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Apennines system in the framework of the Alpine chains 
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ABSTRACT

The northern Calabrian ranges and the 
southern Apennines are part of a single oro-
genic segment of the Alpine chain system 
framing the central-western Mediterranean 
Sea. Three main tectonic complexes char-
acterize this orogenic chain: (1) remnants 
of the overriding plate, including Variscan 
Paleozoic basement (Calabria-Peloritani 
terrane), which tectonically cover (2) an 
Alpine metamorphic belt, corresponding to 
an exhumed subduction channel, formed 
by slices of the Calabria-Peloritani terrane, 
meta-ophiolites (metamorphic Ligurian 
Units), and some successions of the conti-
nental Adria plate (downgoing plate), which 
are in turn superposed onto (3) a fold-and-
thrust belt composed of remnants of an oce-
anic accretionary prism (nonmetamorphic 
Ligurian Units) on the top and an under-
lying imbricate orogenic pile consisting of 
shallow-water to pelagic continental Adria 
successions, also including buried shallow-
water carbonates of the Apulian Platform. 
The exposed Apulian Platform domain (Pug-
lia region) and the Adriatic Sea represent 
the current foreland. The orogenic chain re-
sults from the subduction of Ligurian Ocean 
lithosphere beneath the European plate/Ca-
labria-Peloritani terrane starting during the 
Paleocene–Eocene. The restored mean tec-
tonic vergences indicate that the thrust front 
migrated to the south in the Eocene–Lang-
hian period, turning to the east during the 
Serravallian–Pleistocene interval. After the 

complete closure of the Ligurian Ocean in 
the Early Miocene, the subduction continued 
with the involvement of the continental part 
of the Adria plate, triggering crustal short-
ening until the middle Pleistocene. Com-
plex geometries, reflecting the articulated 
paleogeographic domains formed by alter-
nating shallow-water carbonate platforms 
and deep basins, controlled the shape of the 
thrust front–foredeep–forebulge system. 
Thin- and thick-skinned thrusting episodes 
have alternated during the orogenic shorten-
ing; however, since the early Pliocene, deep-
seated, ramp-dominated thrust faults have 
driven the crustal shortening, resulting in 
widespread envelopment thrusting, and out-
of-sequence structures in the allochthonous 
wedge. The alternating different tectonic 
styles also resulted from the involvement 
in the subduction system of the continental 
Adria lithosphere, which is thicker under the 
carbonate platforms and thinner under the 
interspersed pelagic basins and the western 
margin facing the Ligurian Ocean. The in-
volvement of thicker lithosphere during the 
subduction process caused two main back-
stops that triggered thick-skinned tectonics. 
The synorogenic sedimentation was ruled by 
the migration of the forebulge-foreland basin 
system, with flexure of the continental part 
of the Adria plate since the Oligocene and 
erosion of a large part of the Apennine and 
Apulian carbonates that fed the foredeep 
basins with calciclastic supply. Siliciclastic 
input, which originated from both the over-
riding plate and orogenic wedge, joined with 
orogenic volcaniclastics, marks the sedimen-
tation in the foreland basin system, including 
the mature stage of the foredeep troughs and 
the wedge-top basins located on the top of 
the chain, with the latter also recording cal-
ciclastic sedimentation that originated from 

the erosion of the piled-up Adria carbonate 
successions.

1. INTRODUCTION

The construction of mountains is a com-
plex interplay of different geologic processes. 
The most important are (1) crustal shortening, 
ruled by thrust faults and folds and secondarily 
by extensional and strike-slip faulting, and (2) 
synorogenic sedimentation within the foreland 
basin system (e.g., Bally et al., 1966; Dickinson, 
1974; Davis et al., 1983; Ingersoll, 1988; Wil-
lett et al., 1993; Beaumont et al., 1996; Willett, 
1999; Tavarnelli and Prosser, 2003; Garzanti 
et  al., 2007; DeCelles, 2012; Ingersoll, 2012; 
Faccenna et  al., 2013; Sobolev and Brown, 
2019; Bucci et al., 2019, 2020; Faccenna et al., 
2021; Barchi and Tavarnelli, 2022). The northern 
Calabria–southern Apennines system (Figs. 1A 
and 1B) is a noteworthy example of such an oro-
genic belt where construction was accompanied 
by synorogenic sedimentation in the foreland 
basin system, including (from the foreland to 
hinterland) the backbulge, forebulge, foredeep, 
and wedge-top basins (Selli, 1962; Ogniben, 
1969; D’Argenio et al., 1973; Amodio-Morelli 
et al., 1976; DeCelles and Giles, 1996; Patacca 
and Scandone, 2007; DeCelles, 2012; Carminati 
and Doglioni, 2012; Vitale and Ciarcia, 2013). 
The characterization and dating of all these 
deposits have allowed geologists to constrain 
the timing of the tectonostratigraphic evolu-
tion of this orogen (e.g., Patacca and Scandone, 
2007; Carminati and Doglioni, 2012; Vitale and 
Ciarcia, 2013). The northern Calabria–southern 
Apennines system (Fig. 1A) forms a segment 
of the Alpine belt in the central-western Medi-
terranean Sea (Fig. 1B). The first general tec-
tonostratigraphic model of the orogenic wedge 
architecture at shallow crustal levels was pro-
posed in the 1960s–1970s (Selli, 1962; Ogniben, 
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1969; D’Argenio et al., 1973; Amodio-Morelli 
et al., 1976); this model interpreted the tectonic 
structure as having formed by the superposition 
of different allochthonous thrust sheets, includ-
ing metamorphic and sedimentary successions. 
Generally speaking, the chain is defined along a 
transect running from northern Calabria to the 
southern Apennines (Figs. 1C and 1D), and it is 
composed of a tectonic pile formed by Paleozoic 
basement and Mesozoic sediments (overriding 
plate) and covering metamorphic units (derived 
from both oceanic and continental domains), 
which, in turn, are superposed onto a nonmeta-
morphic fold-and-thrust belt made of continen-
tal successions from the downgoing Adria plate. 
However, a great leap forward in knowledge 
of the structure at depth was achieved through 
hydrocarbon exploration with several hundreds 
of boreholes that reached a maximum depth of 
7 km (Visibility of Petroleum Exploration Data 
in Italy [ViDEPI Project], 2009–2015) and the 
Crosta Profonda (CROP) Project, with tens of 
seismic lines that investigated down to 15 km 
(http://www​.crop​.cnr​.it), including the CROP04 
profile through the southern Apennines (e.g., 
Cippitelli, 2007; Patacca and Scandone, 2007). 
Although different and sometimes contrast-
ing interpretations of the tectonic architecture 
have been proposed, seismic and borehole data 
mark the existence of a buried imbricated par-
autochthonous belt made of Apulian Platform 
carbonates below the allochthonous Apennine 
wedge. More recent studies (Casero et al., 1988; 
Doglioni et al., 1996; Menardi Noguera and Rea, 
2000; Shiner et al., 2004; Mazzoli et al., 2006, 
2008; Scrocca, 2010; Cippitelli, 2007; Carminati 
and Doglioni, 2012; Vitale and Ciarcia, 2013) 
highlight the general structure of the southern 
Apennines as defined by prevailing low-angle 
thrusts separating the major thrust sheets, which 
are, in turn, crosscut by high-angle thrusts nucle-
ated in the Apulian Platform carbonates. These 
different thrust faults resulted from alternating 
thin- and thick-skinned tectonics, with a preva-
lence of the latter during the Pliocene, which 
triggered deep breaching thrusting (e.g., Butler, 
1987; Morley, 1988) or envelopment thrust-
ing (Bally et al., 1966) and significant surficial 
out-of-sequence thrusting that involved the 
wedge-top basin deposits (Vitale et  al., 2017, 
2020a, 2020b).

The northern Calabria–southern Apennines 
system (Fig. 1A) resulted from the subduction of 

Neo-Tethys (Ligurian) oceanic lithosphere under 
the Europe/Calabria-Peloritani terrane starting 
during Paleocene–Eocene time (Schenk, 1980; 
Rossetti et al., 2001, 2004; Lustrino et al., 2009; 
Vignaroli et al., 2012; Vitale et al., 2019a) and 
subsequently from the deformation of the conti-
nental Adria slab in the Oligocene–middle Pleis-
tocene time range. It is considered to be a retreat-
ing thrust belt where the subduction rate exceeds 
the convergence rate (Royden, 1993), triggering 
the formation of back-arc basins of the Ligurian-
Provençal and Tyrrhenian Seas and stretching of 
the overriding plate, including the Sardinia-Cor-
sica and Calabria-Peloritani terrane blocks (Fac-
cenna et al., 1996; Gueguen et al., 1998; Martin, 
2006; Carminati and Doglioni, 2012).

During the Oligocene–middle Pleistocene, 
the thrust front–foredeep–forebulge system 
mainly migrated toward the E/SE (e.g., Vitale 
and Ciarcia, 2013; Sabbatino et  al., 2020, 
2021), and foredeep sedimentation was gener-
ally preceded by emersion and erosion of the 
shallow-water domains caused by flexure of the 
downgoing Adria plate (forebulge stage; Sabba-
tino et al., 2020). The youngest foredeep basin 
sediments (Table  1) constrain the lower tim-
ing limit of thrust-front migration. In contrast, 
the oldest overlying unconformable wedge-top 
basin deposits (Table  2), locally sealing con-
tacts between different thrust sheets, fix the 
upper temporal limit of the thrusting pulse (e.g., 
Cosentino et  al., 2003; Bonardi et  al., 2009; 
Vitale and Ciarcia, 2013, 2018).

This study aimed to combine the vast amounts 
of available stratigraphic and tectonic data to 
provide a coherent stratigraphic framework of 
the successions cropping out in the northern Cal-
abria–southern Apennines system and a model 
of the orogenic evolution from the Eocene to 
Pleistocene consistent with the stratigraphic 
evolution of the synorogenic deposits. Com-
pared to previous works (e.g., Vitale and Ciarcia, 
2013, and references therein), the main novelty 
is the detailed description of the foreland basin 
system deposits, paying particular attention to 
the forebulge-related deposits, which constrain 
the architecture of the foreland during orogenic 
evolution. Furthermore, the provided paleogeo-
graphic maps and reconstruction of the orogenic 
evolution highlight the role of out-of-sequence 
thrusting events associated with the deep-seated 
structures involving the buried Apulian Platform 
carbonates. We have reinterpreted the available 

literature to reach this purpose, joining strati-
graphic and tectonic data, and we used meta-
morphic and thermochronologic data to better 
reconstruct the orogenic accretion, subduction, 
and exhumation history of the thrust sheets of 
the northern Calabria–southern Apennines sys-
tem following the forebulge stage.

Furthermore, we furnish an up-to-date frame-
work of tectonic vergence data available from 
the literature that were restored according to 
the orogenic rotations resulting from the recent 
paleomagnetism studies. These data were com-
bined with the paleogeographic maps to better 
constrain the thrust-front migrations during the 
late Oligocene to Pleistocene.

2. GEOLOGIC SETTING

From a paleogeographic point of view, the 
northern Calabria–southern Apennines system 
(Fig. 1A) includes tectonic units derived from 
(1) the overriding plate, including Paleozoic 
crystalline basement (Calabria-Peloritani ter-
rane; Bonardi et al., 2001), (2) the oceanic to 
ocean-continent transition basin, and (3) the con-
tinental Adria plate (e.g., Mazzoli et al., 2008).

To better illustrate the tectonic architecture 
of the northern Calabria–southern Apennines 
system, we present some geologic cross sec-
tions representative of northern Calabria (Fig. 2, 
A–A′), and the southern (Fig. 2, B–B′), central 
(Fig. 2, C–C′), and northern (Fig. 2, D–D′) sec-
tors of the southern Apennines, extending from 
the carbonate relief of the Aurunci, Ausoni, Lep-
ini, Simbruini, Marsica, Gran Sasso, Morrone, 
and Majella Mountains in the north down to 
the mountains located at the northern Calabria-
Basilicata boundary to the south (Fig. 1A). The 
northern and southern Apennines are separated 
by the Olevano-Antrodoco-Sibillini line (Parotto 
and Praturlon, 1975), consisting of a thrust fault 
active in the late Messinian–early Pliocene inter-
val (Calamita et al., 2012).

The orogenic structure includes the superpo-
sition of three orogenic complexes (Fig.  1C). 
Complex 1, located on the top of the chain, 
comprises remnants of the overriding plate (Cal-
abria-Peloritani terrane), which cover an Alpine 
metamorphic belt (complex 2) corresponding 
to the exhumed subduction channel, formed by 
Calabria-Peloritani terrane units, metamorphic 
ophiolitic units, and some metamorphic Meso-
zoic–Cenozoic thrust sheets of the continental 

Figure 1. (A) Geologic map of the northern Calabria–southern Apennines (NCSA) system (modified after Vitale and Ciarcia, 2022). UTM 
coordinate system, WGS84 global datum. (B) Tectonic sketch of western-central Mediterranean Alpine belts (modified after Vitale et al., 
2015). OAS—Olevano-Antrodoco-Sibillini line. (C) Map of the orogenic complexes. (D) Schematic lithospheric cross section through north-
ern Calabria, southern Apennines and Apulian Foreland (the trace Y–Y′ is shown in Fig. 1C). APB— buried Apulian Platform; a.s.l.—above 
sea level; b.s.l.—below sea level.

http://www.crop.cnr.it
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Adria plate (downgoing plate). Finally, this oro-
genic prism tectonically covers a thrust-and-fold 
belt (complex 3) defined by a series of stacked 

thrust sheets, including successions of different 
paleoenvironments, from deep basin to shallow-
water platform (e.g., Mostardini and Merlini, 

1986; Casero et al., 1988; Doglioni et al., 1996; 
Ciarapica and Passeri, 1998; Menardi Noguera 
and Rea, 2000; Faccenna et al., 2001a, 2001b; 

TABLE 1. DESCRIPTION OF THE CONFORMABLE SYNOROGENIC DEPOSITS AND THEIR ACRONYMS USED IN THE TEXT WITH AGES AND REFERENCES

Acronym Formation name and reference(s) Stratigraphic age and reference(s)

AAF Anversa degli Abruzzi Fm (Patacca et al., 1992a) Upper Messinian (“lago-mare”)–Lower Pliocene p.p. (Cipollari et al., 1999)
ALB Arenarie di Albanella Fm (Donzelli and Crescenti, 1962; Selli, 

1962)
Middle Burdigalian (Critelli et al., 1994)

ANR Calcareniti di Andrano Fm (Martinis, 1967) Lower Messinian (ISPRA, 2013)
APV3 Flysch della Vallimala Fm (Scandone and Sgrosso, 1974); La 

Foresta Mb (ISPRA, 2016c)
Serravallian p.p.–lower Tortonian? (ISPRA, 2016c)

ARM Clays and marls (ViDEPI Project, 1962) Upper Pliocene–Lower Pleistocene (ViDEPI Project, 1962)
ARZ Arenarie di Zannone (Pantosti and Velonà, 1986; Pantosti et al., 

1986)
Lower Miocene (Pantosti and Velonà, 1986; Pantosti et al., 1986)

ASP Argille Subappennine and Montemarano sands fms (Servizio 
Geologico d’Italia, 1968b, 1971)

Lower Pleistocene (ISPRA, 2017a)

AVG Mezzana di Forte Fm (Basso et al., 2002); Argille Varicolori with 
gypsum (Vitale and Ciarcia, 2018)

Upper Messinian–lowermost Zanclean (Vitale and Ciarcia, 2018)

AVS Argille Varicolori Superiori Fm (Ogniben, 1969) Aquitanian p.p.–lower Burdigalian (Ciarcia et al., 2009a)
BIF Arenarie del Bifurto Fm (Selli, 1957) Upper Burdigalian–Langhian (ISPRA, 2014b)
BSM Calcarenite Coralligena di Serra del Mito Fm (ISPRA, 2013) Langhian–Tortonian? (ISPRA, 2013)
CAR Mt. Caramola Fm (Bonardi et al., 1993) Upper Eocene–Oligocene (Vitale et al., 2013b)
CBZ Calcari a Briozoi a Litotamni Fm (Accordi et al., 1967; Civitelli and 

Brandano, 2005)
Upper Burdigalian–upper Serravallian (Sabbatino et al., 2021; ISPRA, 2010c)

