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A B S T R A C T 

 The Calabrian Arc subduction complex, in the northern Ionian Sea, is facing 

directly the westward subducting Apulian Swell, a sliver of continental crust 

covered by about 8 km of Mesozoic and Tertiary carbonates. Deformation 

patterns of this southernmost foreland segment of the Adria plate, analized from 

marine geological/geophysical data include: 1) flexure/bending, under the load 

of the advancing Calabrian Arc wedge; 2) buckling in response to compression of 

the surrounding orogens (southern Apennines, Dinarides-Hellenides); and 3) 

roll-back and eastward retreat of the slab. In this work, a reprocessed dataset of 

marine seismic reflection profiles is used to determine the interplay between 

these tectonic processes during progressive advancement of the Calabrian Arc 
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wedge since Pliocene times. Our analysis indicates that the wedge is presently 

affected by compressive tectonics along several fore-thrusts, forming an 

imbricate fan system. Conversely, the Apulian Swell affected by inherited and 

rift-related Permo-Triassic normal faults, shows transpressive and positive 

tectonic inversions and, in its southern portion, the effects of the Hellenic 

fold/thrust belt shortening. The interference between the Calabrian Arc and the 

Hellenic chain plays an important role in controlling the tectono-stratigraphic 

evolution of the Apulian Swell, which underwent bending and roll-back during a 

pre-middle Pliocene stage followed by buckling processes. Active extension 

observed in the hinge zone of the Apulian Swell between Calabrian Arc and the 

Hellenides might suggest recent reactivation of flexure and retreat. 

 

1. Introduction 

Subduction systems are among the most dynamic geological features of our 

planet (Stern, 2002), and are sites of destructive earthquakes and tsunamis (Lay, 

2015; Bletery, 2016; Wang and Trèhu, 2016). The Mediterranean area, which 

includes a network of active and inherited convergent belts, offers a natural 

laboratory for studying the dynamic processes typical of these geodynamic 

domains, characterized by subduction and collision processes (Moretti and 

Royden, 1988; Royden and Faccenna, 2018). The Ionian sector of Central 

Mediterranean (Fig. 1) is an interesting case study, because in a relatively 

limited area (<150 km) it encompasses a composite suite of subduction-related 

features, including the overriding Calabrian Arc (CA), with an offshore 

accretionary wedge as thick as 10 km connecting Sicilian-Maghrebian with the 

Southern Apennine chain (Tortorici et al., 1982; Polonia et al., 2011), the 

subducting Ionian Lithosphere whose age, origin, and nature are still 

controversial (Finetti, 1982; Catalano et al., 2001; Stampfli and Borel, 2002; Hieke 
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et al., 2003; Frison de Lamotte et al., 2011; Speranza et al., 2012; Dannowski et al., 

2019; Tugend et al., 2019; El-Sharkawy et al., 2021), and the continental Apulian 

Swell (AP), the southernmost foreland segment of the Adria Plate (Handy et al., 

2010; Le Breton et al., 2017; Handy et al., 2019; Van Hinsbergen et al., 2020), 

overthrusted by the southwest-verging  external tectonic units of the Hellenic 

fold/thrust belt (Handy et al., 2010; Le Breton et al., 2017; Handy et al., 2019; Van 

Hinsbergen et al., 2020) (Fig. 2). To the South of the Kefalonia transfer fault 

(KTF), the Mediterranean Ridge develops as a Neogene-Quaternary accretionary 

wedge of the Hellenic subduction zone, where the Hellenic Arc represents the 

backstop of this convergent system (Chaumillon and Mascle, 1997; Le Pichon et 

al., 2002; Kopf et al., 2003; Chamot-Rooke et al., 2005) (Figs. 1, 2).  

 

The CA and the AP have been subjects of numerous studies highlighting their 

genesis, architecture, and evolution. The regional geometry of the subduction 

complex has been described through the analysis of seismological data and 

seismic reflection profiles (Rossi and Sartori, 1981; Finetti, 1982; De Voogd et al., 

1992; Cernobori et al., 1996; Doglioni et al., 1999; Butler, 2009; Minelli and 

Faccenna, 2010; Polonia et al., 2011; Volpi et al., 2011; Polonia et al., 2016; Volpi et 

al., 2017) and several studies analyzed the structural setting and tectonic 

evolution of the central and south-western sectors of the CA wedge (Finetti, 

1982; Del Ben et al., 2008; Argnani, 2009; Gallais et al., 2013; Bortoluzzi et al., 

2015; Gutscher et al., 2015; Polonia et al., 2016), as well as its interaction with the 

AP (Doglioni et al., 1994; Pieri, 1997; Maesano et al., 2017; Cicala et al., 2021). 

However, internal deformation and detailed stratigraphy of the southern 

Apulian foreland remain not well defined, due to the lacking of exploration wells 

to calibrate the offshore seismic profiles. This makes the seismo-stratigraphic 

and structural interpretation of this area a critical issue (Volpi et al., 2017). 

Furthermore, the interaction among the CA wedge, the Hellenic fold/thrust belt, 

and AP is even less defined. Seismic profiles in the foreland region show active 
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and widespread extensional tectonics (Doglioni et al., 1999; Argnani, 2006; Del 

Ben et al., 2010; Argnani et al., 2011; Del Ben et al., 2015; Volpi et al., 2017; 

Maesano et al., 2020; Cicala et al., 2021) that is interpreted as the shallow 

expression of flexural bending induced by the CA and Hellenides tectonic loading 

on the subducting Apulian slab (Doglioni et al., 1994; Argnani et al., 2001; 

Tropeano et al., 2002; Billi and Salvini, 2003; Volpi et al., 2017;  Cicala et al., 2021). 

However, recent works have also recognized reverse faulting affecting the 

Apulian foreland that represents a further complexity not explained by available 

structural models (Butler, 2009; Del Ben, 2009; Del Ben et al., 2010; Milia et al., 

2017; Volpi et al., 2017; Basso et al., 2020). In this work, we use deep seismic 

reflection profiles integrated with morphobathymetric data to define the 

seismo-stratigraphic and structural architecture of the Apulian foreland, the CA 

wedge, and a portion of the Hellenic fold/thrust belt, with the main purpose of 

identifing in detail the tectonic processes driving the Late Neogene-Quaternary 

geological evolution and kinematics of this southernmost portion of the Adria 

plate. 

2. Geological Background 

2.1. Tectonic setting and geological evolution 

The geodynamic evolution of Central Mediterranean is mainly driven by the N-S 

Europe/Africa convergence (Guegen et al., 1998; Faccenna et al., 2001; Carminati 

& Doglioni, 2005; Polonia et al., 2012; Milia et al., 2017; Jolivet et al., 2021), that 

has produced roughly coeval subduction systems of opposing vergence in a 

complex arrangement (Moretti and Royden, 1988; Carminati & Doglioni, 2005; 

Faccenna & Becker, 2010; Mila et al., 2017). In the Northern Ionian Sea, the 

westward subduction of the AP beneath the CA is opposite to the eastward 

directed subduction beneath the Hellenides (Moretti and Royden, 1988; Minelli & 

Faccenna, 2010; Polonia et al., 2011; Royden and Papanikolau, 2011; Gallais et al., 
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2012; Polonia et al., 2012; Del Ben et al., 2015; Handy et al., 2019;  Volpi et al., 

2017). 

 

2.1.1.    The Calabrian Arc wedge 

The CA wedge extends mainly in the Ionian offshore and is laterally confined by 

the Apulia and Malta escarpments (Argnani & Bonazzi, 2005; Minelli & Faccenna 

et al., 2010; Polonia et al., 2011; Gallais et al., 2012; Polonia et al., 2012). In the 

northern Ionian Sea, the CA and the Apulian foreland are separated by the 

Taranto Valley, which hosts the submerged part of the Southern Apennine 

foredeep or the Bradano Foredeep (Senatore et al., 1988; Volpi et al., 2017; Basso 

et al., 2021). The CA wedge is a large accretionary complex developed above the 

southwestward dipping African plate (Chamot-Rooke et al., 2005; Minelli & 

Faccenna, 2010; Polonia et al., 2011), and represents the SE tip of the arcuate 

Apenninic-Maghrebide fold/thrust belt (Malinverno and Ryan, 1986; Patacca et 

al., 1990; Sartori, 1990; Guenguen et al., 1998). Oblique lithospheric 

discontinuities separate the CA wedge into two lobes, the Western and Eastern 

lobes, that show different structural styles (Fig. 2) (Polonia et al., 2011; Gallais et 

al., 2012; Polonia et al., 2016; Bortoluzzi et al., 2017). They include also two 

structural domains, i.e., the pre-Messinian and the post-Messinian wedges 

(Polonia et al., 2011; Polonia et al., 2016).  

