3b, d). We infer that such thrust 
shows a different orientation with respect to the RSFZ due to the dis-
tribution of the Messinian sediments filling the depocenter in the Cro-
tone area along a E-W transect (Zecchin et al., 2020). Our inference is 
also supported by the model provided by Hancock (1985), according to 
whom dextral stress field in trascurrent regime along N140◦ trending 
shear zones generate E-W-oriented thrusts. In fact, dextral activation 
along the NW-trending shear zones in the Crotone Basin is documented 
throughout the Messinian with the associated inception of E-W-oriented 
anticlines (Massari and Prosser, 2013). 

The available data allow to document that the offshore sector turned 
into a structural high and probably led to overall exposure conditions 
during the Late Messinian, as confirmed by the direct overlap of Zan-
clean on Tortonian and Serravallian deposits (Fig. 3f–h, l). This obser-
vation confirms previous findings from Zecchin et al. (2020), who 
already recognized an offshore structural high during the Late Messinian 
mainly based on core data. A linkage between such structural high and 
the RSFZ cannot be ruled out, as the deep-rooted fault segments (Fault 3 

and Fault 4) inferred to have controlled such structural high show an 
orientation compatible with that exhibited by the outcropping linea-
ments that compose the RSFZ (Fig. 3h, l, 6). 

The sea-level lowering associated with the Messinian salinity crisis is 
inferred to have triggered isotastic/flecxural rebound processes, leading 
to exhumation and exposure conditions (DeCelles and Cavazza, 1995; 
Cavazza and DeCelles, 1998; Krijgsman et al., 1999; Hilgen et al., 2007; 
Govers et al., 2009). Conversely, the driving mechanism that drove the 
contractional/transpressional activity of the RSFZ in the completion of 
the Cirò and offshore structural highs, as well as the UMU, in the Late 
Messinian (ca. 5.4 Ma) is related to incipient collision and temporary 
coupling of the NE sector of the Calabrian Arc with the Apulian margin 
(Massari and Prosser, 2013). 

A phase of extensional/transtensional tectonics during the Messinian 
was already documented by Massari and Prosser (2013), who have 
recognized the presence of transtensional faults that define a tectonic 
trough in the SW onshore area. Evidence of syn-sedimentary tectonics 
are also inferred from this study, where reflectors of Latest Messinian 
units are observed to show a fan-like geometry between the Sant’An-
tonio and Marcedusa-Steccato (Fig. 4b). 

5.3. Zanclean to Piacenzian 

Phases of extensional/transtensional tectonics were exterted by the 
PSFZ during the Zanclean in the SW sector of the Crotone Basin, where 
new data document onlap relationships between Zanclean Unit and the 
ZS inside a depocenter bounded by the Sant’Antonio and Marcedusa- 
Steccato faults (Fig. 4b). In light of this interpretation, we found a 
confirmation on previous studies, according to which the Zanclean was 
characterized by extensional/transtensional phases (Massari and 
Prosser, 2013; Zecchin et al., 2015, 2020). Further episodes of Zanclean 
extensional/transtensional tectonics are also inferred along the E 
offshore, where differences in thickness between the hangingwall and 
footwall are observed inside a depocenter controlled by fault lineaments 
belonging to the RSFZ (Figs. 3f and 6). The subsequent phase of con-
tractional/transpressional tectonics occurred at the transition between 
the Zanclean and the Piacenzian is well constrained by the present data, 
as a reverse-component reactivation of the Fosso-Umbro and 
Marcedusa-Steccato faults, responsible for the development of a struc-
tural high along the southernmost part of the Crotone area, is recog-
nizable (the southernmost part of seismic Profile 6, Fig. 4b). In this 
sector, Messinian to Zanclean units are seen to be raised with respect to 
the Zanclean to Quaternary units adjacent to the structural high and are 
bounded by two fault segments inferred to correspond to the 
Fosso-Umbro and Marcedusa-Steccato faults. 

One of the most remarkable results from this study is that also Fault 2 
is part of the positive flower structure belonging to the RSFZ and 
responsible for the emplacement of the Cariati Nappe during the Late 
Tortonian (Fig. 3b–d). In light of this interpretation, the RSFZ is docu-
mented to have been an important player in the differentiation between 
the Cirò and the Crotone areas, determining a lateral contact between 
the Serravallian - Tortonian deposits to the N and the Plio-Pleistocene 
deposits to the S (Fig. 2). Despite the MPCU passes into a correlative 
unconformity towards the distal area, such unconformity has an extra- 
basinal significance, linked to the main tectonic events leading to 
basin uplift and closure (Zecchin et al., 2015, 2020). 