CDR Calcareniti di Recommone Fm (Scandone and Sgrosso, 1965) Burdigalian–Serravallian (ISPRA, 2014c)
CFR Calcareniti a Macroforaminiferi Fm (ISPRA, 2010c) Paleogene p.p.–Lower Miocene (ISPRA, 2010c)
CON Contursi Fm (Ciarcia et al., 2009a) Aquitanian–lower Burdigalian (Ciarcia et al., 2009a)
CTT Calcari di Trombetta Fm (ISPRA, 2017b) Upper Messinian (ISPRA, 2017b)
CUS Cusano Fm (Selli, 1957) Burdigalian–lower Serravallian (ISPRA, 2015)
FAE Faeto Fm (Crostella and Vezzani, 1964) Upper Burdigalian–Tortonian (ISPRA, 2011b)
FCE Cerchiara Fm (Selli, 1957) Middle Aquitanian–lower Burdigalian (ISPRA, 2016b, 2010a, 2014b)
FFA Frasci Fm (ISPRA, 2016c) Upper Cretaceous–Aquitanian p.p. (ISPRA, 2016c)
FFP Fontana Porcellara Fm (ISPRA, 2016c) Aquitanian p.p. (ISPRA, 2016c)
FFS Frosinone Fm (Accordi, 1964) Upper Tortonian (Accordi, 1964; Cosentino et al., 2003)
FLB3 Alberosa Fm, Serra Costantino Mb (ISPRA, 2010e) Oligocene–Lower Miocene (ISPRA, 2010e)
FMJ Flysch della Majella (Patacca et al., 1992a) Middle–upper Zanclean (Cosentino et al., 2003)
FMS Monte Sant’Arcangelo Fm (Selli, 1962) Oligocene–Aquitanian p.p. (Ciarcia et al., 2009a; Vitale et al., 2019a)
FYB Flysch di S. Biase Fm (ISPRA, 2011c) Upper Tortonian–lower Messinian (ISPRA, 2011c)
FYN Numidian Flysch Fm (Ogniben, 1960) Uppermost Burdigalian–Langhian (Patacca et al., 1992b)
GES Gessoso-Solfifera Fm (Selli, 1960) Messinian (ISPRA, 2010 g)
GIP Argilliti e Calcari di San Giovanni a Piro Fm (ISPRA, 2016b) Aquitanian–Burdigalian p.p. (ISPRA, 2016b)
GIP1 Argilliti e Calcari di San Giovanni a Piro Fm, Aria della Serra Mb 

(ISPRA, 2016b)
Lower (Middle p.p.?) Miocene (ISPRA, 2016b)

GOD Macchiagodena Fm (Pescatore, 1965) Oligocene–Burdigalian p.p. (ISPRA, 2015)
GRA Calcareniti di Gravina Fm (Servizio Geologico d’Italia, 1968b) Piacentian?–Gelasian (ISPRA, 2017b)
GUA Guadagnolo Mb (ISPRA, 2021) Lower Miocene p.p. (ISPRA, 2021)
LAF Laga Fm (Scarsella, 1953) Messinian (ISPRA, 2010d)
LAP Lama dei Peligni Flysch (Patacca and Scandone, 2021) Lower Pliocene p.p. (Patacca and Scandone, 2021; ViDEPI Project, 1956b, 1958, 1981)
LAV Laviano Fm (Selli, 1957) Serravallian p.p.–lower Tortonian (ISPRA, 2016c)
LBG Limestone with bryozoa and glauconite fm (ViDEPI Project, 1958) Oligocene–Middle Miocene (ViDEPI Project, 1958)
LIT Lithothamnion limestone fm (Patacca and Scandone, 2021) Tortonian p.p.–Messinian p.p. (Patacca and Scandone, 2021)
LNG Longano Fm (Selli, 1957) Lower Serravallian p.p.–middle Tortonian (ISPRA, 2015)
LUT Calcareniti di Cava Iannazzo Fm (ISPRA, 2014b) Upper Tortonian–lower Messinian (ISPRA, 2014b)
MLB Marly limestone with reworked bryozoan unit (ViDEPI Project, 

1983)
Messinian (ViDEPI Project, 1983)

MRD Marne Rosse e Verdi di Colle Dolce Fm (ISPRA, 2011c) Upper Burdigalian–Langhian? (ISPRA, 2011c)
MSO Flysch del Molise Fm (ISPRA, 2011c) Upper Tortonian–lower Messinian (ISPRA, 2011c, 2015)
OBF Occhio del Bue Succession (Cosentino et al., 2002) Upper Serravallian (Cosentino et al., 2002)
ORB Orbulina Limestone Fm (Patacca and Scandone, 2007) Langhian p.p.–Tortonian p.p. (Patacca and Scandone, 2021)
PAA Serra Palazzo Fm (Selli, 1962) Upper Burdigalian–Serravallian p.p. (ISPRA, 2017a)
PBB Calcareniti e Calciruditi di Pietrabbondante Fm (ISPRA, 2011c) Lower Miocene? (ISPRA, 2011c)
PLE Pietra Leccese Fm (D’Erasmo, 1956) Middle–Upper? Miocene (Servizio Geologico d’Italia, 1969; ISPRA, 2013; Mazzei et al., 

2009)
PRJ Flysch di Pietraroja (Selli, 1957) Middle–upper Tortonian (Bonardi et al., 2009)
RIV Mt. Crivari Fm (ISPRA, 2015) Langhian?–lower Serravallian p.p. (ISPRA, 2015)
SAR Saraceno Fm (Selli, 1962) Upper Eocene–lowermost Aquitanian (Vitale and Ciarcia, 2018; ISPRA, 2016b)
SCA* Scaglia-type Fm (ISPRA, 2007b, 2007c, 2007d) Upper Albian p.p.–Lower Miocene p.p. (ISPRA, 2007b, 2007c, 2007d)
SCAd Scaglia Detritica Fm (ISPRA, 2011a, 2010d, 2016a) Cenomanian p.p.–Oligocene (ISPRA, 2011a, 2010d, 2016a)
SER Serroni Fm (Basso et al., 2002) Serravallian–lower Messinian (Vitale and Ciarcia, 2018)
SFL Scisti del Fiume Lao (Burton, 1971) Upper Aquitanian–upper Burdigalian (Iannace et al., 2007)
SFT Unità Spongolitica Fm (ISPRA, 2010d) Lower Miocene (ISPRA, 2010d)
SGG San Giorgio Fm (Selli, 1962) Upper Serravallian–middle Tortonian (Pescatore et al., 2008; Vitale and Ciarcia, 2018)
SOV Sovereto Fm (ISPRA, 2016b) Lower Aquitanian–lowermost Burdigalian (Vitale and Ciarcia, 2018; ISPRA, 2016b)
TFA Torrente Flaga Fm (ISPRA, 2017a) Serravallian p.p.–Tortonian (ISPRA, 2017a)
TFI Torre Fico succession (Pantosti et al., 1986) Middle–Upper Miocene (Pantosti et al., 1986; Pantosti and Velonà, 1986)
TFL Tufillo Fm (Patacca et al., 1992a) Upper Langhian–upper Tortonian (ISPRA, 2011c)
TIT Conglomerati e Arenarie di Cima S. Croce Fm (ISPRA, 2014b) Lower Messinian (ISPRA, 2014b)
TMI Arenarie di Termini Fm (ISPRA, 2014c) Serravallian? (ISPRA, 2014c)
TPC Toppo Capuana Fm (Crostella and Vezzani, 1964) Upper Tortonian–lower Messinian (ISPRA, 2011b)
TPL Tripoli Fm (ISPRA, 2017b) Lower Messinian (ISPRA, 2017b)
TRB Trubi Fm (ISPRA, 2007e) Lower Pliocene (ISPRA, 2007e)
TUT Tufiti di Tusa Fm (Ogniben, 1960) Middle Burdigalian (Lentini, 1979; Zuppetta et al., 1984)
UAM Marne ad Orbulina Mb (ISPRA, 2006) Middle Miocene p.p.–Upper Serravallian–Messinian (ISPRA, 2006)
UGC Uggiano La Chiesa Fm (ISPRA, 2013) Upper Piacentian?–Gelasian (ISPRA, 2013)

Note: The list is in alphabetical order. Fm—Formation; Mb—Member; p.p.—pro parte.
*The Scaglia-type deposits include different diachronous sediments with an age ranging between late Albian p.p. and early Miocene p.p.
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Catalano et al., 2004; Shiner et al., 2004; Guerrera 
et al., 2005; Patacca and Scandone, 2007; Maz-
zoli et al., 2008; Bonardi et al., 2009; Cosentino 
et al., 2010; Scrocca, 2010; Vezzani et al., 2010; 
Roure et al., 2012; Vitale and Ciarcia, 2013; Bucci 
et al., 2014; Vitale and Ciarcia, 2018; Guerrera 
et al., 2020; Vitale et al., 2020a, 2020b; Vitale and 
Ciarcia, 2022). The youngest thrust front is bur-
ied below the Bradanic foredeep basin deposits 
(e.g., Tropeano et al., 2002). The exposed carbon-
ates of the Puglia region and the Adriatic Sea rep-
resent the current foreland (Fig. 1C). Figure 1C 
also shows the isobaths of the Adriatic/Ionian and 
Tyrrhenian Moho discontinuities. The schematic 
cross section in Figure 1D illustrates the current 
lithospheric architecture along a transect running 
from northern Calabria to the Puglia region (trace 
in Fig. 1C), along with the subduction of Ionian 
oceanic lithosphere.

Complex 1 (Fig. 1C) is formed by Variscan 
Paleozoic continental crust and related sedi-
mentary Mesozoic cover (Sila and Stilo Units). 
Complex 2 (Fig. 1C) includes all successions 
affected by Alpine metamorphism, compris-

ing (i) the Castagna and Bagni Units of the Cal-
abria-Peloritani terrane (Amodio-Morelli et al., 
1976; Bonardi et al., 2001); (ii) meta-ophiolites 
of the Diamante-Terranova, Malvito, Gimigli-
ano, and Frido Units (Figs. 1A and 2; Amodio-
Morelli et al., 1976; Bonardi et al., 2001; Ros-
setti et al., 2001, 2004; Liberi et al., 2006; Liberi 
and Piluso, 2009; Vitale et al., 2019a, and ref-
erences therein); and (iii) the Lungro-Verbicaro 
and Cetraro Units of continental Adria (Iannace 
et al., 2007; Vitale et al., 2020c). Cross-section 
A–A′ (Fig. 2), showing a transect across north-
ern Calabria, highlights a western sector formed 
by the superposition of different high-pressure–
low-temperature (HP-LT) metamorphic units, 
including Calabria-Peloritani terrane units above 
the Ligurian meta-ophiolites, in turn overlying 
the Apennine Platform units. The Sila Unit tec-
tonically covers all these thrust sheets. In the 
eastern sector, the latter unit is widespread and 
crosscut by NE-verging thrust faults that deform 
the wedge-top basin deposits of the Paludi For-
mation (Table 2), which are both unconformably 
topped by Rossano Basin deposits (Table 2).

Complex 3 (Fig. 1C) is composed of the sedi-
mentary (i) Nord-Calabrese, Parasicilide, and 
Sicilide Units (Ligurian accretionary complex; 
Figs.  1A and 2; Selli, 1962; Ogniben, 1969; 
Bonardi et al., 1988a; Ciarcia et al., 2009a, 2012; 
Vitale et al., 2010, 2019a) and (ii) continental 
Adria units of the Mesozoic–Cenozoic Apen-
nine and Apulian Platforms and the Lagonegro-
Molise Basin (D’Argenio et al., 1973; Bonardi 
et al., 1988b; Patacca and Scandone, 1989; Bigi 
et al., 1992; Cosentino et al., 2003; Patacca and 
Scandone, 2007; Bonardi et al., 2009) detached 
from their pre-Triassic basement in the central 
and external sectors of the chain (Fig. 2, cross-
section C–C′; e.g., Casero et al., 1988; Menardi 
Noguera and Rea, 2000; Shiner et al., 2004; Cip-
pitelli, 2007).

The shallow crustal structure of the southern 
part of the southern Apennines (Fig. 2, cross-
sections B–B′ and C–C′) is dominated by low-
angle thrusts between (i) oceanic units (on the 
top; Ligurian complex; Fig. 1A), (ii) carbonate 
platform/slope successions of the Apennine 
Platform, and (iii) thrust sheets of the pelagic 

TABLE 2. DESCRIPTION OF THE UNCONFORMABLE SYNOROGENIC DEPOSITS AND THEIR ACRONYMS USED IN THE TEXT WITH AGES AND REFERENCES

Acronym Formation name and reference(s) Stratigraphic age and reference(s)

PLU Paludi Fm (Dubois, 1976) Upper Oligocene–Aquitanian (Bonardi et al., 2005)
Cilento Group (CIG)
  POL Pollica Fm (Ietto et al., 1965) Burdigalian/Langhian boundary–Langhian (Amore et al., 

1988)
  MAU San Mauro Fm (Ietto et al., 1965) Serravallian–lower Tortonian (Amore et al., 1988; Russo et al., 

1995)
  ABD Albidona Fm (Selli, 1962; Vezzani, 1970) Langhian–lower Tortonian (ISPRA, 2014b, 2016b)
Castelvetere Group (CVTG)
  MSA Mt. Sacro Fm (Selli, 1962) Upper Tortonian(?)–Lower Pliocene(?) (ISPRA, 2016b)
  RMA Ruditi dei Monti Alburni Fm (Santo, 1996) Middle–upper Tortonian (Bonardi et al., 2009)
  ATP Arenarie di Toppa del Prato Fm (Patacca et al., 1992a) Middle–upper Tortonian (Bonardi et al., 2009)
  SIE Mt. Siero Fm (Castellano and Sgrosso, 1996) Upper Tortonian (ISPRA, 2010a, 2014a)
  PON Vallone Ponticello Fm (Basso et al., 2002) Middle/upper Tortonian (Ciarcia et al., 2009b)
  BPC Brecce di Punta del Capo Fm (De Blasio et al., 1981) Upper Tortonian (ISPRA, 2011a)
  CVT Castelvetere Fm (Pescatore et al., 1970) Upper Tortonian–lower Messinian (Critelli and Le Pera, 1995)
  SBO San Bartolomeo Fm (Crostella and Vezzani, 1964) Middle/upper Tortonian–lower Messinian (ISPRA, 2010f)
  GOR Flysch di Gorgoglione Fm (Selli, 1962) Upper Tortonian (Bonardi et al., 2009)
  ORI Oriolo Fm (Selli, 1962) Upper Tortonian–lower Messinian (Critelli, 1999)
  CAI Arenarie di Caiazzo Fm (Ogniben, 1957) Upper Tortonian–lower Messinian (ISPRA, 2010b)
  PER Perosa succession (Vezzani, 1966) Middle/upper Tortonian (Vezzani, 1966)
GTC Gavignano-Gorga Fm (Alberti et al., 1975) Upper Tortonian (Cipollari and Cosentino, 1995; Cosentino 

et al., 2003)
TOR Arenarie di Torrice Fm (La Monica, 1966) Lower Messinian (Cipollari and Cosentino, 1995)
VRT Falvaterra Chaotic Complex (Centamore et al., 2007) Lower Messinian (ISPRA, 2011d)
ROS Rossano and Crotone Basin deposits (Ogniben, 1962; 

Roda, 1964)
Serravallian–Tortonian (Barone et al., 2008; Vignaroli et al., 

2012; Massari and Prosser, 2013)
AMA Amantea Basin deposits (Perri, 1996; Mattei et al., 

2002)
Serravallian–Tortonian (Perri, 1996; Mattei et al., 2002)

Altavilla Group (ALTG)
  COP Mt. Coppe Fm (Patacca et al.,1992a), including Lago-

Mare facies (Cipollari et al., 1999)
Uppermost Messinian–Zanclean p.p. (Patacca et al.,1992a; 

Cipollari et al., 1999)
  VIC Le Vicenne conglomerates fm (Colacicchi et al., 1967) Uppermost Messinian–Zanclean p.p. (Cipollari et al., 1999)
  ANZ Anzano Fm (Crostella and Vezzani, 1964) Uppermost Messinian–Zanclean p.p. (ISPRA, 2011b)
  ALT Altavilla Unit (Ippolito et al., 1973) Uppermost Messinian–Zanclean p.p. (Vitale and Ciarcia, 

2013)
BAR Baronia Fm (Ciarcia and Vitale, 2013) Upper Zanclean (Amore et al., 1998; Ciarcia et al., 2003; 

ISPRA, 2011b; Ascione et al., 2012)
MCR Minturno (Servizio Geologico d’Italia, 1968a), 

Campobasso (Servizio Geologico d’Italia, 1970b) and 
Rigopiano Fms (Centamore et al., 1992)

Upper Zanclean (Centamore et al., 1992; Patacca et al., 
1992a; ISPRA, 2015)

SFE Sferracavallo Fm (Ciarcia et al., 2003) Piacentian (Amore et al., 1998; Ciarcia et al., 2003; ISPRA, 
2011b; Ascione et al., 2012)

CMU Castilenti and Mutignano Fm (Ghisetti and Vezzani, 
1988a)

Lower Piacentian (Vezzani and Ghisetti, 1998a)

ARC Sant’Arcangelo Basin deposits (Pieri et al., 1994) Upper Piacentian–uppermost Calabrian (Patacca and 
Scandone, 2001; Di Stefano et al., 2002; Sabato et al., 
2005; ISPRA, 2005d; Ascione et al., 2012)

Note: The list is in age order. Fm—Formation; Mb—Member; p.p.—pro parte.
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Lagonegro-Molise Basin successions (Mostar-
dini and Merlini, 1986). On the contrary, at 
depth, the crustal structure is characterized by 
high-angle faults affecting the buried Apulian 
Platform and the allochthonous wedge (Fig. 2, 
cross-sections B–B′ and C–C′). The northern 

sector of the southern Apennines (Fig. 2, cross-
section D–D′) is less shortened compared to the 
southern sector and consists of a tectonic pile 
characterized by high-angle thrusts rooted in the 
Paleozoic basement still attached to the Meso-
zoic–Cenozoic cover (e.g., Tozer et al., 2002).