Our study area is entirely located into the Eastern Lobe, and includes the 

northeastern termination of both pre-Messinian and post-Messinian wedges 

(Fig. 2). The inner wedge consists of a deformed nappe of pre-Messinian units 

composed of Tertiary and Mesozoic clastic sediments. Conversely, the post-

Messinian wedge is mainly made of Messinian evaporites, overlained by Plio-

Quaternary hemipelagites and turbidites (Polonia et al., 2011; Polonia et al., 

2016; Bortoluzzi et al., 2017; Volpi et al., 2017). The Pliocene-Pleistocene oblique 

convergence between the Southern Apennines-CA wedge and AP (Filice & 
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Seeber, 2020; Basso et al., 2021) produced an oblique contractional belt (Ferranti 

et al., 2014; Volpi et al., 2017). 

 

2.1.2. The Hellenic Fold/Thrust Belt 

The Hellenides are a SW‐vergent fold/thrust belt that started to form during 

Late Jurassic to Early Cretaceous times, with the subduction of Neotethyan 

Vardar ophiolites subsequetely involved in the collision of the Adria and 

European Plates around 65 Ma (Handy et al., 2019). The collisional belt is formed 

by allochthnous nappes containing siliciclastic foredeep sediments or “flysch”, 

ranging in age from Late Cretaceous in the NE, to Miocene in the SW, suggesting 

southwestward propagation of the nappe’s stacking (Fig. 3b) (Schmid et al., 

2008; Handy et al., 2019). In the Tertiary, the Hellenides were affected by the 

SW‐retreating of the eastward subducting AP. A Miocene/Pliocene clockwise 

rotation of the northern Hellenides (or Albanides) north of the Kefalonia 

transfer fault zone (Handy et al., 2019) was associated to the overall 

counterclockwise rotation of the Adria Plate (Le Breton et al., 2017). Thus, the 

Hellenides result to be segmented by two major transfer fault zones, i.e., the 

Othoni-Dhermi Transfer Fault Zone and the Kefalonia Transfer Zone of Handy et 

al., (2019). The latter, according to Royden and Papanikolau (2011), is a 

transform fault that during the Neogene transferred the front of the Hellenides 

as far as the Mediterranean Ridge (Kopf et al., 2003) which faces the Ionian 

Abyssal Plain and the CA wedge (Fig. 2).  

 

2.1.3.  The Apulian Swell (AP) 

The foreland region between the opposite-verging CA wedge and Hellenides 

chain is represented by the southern portion of the Apulian Swell (Fig. 2), which 

was involved in the Ionian rifting during the Permian-Middle Triassic time, and 

led to the creation of the Ionian lithosphere before the opening of the Neotethys 
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(Vai, 1994; Finetti and Del Ben, 2005; Stampfli, 2005; Del Ben et al., 2010; Del Ben 

et al., 2015; Handy et al., 2010). This extensional phase produced a thick 

Paleozoic-Triassic sedimentary cover above the crystalline basement (Patacca et 

al., 2008). Since the upper Triassic, a regional shallow water domain has 

determined the deposition of a thick carbonate platform, that was later 

fragmented (Mattavelli et al., 1991; Del Ben et al., 2010; Del Ben et al., 2015). 

Starting from early Cretaceous, the Hellenic orogen has moved gradually onto 

the Apulian foreland (Channel et al., 1979; Del Ben et al., 2015) causing the 

transition between carbonate to siliciclastic sedimentation (Del Ben et al., 2015); 

at the same time, thrusting within the internal parts of the Hellenides involved 

both sedimentary rocks and their crystalline basement (Moretti and Royden, 

1988). The clastic turbidites, originated from the Southern Apennine-CA and 

Dinaric-Hellenic orogens, reached the AP and the Adriatic basin to the north only 

during Oligocene-Early Miocene times (Mattavelli et al., 1991) and filled the 

Bradano and the Hellenic foredeeps.  

The Neogene evolution of Southernmost Adria Plate is considered the result of 

slab rollback of both, the Ionian and Hellenic slabs, driving shortening and 

accretion coeval with back arc extension in the forearc of both Tyrrhenian Sea 

(Malinverno and Ryan, 1986; Jolivet and Faccenna, 2000; Faccenna et al., 2001; 

Sartori, 2003) and the internal zone of the Hellenides (exhumation of the 

Pelagonian units and Rhodope Massif, Papanikolau, 2003; Royden and 

Papanikolau, 2011; Burg et al., 2012) and Aegean Sea (Carminati & Doglioni, 

2005; Jolivet et al., 2021).  

In the Lower Pliocene, the Apulian foreland was affected by flexural bending due 

to loading of progressively advancing Southern Apennine/CA (Moretti and 

Royden, 1988; Argnani et al., 2001; Critelli et al, 2017; Volpi et al., 2017; Critelli, 

2018; Maesano et al., 2020; Cicala et al., 2021). This phase triggered extension 

and formation of NW-SE normal faults (Ciaranfi et al., 1988; Argnani et al., 2001; 
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Finetti & Del Ben, 2005; Del Ben et al., 2010; Volpi et al., 2017; Cicala et al., 2021) 

and the deep and narrow Bradano foredeep basin (Fig. 2) at the toe of the 

frontal thrust belt (Casnedi, 1988; Butler, 2009; Volpi et al., 2017), filled by 

turbidite sediments (Moretti and Royden, 1988; Rossi et al., 1988; Artoni et al., 

2019; Basso et al., 2021). In the early Pliocene, up to early Pleistocene, the 

Southern Apennines-CA nappes overthrusted the Apulian foreland, which 

underwent a compressional phase (Mostardini and Merlini, 1986; Del Ben et al., 

2015; Basso et al., 2021). During the Middle Pleistocene, the CA started rotating 

clockwise onto and along the old passive margin of the Apulian carbonate 

platform (Del Ben et al., 2008), causing oblique convergence (Basso et al., 2021). 

Resisting subduction, this foreland forced the chain to decelerate and changing 

direction from ESE-ward to SSE-ward (Van Dijk and Scheepers, 1995; Del Ben et 

al., 2008; Del Ben et al., 2010; Del Ben et al., 2015).  

At the eastern edge, slab rollback produced forward movement of the Hellenic 

arc towards the continental lithosphere of the AP (McKenzie, 1978; Le Pichon and 

Angelier, 1979; Finetti, 1982; Jackson & McKenzie, 1988; Moretti and Royden, 

1988; Finetti et al., 1991; de Voogd et al., 1992; Finetti & Del Ben, 2005;  Del Ben et 

al., 2015) and the oceanic lithosphere of the Sirte abyssal plain (Fig. 2). 

Therefore, our study area represents a crucial region to better understand both 

deep and shallow subduction processes that affected the AP; the effects of these 

processes are recorded in the Apulian foreland which is the foreland of both CA 

wedge and Hellenic orogen, respectively related to the westward and eastward 

directed subduction of the AP. 

 

2.2. Stratigraphy of the Apulian Swell  

The continental AP, that shows a flat Moho discontinuity at 28-32 km depth 

(Amato et al., 2014), is mainly made of (Fig. 3a): 1) Upper Triassic dolomitic and 

evaporitic sediments resting unconformably on the Lower Triassic-Permian 
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terrigenous deposits, corresponding to the sedimentary cover of the crystalline 

basement (Ricchetti et al., 1988; Patacca et al., 2008; Del Ben et al., 2010; Volpi et 

al., 2017; Maesano et al., 2020); 2) 4-7 km thick Mesozoic carbonates (Nicolai & 

Gamberini, 2007; Mila et al., 2017), constituted of Cretaceous limestones and 

Jurassic dolostones that laterally pass to pelagic sequences in intra platform 

basins (Nicolai and Gambini, 2007; Del Ben et al., 2015); 3) Miocene open-ramp 

carbonate deposits, followed by Messinian evaporites that locally 

disconformably cover the Jurassic-Cretaceous carbonates (Catalano et al., 2001; 

Patacca et al., 2008; Del Ben et al., 2010); 4) the Plio-Quaternary deposits consist 

of clastic turbidites (marl and clay sediments) (Rossi et al., 1983; Rossi and 

Borsetti, 1984; Del Ben et al., 2010; Minelli and Faccenna, 2010; Volpi et al., 2017; 

Maesano et al, 2020) with the lower portion represented by the early Pliocene 

rhythmically bedded pelagic deposits of the Trubi Formation  (Cita & Gartner, 

1973; Rossi & Borsetti, 1974; Volpi et al., 2017; Maesano et al., 2020) and late 

Pliocene to early Pleistocene coarse-grained, bioclastic cool-water carbonate 

(Tropeano et al., 2022). Based on the analysis of offshore data, a stratigraphic 

scheme of the Plio-Pleistocene sedimentary succession for the Apulian foreland 

has been recently proposed (Basso et al., 2021); this scheme is based on the 

three regional-unconformities that extend those defined by Zecchin et al. (2015) 

in the CA and nearshore CA wedge (Fig. 3c): 1) Pliocene unconformity (PCU); 2) 

mid-Pliocene (MPCU); 3) early Pleistocene (EPSU); and 4) mid-Pleistocene 

(MPSU). These unconformities record episodes of tectonic uplift associated with 

contractional-transpressive events that interrupted longer phases of subsidence 

associated with high accumulation rates (Zecchin et al., 2015; Basso et al., 2021). 