One of the main achievements from this study regards timing and 
control factors of the large gravitational collapse involving the Crotone 
area. According to Mangano et al. (2020) the updip extensional domain 
of such large gravitational collapse is compatible with the presence of a 
fault set showing an arcuate pattern connected to an E-W-oriented 
normal fault in the N Crotone area. In fact, the integration between 
seismics and geological maps from this study recognized that the 
extensional fault set is the outcropping counterpart of a buried seaward 
dipping shear surface representing the basal detachment of the 
large-scale gravitational collapse (Fig. 3b). Importantly, one can see that 
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such basal detachment surface dissects the front of the Fault 2, part of the 
positive flower structure composing the RSFZ, as well as the MPCU, 
which assumes a lobate shape typical of blocks composing the exten-
sional domain of mass-transport complexes (Bull et al., 2009) (Fig. 3b). 
Based on this evidence, transpressional tectonics associated with the 
activity of the RSFZ at the end of the Zanclean is likely to have increased 
the slope gradient and contributed to the inception of the large-scale 
gravitational collapse (Zecchin et al., 2018; Mangano et al., 2020). At 
the regional scale, the Zanclean extensional/transtensional tectonic 
regime is associated with forward migration of the Calabrian Arc and 
active subduction of the Ionian lithosphere, concomitant with the 
spreading of the Vavilov sub-basin in the Tyrrhenian back-arc area 
(Zecchin et al., 2012, 2015, 2020). 

In contrast, the Latest Zanclean - Earliest Piacenzian tectonic phase 
might be related to a temporary pause of the arc migration, due to the 
convergence between the Calabrian accretionary system and the conti-
nental crust of the Apulian margin (Fabbri et al., 1982; Van Dijk, 1991; 
Van Dijk and Scheepers, 1995; Doglioni et al., 1996; Gueguen et al., 
1998; Sartori, 2003; Praeg et al., 2009), concurrently with a temporary 
spreading interruption or slowdown in the Vavilov sub-basin (Zecchin 
et al., 2012, 2020). 

5.4. Early Gelasian to recent 

We favour the scenario that contractional/transpressional activity 
took place during the Early Gelasian as documented by the folding of the 
EPSU. It is not excluded that the Early Gelasian contractional/trans-
pressional tectonic event have occurred also along the PSFZ and 
completed the evolution of the structural high in the S sector of the 
Crotone area, through the reverse-component reactivation of the Fosso- 
Umbro Fault. This is documented by the relative raised position of the 
Messinian to Zanclean Units bounded to the SW by the NE-dipping fault 
segments corresponding to the Fosso-Umbro Fault (Fig. 2b and 4b). In 
consideration of our interpretations, this study confirms phases of 
contractional/transpressional tectonics highlighted by previous authors 
(Zecchin et al., 2020 and reference herein). This study also confirms that 
further episodes of extensional/transtensional tectonics followed the 
Early Gelasian tectonic regime. In fact, tectonic subsidence is docu-
mented in the E offshore sector, where Late Gelasian reflectors appear to 
be dissected by transtensional faults and form depocenters (Fig. 3f). 
According to Zecchin et al. (2012), the contractional/transpressional 
tectonic event is inferred to be linked with the termination of the 
migration of northern Calabria toward the Apulian plate and with the 
end of the development of the Vavilov sub-basin. In contrast, the Late 
Gelasian tectonic subsidence is inferred to be coeval with the onset of 
oceanization of the Marsili sub-basin (Massari et al., 2010; Zecchin et al., 
2012; Massari and Prosser, 2013) occurred at ca. 2.1 Ma (Nicolosi et al., 
2006), and with a contemporaneous clockwise rotation of ca. 20◦ and 
SE-ward migration of the arc (Speranza et al., 2011; Mattei et al., 2004, 
2007; Chiarabba et al., 2008). 

6. Conclusions 

The integration of seismic reflection profiles, well data and geolog-
ical maps has allowed to provide an update of the structural- 
stratigraphic framework of the CB. The main conclusions are as follow.  

• Conditions of subaerial exposure and erosion are inferred to have 
characterized the modern offshore area, just before the basin open-
ing, as the SU is observed to truncate the underlying reflectors in this 
sector.  

• The activity of the S-verging thrust, which occurs during a right- 
lateral kinematic stage associated with the RSFZ led to the uplift of 
the Cirò area, concomitant with the development of an E-W-oriented 
depocenter in the N Crotone area during the Messinian. This is 
documented by a N-dipping shear surface below the raised position 

of the Serravallian/Tortonian sediments of the Cirò area. This shear 
surface terminates before an up to 1600 m thick depocenter filled by 
Messinian to Plio-Pleistocene sediments.  

• The presence of a positive flower structure associated with the RSFZ 
has been recognized for the first time. Its activity drove the super-
imposition of the Cariati Nappe, completed the formation of the Cirò 
area and contributed to trigger the large-scale gravitational collapse 
involving the basin. This is proven by the presence of two major 
faults giving rise to a positive flower structure, whose orientation is 
compatible with that of the RSFZ. One of this two faults lies below 
the Cariati Nappe, whereas the second one appears below the Cirò 
area and is crosscut by the basal detachment of the large gravita-
tional collapse.  

• Continental settings dominated the present-day offshore area of the 
CB during Late Messinian, as this sector turned into a structural high 
probably due to the activity of the RSFZ. The structural lineaments 
that controlled such structural high show an orientation compatible 
with that of the RSFZ and are seen to deform the UMU which con-
stitutes a direct contact between Zanclean and Tortonian or even 
older sediments.  

• Phases of basin subsidence occurred during the Zanclean, Piacenzian 
and since the Late Gelasian in the SW onshore as well as in the 
offshore, where transtensional faults are seen to define small 
depocenters. 
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