According to several paleogeographic recon-
structions (e.g., Rossetti et al., 2004; Schettino 
and Turco, 2011; Vezzani et al., 2010; Patacca 
and Scandone, 2007, 2011), the pre-orogenic 
paleogeography of the western-central Medi-
terranean area (latest Cretaceous–Paleocene; 

Figure 2. Geologic cross-sections A–A′ (modified after Vitale et al., 2019a), B–B′ (slightly modified after Mazzoli et al., 2013), C–C′ (slightly 
modified after Vitale and Ciarcia, 2018), and D–D′ (modified after Tozer et al., 2002); b.s.l.—below sea level.
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Fig.  3A; modified after Vitale and Ciarcia, 
2013) shows the Ligurian Ocean separating the 
continental sector of the European plate, which 
includes the Calabria-Peloritani terrane and the 
Sardinia-Corsica block, from the Africa-Adria 
plate. In this period, the Alps were forming from 
the subduction of the oceanic part of the Euro-
pean plate (Piemont Ocean) beneath the conti-
nental part of the Adria plate (Handy et al., 2010; 
Schmid et al., 1996). In contrast, the southern 
part of the continental Adria plate and the north-
ern sector of the Africa plate were undergoing 
crustal stretching, interpreted as the result of a 
rifting stage (Vitale and Ciarcia, 2022, and ref-
erences therein) or a far-field stress state associ-
ated with the orogenic processes that involved 
the northern edge of the Adria plate (Agosta 
et  al., 2021). In this reconstruction (Fig. 3A), 
the Ligurian and Ionian Oceans were separated 
by a strip joining the continental parts of the 
Adria and Africa plates. In Cretaceous time, 
this continental bridge between the two plates 

allowed dinosaurs to migrate between the two 
sectors (Zarcone et al., 2010). However, in the 
latest Cretaceous, this emerged/shallow-water 
area partially drowned, resulting in the complete 
separation of the Apennine (Adria domain) and 
Panormide (Africa domain) Platforms (Vitale 
et al., 2013a; Vitale and Ciarcia, 2022), despite 
the fact that the two parts (Apennine and Panor-
mide Platforms) still belonged to a single plate 
(e.g., Channell, 1996).

The close-up map of the Apennine Platform/
Lagonegro-Molise Basin/Apulian Platform area 
(Fig. 3B; Vitale and Ciarcia, 2022) shows the 
articulated pre-orogenic paleogeography of the 
southern continental sector of the Adria plate. 
To reconstruct this paleogeography, we started 
from the available maps (Vezzani et al., 2010; 
Patacca and Scandone, 2007, 2011; Vitale and 
Ciarcia, 2013, 2022). In particular, we consid-
ered the paleoenvironments reconstructed for 
the major successions, including the upper-
most Cretaceous–Paleocene shallow-water and 

margin to slope-basin deposits of the Apennine 
and Apulian Platforms, and the pelagic basin 
successions of the Lagonegro-Molise Basin 
domain. In this reconstruction, the Apennine-
Apulian Platform system was isolated, sur-
rounded by pelagic basins, including the Lag-
onegro-Molise Basin to the south, the Ligurian 
Ocean to the west, the Umbria-Marche Basin to 
the north, and, finally, the Adriatic Basin to the 
east (Fig. 3B). It is worth noting that the Apulian 
Platform hosts a NW-SE–elongated basin where 
pelagic sediments were deposited, as shown in 
borehole reconstructions (Patacca and Scan-
done, 2014).

In the next section, we describe the stratig-
raphy of the pre-orogenic successions of the 
three main complexes (Calabria-Peloritani 
terrane, oceanic units, and continental Adria 
units). Figures 4, 5, and 6 show stratigraphic 
logs of the major tectonic units and represen-
tative stratigraphic successions, grouped in 
agreement with their paleogeographic locations 

Figure 3. Latest Cretaceous–
Paleocene paleogeographic 
maps: (A) western-central 
Mediterranean area (modi-
fied after Vitale and Ciarcia, 
2013) and (B) close-up of the 
Apennine Platform/Lagonegro-
Molise Basin/Apulian Platform 
area (modified after Vitale 
and Ciarcia, 2022). CPT—
Calabria-Peloritani terrane; 
P.—Platform.

A

B
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Figure 4. Schematic stratigraphic logs of the northern Calabria-southern Apennines (southern sector). Southern sector, Calabria-Peloritani 
terrane: CAL—Caloveto and Longobucco groups; CML—cherty meta-limestone; PAL—Paleozoic basement; PSV—Pseudo-Verrucano 
Formation (Fm). Ligurian Ocean: ALB—Albanella Fm; AVI—Argille Varicolori Inferiori Fm; AVS—Argille Varicolori Superiori Fm; 
CAR—Mount Caramola Fm; CON—Contursi Fm; CRN—Crete Nere Fm; EPM—Episcopia mélange; FMS—Mount Sant’Arcangelo 
Fm; MSC—undifferentiated metasedimentary cover; MTB—undifferentiated metabasalts; NRV—Noce River Valley mélange; POS—
Postiglione Fm; SAR—Saraceno Fm; SOV—Sovereto Fm; SSL—S. Severino Lucano Fm; TLG—Tempa La Guardia Fm; TRO—Tempa 
Rotalupo Fm; TUT—Tufiti di Tusa–Arenarie di Corleto Fms. Apennine Platform: BIF—Bifurto Fm; CBI—Calcari Cristallini Fm; CDO—
cherty dolomites; CIA—slope limestones of Pollino-Ciagola Unit; CLI—cherty limestone; DBS—Dolomia Superiore Fm; FCE—Cerchiara 
Fm; FLB1—Alberosa Fm (Brecce Poligeniche member [mb]); FLB2—Alberosa Fm (Calcari a Nummiliti mb); FLB3—Alberosa Fm (Serra 
Costantino mb); FOP—Dolomie e Calcari di Monte Foraporta Fm; FYN—Numidian Flysch Fm; GIP—Argilliti e Calcari di S. Giovanni 
a Piro Fm; LAV—Laviano marls, calcarenites, and sandstones; MRA—meta-radiolarites; PMM—phyllites, meta-limestones, and meta-
renites; RCG—Calcari e Argilliti di Roccagloriosa Fm; SCA—Scaglia-type deposits; SCAd—Scaglia Detritica–type deposits; FL—Scisti 
del F. Lao Fm; CET—Cetraro Unit; SWC—Jurassic–Cretaceous shallow-water carbonates; TRN—Trentinara Fm. Lagonegro-Molise 
Basin: AVG—Argille Variegate Fm; CPA—Corleto Perticara Fm; FAC—Monte Facito Fm; FAE—Faeto Fm; FYG—Flysch Galestrino Fm; 
FYN—Numidian Flysch Fm; FYR—Flysch Rosso Fm; PAA—Serra Palazzo Fm; PDO—Paola Doce Fm; PNU—post-Numidian succession; 
SGG—San Giorgio Fm; SLC—Calcari con Selce Fm; STS—Scisti Silicei Fm; TFA—Torrente Flaga Fm. Apulian Platform: ALT1—Cal-
care del Ciolo mb (Calcare di Altamura Fm); ANR—Calcareniti di Andrano Fm; ARM—clay and marl of buried outer Apulian Platform; 
ASP—Argille Subappennine and Montemarano sands Fms; BLA—Brecce di Lavello Fm; BSM—Calcarenite Coralligena di Serra del Mito 
Fm; CSR—Calcare di Castro Fm; DBS—Dolomia Superiore Fm; GES—Gessoso-Solfifera Fm; LAP—Lama dei Peligni Flysch; LUT—
Calcareniti di Cava Iannazzo; PBD—Calcareniti di Porto Badisco Fm; PLE—Pietra Leccese Fm; PUG1—sandstones; PUG2—breccias; 
SCA—Scaglia-type deposits; SWC—Jurassic–Cretaceous shallow-water carbonates (Calcari di Bari and Calcari di Altamura Fms); TIT—
Conglomerati e Arenarie di Cima S. Croce; TTG—Calcare di Torre Tiggiano; TRB—Trubi Fm; UGC—Uggiano La Chiesa Fm. Wedge-top 
deposits: ABD—Albidona Fm (CIG); ALTG—Altavilla Group; AMA—Amantea; ARC—S. Arcangelo Basin deposits; BAR—Baronia Fm; 
CVTG—Castelvetere Group; MAU—S. Mauro Fm (CIG); PLU—Paludi Fm; PER—Perosa Fm; POL—Pollica Fm (CIG); ROS—Rossano 
basin deposits; SFE—Sferracavallo Fm. Postorogenic successions: PSO—Upper Pleistocene to present deposits. Metamorphic ages: M1—
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Castagna Unit (Schenk, 1980); M2—Gimigliano Unit (Rossetti et al., 2001, 2004); M3—Diamante-Terranova Unit (Shimabukuro et al., 
2012); M4—Cetraro Unit (Iannace et al., 2007). Thermochronologic ages: Castagna and Bagni Units—FT1 zircon fission tracks (Thomson, 
1998), FT2 apatite fission tracks (Thomson, 1998); Lungro-Verbicaro Unit—FT3 apatite fission tracks (Iannace et al., 2007); Lagonegro I 
and II Units—FT4 apatite fission tacks (Mazzoli et al., 2008); M. Alpi—FT5 apatite fission tracks (Mazzoli et al., 2006). Other abbrevia-
tions: Paleoc.—Paleocene; Aqui.—Aquitanian; Burd.—Burdigalian; Lang.—Langhian; Serr.—Serravallian; Tort.—Tortonian; Mess.—
Messinian; Zanc.—Zanclean; Piac.—Piacenzian; Low.—Lower; Mid.—Middle; Upp.—Upper.

Figure 5. Schematic strati-
graphic logs of the northern 
Calabria-southern Apennines 
(central sector). Central sector, 
Apennine Platform: APV1—
Serra della Manca Member 
(Mb) (Flysch della Vallimala 
Formation [Fm] ); APV2—Ser-
ralonga Mb (Flysch della 
Vallimala Fm); APV3—La 
Foresta Mb (Flysch della 
Vallimala Fm); BDSc—re-
worked Dolomia Superiore 
Fm; CBI—Calcari Cristallini 
Fm; CDR—Calcareniti di Re-
commone Fm; CUS—Cusano 
Fm; DBS—Dolomia Superiore 
Fm; FFA—Frasci Fm; FFP—
Fontana Porcellara; FPJ—Pi-
etraroja Fm; FYN—Numidian 
Flysch Fm; IMM—Calciruditi 
e Calcareniti del Limmo Fm; 
LNG—Longano Fm; MNM—
Calcari e Dolomie con selce dei 
Monti Mai Fm; REC—Cal-
careniti di Recommone Fm; 
RIV—Mount Crivari Fm; 
RTDc—reworked Calcari a 
Radioliditi Fm; SCA—Scaglia-
type deposits; SCAd—Sca-
glia Detritica–type deposits; 
SWC—Jurassic–Cretaceous 
shallow-water carbonates; 
TMI—Arenarie di Termini 
Fm; TNS—Conglomerati Cal-
carei di Tuoro Maleconsiglio; 
TRN—Trentinara Fm. Lag-
onegro-Molise Basin: AVF—

Argille Varicolori del Fortore Fm; AVG—Argille Varicolori with gypsum; CPA—Corleto Perticara Fm; FAE—Faeto Fm; FYN—Numidian 
Flysch Fm; FYR—Flysch Rosso Fm; PNU—post-Numidian succession; SER—Serroni Fm; SFN—Serra Funaro Fm; SGG—San Giorgio 
Fm; SID—Mount Sidone Fm; TPC—Toppo Capuana Fm; TUT—Tufiti di Tusa Fm. Apulian Platform: ANR—Calcareniti di Andrano Fm; 
ARM—clay and marl of buried outer Apulian carbonate platform; ASP—Argille Subappennine and Montemarano sands formations; 
BCG—Breccia di Cagnano Fm; CTT—Calcari di Trombetta, Brecce e Conglomerati di Stazione S. Giacomo and Calcari di Fiumicello 
Fms; DBS—Dolomia Superiore Fm; FUC—Marne a Fucoidi Fm; GAR1—shales, dolostones, and limestones; GAR2—sandstones, dolos-
tones, and limestones; GRA—Calcareniti di Gravina Fm; GES—Gessoso-Solfifera Fm; LAP—Lama dei Peligni Flysch; LAV—Brecce di 
Lavello Fm; MAI—Maiolica Fm; PES—Peschici Fm; PLE—Pietra Leccese Fm; SCA—Scaglia-type deposits; CAd—Scaglia Detritica–type 
deposits; SMH—Calcari di Grotta San Michele Fm; SWC—Jurassic–Cretaceous shallow-water carbonates (Calcari di Bari and Calcari di 
Altamura Fms); TPL—Tripoli Fm; TRF—Torre Rossa Fm. Wedge-top deposits: CVTG—Castelvetere Group; ALTG—Altavilla Group; 
BAR—Baronia Fm; SFE—Sferracavallo Fm. Postorogenic successions: PSO—Upper Pleistocene to present deposits. Other abbreviations: 
Paleoc.—Paleocene; Aqui.—Aquitanian; Burd.—Burdigalian; Lang.—Langhian; Serr.—Serravallian; Tort.—Tortonian; Mess.—Messin-
ian; Zanc.—Zanclean; Piac.—Piacenzian; Low.—Lower; Mid.—Middle; Upp.—Upper.
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(Calabria-Peloritani terrane, Ligurian Ocean, 
Apennine Platform, Lagonegro-Molise Basin, 
and Apulian Platform) and separated into (1) 
pre-orogenic, (2) conformable synorogenic 
(foredeep and backbulge basin deposits), (3) 
unconformable synorogenic (wedge-top basin 
deposits), and (4) postorogenic rocks. From left 

to right, the order of the stratigraphic logs fol-
lows the ages of the foredeep deposits or the 
youngest ages of the pre-orogenic rocks. The 
synorogenic succession will be described in the 
subsequent section within the orogenic evolu-
tion of the northern Calabria–southern Apen-
nines system.