This led to infer a cyclic pattern of Plio-Pleistocene subsidence and uplift (P1-P4 

cycles) in which unconformities record the interference between the Adria Plate 

and the adjacent orogens during pauses in subduction retreat (Fig. 3c) (Ferranti 

et al., 2014; Basso et al., 2021; Cicala et al., 2021). These regional unconformities 

can be recognized in the study area as major unconformities bounding the 
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seismo-stratigraphic units (see § 4); in particular, the PCU corresponds and/or 

merges to the Messinian Unconformity, the MPCU corresponds to top of lower 

Pliocene unit, and the EPSU and the MPSU are inside the Upper Pliocene to 

Holocene unit. These unconformities locally merge/converge or diverge 

depending on the differential basin’s subsidence or uplift and consequent 

number of stratigraphic hiatuses. However, they can be traced both into the 

Bradano Foredeep and CA wedge, toward West, and into the Hellenic foredeep 

and Hellenides, toward East (Fig. 3 and see § 4). 

 

3. Material and methods 

A group of selected multichannel seismic reflection (MCS) profiles were 

analysed and interpreted to reconstruct the seismo-stratigraphic sequences and 

structures of the CA wedge, as well the adiacent Apulian foreland (Fig. 4). Four 

among 80 MCS profiles, for a total length of 3000 km in an area of 22.963 km2 

(Fig. 4) were selected (acquisition parametrers and technical specification are 

shown in Tab.1). Line-1 and -2 were kindly provided by ENI SpA, while Lines-3 

and -4 were acquired by the CROP Project during the 90’s, and are publicly 

available at http://www.crop.cnr.it/. Due to the lacking of wells, particular 

attention was paid to analyze seismo-acoustic characters of reflectors, including 

amplitude, frequency and continuity, that allowed to define the seismic facies 

and the limits of depositional sequences (Vail et al., 1987; Sukumono & 

Ambarsari, 2019; Al-Masgari et al., 2021). 

The MCS dataset was integrated by morphobatimetric data provided by 

EMODnet Bathymetry Consortium (2020) available at 

https://www.seadatanet.org/, which host high-resolution data (1/16 x 1/16 arc 

minutes - ∼100 m in the deep sea). Data were analyzed and displayed using the 

Global Mapper v. 21 software (http://www.bluemarblegeo.com/) and artwork 

with the software Adobe Illustrator®.  
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4. Results and interpretations 

4.1 Seismic stratigraphy and structural interpretation  

Interpretation of the selected multichannel seismic profiles enable us to 

describe the seismo-stratigraphic units, as well as the seismic facies and the 

main tectonic elements in the different domains in the study region (Figs. 5-9). 

4.1 Apulian foreland and Bradano-Hellenic foredeep basins  

 

4.1.1 Plio-Quaternary seismic sequences  

The Plio-Quaternary deposits consist of Upper Plio-Holocene and the Lower 

Pliocene sequences separated by an unconformity defined as MPCU in the 

literature (Figs. 3c-(2), 5a) (Zecchin et al., 2015; Volpi et al., 2017; Basso et al., 

2021). The thickness of the Upper Plio-Holocene sediments is variable from 

0.250 to 0.150 s TWT, reaching a maximum (1 s TWT) in the Bradano and 

Hellenic foredeep basins. Here, the Upper Plio-Holocene package sediments, 

marked by sub-parallel and continuous reflectors, onlap the apulian monocline, 

with terminations younger in the Bradano and the Hellenic foredeeps, to the 

East and the West, respectively (Figs. 6f, 9a, 9b). Two major unconformities have 

been recognized in the Upper Plio-Holocene sequence, and correlated with the 

EPSU and the MPSU in agreement with previous works in the Bradano Foredeep 

(Zecchin et al., 2015; Basso et al., 2021) (Fig. 6f) and the Hellenic Foredeeep (Fig. 

9a, 9b). The two unconformities EPSU and MPSU merges in the central portion of 

AP where the youngest is considered to be present and the amount of 

stratigraphic hiatus is hard to define precisely (Figs. 6a,c,d, 7,8). In the NNE 

sector the Apulian foreland is characterized by an irregular and rugged 

topography, as shown in Figs. 6c and in bathymetric profile 1 (Fig. 10), 

indicating active or recently inactivated submarine erosion. Below the Upper 

Plio-Holocene sequence, a semi-transparent seismic unit has been correlated to 

Lower Pliocene deposits, in agreement with Volpi et al. (2017). This unit (0.2 to 
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0.35 s TWT) is marked by medium frequency/low-amplitude, semi-trasparent, 

sub-parallel and continuous reflectors (Fig. 5a). 

Beneath the Bradano foredeep, the Lower Pliocene sediments rest conformably 

on the Messinian evaporites while they are accreted in the allochtonous units 

within the advancing CA wedge (Fig. 6e, 6f). The irregular seafloor of the Apulian 

foreland suggests active or recently inactivated tectonic deformations (Fig. 11). 

In fact, the ESE sector is characterized by the presence of extensional tectonics, 

evidenced by high-angle, EW-dipping normal faults, which cut off the Lower 

Pliocene but they are sealed by the Upper Plio-Holocene deposits (Fig. 6c). This 

indicates that most faults are no longer active, except for a few extensional 

deformations affecting the Holocene sediments and the seafloor, where they are 

associated with morphological scarps at the seafloor (Fig. 7b). 

At the intersection between Line-1 and Line-2, the seafloor appears widely 

dislocated by two NNE and SSW dipping normal faults, producing a prominent 

horst structure named HS, and controlling the formation of two basins, i.e., the 

Northern Basin (NB) and the Southern Basin (SB), also described in Maesano et 

al.(2020) (bathymetric map and profile 4 in Fig. 10; Figs. 6c, 7c). These two 

prominent faults and the sourronding normal faults belong to an extensional 

NW-SE oriented faults system in the foreland, the SAFS (South Apulia Fault 

System; Maesano et al., 2020). Along the NE dipping normal fault bounding the 

HS horst, pre-Messinian and Plio-Quaternary sediments are brought in contact 

by the fault (Figs. 6c, 7c). Here, the Upper Pliocene-Holocene seismic sequence 

consists of two syn-tectonic wedges separated by an unconformity, interpreted 

as the MPSU: an uppermost wide growth wedge (0,150 s TWT) and a lowermost 

thicker, localized and wedge onlapping toward both NNE and SSW (0,2 s TWT) 

(Fig. 7d). 
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However, the foreland region close to the Bradano foredeep is affected by 

folding processes that involve recent sediments and produce seafloor bulges 

(Fig. 6d). This might indicate an ongoing compressive/transpressive phase 

overprinting older normal faults. Positive inversion process has led to uplift and 

back-rotation of the normal fault’s hanging walls, producing gentle bulges of the 

Upper Plio-Holocene sediments (B1, B2, B3, Fig. 6d). These bulges are also 

visible in the bathymetric Profile 3 (Fig. 10). Inversions generated also back-

thrusts and narrow pop-up structures cutting across the shallow sediments (Fig. 

6d). 

Moving to the ESE area and nearby the Hellenic fold/thrust belt, the Plio-

Quaternary deposits are crosscut by a set of high-angle opposite dipping reverse 

fault splaying out into positive flower structures, which testify transpressional 

tectonics (Fig. 11). Two positive flower structures, named PF2 and PF3, affect 

the Lower Pliocene sediments (Figs. 8,  9a, 9b) and are associated in their 

uppermost part to shallower reverse faults, cutting the semi-transparent Lower 

Pliocene seismic sequence (Fig. 9b). These positive structures are sealed by 

relatively undeformed Upper Plio-Holocene Hellenic foredeep sediments, 

suggesting that these two flower structures are no longer active (Fig. 9b). 

