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Highlights 

- Contractional and extensional tectonics in the Crotone Basin relate to the development of 

the Ionian and Tyrrhenian Seas  

- Early Langhian contractional/transpressional tectonics generated new structural traps 

- Pliocene (Zanclean-Piacenzian) tectonics led to the emplacement of large mass-transport 

complexes 

- Pliocene tectonics impacted source-rock maturation in the Crotone Basin 
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Abstract 

This work addresses the tectonic significance of a NW-SE strike-slip fault zone in the 

Calabrian Arc of Southern Italy, the Rossano-San Nicola Fault Zone (RSFZ). High-quality 

seismic reflection and 1D forward models of exploration boreholes and pseudo-wells show 

that the RSFZ experienced multiple Miocene phases of contractional/transpressional 

tectonics. These were followed by crustal extension during the Pliocene in association with 

the oceanisation of the Tyrrhenian Sea, Apennine orogenesis, and collision between the 

Calabrian Arc and adjacent tectonic plates. Such a setting had a profound influence on the 

Crotone Basin and its economic potential: 1) tectonic reactivation allowed reservoir units of 

the Crotone Basin to be charged by gas derived from Triassic/Lower Jurassic source rocks, 

and 2) source rocks reached their maximum depth and remained in the gas generation 

window after the emplacement of a large mass-transport complex in the Pliocene. In the 

surrounding areas, tectonic activity near the RSFZ contributed to source-rock maturation by 

enhancing local sedimentation rates, particularly during Langhian (Middle Miocene) and 

Zanclean (early Pliocene) tectonics. This work is important as it demonstrates the tectono-

stratigraphic evolution of the Crotone Basin to be closely related to the structural evolution of 

the RSFZ. Crucially, the study area reveals the first example of a gas field fully sealed by a 

large mass-transport complex. As a corollary, we tie the Late Cenozoic geological history of 

the Crotone Basin to the geodynamic evolution of the central Mediterranean region, namely 

the Ionian and Tyrrhenian seas. We identify new prospects in the Crotone Basin and provide 

a time frame for gas generation and accumulation in Southern Italy. 

 

Keywords: Adria Plate; Calabrian Terranes; Crotone Basin; Strike-slip tectonics; Burial 

history 
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1. Introduction 

Tectono-stratigraphic analyses of sedimentary basins are paramount to understand their 

economic potential, namely the importance of discrete tectonic episodes on the 4D evolution 

of petroleum systems (Alves et al., 2020). Such analyses require a holistic approach and the 

use of vast datasets to address the formation, infill and erosion of sedimentary basins, 

information deemed crucial to later discern their tectonic settings, palaeogeography and 

subsidence histories (Fraser, 2010). In detail, tectonic movements may have a mixed 

economic impact by positively affecting the formation of structural traps, while negatively 

controlling the timing of fluid migration (Tari et al., 2020). At the same time, local and far-

field tectonics can enhance seal competence, while leading to the exhumation (or excessive 

burial) of source rocks in different parts of sedimentary basins (Maerten et al, 2019; Tari et 

al., 2020). The fast and widespread accumulation of strata - including mass-transport 

complexes - during discrete tectonic episodes is known to enhance source-rock maturation, 

promoting the trapping of hydrocarbons in the slope depocentres where such mass-wasted 

strata are known to rest (Zhao et al., 2015; Sun et al., 2017). Conversely, the source areas of 

mass-transport complexes often record important migration (loss) of fluid to the surface via 

the sudden release of confining overburden pressure (Alves, 2010; Alves, 2015). 

Part of a Late Cenozoic forearc depocentre of the Ionian arc-trench system, the Crotone 

Basin has been recognised as an important natural gas province since the 1970s (Roveri et al., 

1992). (Fig. 1). Known gas fields span the onshore to near-offshore areas of the Crotone 

Basin near the culmination of compressional, or contractional, structures (Fig. 1). The 

geological evolution of this basin has also been controlled by NW-SE strike-slip faults since 

the Late Cenozoic, and some of the these structures were reactivated concomitantly with the 

accumulation of large mass-transport deposits in its offshore part (Massari and Prosser, 2013; 

Zecchin et al., 2015; 2018; 2020; Critelli, 2018; Mangano et al., 2020; 2021). Reliable 
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stratigraphic information already exists for reservoir units in the Crotone Basin (Roveri et al., 

1992), but data on the evolution of these NW-SE strike-slip faults is lacking in the published 

literature. Similarly, as the maturation history of potential source rocks and the timing(s) of 

hydrocarbon generation are still to be fully addressed, the aims of this study are to 

investigate:  

 

a) the tectono-stratigraphic evolution of the Calabrian offshore area (Southern Italy) from 

the Triassic to the present day; 

b) the burial and thermal histories of the Crotone Basin, with emphasis given to known 

source rock intervals; 

c) the formation of particular seal intervals and structural traps relative to the 

development of NW-SE strike-slip fault zones in the Crotone Basin.  

 

At the end of this work, we will tie the evolution of the latter fault zones to key 

geodynamic events recorded in the Central Mediterranean region. Finally, we will compare 

the results of this study with Roveri et al. (1992), who considered reservoir units in the study 

area to occur below a regional compressive structure related to a Pliocene tectonic phase.  

 

 

2. Geological setting 

 

2.1 Tectonic evolution of the Western and Central Mediterranean regions 

The Ionian Sea is an oceanic basin located between the Apulian and the Malta 

escarpments, connecting the Eastern Mediterranean with the oceanic domain of North Africa 

(Fig. 1). It was first developed during Neotethys’ continental rifting, which resulted in the 
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fragmentation of the Mediterranean region in multiple tectonic (micro)plates, e.g. 

Mesomediterranean (e.g., Critelli et al., 2008; Critelli, 2018; Critelli and Martin-Martin, 

2022), Iberia, AlKaPeCa, Adria, Eurasia, Africa, and Hellenic-Turkey plates (Stampfli and 

Marchant, 1997; Catalano et al., 2000; Handy et al., 2010; Van Hinsenberg et al., 2020). 

These tectonic plates bordered the Alpine Tethys, Liguro-Piedmont, Valais and Lagonegro 

oceans (Stampli, 2005). Near the study area, the Lagonegro Ocean has been previously 

recognised as forming the western extension of the Ionian Sea (Critelli et al., 1999). 

     Continental rifting started at the end of the Permian in what is now the Ionian Sea and 

evolved towards oceanic spreading in the Late Jurassic-Early Cretaceous (Catalano et al., 

2001). The opening of the Ionian Sea is itself inferred to have resulted from Early-Middle 

Jurassic lateral motion between Adria and Africa, which formed a seaway between the North 

Atlantic seaway to the NW and the Neotethys to the SE (Channell et al., 2022). In the Late 

Jurassic, Adria and Africa became joined, interrupting tectonic extension in the Ionian region 

(Fig. 2). On a more regional scale, the Ionian Sea as an oceanic realm was developed during 

the Late Jurassic-Early Cretaceous left-lateral motion of Iberia with respect to Eurasia, due to 

the eastward drift and counterclockwise rotation of the former during the opening of the Bay 

of Biscay (Vissers and Meijer, 2012; Angrand et al. 2020). At the time, the resulting 

deformation was accommodated across a ~ 400 km wide region extending from the Iberian 

Chain System in the SW, to the Armorican Shelf/Northern Aquitaine systems in the NE, 

along the so-called Iberia/Eurasia plate boundary (Angrand et al. 2020).  

The oceanisation process ceased in the Ionian Sea during the Late Cretaceous due to a 

change from divergent to convergent tectonics in the context of collision between Africa and 

Eurasia – the so-called Alpine orogenesis (Critelli, 1993; Stampfli and Marchant, 1997; 

Critelli, 1999; Stampfli and Finetti, 2005; Stampfli and Hochard, 2009). During Africa-

Eurasia convergence, Iberia became separated from Corsica and the Stilo-Aspromonte-
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Peloritan Block by a right-lateral transform fault (Stampfli and Hochard, 2009). Later, 

Paleogene plate convergence continued to affect the Mediterranean region, and southern 

Italy, resulting in the subduction of Apulia-Adria beneath Iberia (Mesoalpine phase). 