3. STRATIGRAPHY OF THE PRE-
OROGENIC SUCCESSIONS

In the following descriptions, we consider 
the pre-orogenic successions, defined as all 
the deposits that formed before the forebulge 
and foredeep stages (Figs.  4, 5, and 6). The 

Figure 6. Schematic strati-
graphic logs of the northern 
Calabria-southern Apennines 
(northern sector). Northern 
sector, Apennine Platform: 
AAF—Anversa degli Abruzzi 
Formation (Fm); ARZ—Arena-
rie di Zannone; CBI—Calcari 
Cristallini Fm; CBZ—Calcari 
a Briozoi a Litotamni Fm; 
CFR—Calcareniti a Macro-
foraminiferi Fm; CLI—cherty 
limestones; CRR—Marne con 
Cerrogna Fm; CUS—Cusano 
Fm; DBS—Dolomia Supe-
riore Fm; DBSa—cherty do-
lomites; FFS—Frosinone Fm; 
FMO—Monaci Fm; FPJ—Pi-
etraroja Fm; FYB—Flysch di 
S. Biase Fm; GOD—Macchia-
godena Fm; GRS—Corniola, 
Verde Ammonitico e Calcari 
e Marne a Posidonia, Calcari 
Bioclastici Inferiori, Calcari 
Diasprigni, Maiolica Detritica, 
Calcari Bioclastici Superiori 
and Calcareniti e Calciruditi 
a Fucoidi Fms; GUA—Guad-
agnolo Member (Mb); LAF—
Laga Fm; LNG—Longano 
Fm; MAM—marls with am-
monites; MSO—Flysch del 
Molise Fm; OBF—Occhio del 
Bue succession; OFE—Orfento 
Fm; RIV—Mount Crivari Fm; 
SCA—Scaglia-type deposits; 
SFT—Unità Spongolitica Fm; 
TFI—Torre Fico succession; 
SWC—Jurassic–Cretaceous 

shallow-water carbonates; TFL—Tufillo Fm; UAM—Marne a Orbuline, and Argille a Orbulina Fms. Lagonegro-Molise Basin: AVS—
Argille Varicolori Superiori Fm; MRD—Marne Rosse e Verdi di Colle Dolce Fm; MSO—Flysch del Molise Fm; PBB—Calcareniti e Cal-
ciruditi di Pietrabbondante Fm; UAM—Argille a Orbulina Fm. Apulia Platform: ASP—Argille Subappennine and Montemarano sands 
formations; BRY—bryozoan limestone fm; FMJ—Flysch della Majella Fm; FUC—Marne a Fucoidi Fm; GES—Gessoso-Solfifera Fm; 
LAP—Lama dei Peligni Flysch; LBG—limestone with bryozoa and glauconite; LCL—Lepidociclina and Cerratina cherty limestones 
fms; LIT—lithothamnion limestone fm; MAI—Maiolica Fm; MBL—marly limestone with reworked bryozoan unit; OFE—Orfento Fm; 
ORB—Orbulina limestone fm; SCA—Scaglia-type deposits; SSG—Santo Spirito Group; SWC—Jurassic–Cretaceous shallow-water 
carbonates (Calcari di Bari and Calcari di Altamura Fms). Wedge-top deposits: ALTG—Altavilla Group; CMU—Castilenti and Mu-
tignano Fms; GTC—Gavignano-Gorga, and Torrice Fms; MCR—Minturno conglomerates, Campobasso conglomerates, and Rigopiano 
Fm. Postorogenic successions: PSO—Upper Pleistocene to present deposits. Other abbreviations: Paleoc.—Paleocene; Aqui.—Aquitanian; 
Burd.—Burdigalian; Lang.—Langhian; Serr.—Serravallian; Tort.—Tortonian; Mess.—Messinian; Zanc.—Zanclean; Piac.—Piacenzian; 
Low.—Lower; Mid.—Middle; Upp.—Upper.
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Calabria-Peloritani terrane and meta-ophiol-
ites of the Diamante-Terranova, Malvito, and 
Gimigliano successions are all characterized 
by pre-orogenic rocks with ages older than the 
Paleocene–Eocene, i.e., the time proposed for 
the onset of oceanic subduction (Schenk, 1980; 
Rossetti et  al., 2001; Lustrino et  al., 2009; 
Vignaroli et al., 2012; Vitale et al., 2019a). On 
the contrary, the Frido, Ligurian accretionary 
complex, and continental Adria successions 
were all formed by pre- and synorogenic suc-
cessions, with ages varying according to their 
paleogeographic positions. The first orogenic 
event recorded in the continental part of the 
Adria plate was the Oligocene forebulge stage 
that produced uplift and erosion of the Apennine 
Platform and sedimentation in the surround-
ing basins. Subsequently, the forebulge ridge 
migrated toward E/NE (Sabbatino et al., 2020). 
In our reconstruction, the pre-orogenic succes-
sions are all deposits older than (1) Eocene for 
the Gimigliano, Malvito, and Diamante-Ter-
ranova Units, (2) Oligocene for the Frido, Nord-
Calabrese, Sicilide, and Parasicilide Units, and 
the western side of the Apennine Platform (Lun-
gro-Verbicaro Unit), (3) Aquitanian–Langhian 
for central and eastern sectors of the Apennine 
Platform and the Lagonegro-Molise Basin, (4) 
Serravallian–Tortonian for the buried Apulian 
Platform, and, finally, (5) Messinian–Zanclean 
for the exposed Apulian Platform.

The continental sector of the Adria plate 
experienced different pre-orogenic tectonic epi-
sodes of rifting. This area recorded a Late Tri-
assic–Early Jurassic extensional event that pro-
foundly changed the shallow-water domain that 
characterized the Late Triassic paleogeography 
(Bosellini and Hsü, 1973). This rifting stage pro-
duced an articulated paleogeography character-
ized by two main carbonate platforms (Apennine 
and Apulian) defined by shallow-water areas 
passing to surrounding pelagic basins through 
margin and slope environments. The Apennine 
Platform passed southward to the Panormide 
Platform (Sicily), which was connected to the 
Constantine Platform (Tunisia) (e.g., Randazzo 
et al., 2021). The Lagonegro-Molise Basin was 
a pelagic realm between the Apennine and Apu-
lian Platforms (Mostardini and Merlini, 1986). 
This part of Adria underwent a new extensional 
stage in the Late Cretaceous–Eocene (Vitale 
and Ciarcia, 2022) that further dismembered the 
original shallow-water domains, creating new 
slope-to-basin areas, including the Scaglia Basin 
within the Apulian Platform (Fig. 3B; Mostar-
dini and Merlini, 1986; Patacca and Scandone, 
2014). This event also caused the separation 
of the Apennine Platform from the Panormide 
Platform (Vitale et al., 2013a). We refer to the 
latest Cretaceous–Paleocene paleogeography 

shown in Figure 3 as the starting point for the 
Eocene–Holocene stratigraphic and tectonic 
reconstructions.

3.1. Calabria-Peloritani Terrane (Northern 
Calabria)

The successions referred to the Calabria-
Peloritani terrane exposed in northern Calabria 
(Bonardi et al., 2001) are formed by the Stilo, 
Sila, Castagna, and Bagni Units (Fig. 4). The 
Stilo Unit (Bonardi et  al., 2001) consists of 
Silurian–Lower Carboniferous phyllites, meta-
arenites, quartzites, meta-limestones, porphy-
roids, metabasites, muscovite-biotite hornfels, 
mica schists, paragneisses, amphibolites, Ca-
silicate granofels, and Carboniferous–Permian 
metaluminous granites/granodiorites and per-
aluminous leucogranites (Paleozoic basement). 
Variscan metamorphism grading from lower 
greenschist facies to upper amphibolite facies 
and late Variscan, up-to-amphibolite hornfels–
facies metamorphism, characterize the Paleozoic 
basement. The Mesozoic–Cenozoic sedimentary 
cover of the Stilo Unit (Bonardi et al., 2001; Perri 
et al., 2011) consists of continental Verrucano-
like deposits, Upper Triassic in age, passing 
upward to Upper Triassic–Jurassic dolomites, 
calcareous breccias, and neritic limestones, fol-
lowed by Cretaceous limestones and breccias 
with rudists, and Chattian–Aquitanian lepidocy-
cline and lithothamnion-rich calcarenites.

The Sila Unit (Bonardi et al., 2001; Langone 
et al., 2010, and references therein) is composed 
of Paleozoic basement and Mesozoic cover. The 
former includes (1) Upper Cambrian to Lower 
Carboniferous low-grade metamorphic rocks 
(Bocchigliero Complex), (2) Paleozoic low- to 
medium-grade metamorphic rocks (Mandatoric-
cio Complex), (3) Paleozoic medium- to high-
grade metamorphic rocks (Monte Gariglione–
Polia–Copanello Complex), and, finally, (4) 
Upper Carboniferous–Lower Permian plutonic 
rocks. The Mesozoic cover is formed by the 
Longobucco and Caloveto Groups. The Longo-
bucco Group (Young et al., 1986; Passeri et al., 
2014; Innamorati and Santantonio, 2018; San-
tantonio and Fabbi, 2020) consists of Rhaetian–
Sinemurian p.p. continental red beds passing to 
mixed carbonate-siliciclastic shelf sediments, 
followed by Sinemurian p.p. to Kimmeridgian? 
deeper shelf-basin environment marls bearing 
ammonites and belemnites, siliciclastic turbi-
dites, pelagic Posidonia limestones with cherty 
limestone-bearing calciclastic turbidites, and 
pelagic polychrome radiolarian cherts.

The Caloveto Group (Santantonio and Teale, 
1987; Innamorati and Santantonio, 2018; San-
tantonio and Fabbi, 2020) is composed of 
Pliensbachian p.p.–Lower Toarcian conglomer-

ates, followed by shallow-water limestones with 
coral buildups. The succession continues with 
Toarcian–Hauterivian unconformable Posidonia 
marls, radiolarian cherts, Saccocoma and Apty-
chus limestones, and Maiolica-like limestones.

The Castagna Unit (Bonardi et al., 2001; Tursi 
et al., 2020) is formed by a Paleozoic basement 
of paragneisses, mica schists, augen gneisses, 
metagranitoids, amphibolites, marbles, and Ca-
silicate granofels, characterized by pre-Variscan 
and late Variscan intermediate to felsic intrusive 
rocks. The orthogneisses have magmatic proto-
liths dated at ca. 545 Ma (Fornelli et al., 2020).

Finally, the Bagni Unit (Bonardi et  al., 
2001) shows a Paleozoic basement of phyl-
lites, metaconglomerates, meta-arenites, 
quartzites, porphyroids, and metabasites, 
covered by Late Triassic Verrucano-type con-
tinental clastics (PSV), followed by Jurassic–
Lower Cretaceous pelagic limestones, radiola-
rites, and massive dolomites (CMI).

3.2. Ligurian Ocean

In northern Calabria, oceanic successions are 
exposed under the Calabria-Peloritani terrane 
units, whereas in the southern Apennines, they 
are located on the top of the orogenic wedge. The 
Ligurian successions (Fig. 4) include the meta-
ophiolites of the Diamante-Terranova, Malvito, 
Gimigliano, and Frido Units (Liberi et al., 2006; 
Liberi and Piluso, 2009; Vitale et al., 2019a) and 
the sedimentary successions of the Nord-Cal-
abrese, Parasicilide, and Sicilide Units (Ligu-
rian accretionary complex; Selli, 1962; Bonardi 
et al., 1988a; Di Staso and Giardino, 2002; Guer-
rera et al., 2005; Bonardi et al., 2009; Ciarcia 
et al., 2009a, 2012; Vitale et al., 2013a; Critelli, 
2018; Vitale et al., 2019a, and reference therein). 
The Diamante-Terranova, Malvito, and Gimigli-
ano Units are all characterized by Alpine HP-LT 
metamorphism. They are exposed in northern 
Calabria (Fig. 1A) and include Middle Jurassic 
metabasalts (MTB) at the base, covered by Dog-
ger (Middle Jurassic) meta-radiolarites and Cre-
taceous cherty meta-limestones and metapelites 
(MSC). Unlike the other meta-ophiolites, the 
Alpine HP-LT, ocean-continent transition Frido 
Unit includes continental crustal masses (gran-
itoids and gneisses; TRO) alternating with oce-
anic crust (TLG) at the base. The pre-orogenic 
succession evolves to Dogger (Middle Jurassic) 
meta-radiolarites and Cretaceous–Oligocene 
phyllites, calc-schists, and quartzites (SSL). 
The Ligurian accretionary complex successions 
are detached from their basement and are prob-
ably made of ocean-continent transition crust 
(Vitale et al., 2013a). They mainly crop out in 
the Cilento area, Sele River Valley, and Basili-
cata region (Fig. 1A). The pre-orogenic Nord-
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Calabrese succession is formed by Upper Cre-
taceous–Eocene black shales (CRN) embedding 
the Episcopia tectonic mélange (EPM); on the 
other hand, the Parasicilide and Sicilide deposits 
consist of Upper Cretaceous–Eocene deep-water 
varicolored argillites (AVI) at places including 
basaltic clastics.

3.3. Continental Adria Plate

3.3.1. Apennine Platform
The pre-orogenic successions referred to 

this paleogeographic domain include deposits 
sedimented along the western margin, plat-
form sensu stricto, and eastern margin (e.g., 
D’Argenio et al., 1973; Pescatore and Sgrosso, 
1973; Parotto and Praturlon, 1975, 1981; Bonardi 
et al., 2009; Cosentino et al., 2003; Patacca and 
Scandone, 2007; Vitale and Ciarcia, 2013, 2018; 
Cardello et al., 2021). From south to north, the 
western margin is represented by the Alpine met-
amorphic units of Lungro-Verbicaro and Cetraro 
(Fig. 4) and the sedimentary successions of the 
SW Pollino Mountains, Mount Bulgheria, Roc-
cagloriosa, Capri Island, Zannone Island, Mount 
Circeo, and some sectors of the Lepini and Sim-
bruini Mountains (Bonardi et al., 2009; Iannace 
et al., 2007; Pantosti and Velonà, 1986; Pantosti 
et al., 1986; Patacca and Scandone, 2007; Scan-
done et al., 1964; Vitale and Ciarcia, 2013, 2018, 
2022; ISPRA, 1997, 2005a). The platform sensu 
stricto includes the successions of NE Pollino, 
Cervati, Raparo, SW Alburno, Caserta, Taburno, 
Picentini, NW Camposauro, Matese, Maggiore, 
Pietravairano, Volsci Range (Aurunci, Ausoni, 
and Lepini), Massico, Simbruini, Ernici, and W 
Marsica Mountains (Bonardi et al., 2009; Cosen-
tino et  al., 2002, 2003, 2010; Damiani et  al., 
1992; Iannace et al., 2007; Patacca and Scan-
done, 2007; Vitale and Mazzoli, 2009; Vitale 
and Ciarcia, 2013, 2018; Cardello et al., 2021). 
The eastern margin encompasses the successions 
of Maddalena, NE Alburni, Marzano, Laviano, 
Croce, SE Camposauro, Sepino-Moschiaturo, 
Venafro, N Matese, Frosolone, Gran Sasso, and 
E Marsica Mountains (Bernoulli, 2001; Bonardi 
et  al., 2009; Corrado et  al., 1998; Cosentino 
et al., 2003, 2010; Patacca and Scandone, 2007; 
Patacca et al., 1992a; Vitale and Ciarcia, 2013, 
2018, 2022).

3.3.1.1. Apennine Platform western mar-
gin. The Lungro-Verbicaro succession (Ian-
nace et al., 2007) consists of Anisian–Carnian 
phyllites, meta-limestones, meta-arenites, and 
dolomites (PMM), Norian dolomites (DBS) and 
cherty dolomites (CDO), Jurassic cherty lime-
stones (CLI), Dogger (Middle Jurassic) meta-
radiolarites (MRA), Maastrichtian–Paleocene 
calcareous breccias and calcarenites (FLB1) 
with anorogenic basaltic intrusions (limburgi-

tes; Quitzow, 1935), and Eocene–Aquitanian 
Scaglia-type deposits (FLB2).

Carnian phyllites, meta-limestones, dolo-
mites, and evaporites (CET; Iannace et  al., 
2007) characterize the Cetraro Unit (Dietrich, 
1976). The SW Pollino Mountains (Fig. 4) con-
sist of Norian shallow-water dolomites (DBS) 
upward passing to a Jurassic–Burdigalian mar-
gin succession formed by reworked limestones 
(CIA). The Mount Bulgheria succession (Fig. 4; 
ISPRA, 2016a, 2016b) is composed of shallow-
water Norian dolomites (DBS) evolving upward 
to Jurassic–Lower Cretaceous cherty limestones 
(CLI), passing to Maastrichtian calcarenites and 
conglomerates with fragments of rudists (CBI) 
and Paleocene–Eocene Scaglia Detritica depos-
its (SCAd). The Roccagloriosa deposits (ISPRA, 
2016a, 2016b) are similar to the aforementioned 
Maastrichtian–Eocene succession (RCG). The 
Capri Island succession (Fig. 5; ISPRA, 2011a) 
includes lowermost Jurassic shallow-water dolo-
mites (DBS), evolving to Jurassic–Lower Cre-
taceous shallow-water (SWC) and margin-slope 
(MNM) limestones, Cretaceous calcareous brec-
cias (IMM) and Scaglia-type deposits (SCA), 
calcareous breccia (CBI), and Eocene Scaglia 
Detritica deposits (SCAd).