Instead, moving to the South, the Plio-Quaternary deposits sealing the carbonate 

platform are folded and they create a wide uplift visible on the bathymetry 

(Profile 5 in Fig. 10). Here, the Upper Plio-Holocene seismo-stratigraphic unit is 

folded and six narrow positive flower structures affect the seabed (PF4 to PF9 in 

Fig. 10; see also the bathymetric Profile 5 in Fig. 10) and suggest active or recent 

compressive/transpressive tectonics. Seafloor bulges are probably linked to 

positive inversion tectonics and they agree with the recent (Middle-Upper 

Pleistocene) compressive-transpressive regime recognized by Del Ben et al. 

(2010).   
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4.1.2 Pre-Pliocene seismic sequences: the Messinian event and the Apulian 

carbonate platform (Jurassic / Cretaceous-Upper Miocene) 

The base of the Lower Pliocene unit is marked by a prominent high-amplitude 

continuous reflector, constituting the top of the Messinian unit, the so called 

Messinian unconformity (Fig. 5a) (Doglioni et al., 1999; Merlini et al., 2000; 

Butler, 2009; Volpi et al., 2017; Maesano et al., 2020). This relatively thin 

Messinian unit (0.1 to 0.08 s TWT) appears layered with continuos reflectors 

(Fig. 5a), which loose coherence towards the foredeep basins. In the SE and E 

foreland area, as shown in Seismic Line 3 and Seismic Line 4 (Figs. 8, 9a), the 

Messinian unconformity separates Plio-Quaternary sediments and platform 

carbonates. Here, the Messinian deposits appear to be missing, probably due to 

their very limited thickness, lower than the seismic resolution. As mentioned 

above, the Plio-Quaternary and the Messinian units overlay a carbonate platform 

sequence through a strong reflector (Fig. 5a), which represents the top of the 

Cretaceous-Upper Miocene carbonates of the Apulian platform.  

The underlaying Cretaceous-Upper Miocene carbonate platform sequence of the 

Apulian Mesozoic-Tertiary platform is 1.0 to 0.6 s TWT and it is characterized by 

seismic facies made of sub-parallel high-amplitude reflectors (Fig. 5a, b). The 

boundary with the underlying seismic sequence, correlated with Jurassic 

carbonates, is constituted by a major unconformity with onlap terminations 

(Mesozoic unconformity in Fig. 5b) and, below the foredeep basin, by a sharp 

truncation (Fig. 6f). The Jurassic sequence (2.0 to 2.6 s TWT) includes two 

different seismic facies (Fig. 5b): 1) a well layered unit with sub-parallel 

continuous reflectors and high-moderate amplitudes, interpreted as related to 

intra-platform basinal deposits; and 2) a massive seismic facies interpreted as 

marking reefal carbonate platform deposits. Underneath the Messinian 

unconformity, both the Jurassic and the Cretaceous-Upper Miocene seismic 

sequences show discontinuous reflectors, particularly in the SSW sector and in 
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the NNE foreland investigated by Seismic Line 2 (Figs. 5c, 7b). Here, the Jurassic 

carbonate platform shows a chaotic/blind seismic facies (1 s TWT), where 

seismic signal is almost wiped-out (Fig. 5c).  

Seismic interpretations show that the Apulian carbonate platform and the 

Messinian unit are affected both by extensional and compressive/transpressive 

tectonics. NNE and SSW active dipping normal faults generally affect these pre-

Pliocene sequences (Figs. 6c, 7b). As shown in Seismic Line 2, in the NNE 

foreland sector both the Cretaceous-upper Miocene and the Jurassic units 

appear folded and associated with the antiformal structures named A1, A2, A3, 

A4, suggesting a compressive tectonics stage (Figs. 7a, 7e). These antiformal 

structures are cut by the extensional faults and sealed by the Upper Plio-

Holocene sequence (Fig. 7e). In the HS interpreted in Seismic Line 1-2 (Figs. 6c, 

7c) the Cretaceous-Upper Miocene and Jurassic reflectors seem also largely 

folded and disrupted, due to the presence of a positive flower structure (PF1; 

Figs. 6c, 7c, 11) which was either lately dismembered or is undergoing 

dismemberment by the extensional tectonics. In the southermost Hellenic 

sector, the Mesozoic carbonate platform reflections look also largely folded and 

associated to the positive flower structures PF2 to PF9 bounded by faults 

striking NE-SW (Figs. 8, 11). These positive flower structures are widespread in 

the southern Apulian foreland where they are grouped into the AITZ (Adriatic-

Ionian Transpressive Zone) (Fig. 11). 

4.1.3 Upper Triassic/Lower Triassic-Upper Permian seismic sequences 

The base of the Jurassic sequence has been located at a prominent high-

amplitude reflector (Figs. 5c, d). According to the literature, this underlying 

seismic sequence corresponds to the Upper Triassic carbonate platform (Del Ben 

et al., 2009; Del Ben et al., 2010; Del Ben et al., 2015; Volpi et al., 2017) and shows 

moderate amplitude/frequency sub-parallel reflectors (Figs. 5c, 5d). It is 

bounded at the base by a high-amplitude reflection which probably corresponds 
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to the top of the Lower Triassic-Upper Permian sequence, tentatively assigned to 

the sedimentary cover of the crystalline basement, as also defined by previous 

works (Fig. 5d) (Patacca et al., 2008; Del Ben et al., 2010; Maesano et al., 2020). 

These deepest seismic sequences are affected by a widespread extensional 

tectonics highlighted by several NNW-SSE dipping normal faults, defining 

Triassic rifted basins, in some cases sealed by the overlying Jurassic platform 

(Figs. 6a,  7a, 7e) as interpreted by many authors (Doglioni et al., 1994; Merlini et 

al., 2000; Stampfli, 2005; Patacca et al., 2008; Del Ben et al., 2010; Basso et al., 

2021). This first ritfing phase has been linked to the beginning of the break-up of 

Pangea that started since Early Permian to Late Triassic (Dewey et al., 1973; 

Dewey et al., 1989; Garcìa-Mondejar et al., 1989; Bertolotti et al., 1993; Calvet et 

al., 1993; Frizon de Lamotte et al., 2000; Lòpez-Gòmez et al., 2002; Calvet et al.,  

2004; Stampfli, 2005; Handy et al., 2010; Frizon de Lamotte et al., 2011).  

 

4.2 The Calabrian Accretionary Wedge  

The prism’s seafloor shows a very irregular morphology, especially in the 

internal western sector of the domain, characterized by depressions interpreted 

as submarine canyons originated by erosional processes. Here, a wedge-top 

basin (WB) associated with shallow normal faults is imaged (Fig. 6b; Profile 1 in 

Fig. 10). In this domain, the Upper Plio-Holocene sequence (0,2 to 0,7 s TWT) is 

characterized by sub-parallel reflectors above a major unconformity which has 

been attributed to the MPSU that, toward East, merge with EPSU and MPCU and 

it can be correlated within the entire study area (Figs. 6b-e). Both Upper Plio-

Holocene unit and underlaying lower Pliocene seismic sequences (0.3 to 0.8 s 

TWT) show divergent reflections configuration testifying syn-tectonic 

sedimentation (Fig. 6b). The Upper Pliocene-Holocene package onlaps the lower 

Pliocene unit, as observed in Fig. 6b. Beneath lower Pliocene unit and at the top 

of a chaotic allochthonus assemblage of accreted Jurassic-Upper Miocene 
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sediments, a seismic facies shows a clear stratification with discontinuous high-

amplitude reflections (Figs. 6b, 6e); this seismic characters are clearly 

distinguishable from the surrounding ones and are attributed to the Messinian 

unit (0,3 to 0,4 s TWT) but no well constraints this age. 

The CA wedge is mainly caracterized by compressive tectonics. Its front is 

marked by eastward verging thrusts, forming a leading imbricate fan system 

overriding deposits of the narrow Bradano foredeep basin (Figs. 6e, 11). Here, 

the Plio-Quaternary foredeep sediments gently dip towards the prism, are 

crosscut by the sole thrust and onlap the flexed AP. In the innermost CA wedge 

sector, the Messinian and the Plio-Quaternary seismic sequences show evidence 

of internal folding due to compressive tectonics generated by a complex system 

of E and W verging thrusts and backthrusts, whose association constitutes pop-

up structures and triangle zones (Figs. 6e, 11). Positive inversion processes 

seems also to involve the subducted AP and the bottom of the chaotic 

assemblage, probably due to the ongoing and active migration of the CA toward 

the Ionian domain, here evidenced by five Subducted Inverted Faults (SIF): four 

E-verging high-angle reverse faults (SIF1, SIF2, SIF4, SIF5) and one W-verging 

high-angle reverse fault (SIF3) affect the subducted carbonate platform and the 

sole thrust of the accretionary prism, resulting in gentle folding of the latter 

(Figs. 6e, 11). 