In the Middle Miocene (Langhian), the Tyrrhenian Sea was closed juxtaposing the 

Calabria-Peloritani Block (Stilo-Aspromonte-Peloritan and Africo-Polsi units) against the 

Corsica-Sardinia Block. The Ionian Sea pinched out westward, to the east of the Inner 

Carbonate platform and Apenninic Platform (Van Hinsbergen et al., 2020) (Fig. 2). At 

present, the Ionian Sea is bounded to the W by the Calabrian Arc, which has been rifted away 

from Sardinia since the Middle Miocene (Serravallian in Mattei et al., 2002). 

 After the Serravallian, the Calabrian Arc is known to have migrated rapidly (up to 6-8 

cm/yr) to its present position between Sicily and the southern Apennine Range, in response to 

the ongoing oceanisation of the Tyrrhenian Sea (Massari and Prosser, 2013). Rapid slab 

rollback of the Ionian plate is currently regarded as having been, since the Serravallian, the 

main driving force of Tyrrhenian Sea opening. As a result, backarc opening has occurred in 

the Tyrrhenian region in the form of intermittent episodes of crustal stretching, which 

generated localised spreading centres at 4–5 Ma (Vavilov Basin) and 2.1–1.6 Ma (Marsili 

Basin). Moreover, the direction of crustal stretching changed through time; it was E-W 

during the Tortonian to early Pliocene and became oriented NW–SE in the Late Pliocene to 

early Pleistocene (Sartori, 2003). 

  At present, the evolution of the study area (Crotone Basin) is still closely related to the 

southeast migration of the Calabrian terranes under a setting dominated by Ionian plate 

subduction, associated slab roll-back, and Tyrrhenian Sea extension (Fig. 1). These events 

have led to the formation of NW- and WNW-ESE strike-slip fault zones, which fragmented 

the Calabrian Arc in multiple blocks (Tansi et al., 2007; Verges et al., 2012; Jolivet et al., 

2021a). Within  such a background, the Rossano-San Nicola Fault Zone (RSFZ) is, in the 
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study area, one of such major NW- and WNW-ESE strike-slip fault zones and crosses the 

northern boundary of the Crotone Basin (Figs. 1 and 2). 

 

 

2.2 Stratigraphic successions of the Central Mediterranean Sea 

 

Due to its key location in the broader Mediterranean Sea, Mesozoic-Cenozoic strata in the 

Ionian Sea documents multi-phased continental rifting (Triassic to Early Jurassic), Tethyan 

continental breakup, and a period of open-ocean conditions (Early Jurassic to Early 

Cretaceous). Tethyan subduction and the onset of Alpine orogenesis occurred from Late 

Cretaceous to the Paleogene, Adria (or Apennines) orogenesis from the Early Miocene to the 

present day, and, finally, Tyrrhenian Sea’s back-arc rifting (the so-called Tyrrhenian phase) 

from 15 Ma to the present day. Importantly, Mesozoic strata deposited in the older Tethys 

Ocean contain black shales deposited during the Triassic, Jurassic and Cretaceous Oceanic 

Anoxic Events (OAEs); they are the principal source rocks in known petroleum systems of 

the modern Mediterranean Sea (Jenkins, 1980; Jenkins, 1999). 

Still in the Ionian region, terrestrial red beds of Triassic age lie unconformably over 

granodiorites, gneisses and phyllites, which comprise the basement rocks of the Calabrian 

Arc (Zuffa et al., 1980; Santantonio and Teale, 1987; Critelli et al., 2008; Critelli et al., 2016 

– Foglio 590 Taurianova) (Fig. 3). These red beds are overlain by Jurassic shallow-water, 

slope and basin carbonates, and other siliciclastic sediments (Zuffa et al., 1980; Santantonio 

and Teale, 1987) (Fig. 3). Above these red beds are prominent Jurassic and Cretaceous inner- 

(Alburni-Cervati-Pollino-Panormide) and outer- (Apulia) platform carbonates, ranging from 

1000 m to 2000 m in thickness. Also documented in this Cretaceous sequence are clays, 

marls and shales, pelagic carbonates and cherty limestones, reworked coarse-grained 
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carbonates/clastic turbidites and gravity flows. A siliciclastic Calabrian Flysch Unit ends the 

Mesozoic to Early Cenozoic stratigraphic succession of the Ionian Sea – it reflects the 

regional geodynamic changes that resulted from Paleogene subduction of Apulia-Adria 

beneath Iberia (Fig. 3). Therefore, the resulting Calabrian Arc comprises, offshore, a nappe 

stack of metamorphic and sedimentary units that are part of the so-called Calabrian 

Accretionary Wedge, or Complex (Rossetti et al., 2004; Sartori et al., 2004) (Fig. 1).   

       Serravalian to Pleistocene strata of the Crotone Basin - a forearc depocenter located in a 

wedge-top position near the Calabrian Arc - lies unconformably above the Mesozoic-Lower 

Cenozoic sedimentary successions of the study area. The sedimentary succession of the 

Crotone Basin starts with coarse-grained breccias deposited by alluvial fans, which change 

seawards into fan-delta conglomerates (San Nicola Formation; Serravallian; Fig. 4). The San 

Nicola Formation is itself overlain by the silts and intercalated sands of the Ponda Group 

(Tortonian), which represents shelf to slope facies (Zecchin et al., 2020) (Fig. 4). While the 

base of the Crotone Basin’s sediments is marked by a Serravallian Unconformity (SU), the 

Serravallian and Tortonian are separated by a Tortonian Unconformity (TU) (Fig. 4). Both 

unconformities are associated with important tectonic tilting of the Crotone Basin’s shoulder 

(Zecchin et al., 2020).  

Serravallian-Tortonian strata in the Crotone Basin are sealed by a Messinian succession 

composed of diatomites (Tripoli Formation), halite and resedimented evaporites (Evaporite 

Formation), limestones, siliciclastic sandstones (Petilia-Policastro Formation), conglomerates 

and mudstones (Carvane Group), reflecting continental to continental-slope depositional 

environments (Zecchin et al., 2020) (Fig. 4). An intra-Messinian Unconformity (IMU) 

separates the Evaporite and the Petilia Policastro formations, while an Upper Messinian 

Unconformity (UMU) bounds the Petilia-Policastro Formation from the Carvane Group (Fig. 

4). In the literature, the IMU has been associated to isostatic rebound due to the Messinan 
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Salinity Crisis, while the UMU results from tectonic collision between the Calabrian Arc and 

the Apulian margin, located to the NE of this latter arc (Zecchin et al., 2020).  

Plio-Pleistocene deposits complete the Crotone Basin’s stratigraphy (Fig. 4). Seawards, 

they comprise the silty Cavalieri Marl (Zanclean), reflecting deep-water conditions, and the 

Cutro Clay (Piacenzian to Pleistocene) (Fig. 4). Towards the basin shoulder, the Cavalieri 

Marl and the Cutro Clay interfinger with sandy and gravelly intervals in the Zinga Sandstone 

and Belvedere Formation (Zanclean), the Scandale Sandstones (Piacenzian/early Gelasian), 

and the San Mauro Sandstones and Serra Mulara Formation (Middle Pleistocene) (Fig. 4). 

Zanclean strata are separated from Piacenzian/early Gelasian deposits by a Mid-Pliocene 

Unconformity (MPCU), while the latter deposits are separated from a late Gelasian/Calabrian 

interval by an early Pleistocene Unconformity (EPSU). Both the MPCU and the EPSU are 

related to tectonic movements along the main NW-striking fault zones bounding the Crotone 

Basin (Zecchin et al., 2020). 

 

3. Data and methods 

The studied dataset comprises 2D multichannel seismic reflection profiles and borehole 

data provided by ENI Natural Resources (Figs. 5, 6 and 7). The interpreted 2D seismic 

dataset spans the proximal offshore sector of the Crotone Basin, and images the continental 

shelf and slope (Fig. 5, 6 and 8). Borehole and seismic interpretations were carried out in the 

time domain using Schlumberger’s Petrel©. Seismic data interpretation included the 

recognition of key seismic reflectors, which generally correlate with lithological changes and 

unconformities in borehole data. The recognition of key horizons was based on the 

identification of seismic reflection terminations, changes in seismic facies and seismic-

borehole ties. 
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The interpretation of continental red beds and source rocks in Mesozoic carbonates was 

based on the fact that the organic-rich shales usually act as detachment layers for thrust faults 

and broader folds (Waldron et al., 2011). In the study area, faults and folds were recognised 

both above and below putative detachment zones, within which seismic reflectors show 

significant horizontal shortening and deformation (Figs. 3 and 4). 