At Zannone Island (Fig.  6; Pantosti et  al., 
1986), Norian dolomite (DBS) is covered by 
Maastrichtian–Eocene Scaglia-type limestones 
and marls with planktonic foraminifers (SCA; 
Segre, 1953). On the other hand, the Circeo 
succession (Pantosti and Velonà, 1986) com-
prises Lower Jurassic shallow-water limestones 
(SWC) passing to deep-basin marls with ammo-
nites (MAM) and cherty limestones (CLI), 
capped by Maastrichtian–Eocene Scaglia-type 
deposits (SCA; Fogliano 001 well; ViDEPI 
Project, 1956a; Lombardi, 1968). NW Lepini 
and, locally, the Simbruini–Ernici Mountains 
(ISPRA, 1975) include Upper Triassic–Cre-
taceous shallow-water carbonates (DBS and 
SWC), calcareous breccia (CBI), and, in the 
NW Lepini Mountains (ISPRA, 2021), Eocene–
Aquitanian p.p. Scaglia-type deposits (SCA).

3.3.1.2. Apennine Platform central sec-
tor. The platform sensu stricto facies (Figs. 4, 
5, and 6) include Norian to Upper Cretaceous 
dominantly shallow-water carbonates (DBS and 
SWC), exposed from the Pollino Mountains to 
the Volsci-Simbruini and L’Aquila Mountains 
(D’Argenio et al., 1973; Damiani et al., 1992; 
Cipollari and Cosentino, 1995; Bonardi et al., 
2009; Cosentino et al., 2002, 2003, 2010; Vitale 
and Ciarcia, 2013, and references therein). In the 
Simbruini Mountains (Filettino area), Rhaetian–
Toarcian slope to basin cherty dolostones occur 
(Damiani et al., 1992).

In addition, some Triassic–Jurassic ephem-
eral intraplatform basin deposits are exposed 

in the Picentini Mountains (MNM; Iannace 
et al., 2005) and the Cervati Mountains (FOP; 
De Alfieri et al., 1986) made of cherty dolos-
tones and limestones, conglomerates, and marls. 
The northern sector of the Apennine Platform 
(Camposauro, Maggiore, Matese, Ausoni, and 
W Marsica Mountains) presents Albian and 
Cenomanian bauxite levels (Boni et al., 2012); 
on the other hand, in the central sector (Soprano 
Mountains), only residual clays and terrestrial 
plant-rich fossil occur (Bartiromo et al., 2019). 
Generally, the shallow-water successions show 
a wide hiatus in the Late Cretaceous–Paleogene; 
however, in the southern sector (Cervati, SW 
Alburni, and Soprano Mountains) and locally in 
the northern part (Maggiore and Ausoni Moun-
tains), Eocene shallow-water limestones, con-
glomerates, and green marls are locally present 
(TRN; Selli, 1957; Vecchio et al., 2006).

3.3.1.3. Apennine Platform eastern mar-
gin. The eastern margin of the Apennine Plat-
form includes the successions of Maddalena, 
NE Alburni, Marzano, Laviano, Croce, SE 
Camposauro, Sepino-Moschiaturo, N Matese, 
Venafro, Mainarde, Frosolone, E Marsica, and 
Gran Sasso Mountains (Fig. 1A).

The Maddalena Mountains (Fig. 4; ISPRA, 
2010a, 2014a; Vitale and Ciarcia, 2022), Mount 
Marzano, and Laviano successions (ISPRA, 
2016c; Vitale et al., 2018) show shallow-water 
Norian–Upper Cretaceous successions (DBS 
and SWC) passing upward to Maastrichtian–
Paleocene slope calcareous breccia (CBI) and 
Eocene nummulitids and alveolinids in calcaren-
ites (SCA and SCAd). The Mount Croce depos-
its (Fig. 4), exposed in the Campagna tectonic 
window (Vitale et  al., 2020b, and references 
therein), are characterized by Upper Triassic 
dolomite conglomerates (DBSc) covered by cal-
careous breccia (CBI) and Eocene–Aquitanian 
breccias (FFA), passing upward to Aquitanian–
Burdigalian Scaglia-type rocks (FFP). The SE 
Mount Camposauro succession (Fig. 5; ISPRA, 
2010b; Vitale and Ciarcia, 2022) and the Sepino-
Moschiaturo (Fig. 5; Sgrosso, 1998; Vitale and 
Ciarcia, 2018, 2022), N Matese, Venafro, and 
Mainarde Mountains (Fig. 6; Cosentino et al., 
2010; Vitale and Ciarcia, 2022) include shal-
low-water Norian–Upper Cretaceous carbonates 
(DBS and SWC) covered by calcareous breccia 
(CBI) and Eocene Scaglia-type deposits (SCA). 
The Frosolone succession (Fig. 6; ISPRA, 2015) 
is made of Upper Triassic cherty dolomites 
(DBSa; Frosolone 001 well; ViDEPI Project, 
1961a) passing to Jurassic–Cretaceous cherty 
limestones (CLI), covered by calcareous brec-
cia (CBI), Eocene nummulitids, and alveolinid 
calcarenites (FMO).

Upper Triassic–Cretaceous shallow-water 
carbonates (DBS and SWC), evolving to slope 
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Upper Cretaceous–Paleocene calcareous brec-
cia (CBI) and finally Eocene calcarenites (CFR) 
form the Mainarde Mountains and E Mount 
Marsica (ISPRA, 2010c). The Gran Sasso 
Mount succession (ISPRA, 2010d) comprises 
Upper Triassic-Lower Jurassic shallow-water 
carbonates (DBS and SWC) at the base, pass-
ing upward to Lower Jurassic–Upper Cretaceous 
slope-to-basin bio- and litho-clastic limestones, 
marls, and jaspers (GRS). At Mount Prena–
Vradda (Gran Sasso Mountain), Norian–Rhae-
tian bituminous dolostones occur, formed in 
euxinic intraplatform troughs (Cosentino et al., 
2010). The succession continues with Upper 
Cretaceous–Aquitanian p.p. Scaglia-type depos-
its (SCA) locally, laterally passing to Campan-
ian p.p.–Maastrichtian p.p. calcarenites (OFE; 
ISPRA, 2010d).

3.3.2. Lagonegro-Molise Basin
The deep-sea sedimentary successions, 

mainly exposed along the axial and external 
zones of the chain from southern Abruzzo to 
northern Calabria, belong to the vast pelagic 
realm of the Lagonegro-Molise Basin (Mostar-
dini and Merlini, 1986). These successions form 
the following tectonic units, from south to north: 
Lagonegro I, Lagonegro II, Groppa d’Anzi, 
Campomaggiore, Sannio, Fortore, Daunia, 
Vallone del Toro, Tufillo, and Agnone (Basso 
et  al., 2002; Bonardi et  al., 2009; D’Argenio 
et  al., 1973; Dazzaro et  al., 1988; Pescatore 
et al., 1988, 2000; Patacca and Scandone, 2007; 
Patacca et al., 1992a; Vitale and Ciarcia, 2013, 
2022; Milli et al., 2021).

The Lagonegro I and II Units (sensu Scandone, 
1967, 1972; Fig. 4), otherwise named the Mount 
Arioso Unit (ISPRA, 2012; Di Nocera et  al., 
2011) in the Basilicata region or Frigento Unit 
(Basso et al., 2002; ISPRA, 2011b) in the Irpinia 
sector, consist, at the base, of Ladinian–Carnian 
slope-to-basin calcilutites and fine-grained 
sandstones with intercalations of recifal bod-
ies (FAC), passing upward to Carnian–Norian 
cherty limestones (SLC) and Rhaetian–Juras-
sic radiolarites and reddish or greenish silicified 
argillites (STS), and, finally, to Lower Creta-
ceous dark silicified argillites with calcilutites 
and marls (FYG). Then, the succession evolves 
to slope-to-basin Upper Cretaceous–Burdigalian 
calciclastic coarse-to-fine sediments, marls, and 
varicolored clays (FYR). The Groppa d’Anzi 
Unit (Fig. 4; Pescatore et al., 1988) is formed 
by Upper Cretaceous(?)–Aquitanian varicolored 
clays and marls with calcilutites and calcarenites 
(AVG; ISPRA, 2007a), laterally passing, in the 
upper part, to Middle Eocene–Aquitanian marly 
limestones (CPA; Selli, 1962; Pescatore et al., 
2000) and Lower Miocene volcaniclastic-bear-
ing sandstones (PDO). The Lower Cretaceous–

Miocene Campomaggiore Unit (Pescatore et al., 
1988) is exposed in the southern external zones 
of the chain. It comprises the Vaglio and San 
Chirico Units (ISPRA, 2017a), which are made 
of FYG and FYR.

The Sannio Unit (Fig.  5; Pescatore et  al., 
2000), otherwise named Coltre Sannitica (Selli, 
1962), is composed of Upper Cretaceous–Upper 
Burdigalian reworked carbonate sediments 
(FYR), including, from bottom to top, jaspers, 
calcareous breccias, and calcarenites with mac-
roforaminifera, marls, and varicolored clays 
(Basso et al., 2002; Vitale and Ciarcia, 2022). 
The lower part of the pre-orogenic succession 
of the Fortore Unit (Pescatore et al., 2000) is the 
same as that of the Groppa d’Anzi Unit. How-
ever, starting in the Burdigalian, the succes-
sion evolved into volcaniclastic deposits (TUT; 
Ogniben, 1960; Pescatore et al., 1999, 2000). A 
pre-orogenic, dominantly calciclastic succes-
sion characterizes the Daunia Unit (Dazzaro 
et al., 1988), showing at the base Upper Oligo-
cene–Middle Burdigalian clays, varicolored 
marls, and whitish calcilutites and calcarenites 
(SID; Dazzaro et al., 1988; Santo and Senatore, 
1988). The Vallone del Toro Unit (Basso et al., 
2002; ISPRA, 2011b) is formed by Upper Oligo-
cene–Middle Burdigalian calcarenites, reddish 
and greenish argillites, and calcareous brec-
cias (SFN; Crostella and Vezzani, 1964). The 
pre-orogenic rocks of the Agnone and Tufillo 
Units (Selli, 1962; Patacca et al., 1992a; ISPRA, 
2011c) consist of Upper Cretaceous–Upper Bur-
digalian varicolored clays (AVS).

3.3.3. Apulian Platform
The Apulian Platform domain encompasses, 

in the central and southern sectors, a buried 
imbricate succession intensively drilled for 
hydrocarbon exploration (e.g., Sciamanna 
et al., 2004; Shiner et al., 2004; Butler et al., 
2004; ViDEPI Project, 2009–2015). However, 
only a small part is exposed (Mount Alpi; Maz-
zoli et al., 2006). The southern sector (Fig. 5) 
is characterized by Upper Permian sandstone 
(PUG1, Puglia 001 well; ViDEPI Project, 1986; 
Butler et  al., 2004; Fig.  1A), Lower Triassic 
polygenic breccias (PUG2), Upper Triassic 
shallow-water dolostones (DBS), and Juras-
sic–Cretaceous carbonates (SWC). The inner 
and outer buried Apulian Platform continues 
locally with Maastrichtian–Paleocene Scaglia-
type deposits (SCA) and Eocene breccias 
(BLA; Patacca and Scandone, 2014) covered 
by Aquitanian–Langhian calcarenites (PLE). In 
the Murge and Salento areas (foreland; Ciaranfi 
et al., 1988; ISPRA, 2013), Maastrichtian car-
bonates pass locally and laterally to slope bio-
clastic calcarenites (ALT1). The succession 
continues with Middle–Upper Eocene calcilu-

tites and calcarenites (TTG), Upper Oligocene 
limestones (CSR, PBD), and Langhian calcar-
enites (BSM).

The central sector (Fig. 6) is similar for the 
inner and outer buried successions, whereas, for 
the foreland, the Gargano promontory is char-
acterized by Paleozoic shales, dolostones, and 
limestones (GAR1, Gargano 001 well; ViDEPI 
Project, 1982; Patacca and Scandone, 2007; 
Fig.  1A), followed by Lower Triassic sand-
stones, limestones, and dolostones (GAR2). 
The stratigraphic succession (Morsilli et  al., 
2017; ISPRA, 2017b) continues with two het-
eropic sequences. The western side is composed 
of Upper Triassic–Lower Cretaceous shallow-
water carbonates (DBS and SWC) with evapo-
rites at the base (Patacca and Scandone, 2007), 
covered by Oligocene breccias (BCG), Chat-
tian–Aquitanian p.p. limestones (SMH), Bur-
digalian–Lower Langhian limestones (TRF), 
Upper Langhian–Upper Tortonian calcarenites 
(PLE), and Lower Messinian marls (TPL). The 
eastern side of Gargano consists of Lower Cre-
taceous deep-basin limestones (MAI), marls 
(FUC), Upper Cretaceous Scaglia-type deposits 
(SCAd and SCA), and Eocene calcarenites with 
nummulitids (PES).

In the northern sector, imbricate successions 
of the inner and outer Apulian Platform largely 
outcrop, including the Morrone, La Queglia, 
and Majella Mountains (Cosentino et al., 2003; 
Patacca and Scandone, 2007, 2021; Vezzani 
et al., 2010). The Morrone succession (ISPRA, 
2005b) consists of Lower Jurassic–Upper Creta-
ceous shallow-water carbonates (SWC) evolving 
upward to calcareous breccia (OFE) and Oligo-
cene–Lower Miocene ramp calcarenites with 
macroforaminifers (CFR).

The La Queglia succession (Fig. 6; Bigi and 
Di Bucci, 1987; Patacca et al., 1992a; Patacca 
and Scandone, 2007; ISPRA, 2005c) is com-
posed of Upper Cretaceous–Eocene p.p. cherty 
limestones (CLI), hosting, in the upper part, an 
anorogenic lamprophyre, passing upward to 
Upper Oligocene?–Aquitanian distal ramp bio-
clastic limestones (CFR). The Mount Majella 
succession consists of two heteropic succes-
sions (Patacca and Scandone, 2007, 2021). In 
the southern sector, the Cretaceous pre-orogenic 
succession includes shallow-water limestones 
(SWC), hosting at least three levels of bauxites 
and marked by subaerial expositions. In contrast, 
on the northern side, the base is a pelagic suc-
cession, including pelagic limestones (MAI) at 
the base, passing upward to marls (FUC) and 
Scaglia-type deposits (SCA). Both successions 
are covered by Campanian–Maastrichtian cal-
carenites and calcirudites (OFE; Eberli et  al., 
2019). This deposit passes upward to Paleocene–
Oligocene deep-water breccias (SSG), Upper 
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Oligocene Lepidocyclina limestones (LCL), and 
Burdigalian bryozoan limestones (BRY).

The eastern part is buried under the alloch-
thonous wedge in the northern sector. It is com-
posed of Lower Jurassic–Cretaceous shallow-
water carbonates (SWC), locally with residual 
clays, passing upward to Lower Miocene marls 
and bioclastic limestones (SCAd) (Casoli 001 
well, ViDEPI Project, 1955; Castelfrentano 005 
well, ViDEPI Project, 1960a; Castelfrentano 
006 well, ViDEPI Project, 1961b; Orsogna 001 
well, ViDEPI Project, 1981; Marcone 001 well, 
ViDEPI Project, 1960b; Fig. 1A). The foreland 
succession is formed by Upper Jurassic–Lower 
Cretaceous shallow-water carbonates (SWC) 
passing upward to Oligocene–Lower Miocene 
bioclastic limestones (LBG) (Casaborselli 001 
well, ViDEPI Project, 1956b; Villalfonsina 001 
well, ViDEPI Project, 1958).

4. METAMORPHISM AND TECTONIC 
EXHUMATION

Paleozoic rocks of the Sila and Stilo Units 
were affected by variable Variscan metamor-
phism, ranging from anchizone to greenschist, 
amphibolite, and granulite facies (Bonardi et al., 
2001; Langone et  al., 2010; Ortolano et  al., 
2020). The Castagna Unit (Bonardi et al., 2001; 
Tursi et al., 2020) is characterized by Variscan 
amphibolite facies with an Alpine metamor-
phic overprint defined by a lower amphibolite 
facies (480–560 °C and 0.7–0.9 GPa; Brandt and 
Schenk, 2020). The Paleozoic basement of the 
Bagni Unit (Bonardi et al., 2001) was affected 
by pre-Alpine greenschist metamorphism, over-
printed by Alpine lower-amphibolite-facies 
conditions (545–565  °C and 0.71–0.77 GPa; 
Brandt and Schenk, 2020). The Castagna and 
Bagni Units show similar clockwise pressure-
temperature paths for prograde Alpine meta-
morphism (Fig. 7). The age of the Alpine meta-
morphism of the Castagna Unit ranges between 
64.4 ± 3.9 Ma (Ar-Ar biotite dating; Rossetti 
et al., 2001) and 43 ± 1 Ma (Rb-Sr biotite dat-
ing; Schenk, 1980).