4.3 Hellenides external deformation front  

In the eastermost sector of the study area, the AP is inclined toward the Hellenic 

foredeep basin, and it seems to be involved and accreted into the Hellenic 

deformation front (Fig. 9a). Even if this tectonic domain is not analyzed in detail 

in this work, it is clearly characterized by compressional structures reaching the 

seafloor, mainly W verging thrusts which costituite an imbricate fan system as 

already defined by many authors (Aubouin et al., 1970; Aubouin et al., 1976; 

Kamberis et al., 1992; Kamberis et al., 1996; Kamberis et al., 1998; Kilias et al., 
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2001; Le Pichon et al., 2002; Zelilidis et al., 2003; Marnelis et al., 2007; Mila et al., 

2017; Kamberis et al., 2021). This imbricate system is delimited by a blind thrust 

in its W external sector that is sealed by the Upper Plio-Holocene deposits of 

Hellenic foredeep; anyway, the Upper Plio-Holocene sequence is also deformed 

by the more internal fronts of the Hellinides. The Oligocene foredeep turbiditic 

deposits and the Neogene Molasse with deltaic deposits of the Sazani zone (Fig. 

3b) (Zelilidis et al., 2003; Zelilidis et al., 2015; Kamberis et al, 2021) are also part 

of the Hellenides, while their distal, basinward portions are included in the 

Cretaceous-upper Miocene unit and Plio-Quaternary deposits of the Apulian 

foreland (Figs. 3b, 9b).    

5. Discussion  

The selected seismic reflection profiles encompass the eastern part of the CA 

wedge and the Apulian foreland, including the western front of the Hellenides. 

The analyses of seismic data allow to reveal the complex tectono-stratigraphic 

evolution of this area (e.g., Doglioni et al., 1999; Merlini et al., 2000; Argnani, 

2001; Nicolai and Gambini, 2007; Butler, 2009; Del Ben et al., 2009; Del Ben et al., 

2010; Mila et al., 2017; Volpi et al., 2017; Basso et al., 2021; Cicala et al., 2021). It 

also outlines recent tectonic processes, enphasizing the role of the opposite 

verging and advancing CA and Hellenides in controlling the offshore Apulian 

foreland architecture and stratigraphy. 

  

 5.1 Tectono-stratigraphic evolution 

Although the geodynamic setting of Central Mediterranean is dominated by the 

N-S plate convergence, the Apulian Swell should be part of a relatively stable 

crustal block trapped between two deforming chains. However, seismic data 

show that the foreland is affected by both compressive/transpressive and 

extensional tectonic deformation. Since the Triassic, shallow-water marine 
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deposits formed the Mesozoic-Tertiary Apulian carbonate platform, made of a 

succession of massive reef carbonates and pelagic sediment (Fig. 5b), as already 

observed in the Apulia foreland domain by many authors (Nicolai and Gambini, 

2007; Del Ben et al., 2010; Del Ben et al., 2015; Volpi et al., 2017). Our seismic 

interpretation supports that the Jurassic platform was affected by extensional 

faulting, thus defining an important Jurassic rifting phase (Figs. 12a, 13a). This 

event caused fragmentation of the existing platform in a series of carbonate 

blocks (Nicolai & Gambini, 2007) bounded by extensional faults that appear to 

strike both NNE-SSW and SSE-NNW (Fig. 12a). Seismic data also show that an 

important erosive event affected the Apulian platform, as highlighted by a clear 

unconformity, i.e., the Mesozoic unconformity, corresponding to the Jurassic-

Cretaceous carbonate boundary (Figs. 5b, 13a), probably caused by emergence 

of wide platform sectors during sealevel lowstand. This led to the Jurassic 

platform dismantling and the consequent formation of an irregular and rugged 

morphology at its top, and formation of bauxite surfaces (Bosellini et al., 1993). 

The overlaying Cretaceous-Upper Miocene carbonate platform deposits and the 

shallow water sediments appear also affected by extensional tectonics (Figs. 

12a, 13a1). The Hellenides folds, that initatied to develop by this time to the East 

(Handy et al., 2019), created foredeep basin here included in the Cretaceous-

Upper Miocene unit (Fig. 13a1).  

The end of Mesozoic-Tertiary Apulian foreland tectono-stratigraphic evolution is 

marked by the Messinian dissecation of the Mediterranean basins, occurred 

5.97-5.33 Ma (Krijgsman et al., 1999; Manzi et al., 2020; Pellen et al., 2022). The 

foreland ramp was unconformably overlained by the Messinian evaporitic 

sediments, attributed to the thin layered unit above the Cretaceous-Upper 

Miocene sequence (Fig. 13b). The irregular loss of signal in the seismic image 

within the carbonate platform (Fig. 7b) is interpreted as the result of the 

Messinian relative sea-level low stand in the Mediterranean, that favored 

emersion of large parts of the platform partly karstified (Butler, 2009) and 
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affected by erosion. The widespread emersion is also evidenced by a clear 

regional unconformity (the Messinian unconformity) followed by an extensional 

regime in the foreland and re-activation of previous Mesozoic faults (Figs. 12b, 

13b). The Messinian erosion is also recorded in the advancing CA wedge and the 

Hellenides where compression was active. In the CA wedge an important 

Messinian compressive tectonic phase is highlighted by the Messinian 

Unconformity on the top of the chaotic assemblage and Messinian evaporites 

being part of the allochthonous units (Polonia et al., 2011; Zecchin et al., 2015; 

Basso et al., 2021). The latter contains Cretaceous platform-to-basin limestone 

and Miocene foredeep deposits (Casero et al., 1988; Merlini et al., 2000; Patacca 

& Scandone, 2007; Van Dijk et al, 2011; Basso et al., 2021) testifying that collision 

and the CA wedge were already present (Facenna et al., 2010; Vitale &  Ciarcia et 

al., 2013) and the Apulian foreland was experiencing an initial flexuration (Fig. 

13b). At the same time, the Hellenic sector was also affected by a compressive 

tectonic phase and formation of the Messinian unconformity (Kamberis et al., 

1996; Kamberis et al.,  2000. Kamberis et al., 2020). Above the Messinian 

Unconformity, the semi-transparent seismic sequence identified in both 

domains (Apulian foreland and CA wedge) has been attribuited to the pelagic 

deposits of the Lower Pliocene Trubi Formation, in agreement with previous 

works (Volpi et al., 2017; Maesano et al., 2020). This unit indicates that, starting 

from the Lower Pliocene, the Apulian Swell was drowned and returned to 

submarine conditions (Benson, 1973; Cita & Ryan, 1973; Cita, 1975; Cita et al., 

1990; Rouchy et al., 2001; Roveri et al., 2014; Sciuto & Baldanza, 2020; Pellen et 

al., 2022). At the same time, extensional tectonic continued to affect the Apulian 

foreland (Fig. 13b), witnessed by the presence of Lower Pliocene syn-tectonic 

wedge interpreted in seismic data (Figs. 6c, 13b).  

Afterward, the wedges of CA-Southern Apennines and Hellenides thrusted over 

the Lower Pliocene deposits covering the Apulian carbonate platform 

(Mostardini & Merlini, 1986; Catalano et al., 2004; Mila et al., 2017), leading to a 
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compressive stage in different zone of the Apulian foreland (Figs. 12c, 13c); in 

the case of Southern Apennines, the translation is several tens of km (Casero et 

al., 1988; Merlini et al., 2000; Basso et al., 2021). This compressive stage, 

recorded by the regional Middle Pliocene angular unconformity (MPCU) and 

Early Pleistocene angular unconformity (EPSU) (Zecchin et al., 2015; Volpi et al., 

2017; Zecchin et al., 2020; Basso et al., 2021), is related to the genesis of positive 

flower structures (PF1 to PF9, Figs. 6c, 7c, 8, 9; see also the structural map, Fig. 