Schlumberger’s PetroMod® was used to compute 1D burial/maturation plots for 

exploration boreholes and pseudo-wells in the study area. Model inputs such as lithology and 

the ages of stratigraphic units were derived from the Federica 1 and Lulù 1 boreholes, while 

palaeowater depths were assigned on the basis of the palaeogeographic evolution illustrated 

by Zecchin et al. (2020). For those units not penetrated by exploration boreholes, lithologies 

were derived from the literature documenting the sedimentary successions of the Ionian 

region (Critelli, 1999). The associated palaeowater depths assumed in the models were 

assigned on the basis of the lithologies drilled by the exploration boreholes. Heat-flow values 

(mW/m2) for the Crotone Basin were computed after considering the main lithologies in each 

stratigraphic interval and sea-water temperatures (°C) using the default data provided by 

PetroMod® (Wygrala, 1989). Average values of input data are shown in table 1.  

At the location of the Federica 1 borehole, the calibration between seismic and borehole 

data was based on the formula time=thickness(m)*2/velocity(m/s). Where strata were not 

penetrated by boreholes, e.g. the Mesozoic rift succession, unit thickness was estimated after 

depth-converting the seismic data (see Table 2 for velocities). After reconstructing the 

structural evolution of the study area in the context of the Mediterranean Sea’s evolution, we 

linked structural-stratigraphic interpretations to basin maturation models. 

 

4. Results 
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4.1. Seismic stratigraphy 

Seventeen seismic sequences were interpreted in this work and correlated with the regional 

lithostratigraphic framework in Critelli (1999) and Zecchin et al. (2020). Unit U1 pre-dates 

continental rifting, Units U2 and U3 correlate with late continental rifting and ocean 

spreading, while units U4 and U5 relate to Oceanic Anoxic Events and Alpine orogenesis, 

respectively. Units U6 to U11 are associated with Alpine orogenesis, while units U12 to U17 

represent the Crotone Basin fill (Figs. 3 and 4; Table 1). Locally, Units U12 and U13 

comprise known reservoir intervals. Units U13 to U17 are part of a remobilised interval in 

which a large mass-transport complex is observed (Zecchin et al., 2018; Mangano et al., 

2020). 

 

4.1.1 Mesozoic units 

Mesozoic strata are subdivided in units U1 to U5, which comprise transparent to high-

amplitude, discontinuous and folded seismic reflections crossed by faults in the RSFZ (Figs. 

5 and 6). The interpretation of these units was based on literature (Critelli et al. 1999), 

according to which the Mesozoic sedimentary succession of the Ionian Sea consists of 

Triassic organic-rich redbeds, overlain by very thick Early to Late Jurassic Carbonate 

platforms with intercalated Aptian/Cenomanian organic-rich shaley/marly thin intervals. The 

interpretation of organic-rich intervals was based on the fact that these types of rocks act as 

detachment layer for thrust faults.    

We correlated the Triassic organic-rich red beds with U2, and the up to ~1000 m thick 

Early Jurassic to Late Cretaceous carbonates with units U3 and U5. In between U3 and U5, 

organic-rich shaley layers (Aptian/Cenomanian) occur in unit U4 (Zuffa et al., 1980; 

Santantonio and Teale, 1987) (Figs. 3, 5 and 6). 
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4.1.2 Paleogene units 

Paleogene strata comprise units U6, U7 and U8, intervals with transparent to high 

amplitude, discontinuous reflections with anticlinal folds (Figs 5 and 6). Based on the 

Federica 1 borehole, the three units are correlated with the Flysch di Albidona (late 

Paleocene-Late Eocene), which documents the initial phases of the Alpine and Appenine 

orogeneses (Fig. 3, Table 2). 

 

4.1.3 Latest Paleogene (Oligocene) to Miocene units 

              Latest Paleogene (Oligocene)-Miocene strata include units U9 to U14, which are 

characterised by their low- to high-amplitude, folded and discontinuous seismic reflections 

(Figs. 5 and 6). Based on the Federica 1 and Lulù 1 boreholes, these units are correlated with 

the mixed siliciclastic and carbonate deposits of the Stilo Formation (Oligocene/Burdigalian) 

in unit U9, the epipelagic sediments of the Fedra Formation (Langhian) in units U10 and 

U11, the fan-delta conglomerates and sandstones of the San Nicola Formation (Serravallian; 

Zecchin et al., 2020) in unit U12, the siltstone-dominated succession with sandy and gravelly 

layers of the Ponda Group (Tortonian; Zecchin et al., 2020) in U13, and the Messinian 

diatomites, halite, resedimented evaporites, limestones, siliciclastic sandstones and 

conglomerates in unit U14 (Fig. 4). The Serravallian San Nicola Formation (U12) and the 

intercalated sands of the Tortonian Ponda Group (U13), constitute proven reservoir intervals 

in the Crotone Basin (Roveri et al., 1992). The Messinian unit U14 is also part of large mass-

transport-complex developing in the Crotone Basin since the Zanclean (Zecchin et al., 2018; 

Mangano et al., 2020; 2021; 2022b). 

 

4.1.4 Pliocene-Quaternary units 
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Pliocene-Quaternay strata comprise units U15, U16 and U17, which are made up of 

low- to high-amplitude, folded and discontinuous seismic reflections, locally with a fan 

geometry (Figs. 5 and 6). Based on the Federica 1 and Lulù 1 boreholes, they correlate with 

the shelf to slope claystones of the Cavalieri Marl (Zanclean) and with the Cutro Clay 

(Piacenzian to Holocene; Zecchin et al., 2020). These units were deposited during the 

oceanisation of the Vavilov and Marsili sub-basins in the Tyrrhenian backarc area. Towards 

the basin shoulder, U15, U16 and U17 are part of the large mass-transport-complex that 

created the so-called Crotone Swell (Zecchin et al., 2018; Mangano et al., 2020; 2021; 

2022b) (Figs 5, 6 and 8). 

 

4.2. The Rossano-San Nicola Fault Zone (RSFZ) 

The NW-striking RSFZ intersects the NE boundary of the Crotone Basin and is part of a 

series of strike-slip faults generated due to the SE migration of the Calabrian Accretionary 

Wedge since the Middle Miocene (Muto et al., 2014) (Figs. 1 and 8). The RSFZ consists of 

multiple faults offsetting all seismic-stratigraphic units interpreted in this work (Figs. 5 and 

6). These faults form a positive flower structure and deform the Upper Miocene 

Unconformity (UMU), giving rise to its anticlinal geometry (Fig. 6). The northern branches 

of the flower structure tilted the Aptian to Oligocene units U4 to U9 towards the S, whereas 

units U10 to U17 reveal considerable thickness changes. Important thickening can be 

observed in the early Langhian unit U10, which has a fan geometry (Fig. 6).  

Significant differences are observed along a WSW-ENE direction when comparing the 

deformation styles of distinct units (Fig. 6). The deeper faults, interpreted as positive flower 

structures, propagate upwards from unit U1 to terminate at the UMU. A detachment zone 

occurs between shaley and uppermost Triassic/Lower Jurassic limestone intervals in units U2 

and U3 (Figs. 5 and 6). Secondary detachments cross similar lithologies in 
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Aptian/Cenomanian and Late Cretaceous units U4 and U5. In contrast, some of the 

shallowest faults in the study area offset the Zanclean and younger units U15 to U17, linking 

to the lower tier of faults terminating near the UMU (Fig. 5). 

  

 

4.3 Basin Modelling (burial and maturation models) 

The burial and thermal histories for two (2) exploration boreholes and three (3) 

pseudo-wells, partly coincident with industry boreholes drilled in the eastern and south-

eastern offshore sector of the Crotone Basin, are shown in Figures 9 and 10. The Lulù 1 

borehole (Fig. 6) and Pseudo-well 1 (Fig. 5) intersect two distinct anticlinal folds below the 

large mass-transport complex identified in the study area. The Federica 1 borehole is located 

on a structural high of inferred Messinian age, as documented by the direct contact between 

Zanclean and Langhian strata observed in seismic data (Fig. 5). Pseudo-well 2 lies on a 

small-scale depocenter of inferred Zanclean age (Fig. 5). Pseudo-well 3 crosses the eroded 

top of an anticlinal fold of inferred Tortonian age which, in turn, is sealed by siltstone-rich 

Tortonian to Pleistocene strata (Fig. 6). 