Ligurian successions of the Frido, Diamante-
Terranova, Gimigliano, and Malvito Units are 
overprinted by Alpine HP-LT metamorphism 
(Fig.  7). Phyllites of the Frido Unit host car-
pholite in quartz veins (Vitale et  al., 2013b), 
aragonite in the calc-schists (Spadea, 1976), and 
blue-amphibole in metadolerites (Cristi Sansone 
et al., 2012) with peak conditions of 330–360 °C 
and 1.2–1.4 GPa (Vitale et  al., 2013b). The 
Gimigliano Unit also hosts HP-LT carpholite/
chloritoid assemblages in the metabasalt cover 
(Rossetti et al., 2004).

Blueschist metabasalts of the Diamante-Ter-
ranova Unit show an assemblage of blue Na-

amphibole, lawsonite, chlorite, and pumpelly-
ite (Liberi et al., 2006; Liberi and Piluso, 2009; 
Fedele et al., 2018) that furnishes a peak condi-
tion of 350–390 °C and 1.1–0.9 GPa (Fig. 7). 
However, Tursi et  al. (2020) reported in the 
blueschists the occurrence of zoned clinopy-
roxene crystals, showing core-rim composi-
tional variation from diopside to omphacite, 
which provide peak conditions of 2.0–2.1 GPa 
and 475–490  °C (Fig.  7) and decompression 
and cooling path characterized by ∼380 °C and 
∼1.1 GPa and finally a mylonitic deformation 
under 290–315  °C and ∼0.7 GPa conditions. 
The metamorphic peak age is 46.7 ± 0.4 Ma 
(Shimabukuro et  al., 2012). Rossetti et  al. 
(2001, 2004) reported late Eocene–Oligocene 
(ca. 38–33 Ma) Ar-Ar phengite age data for the 
HP-LT Gimigliano Unit. Due to the LT envi-
ronment of peak Alpine metamorphism and 
microtextural evidence, these Ar ages should be 
regarded as a minimum estimate of the crystal-
lization age of the high-pressure phengites dur-
ing subduction metamorphism in the oceanic-
derived units in Calabria.

Metabasalts, metapelites, and quartzites of the 
Gimigliano Unit show assemblages including 
crossite and phengite, suggesting a metamorphic 
peak of 350 °C and 1.0 GPa (Liberi et al., 2006), 
followed by nearly isothermal decompression 

to greenschist-facies conditions of 380 °C and 
0.6 GPa, and then 300 °C and 0.3 GPa (Liberi 
et al., 2006). Finally, Malvito metabasalts with 
lawsonite and phengite indicate a metamorphic 
climax at 350 °C and 0.8–0.9 GPa (Fig. 7).

The only successions of the Apennine Plat-
form affected by metamorphism are the Lungro-
Verbicaro and Cetraro Units. HP-LT metamor-
phism defines the former unit, characterized by 
assemblages of Fe-Mg-carpholite and phengite 
in the Lower Miocene metapelites (SFL) and 
chloritoid and phengite in the Anisian–Ladin-
ian phyllites (PMM; Iannace et al., 2007). The 
peak thermobaric conditions for the upper and 
lower parts of the succession are 320 °C and 
1.3 GPa and 390 °C and 1.4 GPa, respectively. 
Subsequently, during the decompression path, an 
increase in temperature characterized both upper 
and lower parts, reaching 340 °C and 400 °C, 
respectively (Fig.  7). The retrograde decom-
pression is recorded by the growth of chlorite 
and phengitic white mica as alteration products 
of both carpholite and chloritoid. Finally, the 
Cetraro Unit was affected by greenschist-facies 
metamorphism defined by pressure-temperature 
conditions of 380  °C and 0.4 GPa (Iannace 
et al., 2007).

Regarding the tectonic exhumation following 
the orogenic burial, temporal constraints come 

Figure 7. Pressure-temper-
ature diagram of the Alpine 
metamorphic paths of the 
Calabria-Peloritani terrane 
(CPT), Ligurian, and Apennine 
units. References: 1—Brandt 
and Schenk (2020); 2—Vitale 
et  al. (2013a, 2013b); 3—Li-
beri and Piluso (2009); 4—Li-
beri et  al. (2006); 5—Fedele 
et  al. (2018); 6—Tursi et  al. 
(2020); 7–9—Rossetti et  al. 
(2001, 2004); 10—Iannace 
et  al. (2007). Pressure-tem-
perature ranges for the meta-
morphic facies are modified 
after Rossetti et al. (2004) and 
Tsujimori and Ernst (2014). 
AM—amphibolite; Amph-
E—amphibole-eclogite; Car—
carpholite; Cld—chloritoid; 
Ep-AM—epidote-amphibolite; 
Ep-BS—epidote-blueschist; 
GS—greenschist; Lws-
BS—lawsonite-blueschist; 
PA—pumpellyite-actinolite; 
PrA—prehnite-act inol i te; 
PrP—prehnite-pumpellyite; 

XMg—mole fraction of magnesium; Zeo—zeolite.
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from the rock thermochronology studies. Data 
have been collected using zircon (Zr) and apatite 
(Ap) fission-track methods on Calabria-Pelori-
tani terrane and continental Adria units. The Zr 
ages of exhumation for the Castagna and Bagni 
Units (Thomson, 1998) range between 29 Ma 
and 21 Ma (late Oligocene–early Aquitanian), 
whereas the Ap ages fall in the interval 15–11 Ma 
(late Burdigalian–early Serravallian). Apatite fis-
sion-track data indicate a Tortonian age for the 
Lungro-Verbicaro Unit (Iannace et al., 2007) and 
two main age clusters for the Lagonegro-Molise 
Basin Units (Aldega et al., 2003; Mazzoli et al., 
2008), i.e., Messinian–Zanclean (5.5–5.0 Ma) 
and late Zanclean (3.9–3.8 Ma). Finally, for the 
Mount Alpi (Apulian Platform), ages between 
3.2 Ma and 2.0 Ma were estimated (Mazzoli 
et al., 2006).

5. TECTONIC VERGENCE

Figure  8A shows the geologic map of the 
northern Calabria–southern Apennines, report-
ing the tectonic transport directions in present-
day coordinates deduced from the literature 
(Cerisola and Montone, 1992; De Corso et al., 
1998; Hippolyte et al., 1994; ISPRA, 2015; Naso 
and Tallini, 1993; Naso et al., 1995; Sani et al., 
2004; Scrocca et al., 1995; Scrocca and Tozzi, 
1999; Langone et al., 2006; Vezzani et al., 2010; 
Vitale et al., 2013a, 2013b, 2019a). The dataset 
consists of tectonic transport directions inferred 
from different kinematic indicators. In the case 
of dominant brittle deformation, they include 
fold asymmetry, S-C structures, Riedel shears, 
and shear veins associated with thrust faults. 
On the other hand, in the case of ductile strains 
such as those occurring in mylonites, we used 
stretching lineations, rotated porphyroclasts, 
S-C structures, and synthetic and antithetic 

Figure 8. (A) Tectonic transport map, using 
data from Cerisola and Montone (1992); De 
Corso et al. (1998); Hippolyte et al. (1994); 
Istituto Superiore per la Protezione e la 
Ricerca Ambientale (ISPRA) (2015); Naso 
and Tallini (1993); Naso et al. (1995); Sani 
et al. (2004); Scrocca et al. (1995); Scrocca 
and Tozzi (1999); Langone et al. (2006); Vez-
zani et al. (2010); Vitale and Ciarcia (2013, 
2019a, 2020a); and Ortolano et  al. (2020). 
HP/LT—high-pressure/low-temperature 
metamorphism; GS—greenschist metamor-
phism; CPT—Calabria-Peloritani terrane. 
UTM coordinate system, WGS84 global da-
tum. (B–I) Rose diagrams of tectonic trans-
port directions.
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S-C′ structures. According to the ages inferred 
by the respective authors, we grouped the tec-
tonic vergences into three intervals: (1) Eocene–
Langhian, (2) Serravallian–Pliocene, and (3) 
early–middle Pleistocene. The first interval was 
delineated because it refers to the tectonic units 
transported in the first stage of orogenic evolu-
tion. This interval includes the nonmetamorphic 
Ligurian units tectonically verging mainly to the 
E/SE and the metamorphic units of the Calabria-
Peloritani terrane with tectonic transport vectors 
ranging between SE and NE (Faure, 1980; Car-
rara and Zuffa, 1976; Dietrich, 1988; Langone 
et  al., 2006; Ortolano et  al., 2020); Ligurian 
meta-ophiolites showing vergence to the E-SE 
(Vitale et al., 2013a, 2019a); and metamorphic 
Apennine Platform units with tectonic transport 
to the E-SE (Vitale et al., 2020c). For the meta-
morphic units, we also added the tectonic trans-
port (hanging-wall movement) associated with 
extensional shear during tectonic exhumation 
under syn- or post-greenschist-facies metamor-
phism (Rossetti et al., 2001).

The Serravallian–Pliocene tectonic transport 
vectors refer to the movement of the thrust sheets 
in the southern Apennines (ranging between NW 
and E; Cerisola and Montone, 1992; De Corso 
et al., 1998; Giannandrea et al., 2014; ISPRA, 
2015; Sani et  al., 2004; Scrocca et  al., 1995; 
Vezzani et  al., 2010). The large variability of 
tectonic vergence in this period is related to 
the out-of-sequence thrusts, which frequently 
show two approximately orthogonal vergence 
directions (e.g., Vitale et al., 2020a), and to the 
arcuate nature of the thrust systems (Ghisetti and 
Vezzani, 1988b; Calamita et al., 2009).

The Pleistocene vergence regards only the 
thick-skinned thrusts involving Pleistocene 
deposits primarily in the external sectors of the 
southern Apennines with dominant E-NE ver-
gence (e.g., Hippolyte et al., 1994).

Figures  8B–8E show rose diagrams of the 
directions of the tectonic vergence grouped for 
the three temporal intervals. For the Eocene–
Langhian data, there is a prevalence of E-W 
(Calabria-Peloritani terrane; Fig.  8B) and 
NW-SE (southern Apennines; Fig.  8C) direc-
tions; for Serravallian–Pliocene time, there are 
two orthogonal directions, the first more devel-
oped as ENE-WSW and the second developed 
as NNW-SSE (Fig. 8D). Finally, the Pleistocene 
directions are constantly ENE-WSW (Fig. 8E). 
However, all these data are referenced to pres-
ent-day coordinates. Taking into account the 
different rotations of the various sectors of the 
chain that occurred during orogenic evolution 
in the Eocene–Miocene interval, a counter-
clockwise rotation of 90° has to be considered 
for the Calabria-Peloritani terrane (Siravo et al., 
2022), which leads to an original N-S direc-

tion (Fig. 8F), and a counterclockwise rotation 
of ∼60° should be considered for the Cilento/
Basilicata region (Mattei et al., 2007, and refer-
ences therein), with again an original N-S direc-
tion (Fig. 8G). For Serravallian–Pliocene time, 
a counterclockwise rotation of ∼30° occurred 
for the southern Apennines (Mattei et al., 2007, 
and references therein) with original E-W and 
secondary N-S directions (Fig. 8H). Finally, for 
Pleistocene time, counterclockwise rotations of 
20° to 0° occurred for the southern Apennines 
(Mattei et al., 2007) with a restored E-W direc-
tion (Fig. 8I). It is worth noting that at the bound-
ary between the Langhian and Serravallian, the 
direction of restored tectonic vergence changes 
∼90°, from approximately N-S to approxi-
mately E-W.

6. FORELAND BASIN SYSTEM 
SYNOROGENIC SUCCESSIONS

In our reconstruction, we adopted the flex-
ural model of bulge migration (Sabbatino et al., 
2020) mainly due to the slab retreat process 
(rollback mechanism) of the downgoing Adria 
plate (e.g., Malinverno and Ryan, 1986; Roy-
den et al., 1987; Patacca et al., 1990; Doglioni, 
1993). This mechanism is invoked because the 
flexural bending cannot be explained by the load 
of the Apennine orogenic belt (e.g., Royden, 
1988). Other processes, such as large-scale fold-
ing by buckling, have been considered for the 
Pliocene–Pleistocene evolution of the Adriatic 
domain (Bertotti et al., 2001) with the forma-
tion of synclines (Adriatic basins) and anticlines 
(Apulian forebulge) or basin inversion and ver-
tical extrusion of the late Paleozoic–Mesozoic 
extensional basins such as hypothesized for the 
Umbria-Marche Apennines (Tavarnelli et  al., 
2019), immediately northward of the southern 
Apennines.

The continental part of the Adria plate under-
went flexure beginning in the Oligocene (fore-
bulge stage; Sabbatino et al., 2020). To better 
identify the synorogenic deposits of the differ-
ent stages related to the thrust front–foredeep–
forebulge system migration toward the E/NE 
until the middle Pleistocene, we show a sche-
matic cross section of the foreland basin system 
(Fig. 9) with the forebulge, foredeep, and wedge-
top basin deposits (modified after Sabbatino 
et al., 2020). Generally, the lithosphere flexure 
caused emersion and erosion of the shallow-
water carbonates of the Apennine and Apulian 
Platforms, producing a calciclastic supply that 
fed the foredeep basin located to the W/NW and 
the backbulge basin to the E/NE. Usually, the 
foredeep basin was not filled to the forebulge 
crest (“underfilled” state; DeCelles and Giles, 
1996, 2012). On the other hand, the foredeep 

was the location of the deposition of siliciclastic, 
calciclastic, and volcaniclastic sediments, which 
originated by the erosion of the overriding plate 
and the orogenic wedge itself.

The foreland basin system synorogenic 
deposits of the southern Apennines mainly 
consist of backbulge, foredeep, and wedge-top 
basin sediments from the foreland to the hinter-
land. The backbulge deposits (step 2 in Fig. 9) 
formed synchronously with the forebulge emer-
sion and erosion of the shallow-water carbon-
ates of the Apennine and Apulian Platforms and 
the formation of marls and calcarenites. The 
foredeep successions can be schematized as 
formed by shallow-water to slope calcarenites 
and calcirudites, recording the first stage of the 
downgoing plate drowning following the flex-
ure (step 4). Shallow-water calcarenites were 
deposited above shallow-water Upper Creta-
ceous/Eocene limestones, always characterized 
by an erosive hiatus (Sabbatino et  al., 2020). 
On the contrary, calcirudites were deposited 
in a slope environment, frequently covering a 
continuous slope-to-basin succession. These 
deposits evolved into planktonic marls (step 5), 
sandstones, and argillites (step 6). The flexure 
of the downgoing plate is also recorded by the 
formation of extensional fractures and faults, 
commonly synsedimentary with the orogenic 
deposits (Sabbatino et  al., 2020). Where the 
Oligocene forebulge stage caused emersion and 
erosion of the Apennine Platform shallow-water 
carbonates, continental deposits formed in 
localized structural depressions (step 3) (Boni, 
1974; Boni et al., 2012); they are made of lens-
shaped reddish and purplish subaerial lateritic 
clays bearing fine- to coarse-grained crystal-
line rocks debris (Servizio Geologico d’Italia, 
1970a; ISPRA, 2016b). The wedge-top sedi-
mentation (step 7) is usually characterized by 
locally sharp, lateral, and vertical facies varia-
tions of sediments originating from the erosion 
of the thrust sheets forming the orogenic wedge. 
Frequently, these deposits encompass olistoliths 
and olistostromes. Several studies, including the 
official geological cartography, have analyzed 
and dated the different depocenters (backbulge, 
foredeep, and wedge-top) of the foreland basin 
system. However, the provided deposit ages are 
different and, in some cases, contrasting, and 
frequently, the ages have been inferred by the 
stratigraphic position.

In the following description, to avoid the 
ambiguities caused by the different ages of the 
foreland basin system synorogenic deposits, we 
quoted the most representative work that stud-
ied these deposits, and in general, we refer to 
the ages reported in the official geological car-
tography. Finally, in our reconstruction of the 
orogenic evolution, we constrained the temporal 
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activity of the thrust front (represented by a red 
line in the stratigraphic logs of Figs. 4, 5, and 6) 
to the period between the youngest age of the 
foredeep deposit and the oldest age of the first 
wedge-top basin deposit.