11) and antiformal structures A1 to A4 (Figs. 7a, 7e) described in this work. We 

interpreted these compressive structures as generated by opposite verging 

reverse faults, enucleated along inherited normal faults linked to the previous 

Mesozoic extensional phase and then inverted. At the same time, previous 

Messinian-Early Pliocene extensional faults associated to the bulge of the flexed 

Apula plate, are also replaced by compressive tectonics (Del Ben et al., 2009; Del 

Ben et al., 2010). Foreland inversion in the study area and in the Taranto Gulf 

were proposed by previous studies (Merlini et al., 2000; Butler, 2009; Basso et al., 

2021). Moreover, coeval compressive structures were also identified in the 

eastern sector of the foreland nearby the Hellenides (Milia et al., 2017). Seismic 

data confirm the existence of these compressive structures and we propose that 

the progressive advancement of the CA wedge and Hellenides led to the 

transmission of compressive stresses to the Apulian foreland from opposite 

directions, resulting in the reactivation of early normal faults as reverse faults 

while the gentle folding of the carbonate platform and Lower Pliocene sediments 

generated antiformal structures (A1 to A4; Figs. 7a, 7e) and the nine positive 

flower structures described in this study (PF1 to PF9).  We consider this positive 

inversion phase limited to the Middle Pliocene/pre-MPSU because the positive 

flower structures (PF2 and PF3) in the Hellenic foredeep (Figs. 9b) and the 

antiformal structures (A1 to A4) (Figs. 7a, 7c) are either sealed by the Upper 

Pliocene-Holocene unfolded sediments or locally crosscut by normal fault such 

as the dismembered positive flower structure PF1 forming the HS (Figs. 6c, 7c, 
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11). Maesano et al. (2020) proposes that the HS is part of an active NW-SE 

striking extensional faults system, the SAFS, whose location, size and tectonic 

activity suggests that they could represent a plausible candidate for the source 

of the 20 Febraury 1743 earthquake occurred in the Northern Ionian Sea 

(Maesano et al., 2020; see also the recent seismicity in Italy: Rovida et al., 2006; 

ISIDe Working Group, 2007; Locati et al., 2016). Our seismic interpretation 

confirm the remarkable evidence of this recent tectonic activity on the foreland 

epitomized by the SAFS, also testified by a syn-tectonic extensional wedge in the 

uppermost portion (post-MPSU) of the Upper Pliocene-Holocene seismic 

sequence located beside the HS (Fig. 7d). However, inside the HS footwall, the 

MPCU and especially the reflectors of the Mesozoic sequences are largely 

positively folded (Fig. 7c). To explain this peculiar geometry, we have 

hypothesized that a previous transpressive tectonic phase generated the 

positive flower structure (PF1; Figs. 6c, 7c, 11). This hypothesis can be 

supported also by the presence of the narrow, lowermost portion of the Upper 

Pliocene-Holocene sequence beside the HS, corresponding to a post-MPCU and 

pre-MPSU syn-tectonic wedge (Fig. 7d), which shows the typical characters of a 

strike-slip basin, similar to the Dagg Basin along the South Alpine Fault zone in 

New Zealand (Barnes et al., 2001, 2005). Unlike syn-tectonic extensional basins, 

that generally show wide growth wedges thinning away from the fault plane and 

diverging-thickening strata toward the fault plane (Allen P.A & Allen J.R., 1990), 

basins associated with strike-slip deformation are more complex compared to 

the latters. In fact, they are generally small and narrow, they form in areas of net 

shortening (folded Mesozoic reflectors) and are characterized by a rapid spatial 

evolution with voluminous sedimentation supply and they show syntectonic 

growth wedges thinning toward the fault (Allen P.A & Allen J.R., 1990; Barnes et 

al., 2001). In our case study, this strike slip basin developed and evolved rapidly 

during the deposition of lowermost portion of the Upper Pliocene-Holocene 

sequence (post-MPCU and pre-MPSU) due to the tectonic activity of PF1 against 
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which the sedimentary growth wedge is thinning (Fig. 7d). Then, the PF1 was 

dismembered by the recent SAFS extensional activity, also witnessed by the 

uppermost portion of the Upper Pliocene-Holocene (post-MPSU) associated to 

the NE dipping normal fault bounding the HS (Fig. 7d) as already shown in 

Maesano et al. (2020). 

 

However, since Middle Pleistocene (post-MPSU), another compressional phase is 

locally testified by folds and positive flower structures affecting the seafloor and 

deforming the Upper Pliocene-Holocene seismo-stratigraphic unit. The folds 

SIF1-5 (Figs. 6e, 11, 13d) in the dipping subducted foreland monocline are 

attributed to this youger compressive phase. They are likely due to the stress 

transmitted by the CA wedge. Nonetheless, Butler (2009) proposes that the folds 

shown in the subducted AP and underneath the CA wedge might be seismic 

artifact due to pull up velocity because of the higher seismic velocities within the 

orogenic wedge in comparison with the adjacent foredeep sediments. On the 

contrary, Volpi et al. (2017) and Basso et al. (2021) remark that a tectonic origin 

of these folds cannot be excluded althought pull-up velocity can modify the 

geometry of these deeper structures (Transpressed Apulia Block of Volpi et al., 

2017).  The lack of wells and an accurate seismic interval velocities does not 

allow us to certify the pull-up nature of these folds, so we have interpreted them 

as originated by inversion tectonics process affecting older Apulian normal fault 

(SIF1 to SIF5).  Compressional structrures affecting the AP are also the gentle 

and positive bulges (B1, B2, B3) of shallow Upper Plio-Holocene sediments 

shown in the Seismic Line 1 nearby the Bradano foredeep basin (Fig. 6d and 

bathymetric Profile 3 in Fig. 10). These gentle anticlines are also attributable to 

the post-MPSU compressive phase likely associated to the stresses that also 

shape the CA wedge. Then, in the southern sector of the study area, the re-

activation of some of the positive flower structures related to the previous 

Middle Pliocene compressional phase (specifically PF4, PF5, PF6, PF8, PF9) 
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(Figs. 8, 11) testify also the occurrence of post-MPSU compression. It is worth to 

remark that these positive flower structures constitute the NE-SW transpressive 

zone AITZ (Adriatic-Ionian Transpressive Zone) (Figs. 11, 12c) which parallels 

the fault system segmenting the Hellenides; namely the Othoni‐Dhermi transfer 

fault and the Kefalonia transfer zone of Handy et al. (2019) or Kefalonia 

transform fault of Royden & Papanikolau (2011). These two fault systems cutting 

the Hellenides are likely inherited from Mesozoic rifting suggesting that the 

Adriatic-Ionian Transpressive Zone (AITZ) is also likely related to positive 

inversion tectonics of Mesozoic structural features that have a polyphased and 

very likely recent deformation history. 

The post-MPSU compressive phase is not widespread or it does not affect the 

whole Apulian foreland. In fact, in its central part, around the hinge of the AP, 

extensional faults exist, emphasized by the SAFS mentioned before. The SAFS 

was activated between 1.3 and 1.8 Ma (Maesano et al., 2020) and they are still 

active, creating morphobathymetric scarps (Figs. 11, 13d) (Volpi et al, 2017; 

Maesano et al., 2020). This observation sets and important constraint as it 

indicates that, in this sector, normal faults post-date the earlier compressional 

tectonic stage (post-MPCU and pre-MPSU) and they might be coeval to 

compressional structures belonging to the AITZ (PF4-PF9), to the SIF1-5 and to 

the B1-B3 (Fig. 11).  

The more recent (post-MPSU) compressional phase can be framed into the 

oblique and diachronous collision between the CA wedge and the rigid 

carbonate Apulian foreland that produced a re-orientation of the CA wedge 

motion. The Apulian foreland, which is resistant to subduction, forced the chain 

to decelerate and the wedge changed its migration toward SE, inducing a 

tectonic re-organitation since this age (Del Ben et al., 2008; Del Ben, 2009; Del 

Ben et al., 2010; Del Ben et al., 2015; Volpi et al., 2017; Basso et al., 2021). The CA 

and the opposite compression from the Hellenides transmitted the stress regime 

to the AP, causing the reactivation of reverse faults and inversion of inherited 
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extensional faults. Thus, the Middle Pleistocene-Holocene stage (i.e. post-MPSU) 

poses doubts on the real extent and distribution of the compressional and 

extensional features in the Apulian foreland, which is either about to being 

involved in the accretion process of the orogenic wedge or locally behaving as a 

forebulge area (undergoing extension) after a compressional/transpressional 

phase that sharply imprint the entire AP from the CA wedge to the Hellenides.  