The study area records alternating episodes of subsidence and tectonic uplift since the 

Early Mesozoic (Figs. 9 and 10). Important sedimentation took place in the Early Jurassic and 

Late Cretaceous, as documented by the 1D burial model for the vertical profile passing along 

the Federica 1 borehole (Fig. 9a). Tectonic plate reorganisation in the Central Mediterranean 

Sea (Stampfli and Borel 2002), major climatic and sea-level changes (Jenkyns et al.  1999), 

resulted in the deposition of relative thick carbonates. As a result, unit U2 reached the gas 

generation window during the Late Cretaceous (Fig. 9a). Near the Federica 1 borehole,  

Lower Jurassic-Upper Cretaceous carbonates reach a thickness of 2000 m (Fig. 9a).  
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Important sedimentation continued in the study area through the Paleogene with the 

accumulation of more than 2000 m of siltstones with intercalated sandy layers (Flysch di 

Albidona). These were followed by the deposition of ~1200 m of terrigenous clastic 

sediments (Stilo Formation) during the Oligocene and Early Miocene (Pseudo-well 3, Fig. 

9c). However, at the location of Pseudo-well 3, the gas generation window was only reached 

by unit U2 in the Early Pliocene (Fig. 9c).  

Near the Federica 1 borehole, Pliocene strata do not exceed 400 m in thickness (Fig. 

9a). The presence of an evolving structural high hindered the generation of accommodation 

space for new sediment (Fig. 5). In addition, Langhian subsidence and deposition are 

markedly distinct when comparing the Federica 1 and Lulù 1 boreholes (Fig. 9d). 

Approximately 1800 m of Langhian strata were deposited at Lulù 1 as a result of 

transpressional faulting, whereas Federica 1 only shows very thin sediments of the same age. 

Source rocks at Lulù 1 entered the gas window in the Langhian and expelled gas until the 

present day. However, gas shows have not been found at this borehole location (Fig. 6). 

Other important episodes of sedimentation are documented at Pseudo-well 2 (Fig. 9b). 

Here, approximately 2000 m of siltstones and claystones of the Cavalieri Marl and Cutro 

Clay were accumulated in the more distal sectors of the study area. Inference from seismic 

profiles support the presence of Zanclean tectonics, which controlled the development of a 

tectonic trough and promoted the deposition of considerable volumes of pelagic strata near 

Pseudo-well 2 (Fig. 5). Simultaneously, the portions of unit U2 lying below unit U15 entered 

the gas window during the Zanclean, remaining there until the present day (Fig. 9b).  

In a more proximal (landward) position, burial plots confirm that the siltstones and 

claystone of the Cavalieri Marl and Cutro Clay, when considered together with the Messinian 

evaporites, form a ~ 1800 m thick succession at Pseudo-well 1 (Fig. 10). Seismic profiles 

show this interval as part of the distal compressional domain of a large mass-transport 
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complex, which overthrust older units after the mid-Pliocene contractional/transpressional 

event (Zecchin et al., 2018; Mangano et al. 2020; Mangano et al., 2021) (Fig. 5). It is also 

worth mentioning that unit U2 recorded elevated heat flow (62 mW/m2) at the onset of mass-

transport deposition (Fig. 9d). 

Tectonic uplift and erosion affected the whole of the study area during the Paleocene, 

and around the Eocene/Oligocene boundary, in association with Mesoalpine tectonics and 

Apennine orogenesis (Federica 1, Fig. 9a). Minor tectonic uplift took place during the 

Langhian, Serravallian and Tortonian, as documented by the burial history plots computed for 

the Federica 1 and Lulù 1 boreholes (Figs. 9a, d). An important phase of uplift occurred 

during the Messinian alongside tectonic collision amongst the Calabrian Arc and adjacent 

tectonic plates (Federica 1, Pseudo-Well 2, Lulù 1; Figs. 9a, b, d). In a more landward 

position, the decrease in water depth and the ca. 1700 m sediments deposited during the mid-

Pliocene are associated with the emplacement of a large mass-transport complex (Figs. 5 and 

10). 

 

 

5. Local tectonic controls on source rock maturation and burial history 

The new tectono-stratigraphic framework presented in this paper emphasises the tectonic 

control exerted by the RSFZ on the subsidence/burial and maturity history of the offshore 

eastern sector of the Crotone Basin. Most of commercial gas pools in this area are associated 

with the culmination of a compressional structure that was reactivated during the Pliocene 

(Roveri et al., 1992) and near Pseudo-well 1 (Fig. 5). In contrast, no gas shows have been 

found at Federica 1 and Lulù 1.  

In this work, the integration of 2D seismic data and 1D forward models reveal that local 

tectonics exerted a positive impact on the petroleum systems of the Crotone Basin. Anticlinal 
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traps at the level of the Tortonian reservoirs, plus Messinian-Pleistocene evaporites and 

siltstone seal intervals, are part of the compressional domain of a mass-transport complex 

triggered by RSFZ-related, Mid-Pliocene contraction/transpression (Fig. 5). The 

emplacement of more than 1000 m of mass-wasted strata during the Pliocene blanketed the 

known source-rock intervals and kept them in the gas window until the present day (Fig. 10). 

In contrast, local tectonics near gas-producing boreholes had a negative impact on trap 

development. Although maturity conditions are still present near the Federica 1 and Lulù 1 

boreholes (Fig 9a, d). The significant contractional/transpressional tectonics recorded from 

Late Cretaceous to the late Paleogene, and later Neogene RSFZ-linked tectonics, led to the 

development of dense fault families that acted as fluid escape pathways. 

 

6. Discussion 

 

6.1 Geotectonic significance of interpreted seismic-stratigraphic units 

Pangea’s fragmentation during the Triassic is documented, throughout Europe, by the 

widespread deposition of continental red beds (Perri et al., 2013). The latter are found along 

the tectonic nappes that form the Calabrian Arc, at the base of the Meso-Cenozoic Sila and 

Stilo units, and comprise red-purple mudrocks and silty clays (Perrone et al., 2006). Given 

that detachment faults are facilitated along shale-prone units (Morley et al., 2018), we 

therefore correlate unit U2 with Triassic/Jurassic organic-rich red beds that lie above U1 in 

the study area (Figs. 5 and 6). Unit U3 reflects a period of relative tectonic quiescence. In 

contrast, unit U4 is folded due to detachments faults formed along shaley layers in unit U2 

(Morley et al., 2018). 

The top of unit U5 (Horizon 5) is truncated and locally sealed by unit U6. Unit U5 is 

associated with Late Cretaceous subduction of the Neotethys based on the published 
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stratigraphic frameworks  (Zuffa et al.,1980; Santantonio and Teale, 1987); Critelli, 1999) 

and Jenkins, 1999) (Fig. 3). Above U5, the Federica 1 borehole records the presence of 

middle Eocene to Oligocene strata to a thickness of ~ 2000 m (Fig. 7). We infer that the Late 

Cretaceous tectonic convergence led to the uplift of the study area and prevented the 

accumulation of Paleocene to Lower Eocene strata corresponding to U8. 

Unit U7 correlates with the upper part of the “Flysch di Albidona” (Middle Eocene). At 

this time, the Mediterranean region experienced compressional tectonics in both the African 

and Eurasian plates under Alpine Orogenesis (Stampfli, 2005) (Fig. 3). Several 

unconformities record discrete tectonic phases in the study area; the Upper Messinian 

Unconformity - UMU (Horizon 14 in Figs. 5 and 6), for instance, is considered to result from 

the temporary collision, and coupling, of the NE part of the Calabrian-Peloritanian domain 

with the Apulian margin at 5.42 Ma. It is also associated with tectonic convergence between 

the Apulian platform and western Greece (Massari and Prosser, 2013). 