7. OROGENIC 
TECTONOSTRATIGRAPHIC 
EVOLUTION OF THE CENTRAL 
SECTOR OF THE ADRIA PLATE

In this section, we illustrate the orogenic evo-
lution of the northern Calabria–southern Apen-
nines system by describing paleogeographic 
maps of the central sector of the Adria plate 
and the synorogenic deposits from the late Oli-
gocene until the present. The maps were drawn 
taking into account the available detailed paleo-
geographic reconstructions of this part of the 
Adria domain (e.g., Critelli, 1999; Patacca and 
Scandone, 2007, 2011; Vitale and Ciarcia, 2013; 
Critelli, 2018). Furthermore, we used the fore-
deep and wedge-top basin ages to fix the oro-
genic pulse’s lower and upper temporal limits, 
allowing us to reconstruct the temporal thrust-
front migration.

As concerns the orogenic evolution of the 
northern Calabria–southern Apennines system, 
two different models have been proposed in 
the literature (Alvarez, 1976; Michard et  al., 
2002; Rossetti et  al., 2004; Guerrera et  al., 

2005; Handy et al., 2010; Schettino and Turco, 
2011). The first model (Fig. 10A) envisages the 
presence of two branches of the Ligurian Ocean 
embedding surrounding the Calabria-Peloritani 
terrane, considered as a microcontinent (ter-
rane). In the Late Cretaceous–Paleocene, the 
E Ligurian lithosphere subducted under the 
Calabria-Peloritani terrane; subsequently, in 
the Eocene, the Calabria-Peloritani terrane 
and Sardinia collided, and in the Oligocene, 
the subduction of the W Ligurian lithosphere 
under the Calabria-Peloritani terrane started. 
Finally, the back-arc basin opening separated 
the Calabria-Peloritani terrane from Sardinia in 
the Miocene. This model implies that the con-
struction of the Apennines was younger than 
that of the Alps (“young Apennines”; Alvarez, 
1991). The second model (Fig. 10B; Boullin, 
1984; Knott, 1987; Rossetti et al., 2004; Schet-
tino and Turco, 2011) considers a single ocean 
(Ligurian Ocean) between the European plate 
(Sardinia + Calabria-Peloritani terrane) and 
the Africa-Adria plate with the lithospheric 
subduction occurring under the European plate 
since the Late Cretaceous/Paleocene. In this 
model, the Apennines formed synchronously 
with the Alps (“ancient Apennines”; Alvarez, 
1991). Our paleogeographic reconstructions 
(Fig. 11) start from the late Oligocene when the 
two models envisage the same evolution. (See 
Tables 1 and 2 for descriptions and acronyms of 

all synorogenic deposits mentioned in the fol-
lowing sections.)

7.1. Late Oligocene–Middle Burdigalian 
(Figs. 11A–11C): Ligurian Ocean Closure

The late Oligocene paleogeography 
(Fig. 11A) shows the subduction of the eastern 
sector of Ligurian Ocean lithosphere under the 
Calabria-Peloritani terrane. The undeformed 
oceanic domain included the Frido, Nord-Cal-
abrese, Parasicilide, and Sicilide successions, 
passing eastward to the continental sector of 
the Adria plate. The foredeep sedimentation in 
the Ligurian realm and western margin of the 
Apennine Platform was dominated by calciclas-
tic supply originating from erosion of part of the 
Apennine Platform that had emerged (forebulge 
stage). The calciclastic deposits include differ-
ent formations within the Ligurian successions 
(CAR, SAR, and FMS) and the western margin 
of the Apennine Platform (FLB3 and SCAd). 
In the Oligocene, lateritic argillites (red beds) 
formed (Fig. 11A), locally located in structural 
depressions in the emerged areas. Such con-
tinental deposits are exposed in the southern 
sector of the southern Apennines (Servizio Geo-
logico d’Italia, 1970a, 1970b; ISPRA, 2016b).

Calciclastic backbulge deposits occurred east-
ward of the emerged areas, including different 
formations (CFR, GOD, and SCA). Simulta-

Figure 9. Schematic cross sec-
tion of a foreland basin system, 
with the forebulge, foredeep, 
and wedge-top basin depos-
its (modified after Sabbatino 
et al., 2020).
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neously, in the Camposauro and Sepino-Mos-
chiaturo margins, the Scaglia-type (SCA and 
SCAd) sediments were deposited. Furthermore, 
in the Lagonegro-Molise Basin, not affected 
by emersion related to the forebulge stage, the 
sedimentation (FYR) was marked by several 
calciclastic inputs (CPA in Groppa d’Anzi and 
Fortore Units).

Following the complete subduction of the 
Frido realm (early Burdigalian; Fig. 11B), the 
foredeep of the Nord-Calabrese succession was 
characterized by the deposition of sandstones 
(SOV). Contemporaneously, the former fore-
bulge uplift moved eastward with erosion and 
marly and clayey supply, feeding the western 
side. These deposits include different forma-
tions (AVS, CON, GIP, and SFL). Toward the 
emerged areas, the deposits were more calciclas-
tic (CDR and FCE). The backbulge successions 
comprise different formations (CFR, GOD, and 
SFT). From the late Oligocene to Aquitanian, 
the Calabria-Peloritani terrane was the location 
of the first wedge-top basin deposit (Paludi For-
mation; PLU).

In the middle Burdigalian (Fig.  11C), the 
thrust front migrated to the east with the off-
scraping of the Nord-Calabrese sector and form-
ing an accretionary wedge (Ligurian accretion-
ary complex). At the same time, the Parasicilide 
and Sicilide sectors passed to the deposition of 
foredeep sandstones (ALB and TUT). The syn-
orogenic successions in Zannone Island and 
Circeo start with Lower Miocene sandstones 
with calcarenites and marls with miogypsinids 

(TFI). In this interval, the tectonic vergences are 
meanly directed to S, both for the Ligurian and 
Apennine Platform Units.

7.2. Late Burdigalian–Late Serravallian 
(Figs. 11D–11F): Orogenic Prism 
Incorporates the Southern Sector of the 
Apennine Platform

In the late Burdigalian (Fig. 11D), the remain-
ing successions of the Ligurian Ocean were 
included in the accretionary wedge, and the 
thrust front reached the western side of the Apen-
nine Platform. In this stage, the Lungro-Verbic-
aro Unit was subducted. Meanwhile, the foreb-
ulge axis triggered the erosion and formation of 
clayey deposits in the Bulgheria-Roccagloriosa 
foredeep basin (GIP), and calciclastic ramp 
sediments were deposited in the Pollino-Cervati 
sector (FCE). Meanwhile, calciclastic backbulge 
sedimentation continued on the eastern side.

In latest Burdigalian–Langhian time 
(Fig. 11E), the foredeep sedimentation within 
the southern sector of the Apennine Platform 
was characterized by arenaceous deposition 
(GIP1 and BIF). These deposits include the 
Numidian sandstones (FYN), which consist of 
rounded and well-sorted quartz grains. These 
sediments are widespread in the whole western-
central sector of the Mediterranean Sea, inter-
preted as a regional event that transferred desert 
sands into the deep basins surrounding northern 
Africa (Ogniben, 1960; Patacca et  al., 1992b; 
Thomas et al., 2010; Vitale et al., 2013a; For-

nelli et al., 2015). These sandstones were also 
deposited in other basin environments, includ-
ing most of the Lagonegro-Molise Basin. Syn-
chronously, the remaining part of the Apennine 
Platform was the location of calciclastic sedi-
mentation from the erosion of the western side 
of the Apulian Platform, where the forebulge 
axis migrated. The emersion of the Apennine 
Platform is also marked by the occurrence of 
a hardground (Patacca et al., 1992a). The area, 
ranging between the forebulge and the thrust 
front, formed a W-dipping foreland carbonate 
ramp some hundreds of kilometers wide (Carmi-
nati et al., 2007), including calcarenites (CDR), 
calcarenites with lithothamnion and bryozoans 
(CUS, CBZ, and RIV), calcarenites and calciru-
dites (PBB), and marls (GUA and MRD). Coeval 
in the Apulian Platform, eastward of the fore
bulge area, the calciclastic sedimentation depos-
ited marls and calcarenites (PLE and BSM), 
limestones with bryozoans and glauconite 
(LBG), and Scaglia Detritica deposits (SCAd). 
Above the orogenic wedge, starting from the 
latest Burdigalian, the wedge-top basin deposits 
of the Cilento Group (CIG; Amore et al., 1988; 
Bonardi et al., 1988a; Mehmood et al., 2023) 
were formed. The latter consist of thin-bedded 
arenaceous-pelitic turbidites, passing upward to 
medium-bedded arenaceous-pelitic-marly tur-
bidites and rare layers of conglomerates (POL 
and ABD).

In the late Serravallian (Fig. 11F), dominantly 
siliciclastic foredeep sedimentation character-
ized the Lagonegro I and II (PAA), Sannio and 

Figure 10. Scheme showing the 
two models for the orogenic 
evolution of the northern Ca-
labria–southern Apennines 
system (modified after Alva-
rez and Shimabukuro, 2009). 
CPT—Calabria-Peloritani 
terrane.

A B



Orogenic evolution of the northern Calabria–southern Apennines system

	 Geological Society of America Bulletin, v. 136, no. XX/XX	 19

Fortore (SGG), Mount Marzano-Laviano (LAV), 
Mount Croce (APV3), Lattari (TMI), Zannone-

Circeo (ARZ), and Aurunci-Lepini (OBF) suc-
cessions, whereas calcareous and marly deposits 

occurred in the remnants of the Apennine Plat-
form (CBZ, LNG, ORB, and UAM), and marly 
and clayey deposits occurred within the Lagone-
gro-Molise Basin (FAE, SER, TFL, and UAM). 
Sedimentation continued in the wedge-top basin 
of the Cilento Group (CIG) with the deposition 
of medium- to thick-bedded marls and conglom-
erates, which toward the top include clasts and 
olistoliths of metabasalts and pillow lavas (MAU 
and ABD).

Starting from this period, the Calabria-Pelori-
tani terrane detached from Sardinia. The crustal 
thinning triggered the formation of extensional 
basins with siliciclastic sedimentation (Mattei 
et al., 2002), related to the rifting and opening 
of the Tyrrhenian back-arc basin, starting from 
the late Serravallian (AMA; Perrone et al., 1973; 
Di Nocera et  al., 1974; Ortolani et  al., 1979; 
Colella, 1995; Perri, 1996; Mattei et al., 2002; 
Vitale et al., 2019a, 2020c). Along the Ionian 
sector, coeval Rossano and Crotone successions 
(ROS) formed in wedge-top basins, sealing the 
thrust between the Sila Unit and the Paludi For-
mation (PLU).

As described before, in the late Oligocene to 
Langhian, the restored tectonic vergence mainly 
indicates a S direction; in contrast, starting in the 
Serravallian, the tectonic vergence for the Ligu-
rian and Apennine Platform units is about orthog-
onal to the previous value, indicating a dominant 
approximately E direction for the thrusts faults.

7.3. Middle Tortonian–Late Messinian 
(Figs. 11G–11I): Orogenic Prism 
Incorporates the Northern Sector of the 
Apennine Platform and the Lagonegro-
Molise Basin

Starting from the middle Tortonian 
(Fig. 11G), the arcuate thrust front migrated to 
the NE and SE in the northern and southern sec-
tors of the Apennine Platform, respectively. The 
calciclastic and siliciclastic foredeep sedimenta-
tion affected the Simbruini, Ernici, N Matese, 
Venafro, Maggiore, Matese, and Camposauro 
successions (FFS and PRJ). In the Lagonegro-
Molise Basin, the foredeep deposits include dif-
ferent formations (SGG and TFA). Meanwhile, 
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Figure 11. Paleogeographic maps of the cen-
tral sector of the Adria plate in the intervals: 
(A–C) late Oligocene–middle Burdigalian; 
(D–F) late Burdigalian–late Serravallian; 
(G–I) middle Tortonian–late Messinian; 
(J–L) early Zanclean–early Pleistocene. For 
the labels, refer to the text and Figures  4, 
5, and 6 captions. BB—backbulge; WBT—
wedge-top-basin; CPT—Calabria-Pelori-
tani terrane.
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the forebulge, localized on the eastern part of 
the Apulian Platform, fed the foredeep with the 
sedimentation of marls and calcarenites of CBZ, 
UAM, and lithothamnion limestones (LIT) and 
FAE, SER, and marly and siliciclastic deposits 
(FYB and MSO). Calcarenites were deposited in 
the Apulian Platform domain (ANR). The back-
bulge deposit on the eastern side of the forebulge 
is represented by limestones with bryozoans 
and glauconite (LBG). On the western side of 
the Calabria-Peloritani terrane, the siliciclastic 
sedimentation continued in the Amantea Basin 
(AMA), whereas on the eastern side, the Ros-
sano Basin succession (ROS) was deposited.

In the early Messinian, the orogenic wedge 
incorporated more and more sectors of the north-
ern Apennine Platform (Fig. 11H). In this stage, 
siliciclastic sedimentation occurred in the foredeep 
basins of Daunia (TPC), Frosolone (MSO), E Mar-
sica and Gran Sasso Mount (LAF). Meanwhile, 
siliciclastic and calciclastic supply fed the Fortore 
(SER), Agnone and Tufillo (FYB), and La Queg-
lia and Morrone (UAM) successions. In Mount 
Alpi, calciclastic sediments (LUT) were deposited 
in structural depressions (La Bruna et al., 2018), 
followed by alternating sandstones and calcare-
ous conglomerates (TIT). Finally, the backbulge 
sediments included marls deposited in the Gargano 
succession (TPL).

Above the orogenic chain, several wedge-
top basin deposits formed, including the late 
Tortonian–early Messinian Castelvetere Group 
(CVTG; Vitale and Ciarcia, 2018). This sedi-
mentary complex is the largest clastic deposit 
in the southern Apennines, encompassing the 
following formations, commonly with het-
erotopic relationships: ATP, BPC, CAI, CVT, 
GOR, MSA, ORI, PON, PER, RMA, SBO, and 
SIE. These deposits, commonly, are formed by 
a base of calcareous conglomerates or calcaren-
ites, locally embedded in an arenaceous matrix, 
passing upward to turbiditic sandstones with 
intercalations of clays, marls, and conglomerates 
frequently with crystalline clasts (Critelli and Le 
Pera, 1995; Pescatore et al., 2000; Ciarcia et al., 
2009b; Vitale et  al., 2017; Vitale and Ciarcia, 
2018; Critelli, 2018). Olistostromes of the vari-
colored clays and Apennine Platform carbonate 
olistoliths occur in the upper parts of these suc-
cessions. In Mount Massico, this deposit hosts 
olistoliths and clasts of marbles (Di Girolamo 
et al., 2000; Vitale et al., 2019b). In the northern 
sector of the orogenic chain, sandstones (GTC 
and TOR) and marls, clays, and silts with sandy, 
clayey, marly, and calcarenitic olistoliths (VRT) 
were deposited.

In the late Messinian (Fig. 11I), the orogenic 
wedge entirely covered the northern sector of 
the Apennine Platform and the eastern part of 
the Lagonegro-Molise Basin, with siliciclastic 
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deposition in the foredeep basins of Gran Sasso 
Mount and Marsica Mountains (LAF), and argil-
lites with gypsum (AVG) comprising the Vallone 
del Toro Unit. In the latest Messinian, foredeep 
siliciclastic sedimentation also started in La 
Queglia and Morrone (AAF).

The forebulge was localized on the eastern part 
of the Apulian Platform that fed the western fore-
deep with the deposition of marly limestones and 
reworked bryozoans (MLB) and gypsum, evapo-
ritic limestones, sulfur layers, and diatomites 
(GES). However, Morrone and Mount Alpi were 
also in subaerial conditions, recorded by an ero-
sive stratigraphic gap. Hence, in this stage, related 
to the flexure of the downgoing lithosphere, two 
parallel emerged areas occurred separated by the 
Scaglia Basin, or, alternatively, the two structural 
highs formed two anticline structures separated 
by a syncline, in analogy with the buckling model 
proposed by Bertotti et al. (2001) for the Pliocene–
Pleistocene evolution of this sector. Calcarenites 
(CTT) deposited in the Gargano area represent, in 
this period, the easternmost backbulge deposits.

Above the orogenic wedge, unconformable 
sedimentation occurred with the deposition of 
the Altavilla Group (ALTG) comprising different 
formations (ALT, ANZ, COP, and VIC). Gypsum 
deposits are widespread across the whole chain, 
within deposits of the Altavilla Group in the north 
and the Amantea (AMA) and Rossano and Cro-
tone (ROS) deposits in the Calabria-Peloritani 
terrane. In the late Messinian, the tectonic ver-
gence was mainly directed toward the E, indicat-
ing oblique orogenic transport with respect to the 
chain thrust front. Finally, it is worth noting that 
the crustal flexure shows an axis that was oblique 
to the orogenic fronts up to the early Messinian 
and subsequently parallel, probably following the 
docking with the thicker Apulian lithosphere.