 

5.2 Mechanisms controlling the extensional and positive inversion 

tectonics in the Apulian foreland  
 

Extensional tectonics in the Apulian foreland may be explained by flexural 

bending on the subducted Apulian block, induced by the advancing 

Calabrian/Apennine and Hellenic chains (Fig. 14a, 14b) (Argnani et al., 2001; 

Calamita et al., 2003; Argnani et al., 2006; Del Ben et al., 2010; Volpi et al., 2017; 

Maesano et al., 2020; Sabbatino et al., 2020; Cicala et al., 2021), likely reactivating 

older Mesozoic normal faults. Another mechanism that could explain extensional 

features is the slab rollback (Malinverno and Ryan, 1986; Patacca et al., 1990; 

Faccenna et al., 2001; Ferranti et al., 2014). Rapid rollback of the Ionian and 

southern Adriatic sectors of AP are thought to have occurred during Miocene-

Pliocene, while, during the Quaternary, slab retreat slowed down in the 

Apennines and Calabria, but not in Southeastern Hellenides (Faccenna et al., 

2001; Serpelloni et al., 2005; Serpelloni et al., 2007; D’Agostino et al., 2008; 

Ferranti et al., 2014).  

The AP bulge (black arrow in Profile 1, Fig. 10) represents a classical tectonic 

plate bending (Sabbatino et al., 2020), and suggests that flexure is probably the 

major process controlling the Apulian foreland extensional regime. Spatial 

correlation between the maximum flexural curvature of the Apulian foreland 

and development of graben structures indicates a link between the two (Argnani 

et al., 2001). We find and confirm that extensional tectonics coincides with 
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maximun foreland curvature (Fig. 14a), suggesting that extension is roughly 

coeval with plate flexure certaninly since Lower Pliocene. This low radius 

flexure could be responsible for moderate seismicity observed in this area 

(Argnani et al., 2001). Extensional faults were subsequently inverted (Fig. 14c) 

but, at the same time, the flexural extension process continued to produce  

extension, representing, in some cases, the last tectonic phase in the foreland. 

This is the reason because of extensions post-dates the 

compressive/transpressive tectonics, as witnessed by several NE-SW dipping 

high angle normal faults observed in the seismic lines and associated with 

prominent escarpment and horst/graben structures such as those belonging to 

the SAFS (Maesano et al., 2020). These structures are also visible in the 

bathymetric data, such as the active extensional faults related to the HS 

structure (Figs. 6c, 7c) and by recent Upper Plio-Holocene (post-MPSU) syn-

tectonic wedges, as well as extensional faults cutting the sealed antiformal 

structures (A1 to A4 in Line 2, Figs. 7a, 7e). However, compressive structures 

either sealed by the Upper Plio-Holocene sequence or affecting the seafloor are 

visible close to the CA wedge front (B1-3), the Hellenides (PF2-3 are sealed and 

PF4-PF9 deforming seafloor), and they are inverted faults in the subducted AP 

(SIF1-4) (Fig. 11). The genesis of these folds, associated with inverted faults 

nearby the orogenic front and in the subducted foreland may be related to 

lithospheric buckling (Fig. 14c) and maximum horizontal stress field (Cloetingh 

et al., 1999; Calamita et al., 2003). Based on our interpretation, this process 

might be active throughout the Pliocene-Holocene, when the Apulian foreland 

was affected by compressions as far as the hinge/bulge region. The change of CA 

wedge tectonic movement from ENE to SE-ward since the Middle Pleistocene 

(post-MPSU) (Del Ben, 2009; Del Ben et al., 2008; Del Ben et al., 2010) may have 

contributed to the formation of the AITZ transpressive system as well as other 

compressive structures (Fig. 15); the oblique convergence might have favored a 

strike-slip component transmitted to the foreland which triggered transpressive 
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tectonics (Fig. 15). In fact, since the Middle Pleistocene tangential forces 

transmitted by the two opposite advancing wedges to the thick Apulian foreland 

are recorded by the onset of a strike-slip regime overprinted by a compressive 

components leading to the observed transpressive deformations (Fig. 15). 

However, NE-SW dipping normal faults cutting the positive flower structures 

belonging to AITZ (Fig. 11) suggest that also flexure is again (locally) active in 

more recent times (since Middle Pleistocene or post-MPSU). The different 

phases of flexure, buckling and buckling with flexure are related to the complex 

and time-variable interplay between the advancing CA wedge and Hellenides 

over the rigid Apulian foreland block which is not a simple flexed and 

subducting continental sliver. 

6. Conclusions 

The interaction between the Apulian Swell and the opposite verging 

Calabrian/Hellenides orogenic wedges has produced a complex tectono-

stratigraphic evolution since the Late Miocene. 

 

Seismic data show that structural development in the AP is characterized by 

different phases and/or coexistence of extensional and 

compressive/transpressive tectonics, induced by slab rollback, flexural bending, 

and buckling process. 

The advancement of the Calabrian and Hellenic wedges transmitted compressive 

stress to the foreland, leading to a tectonic inversion of previous Mesozoic and 

Messinian-Early Pliocene faults since the Middle Pliocene. Changes in the 

direction of movement of the CA Wedge, associated with oblique convergence, 

have driven transpressional tectonics that is locally followed by extensional 

tectonics after Middle Pleistocene (post-MPSU). 
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The widespread compressive deformation at the contact zone between the AP 

and the CA wedge suggests that in this sector the west-dipping AP is already 

incorporated in the orogenic wedge. 

However, compressive tectonics, recognized also by the literature and traceable 

with the seismo-stratigraphic units, is widespread and active in the central 

sector of the foreland, very far from the two opposite orogenic fronts, implying 

that collisional tectonics can be propagated over long distances from plate 

boundaries producing significant deformations ahead of the orogens. 

 

This work suggests that the Apulian Swell cannot be considered a simple 

subducting continental sliver extended by flexural bending, but it preserves 

record of repeated late Neogene-Quaternary extensional and compressional 

pulses.  
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FIGURES CAPTIONS 

 

Fig. 1: location of the study area in the Central Mediterranean Sea region and 

tectonic evolution of the western-central Mediterranean from 30 Ma to Present 

with major paleogeographic features involved in this kinematic setting (a-e). 

During Late Oligocene-Middle Miocene time the CA was located adjacent to 

Sardinia block. Since Late Miocene, the CA has migrated toward SE due to 

subduction roll-back of the Ionian oceanic lithosphere, coeval opening of the 

Tyrrhenian basin and collision with Apulia and Africa to produce the CA wedge, 

the Apenninic and Maghrebian orogenic belts (after Capozzi et al., 2012). 

 

 

 

Fig. 2: main geological domains and structural setting of the Northern Ionian Sea 

(after Basso et al., 2021). The study area is represented by the dashed blue line. 

Red arrow is the slip vector between Africa and Europe in the Europe-fix reference 

frame and the yellow arrows are the GPS vectors in the Africa/Nubia-fix reference 

frame (D’Agostino et al., 2008). 

 

 

 

Fig. 3: (a) schematic stratigraphic columns of the CA wedge (1) and of the Apulian 

foreland (2), reconstructed on the base of the available literature (after Volpi et al., 

2017); (b) stratigraphic columns for the the Albanian-Hellenic zone (1) and Plio-

Quaternary synthetic lithological column of Western Greece (2)(after Zelilidis et 

al., 2003, 2015; Kamberis et al, 2021); (c) schematic representation of the three 
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main unconformities (MPCU, EPSU, MPSU) and related Plio-Pleistocene tectono-

sedimentary cycles (P1-P4) in the CA and Bradano Basin (1) and the Neogene 

stratigraphic units recognized in this work and related to those identified by Basso 

et al. (2021) (2) (after Zecchin et al., 2015 in Basso et al., 2021). 

 

 

 

Fig. 4: bathymetric map of the study area provided by EMODet Bathymetry 

Consortium (DTM 2018) (https://www.seadatanet.org/), dataset available for the 

study area and location of the seismic lines selected and interpreted in this work, 

labelled Line 1 to Line 4 (red lines). The related domains intercepted by seismic 

lines are indicated. 

 

 

Fig. 5: different seismic sequences and topping horizons  identified on the Apulian 

foreland; (a) the Upper Plio-Holocene/Lower Pliocene boudary is represented by 

the  MPCU; see the semi-transparent feature of the Lower Pliocene (detail of Line 

2); (b) Cretaceous-Jurassic boundary, well define by an uncoformity with onlap 

geometries ; the basin to platform facies transition is defined by the blue dashed 

line (detail of Line 1); (c) the chaotic-blind seismic facies in the Jurassic sequence, 

where the seismic signal is almost wipe-out (detail of Line 2); (d) the   

Jurassic/Upper Triassic boundary  is defined by an high-amplitude reflector; the 

top of the Lower Triassic-Upper Permian is highlighted, defining the possible base 

of the sedimentary cover above the crystalline basement (detail of Line 1).   