Pliocene-Quaternary units record a similar tectono-stratigraphic setting associated with 

Tyrrhenian back-arc extension and Calabrian Arc compression. Unit U15 (Cavallieri Marl) 

was accumulated during the Zanclean, relating to the ocean spreading phase of the Vavilov 

sub-basin in the Tyrrhenian Sea, which probably ended at ca.  2.6 Ma (Zecchin et al. 2020). 

Its top boundary, the mid-Pliocene Unconformity (MPCU, or Horizon 15), correlates with a 

compressional event involving the Calabrian Arc and continental crust of the Apulian margin 

(Van Dijk, 1991) (Figs. 5 and 6). It was also synchronous with the temporary interruption, or 

slowdown, of ocean spreading in the Tyrrhenian back-arc region at ca. 3.6 Ma, with 

corresponding Calabrian Arc migration (Zecchin et al., 2020). This compressional event is 

correlated with the final stage of tectonic convergence between Apulia and NW Greece 

(Massari and Prosser 2013), suggesting that the Apennines, northern Calabria, and the 

external NW parts of the Hellenides were developing concomitantly at this time and 
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migrating towards Apulia (Chizzini et al., 2022). In contrast, Horizon 16 correlates with the 

so-called Mid-Pleistocene unconformity (ESPU), which may be linked to the final collision 

between the North Calabrian Accretionary Wedge and the Apulian plate. The end of 

oceanisation in the Vavilov Basin is recorded at ca. 2.4 Ma (Zecchin et al., 2012; 2020). 

The youngest strata in the study area (unit U17) were deposited while the Marsili sub-

basin was developing in the Tyrrhenian backarc area at ca. 2.1 Ma (Massari and Prosser, 

2013). This sub-basin results from active trench rollback, back-arc extension and crustal 

rotation (Mattei et al., 2007). 

 

6.2. Tectono-stratigraphic evolution of the Crotone Basin 

The data in this work highlight the effect of the RSFZ on the deformation and uplift of 

particular sectors of the Crotone Basin. This effect is best recorded by the development of 

several unconformities from the Early Miocene onwards (Figs 5 and 6). Compressional and 

transpressional tectonic pulses alternated in the Crotone Basin with periods of extension and 

basin subsidence.  This is expected under a setting dominated by Appenine orogenesis, 

responding to tectonic convergence between the African and Eurasian plates (Stampfli, 

2005), and by successive episodes of convergence between the Calabrian Arc, and adjacent 

tectonic (micro)plates, in the context of active rollback and subduction of the Ionian 

lithosphere below the Arc itself (Zecchin et al., 2020). 

The NW-striking RSFZ shows a complex geometry, comprising a lower positive flower 

structure offsetting Mesozoic to Tortonian units, and two distinct transtensional faults in 

Zanclean to Holocene strata (Figs. 5 and 6). These may stem from reactivated (i.e., older) 

transpressional structures. Indeed, compressional/transpressional structures and related 

unconformities are observed inside the Mesozoic to Oligocene/Burdigalian units U1 to U9 

(Figs. 5 and 6). Their development may be a result of subduction of the African plate beneath 
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the Neotethys during the Late Cretaceous, and Apulia-Adria beneath Iberia during the 

Eocene-Oligocene (Stampfli, 2005; Stampfli et al., 2009). 

In the published literature, the RSFZ is considered to have developed since the Early 

Miocene as a consequence of tectonic separation between Calabria and the Sardinia Block, 

and simultaneous opening of the Tyrrhenian Sea (Tripodi et al., 2018). Following Early 

Miocene transtension, a major compressional event occurred in the Langhian, as documented 

by the Early Langhian (ELU) and Middle Langhian (MLU) unconformities. These 

unconformities are better developed near the positive flower structure that dominates the 

southern part of the study area, which tilted the Aptian to Burdigalian units U4 to U9 (Fig. 6). 

At the location of Pseudo-well 3, structural tilting occurring at this time generated potential 

gas stratigraphic traps; the siliciclastic and carbonate platform deposits of the Oligocene to 

Burdigalian unit U9 form an anticlinal limb that is unconformably sealed by the siltstone-

dominated Plio-Pleistocene succession (Fig. 6). This positive flower structure also led to the 

development of a small-scale depocenter where reflectors of the Langhian unit U10 thicken 

towards the basin depocenter, terminating against the left-hand fault branch of the flower 

structure itself (Fig. 6). We interpret this contractional/transpressional tectonic regime to have 

been associated with prolonged convergence between Africa and Eurasia, under a setting 

dominated by eastward roll-back of the Adria plate beneath the Apennine Range, induced by 

slab-pull or relative eastward mantle flow during the Early Miocene (Doglioni et al., 1991).  

Extensional/transtensional tectonics is recorded in the study area during the Serravallian-

Early Tortonian and led to the generation of the Crotone Basin (Massari and Prosser, 2013). 

It was accompanied by short-term episodes of RSFZ-related compressional/transpressional 

tectonics, resulting in the development of Serravallian (SU) and Tortonian (TU) 

unconformities. The presence of such unconformities highlights the formation, in the Middle 

to Late Miocene, of an anticline controlled by the positive flower structure that is the RSFZ 
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(Fig. 6). Along a WSW transect, the TU abruptly dips to the WSW, while the overlying unit 

U13 (Tortonian) thickens towards the basin shoulder (Figs. 5 and 6). The Middle to Late 

Miocene extensional/transtensional phases that led to the opening of the Crotone Basin are 

also associated with tectonic separation between Calabria and the Sardinian Block (Massari 

and Prosser, 2013); however, the driving mechanisms leading to the formation of the SU and 

the TU are still poorly understood.  

Contractional/transprensional tectonic phases persisted during the late Messinian, resulting 

in the formation of the UMU (Massari and Prosser, 2013). This unconformity defines two 

prominent structural highs near fault segments in the RSFZ, under a setting dominated by 

subaerial exposure, as documented by the absence of Messinian deposits near this structure 

(Figs 5 and 6). Although these two areas comprise thick Oligocene to Tortonian siliciclastics, 

and carbonate sediments sealed by Plio-Pleistocene siltstone-dominated deposits, no gas 

shows have been found by exploration boreholes. Late Messinian 

contractional/transpressional reactivation of the RSFZ may have been related to incipient 

collision and temporary coupling between the NE part of the Calabrian Arc and the Apulian 

margin. As mentioned in Section 6.1, this tectonic event seems to be closely related to the 

collision of western Greece with Apulia (Massari and Prosser, 2013).  

Late Messinian contractional/transpressional tectonics was followed by an 

extensional/transtensional episode associated with the RSFZ. This episode is highlighted by 

the presence of normal faults in the RSFZ, which led to the development of local Zanclean 

divergent reflections of unit U15 in the distal part of the WSW-ENE profile in Fig. 5. Such 

extensional/transtensional structures probably used older inherited faults, matching the well-

known Zanclean phase of subsidence related to back-arc extension in the Tyrrhenian Sea. It 

ultimately led to the opening of the Vavilov sub-basin  (Chiarabba et al., 2008).  
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After Zanclean subsidence, the RSFZ experienced a phase of contractional/transpressional 

tectonics, which led to the formation of a Mid-Pliocene Unconformity - MPCU (Massari and 

Prosser, 2013). Seismic profiles document that the MPCU bounds a noticeable structural high 

along a WSW direction, whose development seems to be associated with the reverse fault 

segments that constitute the RSFZ (Fig. 5). This same mid-Pliocene 

contractional/transpressional event contributed to the accumulation of reservoir and seal units 

in the northern sector of the Crotone Basin. According to Mangano et al. (2021), such 

compressional/transpressional tectonic episode resulted in the accumulation of a large mass-

transport complex, resulting in the so-called Crotone Swell (Figs. 5 and 8). The sedimentary 

succession of this Crotone Swell includes sandstone and siltstone-dominated Tortonian 

reservoirs in unit U13, sealed by the evaporite- and mudstone-dominated Messinian and Plio-

Pleistocene units U14 to U17. The Crotone Swell also lies above the Serravallian reservoirs 

in unit U12. Such an interpretation contrasts with the idea of Roveri et al. (1992), who 

considered the Tortonian and Serravallian reservoir intervals to be sealed by a Pliocene 

compressional structure recognised along the Appennine Orogen. According to our 

interpretation, the Tortonian and Serravallian reservoirs are sealed by a large mass-transport 

complex only locally developed in the Crotone Basin (Fig. 5). 

At a regional scale, the late Zanclean/Early Piacenzian contractional/transpressional 

tectonic event is associated with the final collision - involving Apulia, the southern 

Apennines and the Calabrian Arc - with NW Greece at ca. 3.6 Ma. Such a collision caused 

the temporary halt of the Calabrian Arc’s SE-ward migration and an interruption (or 

slowdown) of ocean spreading in the Vavilov sub-basin (Zecchin et al., 2020).  

After the late Zanclean/Early Piacenzian contractional/transpressional tectonic event, the 

Crotone Basin recorded alternating phases of subsidence and basin inversion. Seismic 

profiles show that the RSFZ was active during the Piacenzian/earliest Gelasian and from the 
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middle Gelasian onwards. The development of divergent seismic reflections in 

Piacenzian/earliest Gelasian and middle Gelasian strata appears to have been governed by 

discrete fault segments that form the RSFZ itself (Fig. 5). The driving mechanism of such a 

extensional/transtensional tectonic regime can be correlated with the youngest spreading of 

the Vavilov back-arc sub-basin, which ended at ca. 2.6 Ma (Zecchin et al., 2020), and with 

the opening of the Marsili Basin initiated at ca. 2.1, simultaneously with a clockwise rotation 

of ca. 20° and SE-ward migration of the Calabrian Arc (Massari and Prosser, 2013). In 

contrast, the deformational event at ca. 2.4 that generated the Early Pleistocene Unconformity 

(EPSU) is not clear in seismic data, as this stratigraphic marker is conformable in the study 

area (Figs. 5 and 6). 

 

6.3. Burial and thermal histories of the Crotone Basin 

The alternating influence of Pliocene extensional/transtensional and 

contractional/transpressional tectonics on the RSFZ is considered a key element in the 

deepening and maturity of source rock intervals in the Crotone Basin. Our 1D burial plots 

indicate that the greatest burial depths of Triassic/Lower Jurassic (up to 9000 m) and 

Aptian/Cenomanian source rocks occurred at the end of the Zanclean and just after the Early 

Pliocene (e.g., Pseudo-wells 1 and 2, Figs 9 and 10). Zanclean extensional/transtensional 

tectonics led to the development of a tectonic trough in the distal parts of the study area, in 

which up to 2000 m of sediments were deposited, whereas the Mid-Pliocene 

contractional/transpressional event led to the emplacement of a ~ 2000 m thick mass-

transport complex in a relatively proximal position in the basin (Fig. 5). Seismic profiles 

show that the divergent reflections in unit U15 (Zanclean) are associated with RSFZ-related 

normal faults, whilst the emplacement of the large mass-transport complex was triggered by 

contractional/transpressional activity in the RSFZ (Mangano et al., 2021) (Fig. 5). The 
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resulting sediment loading due to the emplacementof this complex correlates with a maturity 

maximum in Triassic/Lower Jurassic source rocks (Fig. 10). This means that while the area in 

which the large mass-transport complex is recognised represents a proven prolific gas 

province since 1970 (Roveri et al., 1992), the region surrounding the Zanclean tectonic 

trough may not be prospective in terms of gas because of the presence of a significant number 

of faults (Fig. 5). 

Other phases of subsidence and associated thermal maturity have occurred since the 

Early Miocene near the Lulù 1 borehole (Fig. 9d). The contractional/transpressional phases 

experienced by the RSFZ facilitated high sedimentation rates in the order of 2500 m in ~ 2.0 

Myrs in the basin depocenter and were followed by progressive sedimentation and 

emplacement of large mass-transport deposits. The latter enhanced the burial of strata and 

kept putative source rocks in the gas window until the present day. Nevertheless, no gas 

shows were recorded by the Lulù 1 borehole. 

The study area also recorded successive episodes of tectonic uplift during the 

Paleogene and the Miocene (Langhian - late Messinian), as highlighted by the 1D burial plots 

in Figs. 9 and 10. Correlations amongst our 1D forward models and seismic data reveal that 

both Early and Late Miocene tectonic uplift are linked to contractional/transpressional 

activity in the RSFZ. The youngest phase of uplift may be a consequence of the rollback of 

Adria’s subducted slab beneath the Appenines, reactivating inherited Late Cretaceous to 

Paleogene tectonic structures. 

Despite the repeated episodes of tectonic uplift experienced by the study area, gas 

generation are predicted to have continued from the Late Cretaceous, until the present day, at 

the Federica 1 borehole (Fig. 9a). This suggests the thickness of Cretaceous sediments to 

have been enough to mask the effects of uplift and erosion in terms of source rock maturity. 

Conversely, when considering Pseudo-well 3, an early Langhian paroxysmal phase of 
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tectonic uplift prevented the accumulation of Langhian to Serravallian sediments and cooled 

the source-rock intervals below (Figs. 5 and 9c). Paradoxically, the RSFZ-related uplift that 

resulted in the tilting of the Mesozoic to Paleogene succession near Pseudo-well 3 would not 

have had a negative impact on source-rock maturity, as these same source rocks reached the 

gas generation window during the Quaternary after the accumulation of a ~ 1000 m thick 

Plio-Pleistocene sedimentary cover. 

 

7. Conclusions 

This work shows how the activity of a large multi-phased strike-slip fault zone was able to 

control the burial and thermal maturity histories of the Crotone Basin, as well as seal and trap 

development, under the geodynamic events that affected the central Mediterranean region. 

The main conclusions of this work are summarised as follows: 

 

a) The RSFZ records alternating phases of extensional/transtensional and 

contractional/transpressional tectonics during the Late Cenozoic, which controlled the 

evolution of depocentres, structural highs, and the emplacement of a large mass-transport 

complex. A phase of contractional/transpresssional tectonics is inferred to have occurred 

during the Langhian, as evidenced by the tilting of Aptian to Burdigalian units U4 to U9 

towards the S, concomitantly with the opening of a small depocenter with divergent 

reflections in unit U10 (Langhian). This promoted high sedimentation rates and favourable 

conditions for source-rock maturation in the SE sector of the Crotone Basin, as documented 

by the ca. 2.0 s (TWT) thick units U10 and U11 (Langhian). This sector, however, is not a 

potential gas exploration site, as proven by its dry boreholes. Further fluid expulsion occurred 

here during the Late Cretaceous and Zanclean with respect to the only gas-producing field in 

the basin.  The RSFZ-related contractional/transpressional event controlled the development 
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of structural traps between tilted siliciclastic and carbonate deposits (Oligocene to 

Burdigalian) and the very thick siltstone-dominated Plio-Pleistocene sedimentary cover. This 

is also supported by Pseudo-well 3, which suggests that Triassic/Lower Jurassic source rocks 

entered the gas window in the Pliocene, until the present day, just east of a gas-producing 

field. 

 

b) Other contractional/transpressional episodes took place during the Serravallian, 

Tortonian, Late Messinian and mid-Pliocene as highlighted by the development of multiple 

unconformities on evolving structural highs. Intense extensional/transtensional tectonics is 

documented during the Zanclean by the development of syn-depositional growth affecting 

unit U15 (Zanclean) towards the distal parts of the Crotone Basin. 

 

c) The RSFZ-related Zanclean extensional/transtensional tectonics, plus the widespread 

accumulation of a large mass-transport complex derived from a Mid-Pliocene 

contractional/compressional event, deepened the Crotone Basin and, therefore, enhanced the 

thermal maturity of Triassic/Jurassic source rocks in its distal sector. The emplacement of the 

large mass-transport complex is considered the main control factor for gas generation in the 

gas-producing area of the Crotone Basin. This is documented by the maximum depth of 9000 

m reached by Triassic/Lower Jurassic (U2) and Aptian/Cenomanian (U4) source rocks below 

this mass-transport complex. In contrast, the Zanclean extensional/transtensional tectonic 

event did not create favourable traps, as the presence of faults suggest an increased risk of 

fluid losses in the basin. 
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d) Nevertheless, the gas generation window was reached in the SE sector of the Crotone 

Basin as a consequence of the deposition of thick carbonate and Plio-Pleistocene sedimentary 

covers. The Federica 1 borehole and Pseudo-well 3 suggest the Triassic/Lower Jurassic 

source rocks (U2) to have entered the gas window during the Late Cretaceous, concomitantly 

with the deposition of up to 2000 m thick carbonates in unit U5. The gas window was also 

reached in the Zanclean as a result of the deposition of more than 1000 m of Plio-Pleistocene 

strata in units U15 to U17.  
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Figure captions 

 

Figure 1. a) Structural map of the Calabrian 

Arc, which is located between the southern 

Apennine chain and Maghrebides thrust belt 

(modified from Van Dijk and Okkes, 1991). 