 

 

 

Fig. 6: (a) Seismic Line 1; see the location in Fig.4; (b) Upper Plio-Holocene-Lower 

Pliocene onlap in the CA wedge; here, the MPCU, the EPSU and the MPSU are clear 
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an traced; (c) extensional tectonics in the foreland associated to escarpments and 

syn-tectonic wedeges; (d) positive bulges (B1,B2,B3)  associated to recent tectonic 

positive inversion processes affecting the foreland seabed; (e) collision between the 

CA wedge front and the Apulian foreland in the Northern Ionian Sea and the 

adjacent Bradano foredeep basin; see the subducted inverted faults deforming the 

sole thust  (SIF1 to SIF 5); (f) the Upper Plio-Holocene package sediments, onlap 

the apulian monocline in the Bradano foredeep basin; Here, the MPCU, EPSU and 

MPSU are clear and traced, as well as the Mesozoic unconformity.  

 

 

Fig. 7: (a) Seismic Line 2; see the location in Fig. 4; (b) active extensional tectonics 

in the SSW sector of this line, associated with seabed escarpments; the blue dashed 

line represents sectors where the continuity of the carbonate platform reflectors 

appears interrupted; (c) a prominent horst structure (HS) surronded by the 

Northern Basin (NB) and the Southern Basin (SB) shows a folded geometry of the 

pre-Pliocene seismic sequence suggests the presence of a previous positive flower 

structure (PF1); (d) the lowermost portion of the Upper Plio-Holocene sequence 

(Post MPCU) corresponds to the strike slip basin related to the PF1 strike-slip  

structure (note the onlap geometries on both sides of the confined basin and the 

SSW-ward onlap against folded reflections related to dashed reverse faults); on the 

other hand, the  Upper Plio-Holocene uppermost part (Post MPSU) corresponds to 

the syn-tectonic wider wedge linked to a more recent extensional tectonics (NNE 

dipping faults); (e)  both the top of the Lower Pliocene and the pre-Pliocene seismic 

sequences appear folded and associated to antiformal structures (A1-A2), either 

sealed (A2) or cut (A1) by extensional faults. 

 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



41 
 

Fig. 8: Seismic Line 3; here, transpressive tectonics is evidenced by active positive 

flower structures associated to seabed deformation (PF4 to PF9) and two positive 

flower structures deforming the lower Pliocene but sealed by the Upper Plio-

Holocene sediments (PF2-PF3); see the location in Fig. 4. 

 

 

 

Fig. 9 (a): Seismic Line 4; see the location in Fig.4; (b) nearby the Hellenic foredeep 

basin, transpressive/compressive tectonics has been identified, evidenced by two 

positive flower structures (PF2 and PF3), interpreted as inverted older (Mesozoic) 

extensional faults; in the uppermost part of PF2 and PF3, eight shallower faults 

associated to reverse offset disrupt the Lower Pliocene seismic sequence; note the 

Hellenic Upper Pliocene-Holocene sediments-Apulian monocline onlap; here, the 

MPCU, the EPSU and the MPSU are clearly imaged. 

 

Fig. 10: bathymetric map provided by EMODnet Bathymetry Consortium (DTM 

2018) (https://www.seadatanet.org/) showing the main bathymetric features and 

the recent/active (morpho) structure of the study area; below, the bathymetric 

profiles obtain using the Global Mapper v. 21 software 

(http://www.bluemarblegeo.com/). the Profile 1 intercepts the Apulian foreland 

and both the CA wedge and Hellenic fold/thrust belt; the black arrow indicates the 

AP bulge generated by the bending; the Profile 2 shows the wedge-top basin (WB) 

in the upper part of the CA wedge, also mapped in the bathymetric map above. 

Profile 3 shows the bulges (B1, B2, B3) associated to inverted faults nearby the 

Bradano foredeep basin, illustrated in Fig. 6c. Profile 4 illustrates the horst 

structures (HS) as well as the the surrounding basin: the Southern Basin (SB) and 

Northern Basin (NB) both mapped in this bathymetric map and seismic reflection 
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profile (Figs 6c and 7c). Profile 5 shows the seabed bulge associated to the positive 

flower PF4 to PF7 shown in Line 3 (Fig. 8). 

 

 

Fig. 11: structural maps of the study area obtained by the integration of seismic 

profiles and bathymetric data provided by EMODnet Bathymetry Consortium 

(2020) (https://www.seadatanet.org/). 

 

 

Fig. 12: structural maps obtained by the integration of seismic profiles, 

bathymetric data provided by EMODnet Bathymetry Consortium (2020) 

(https://www.seadatanet.org/) and timing of different tectonic structures defined 

in Figs. 6-7-8-9. The three maps represent the tectonic setting of the study area at 

different time intervals: (a) Jurassic-Lower Cretaceous / Cretaceous-Upper 

Miocene, (b) Messinian/Lower Pliocene (pre-MPCU), (c) post-MPCU/pre-MPSU. 

 

 

 

Fig. 13: sketchs of the main tectono-stratigraphic evolution of the Apulian foreland 

investigated in this paper (not in scale); (a) Jurassic / Lower Cretaceous; (a1) 

Cretaceous / Upper Miocene; (b) Messinian / Lower Pliocene (pre-MPCU); (c) post-

MPCU / pre-MPSU; (d) post-MPSU / Holocene. 

 

Fig. 14: (a) curvature of the Apulian foreland along three transects. Note that the 

area affected by extensional tectonics coincides with the sector of maximum 

curvature (section B), which correspond to the eastern sector study area 

(highlighted in orange in the map above) (modified after Argnani et al., 2001); (b) 

the flexural bending process: the Apulian foreland is deflected in response to the 
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load applied by the CA wedge and  Hellenides and this induces an extensional 

regime; (c) the lithospheric buckling process: the horizontal stress transmitted by 

the CA wedge may have contributed to the folding and therefore re-activation of 

previous extensional fault as reverse. 

 

 

Fig. 15: the tangential Middle-Upper Pleistocene force components (fT) due to the 

advancement of the two opposite wedges favoured a strike slip regime in the 

central sector of the Apulian foreland, to which the normal compression 

components (fN) are added, implying a transpressive regime. Stress orientation 

according to Mila et al. (2017) and Del Ben et al. (2008).  

 

 

 

 

 

 

 

 

TABLE 

 

Tab. 1: Characteristics of the selected seismic reflection profiles. The acquisition 

power is expressed in cubic inches (c.i.) of the Lines 1, 2 and in bar for the Lines 3 

and 4 (CROP survey). 
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Tab. 1: Characteristics of the selected seismic reflection profiles. The acquisition power is expressed in 

cubic inches (c.i.) of the Lines 1, 2 and in bar for the Lines 3 and 4 (CROP survey). 

 

 

  

ID Lenght 
(Km) 

Source 
type 

Source 
power 
(c.i.) 

Source 
depth 

(m) 

Streamer 
depth (m) 

Streamer 
lenght (m) 

Shotpoint 
interval (m) 

Group 
interval 

(m) 

Line 
1 

137,62 Airgun 
Array 

3410 6 8 6000 25 12,5 

Line 
2 

121,96 Airgun 
Array 

3410 6 8 6000 25 12,5 

Line 
3 

133,31 High 
Pressure 
Airgun 

140 bar 6 12 4500 62,5 25 

Line 
4 

111,52 High 
Pressure 
Airgun 

140 bar 6 12 4500 62,5 23 
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HIGHLIGHTS 

 The response of a subducting plate trapped between two converging orogenic wedge is investigated. 

 The interference of Calabrian Arc (CA) and Hellenic chain plays an important role in defining the 

tectono-stratigraphic evolution of the Apulian Swell (AP) in Central Mediterranean Sea. 

 The advancement of the CA wedge and the Hellenides transmitted compressive stress to the foreland, 

leading to a tectonic inversion of previous Mesozoic faults. 

 The CA wedge changes direction of movement in Middle Pleistocene and the consequent oblique 

convergence drove transpressional tectonics inside the Apulian Swell. 

 Compressive deformation at the AP-CA wedge contact zone suggests that the west-dipping AP is 

already part of the orogenic wedge. 

  Compressive tectonics is active also in the central sector of the AP implying that collisional tectonics 

can be propagated over long distances from plate boundaries.  
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