The Crotone Basin (red-colored square), part 

of the Calabrian Accretionary Wedge, is 

located on the Ionian side of the Arc and 

includes the Luna Field (blue-colored 

square). The Vavilov and the Marsili back-

arc basins are located in the southern 

Tyrrhenian Sea. Also shown are NW-striking 

fault zones, including the RSFZ, segmenting 

the Calabrian Accretionary Wedge and Arc 

since the Miocene. b) NW-SE section across 

the Calabrian Arc (see the A-A′ transect in 

Fig. 1a), displaying main structural elements 

(modified from Van Dijk et al., 2000). The 

Crotone Basin , which constitutes the 

northern depocenter of the Crotone-

Spartivento Basin, is a forearc basin 

overlapping the Sila Massif. 

 

Figure 2. Geodynamic reconstruction of the 

central Mediterranean region under Pangea 

continental break-up and the Alpine and 

Appenine orogeneses during: a) Late Triassic 

(Schmid et al., 2004), b) Late Jurassic 

(Schmid et al., 2004), c) Late Cretaceous 

(Stampfli and Finetti, 2005), d) Eocene 

(Stampfli and Hochard, 2009), e) Late 

Oligocene and Early Miocene (Chizzini et 

al., 2022), f) Middle/Late Miocene (Chizzini 

et al., 2022), g) Messinian (Chizzini et al., 

2022), h) Pliocene (Chizzini et al., 2022), 

and i) the present-day (Chizzini et al., 2022). 

, RSFZ - Rossano-San Nicola Fault Zone.  

 

Figure 3. Triassic to upper Langhian 

stratigraphic succession beneath the Mid-

Miocene to Recent Crotone Basin. The 

illustrated succession is based on data from 

the literature (Shlanger and Jenkyns, 1976; 

Jenkins, 1980; Zuffa et al., 1980; 

Santantonio and Teale, 1987; Jenkins, 1999;  

Critelli, 1999; Critelli et al., 2008; Critelli et 

al., 2016 – Foglio 590 Taurianova; Perri et 

al., 2013), which documents the widespread 
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presence of Triassic continental red beds, 

overlain by very thick Lower Jurassic to 

Upper Cretaceous carbonates with 

intercalated Aptian-Cenomanian shaley 

intervals. The Late Cretaceous to Late 

Langhian stratigraphy of the study area is 

reconstructed based on boreholes Federica 1 

and Lulù 1 (see Fig. 8 for their locations). 

The stratigraphic succession below the 

Crotone Basin is correlated with seismic-

stratigraphic units U1 to U11 in the 

interpreted seismic data. LCU – Late 

Cretaceous Unconformity; EU – Eocene 

Unconformity; OU – Oligocene 

Unconformity; ELU – Early Langhian 

Unconformity; MLU - Mid-Langhian 

Unconformity.  

 

Figure 4. Serrravallian to Quaternary 

stratigraphic succession of the Crotone Basin 

as interpreted from the published literature 

(Zecchin et al., 2020) and the Federica 1 and 

Lulù 1 boreholes (see Fig. 8 for their 

locations).  The stratigraphic succession 

below the Crotone Basin is correlated with 

seismic-stratigraphic units U12 to U17 in the 

interpreted seismic data. SU - Serravallian 

Unconformity; TU – Tortonian 

Unconformity; ME – Base of Messinian; 

IMU – Intra-Messinian Unconformity; UMU 

– Upper Messinian Unconformity; MPCU – 

Mid-Pliocene Unconformity; EPSU – Early 

Pleistocene Unconformity.  

 

Figure 5. a) Uninterpreted and b) interpreted 

2D multichannel WSW-ENE seismic Profile 

1 documenting the seismic-stratigraphic 

succession of the Calabrian Accretionary 

Wedge and Ionian Sea. The latter 

corresponds to the sediments deposited under 

the Neothethys rifting and the Africa - 

Eurasia collision, followed by the 

development of the Middle Miocene to 

Recent Crotone Basin.  A large mass-

transport complex (MTC) corresponding to 

the Crotone Swell is observed towards the 

WSW. The complex shows a WSW-dipping 

basal detachment surface (BDS) into which a 

reverse fault set terminates (green-colored 

segments). The MTC includes a Tortonian 
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reservoir unit U13, which is sealed by 

Messinian to recent units U14 to U17. The 

MTC also lies above Serravallian reservoirs 

in unit U12. Black-coloured segments 

indicate fault lineaments in the RSFZ. LCU 

– Late Cretaceous Unconformity; EU – 

Eocene Unconformity; OU – Oligocene 

Unconformity; ELU – Early Langhian 

Unconformity; SU – Serravallian 

Unconformity; TU – Tortonian 

Unconformity; UMU – Upper Messinian 

Unconformity; MPCU – Mid-Pliocene 

Unconformity; EPSU – Early Pleistocene 

Unconformity. The 2D multichannel seismic 

Profile 1 was provided by ENI Natural 

Resources. The exact location of Profile 1 is 

not shown on the map due to confidentiality 

rules imposed on the data. 

 

Figure 6. a) Uninterpreted and b) Interpreted 

2D multichannel N-S seismic Profile 2 

documenting the seismic-stratigraphic 

succession of the Calabrian Arc and Ionian 

Sea. A large scale mass-transport complex 

(MTC) corresponding to the Crotone Swell 

is observed towards the S. It shows a 

concave-up basal detachment surface (BDS) 

into which a N-dipping reverse fault set 

terminates (green-coloured segments). 

Black-coloured segments indicate fault 

lineaments, which form a positive flower 

structure belonging to the RSFZ. LCU – Late 

Cretaceous Unconformity; EU – Eocene 

Unconformity; OU – Oligocene 

Unconformity; ELU – Early Langhian 

Unconformity; SU – Serravallian 

Unconformity; TU – Tortonian 

Unconformity; UMU – Upper Messinian 

Unconformity; MPCU – Mid-Pliocene 

Unconformity; EPSU – Early Pleistocene 

Unconformity; MLU – Mid-Langhian 

Unconformity. The exact location of Profile 

2 is not shown on the map due to 

confidentiality rules imposed on the data. 

 

Figure 7. Available Federica 1 and Lulù 1 

exploration boreholes located in the E and 

SE portions of the Crotone Basin, offshore 

Southern Italy. Original boreholes and their 
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locations are available at 

http://www.videpi.com/videpi/videpi.asp 

 

Figure 8. Digital Terrain Model (DTM) map 

under a UTM 33 (WGS84) projection 

highlighting the onshore and offshore parts 

of the Crotone Basin (figure modified from 

Civile et al., 2022). The fault segments 

associated with the RSFZ as well as a mass-

transport complex and related extensional 

faults are reported from this study and 

Massari and Prosser (2013), Zecchin et al. 

(2018, 2020) and Mangano et al. (2020). The 

locations of the Federica 1 and Lulù 1 

boreholes are also shown in the figure. 

 

Figure 9. Results of the burial history 

modelling from four locations in the Crotone 

Basin: (a) Federica 1 borehole, (b) Pseudo-

well 2, (c) Pseudo-well 3, (d) Lulù 1 

borehole. At the location of Federica 1 (a) 

the Triassic/Early Jurassic unit U2 started 

generating gas in the upper Cretaceous, 

expelling it until the recent. (b) in Pseudo-

well 2 the Triassic/Early Jurassic unit U2 

entered the gas generation window during 

the Zanclean, remaining there until the 

present day. (c) at Pseudo-well 3 and (d) 

Lulù 1 borehole the Triassic/Early Jurassic 

unit U2 reached the gas generation window 

in the Early Miocene and Pleistocene. 

Significant sediment deposition during 

subsidence episodes can be identified in the 

study area during the (a) Late Cretaceous, (c) 

and (d) Paleogene, (d) Early Miocene and 

Zanclean. Heat-flow values were based on a 

crustal thickness of 16 km (see Table 1 for 

absolute values). The syn-rift event was 

considered to have happened from 180 Ma to 

160 Ma, with stretching (beta factor) values 

of 3.00 for crust and mantle units.  

 

Figure 10. PetroMod temperature models for 

Pseudo-well 1, which considers the effect of 

seal (U13 to U16) and reservoir (U11 and 

U12) intervals in the Luna Field. The 

Triassic/Early Jurassic unit U2 experienced 

its maximum depth in the Piacenzian and 

maintained the right conditions for gas 

maturation until the present day. Heat-flow 
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values were estimated based on a crustal 

thickness of 16 km. The syn-rift event was 

considered to have happened  from 180 Ma 

to 160 Ma, with stretching (beta factor) 

values of 3.00 for crust and mantle units. The 

value of 3.00 has been used by default. 

 

Table 1. Values and lithologies assigned to 

each seismic-stratigraphic unit in order to 

simulate the burial/maturity history of the 

Crotone Basin. 

 

Table 2. Information concerning the 

thickness, velocity, internal character and 

geometry for each seismic-stratigraphic unit 

considered in this work. The table also 

provides information on the correlations 

undertaken amongst lithology, main 

geological events and the inferred seismic-

stratigraphic units separated by interpreted 

seismic horizons, or unconformities.  
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TABLE 1
Unit Age (Ma) Lithology Paleo-water depth (m) Seawater temperature (°C) Heat flow (mW/m2)

U17 0 Siltstones with intercalated sandstones 1000 10 55

U16 2.40 Siltstones with intercalated sandstones 700 10 55

U14/U15 3.60 Siltstones with intercalated sandstones 600 10 56

U13 5.33 Siltstones with intercalated sandstones 800 11 56

U12 11.63 Conglomerates 0 n/a 57

U11 13.82 Siltstones with intercalated sandstones 300 12 57

U10 14.00 Siltstones with intercalated sandstones 300 12 57

U9 15.97 Arkoses 700 13 58

U8 33.90 Marls 750 20 59

U7 41.20 Siltstones with intercalated sandstones 1800 20 60

U6 56.00 Siltstones with intercalated sandstones 1000 21 61

U5 66.00 Carbonates 300 17 63

U4 93.90 Shales with high organic content 100 25 67

U3 125.00 Carbonates 300 22 80

U2 199.00 Shales with high organic content 100 20 62
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TABLE 2

Seismic Age of base TWT Velocity Internal character, Lithology Main geological events

Units Thickness (m/s) geometry and terminations

(ms)

U17 Late Gelasian/Holocene 60-700 2500 Low- to high-amplitude discontinuous sub-parallel Shelf to slope claystones of Cutro Marsili sub-basin oceanization in the Tyrrhenian at 2.1. Ma.

reflections. Strongly folded to the WSW, chaotic to the S. Clay.

Fills depocenters in the distal part. The top is the seafloor.

Baselap.

U16 Piacenzian/Early Gelasian 30-600 2500 Low- to high-amplitude discontinuous internal reflections Shelf to slope claystones of Vavilov sub-basin spreading phase in the Tyrrhenian.

sub-parallel to wavy, locally chaotic. Highly folded to the Cavalieri Marl. H16 corresponds to the EPSU - Early Pleistocene Unconformity. Final collision between the N 

WSW.  Fills depocenters in the distal area. Calabrian Accretionary Complex and the Apulian plate.

The top is H16.

U15 Zanclean 30-1000 2500 Low- to high-amplitude discontinuous internal Shelf to slope claystones of Vavilov sub-basin first spreading in the Tyrrhenian back-arc.

reflections, chaotic to sub-parallel. Highly folded towards Cavalieri Marl. H15 correlates MPCU - Mid-Pliocene Unconformity. Collision between the Calabrian Arc and

the WSW, fan-like towards the ENE. The top is H15. Apulian margin. Emplacement of mMTDs in the basin shoulder.

Baselap and onlap.

U14 Messinian 0-350 3000 Low- to high-amplitude discontinuous internal reflections. Diatomites, halite, resedimented Messinian Salinity Crisis and exposure conditions.

Highly folded towards the WSW, chaotic towards the ENE, evaporites, limestones, siliciclastic The H14 correlates the UMU - Upper Messinian Unconformity. Temporary collision and coupling of the

showing compressional structures. The top is H14. conglomerates and mudstones of NE part of the Calabrian Arc with the Apulian margin at 5.42 Ma.

Baselap and onlap. Evaporite and Petilia Policastro

formations

U13 Tortonian 0-250 3000 Low- to high-amplitude discontinuous reflectors, wavy to Shallow to deep marine siltstones Subsiding and transgressive conditions.

highly folded towards the basin shoulders, locally chaotic. with intercalated sandy and gravelly The H13 correlates with the Base of Evaporites.

The top is H13 towards the WSW and H14 in the distal area. layers of Ponda Group. It constitutes

Baselap and onlap. part of reservoir intervals of the

Luna Field.

U12 Serravallian 0-300 2000 Medium- to high-amplitude discontinuous folded reflections Fan delta conglomerates and Crotone Basin opening.

The top is H12. Baselap and onlap. sandstones of San Nicola H12 correlates with the TU - Tortonian Unconformity. Uplift of the basin shoulder.

Formation. Proven reservoir

intervals of the Luna Field.

U11 Late Langhian 0-500 4000 Low to high-amplitude highly discontinuos folded reflections. Epipelagic sediments of upper H11 correlates with the SU - Serravallian Unconformity. Tectonic uplift of the basin shoulder.

Locally transparent and chaotic. The top is H11. Fedra Formation.

Baselap and onlap.

U10 Early Langhian 0-1200 4000 Low- to high-amplitude discontinuos reflections. Folded Epipelagic sediments of lower H10 is equivalent to the MLU - Mid-Langhian Unconformity. Appenine orogenesis.

towards the basin shoulder, concave-up towards the S. Fedra Formation.

The top is H10. Baselap and onlap.

U9 Oligocene/Burdigalian 0-1000 4000 Low- to medium-amplitude discontinuous reflections. Wavy Siliciclastic and carbonates H9 correlates with the ELU - Early Langhian Unconformity. Appenine orogenisis.

towards the WSW, abuptly inclined towards the S. The top is deposits of Stilo Formation.

H9. Baselap.

U8 Late Eocene 0-1000 3000 Low- to medium-amplitude discontinuous reflections. Flysch di Albidona. H8 correlates with the OU - Oligocene Unconformity. Appenine orogenisis.

Highly inclined and folded in the distal area.

The top is H8 to the N and H9 to the S. Baselap.

U7 Early/Middle Eocene 0-900 3000 Low- to medium-amplitude discontinuous reflections, abruplty Turbidites of Flysch di Albidona. Alpine orogenesis.

dipping towards the S. Locally wavy. The top is H8. Baselap.

U6 Late Paleocene 0-300 3000 Medium- to high-amplitude discontinuous reflections. Wavy Lowermost part of turbidite The H6 correlates with the EU - Eocene Unconformity. Alpine orogenisis.

towards the basin shoulder, abruptly inclined towards the S. system of Flysch di Albidona.

The top is H6. Baselap.

U5 Late Cretaceous 0-2000 2500 Low- to high-amplitude seismic discontinuous reflections. Carbonate platforms of Stilo Units. H5 correlates with the LCU - Late Cretaceous Unconformity. Alpine orogenesis.

Wavy towards the basin, steeply dipping towards the S.

The top is H5. Baselap.

U4 Aptian/Cenomanian 200 2200 Low- to high-amplitude undulated discontinuous reflections. Organich-rich shaly/marly intervals gas source. Oceanic Anoxic Events (OAEs).

The top is H4. Baselap.

U3 Early Jurassic/Early Cretaceous 0-700 2500 Low- to medium amplitude undulated reflections. Carbonate platforms. Neothetys oceanic spreading.

The top is H3. Baselap.

U2 Triassic/Earliest Jurassic 0-200 2200 Low- to medium poorly stratified reflections. Organich-rich redbeds. Neothetys rifting.

The top is H2. Onlap.

U1 Pre-Mesozoic 0-1000 Transparent discontinuos internal reflections.
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