7.4. Early Zanclean–Early Pleistocene 
(Figs. 11J–11L): Passage from Thin- to 
Thick-Skinned Tectonics and Shortening of 
the Western Sector of the Apulian Platform

In the early Zanclean (Fig. 11J), siliciclastic 
foredeep sedimentation locally continued in the 
La Queglia and Morrone successions (AAF), 
and calciclastic and siliciclastic sedimentation 
occurred in Mount Majella, the outer buried 
Apulian Platform, and the Apulian foreland with 
calcareous conglomerates, clays, and silty sand-
stones (LAP).

During the early–middle Zanclean (Fig. 11J), 
the orogenic style changed from thin-skinned 
tectonics to thick-skinned thrusting involv-
ing the buried Apulian Platform. These thrusts 
probably are the inversion of inherited normal 
faults hosted in the Paleozoic basement (Shiner 
et al., 2004), where upward prolongations cut the 
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allochthonous wedge, producing envelopment 
thrusting appearing as out-of-sequence struc-
tures at the outcrop scale (Vitale et al., 2019b, 
2020a, 2020b). These thrust faults are scattered 
throughout the southern Apennines, deforming 
the late Miocene–earliest Pliocene wedge-top 
basin deposits. These out-of-sequence structures 
include the following thrust systems:

(1) Lepini-Aurunci-Ausoni-Massico Moun-
tains (LAAM; Fig.  11J), where the Apennine 
Platform rocks superpose onto the wedge-top 
basin Castelvetere Group (CVTG; late Tor-
tonian–early Messinian) and GTC, TOR, and 
VRT (early Messinian). In the western Aurunci 
Mountains, thrusts verge both to the N and E 
(Naso and Tallini, 1993).

(2) Venafro-Matese-Frosolone Mountains 
(VMF), defined by folds and thrusts (Scrocca 
and Tozzi, 1999) verging to the NW (Venafro 
Mountains), N (Matese anticline; Scrocca et al., 
1995), and N/S (Montagnola di Frosolone; Naso 
et al., 1995).

(3) Marzano-Picentini-Caserta-Camposauro 
Mountains (MPCC). Here, the Mesozoic car-
bonates superpose onto the wedge-top basin 
deposits of the Castelvetere Group (CGTG) with 
vergences ranging between NW and E, and with 
a prevalence of the tectonic transport to the N 
(Vitale et  al., 2017, 2020a). This system com-
prises the superposition of the Frigento Unit onto 
the Mount Croce Unit with the interposition of 
the Castelvetere Group deposit exposed in the tec-
tonic window of Campagna (Vitale et al., 2020b).

(4) Fortore (FOR), where the Fortore Unit 
overthrust the wedge-top basin deposits of the 
Castelvetere Group with a vergence to the E 
(Pescatore et al., 2000; Vitale and Ciarcia, 2018; 
ISPRA, 2010 h).

(5) Cilento-Bulgheria-Lauria Mountains 
(CBL). Here, the thrust system includes thrust-
ing verging to the N of the carbonate Bulgh-
eria and Lauria Mountains onto the Ligurian 
accretionary complex and arcuate thrust faults 
bounding the Cilento area with vergences rang-
ing between NW and E.

Contemporaneously with these thrusting epi-
sodes, the Calabria-Peloritani terrane migrated 
to the SE, and in the rear, basalts in the Vavilov 
Basin formed.

In the late Zanclean (Fig.  11 K), the thrust 
front mainly moved to the NE with the almost 
complete inclusion, within the allochthonous 
wedge, of the inner Apulian Platform, except 
the Majella area, where the siliciclastic foredeep 
occurred (FMJ), whereas calciclastic and silici-
clastic sedimentation occurred in the outer buried 
Apulian Platform (TRB and ARM).

Starting from this period, different wedge-
top depocenters formed, starting in the north-
ern sector, including the Ariano (BAR and 
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SFE), Ofanto and Vietri-Potenza (BAR, SFE, 
and ARC), Calvello (BAR and ARC), and 
Sant’Arcangelo (ARC) Basins. In this large part 
of the chain, deposits record a migration of dep-
ocenters toward the SE (Ascione et al., 2012). 
These deposits were formed between 4 Ma (late 
Zanclean) and 0.7 Ma (Middle Pleistocene) trig-
gered by slab breakoff of the downgoing Adria 
plate and progressive slab tearing toward the SE 
(Ascione et al., 2012). To the north, in the Abru-
zzi area, wedge-top basin sedimentation occurred 
with the emplacement of conglomerates (MCR). 
On the other hand, in northern Calabria, from 
the late Zanclean to Early Pleistocene, different 
deposits formed in extensional basins, including 
the Crati Valley and Castrovillari basins (Russo 
and Schiattarella, 1992; Schiattarella, 1998). In 
this temporal interval, restored tectonic vergence 
indicates a mainly approximately E direction 
and a secondary approximately N direction, both 
of which are associated with the emersion of the 
envelopment thrust faults.

Finally, in the Early Pleistocene (Fig. 11L), 
the pattern of the thrust front reached the pres-
ent configuration, with the forebulge emersion 
located in the axial sector of the exposed Adria 
plate between the two opposite-verging south-
ern Apennines and Dinarides chains. The fore-
deep sediments are represented by clays and 
sands (ASP).

From the later part of the Early Pleistocene, 
severe extension occurred along the Tyrrhenian 
margin of the chain (Hippolyte et  al., 1994; 
D’Agostino et  al., 1997; Macchiavelli et  al., 
2012), forming several grabens, including the 
Campanian Plain, amongst the larger structures 
(Fig. 1A; Cinque et al., 1993; Santangelo et al., 
2017). The restored tectonic vergence shows a 
ubiquitous E direction.

8. OROGENIC EVOLUTION

The proposed orogenic reconstruction is in line 
with the model of “ancient Apennines” (Alvarez, 
1991), and those of other circum-Mediterranean 
orogens, such as the Betic-Rif chain in the west-
ern sector, where a similar tectonic structure is 
reported (Chalouan and Michard, 1990; Michard 
et al., 2006; Vitale et al., 2015), and new data 
on the Alpine tectono-metamorphic evolution 
(Marrone et al., 2021) age of subduction zone 
metamorphism (38 Ma, late Eocene–Oligocene; 
Bessière et al., 2022) and Variscan inheritance 
(e.g., Rossetti et al., 2020), which have become 
recently available from continental-derived units 
that form the Alpine tectonic edifice.

Generally speaking, the orogenic evolution 
can be summarized as follows (Rossetti et al., 
2001; Iannace et al., 2007; Liberi and Piluso, 
2009; Vitale et al., 2019a; Fedele et al., 2018). In 

Paleocene–Eocene time, the subduction of the 
Ligurian lithosphere under the European plate, 
including the Calabria-Peloritani terrane and 
Sardinia-Corsica block, carried at depth some 
crustal slices of both the downgoing (Ligurian 
meta-ophiolites) and overriding (Castagna and 
Bagni Units) plates. The complete closure of the 
oceanic realm in the early Miocene concluded 
with the frontal accretion of the eastern sector 
of the ocean and the formation of the Ligurian 
accretionary complex. After that, the subduction 
zone involved the western margin of the Apen-
nine Platform, with the subduction of some 
successions (Lungro-Verbicaro and Cetraro 
Units). From the middle Miocene to the mid-
dle Pleistocene, a thrust-and-fold belt formed, 
with the overthrust of different successions of 
the continental Adria plate and both thin- and 
thick-skinned tectonics. From the Oligocene to 
Tortonian, the subducted tectonic units of the 
Calabria-Peloritani terrane, Ligurian Ocean, 
and continental Adria plate were exhumed and 
accreted in the orogenic chain. Therefore, differ-
ent geodynamic mechanisms have spanned the 
orogenic evolution, which acted synchronously 
or diachronously. We can describe the evolution 
of this collisional margin through the migration 
of the subduction channel boundaries (i.e., roof 
and basal décollements). Different geodynamic 
scenarios are associated with the movement 
of the main subduction channel décollement 
(Vannucchi et al., 2012). This surface can move 
up or down toward the foreland or hinterland. 
It follows that the subduction channel can be 
accreted or eroded, or these mechanisms can 
act in the frontal sector. To better describe this 
process, we illustrate the geodynamic evolution 
of the northern Calabria–southern Apennines 
(southern sector) in Figure 12. (See Table 2 for 
descriptions and acronyms of all synorogenic 
unconfromable deposits mentioned in the fol-
lowing text.)

Following the start of subduction of Ligurian 
Ocean lithosphere, the roof décollement migrated 
upward, inserting slices of the Calabria-Pelori-
tani terrane in the subduction channel (upward 
basal erosion; Fig.  12A). Subsequently, the 
roof décollement migrated downward, adding 
oceanic slices to the subduction channel (down-
ward accretion; Figs. 12B and 12C). These three 
steps occurred in the Paleocene–Eocene inter-
val, chronologically constrained by the HP-LT 
metamorphic ages of Castagna (43 ± 1 Ma, 
Schenk, 1980; 64.4 ± 3.9 Ma, Rossetti et  al., 
2001) and ophiolite units (38–33 Ma, Rossetti 
et al., 2001, 2004; 46.7 ± 0.4 Ma, Shimabukuro 
et al., 2012). Synchronously, orogenic volcanism 
occurred in Sardinia, with the oldest event dated 
at 38.3 ± 0.3 Ma (Lustrino et al., 2009), consis-
tent with the beginning of oceanic subduction 

within the interval 49–42 Ma (Ypresian–Lute-
tian; Lustrino et al., 2009).

In the Oligocene–Aquitanian (Fig. 12D), the 
easternmost ophiolite domain (Frido Unit) was 
subducted, reaching HP-LT metamorphic con-
ditions; meanwhile, the downward accretion 
formed an orogenic stacked pile that triggered 
extension on the top of the overriding plate. This 
event was recorded by the age of zircon fission 
tracks in the subducted units (28–23 Ma; Thom-
son, 1998) and by formation of the wedge-top 
basin deposits of the Paludi Formation (PLU). 
In the early Burdigalian (Fig.  12E), the roof 
décollement moved toward the foreland with 
the frontal accretion of the Nord-Calabrese 
(NCA), Parasicilide (PAS), and Sicilide (SIC) 
Units (Ligurian accretionary complex). In the 
Burdigalian (Fig. 12F), the oceanic accretionary 
wedge (Ligurian accretionary complex) over-
thickened following the buttressing of the west-
ern margin of the Apennine Platform (Lungro-
Verbicaro Unit, LVU) and collapsed (Fig. 12G), 
forming an extensional wedge-top basin where 
the Cilento Group (CIG) was deposited above 
the Burdigalian-Langhian boundary (Vitale 
et  al., 2010; Corrado et  al., 2019; Mehmood 
et al., 2023). In the Burdigalian–Langhian inter-
val, the LVU was subducted (Fig. 12G). Apatite 
fission-track ages in Calabria-Peloritani terrane 
rocks (Thomson, 1998) indicate that tectonic 
exhumation of the subducted units continued 
in this period. In Langhian–Serravallian time 
(Fig. 12H), the Apennine Platform remnant was 
overthrust by the Ligurian accretionary com-
plex concurrently, and the LVU was accreted 
in the subduction channel and started upward 
migration (tectonic exhumation) with the other 
metamorphic thrust sheets. The fast exhumation 
within the subduction channel was enhanced 
by the synchronous rifting of the Tyrrhenian 
Sea (e.g., Sartori et al., 2001), which caused the 
exhumation of the entire subduction channel 
mainly through extension in the upper crust. This 
process resulted in exposure of the metamorphic 
successions and clastic supply deposition within 
the surrounding structural lows, presently form-
ing the Serravallian–Tortonian successions of 
the Amantea (AMA) and Rossano Basin depos-
its (ROS) in northern Calabria.

According to Faccenna et al. (2001a, 2001b), 
in the Serravallian, the subducted oceanic slab 
reached the upper-lower mantle boundary at 
660 km depth, laying down the deepest slab 
segment along this buoyancy barrier. This event 
slowed down the roll-back migration rate and 
made the shallow downgoing slab segment 
vertical. The renewed slab retreat in Tortonian 
time (Fig. 12I) occurred with the subduction of 
thicker continental Adria lithosphere underly-
ing the Apennine Platform, becoming the new 
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backstop of the subduction system and trigger-
ing a forelandward jump of the main subduc-
tion detachment and thick-skinned thrusting. 
In this stage, the Apennine Platform units and 
the Paleozoic basement tectonically covered the 
Lagonegro-Molise Basin successions (LAG), 

which subsequently (Figs. 12J and 12 K) were 
accreted through forelandward offscraping and 
dominantly thin-skinned tectonics (Mattioni 
et al., 2006). In Serravallian–Tortonian time, the 
wedge-top basins located in various places of the 
orogenic wedge were fed by calciclastic, silici-

clastic, and volcaniclastic sediments, including 
the Cilento (CIG) and Castelvetere (CVTG) 
Groups and Rossano Basin deposits (ROS). In 
the late Messinian, evaporite-bearing calciclastic 
sedimentation occurred in the Amantea (AMA) 
and Rossano (ROS) basins in northern Calabria, 
in some wedge-top basins in the southern Apen-
nines (ALTG), and in the foredeep of the Vallone 
del Toro Unit.

In the Pliocene (Fig. 12L), the involvement 
of thicker continental Adria lithosphere, located 
under the Apulian Platform, created a new back-
stop for the subducting system, causing new 
thick-skinned thrusting (e.g., Mazzoli et  al., 
2013). This important orogenic event was proba-
bly associated with progressive slab breakoff and 
slab-tear propagation since ca. 4 Ma (Ascione 
et al., 2012), which ruled the formation and SE 
migration of the wedge-top basin depocenters 
and, in general, isostatic rebound and uplift. Syn-
chronous with eastward thrust-front migration, 
extension at the rear occurred, affecting more 
and more areas of the orogenic wedge. Finally, 
in the southern Apennines, crustal shortening 
stopped in the middle Pleistocene, as recorded 
by the synfolding deposits sedimented in the 
wedge-top basin of Sant’Arcangelo (Sabato 
et al., 2005), and widespread extension in the 
chain occurring up to the present day (Macchia-
velli et al., 2012).

9. OROGENIC EVOLUTION 
OF NORTHERN CALABRIA–
SOUTHERN APENNINES SYSTEM 
WITHIN THE WESTERN-CENTRAL 
MEDITERRANEAN OROGENIC 
FRAMEWORK

Finally, to insert the northern Calabria–southern 
Apennines within the framework of the orogenic 
evolution of the western-central peri-Mediterra-
nean Alpine chains, we illustrate some paleogeo-
graphic maps starting from the middle Eocene, 
when the western side of the Ligurian oceanic lith-
osphere was downgoing under the European plate 
(Fig. 13A). Due to the relatively low convergence 
rate between the African and European plates 
from the Late Cretaceous to Holocene (Dewey 
et al., 1989; Faccenna et al., 2001a, 2001b), the 
subduction of the oceanic lithosphere was prob-
ably driven by its negative buoyancy, resulting in 
roll-back migration of the foredeep–thrust front 
system (Malinverno and Ryan, 1986; Faccenna 
et al., 1996; van Hinsbergen et al., 2014).

Figure 12. Cartoon showing the tectonic evolution of the northern Calabria–southern Apennines system from the Paleocene to the present. 
Not to scale. AMA—Amantea; CIG—Cilento Group; CPT—Calabria-Peloritani terrane; CVTG—Castelvetere Group; FRI—Frido Unit; 
LAC—Ligurian accretionary complex; LAG—Lagonegro-Molise Units; LVU—Lungro-Verbicaro Unit; NCA—Nord-Calabrese Unit; 
PAS—Parasicilide Unit; PCU—Pollino-Ciagola Unit; SIC—Sicilide Unit.
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Figure 12. Continued
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Figure 13. (A–F) Cartoons showing paleogeographic maps of the western-central Mediterranean area from the middle Eocene to Pleisto-
cene (modified after Vitale and Ciarcia, 2013). CPT—Calabria-Peloritani terrane; P.—Platform.
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In the early Oligocene (Fig. 13B), the sub-
duction of oceanic lithosphere under the Euro-
pean plate produced the first manifestations of 
orogenic volcanism in Sardinia (Savelli, 2002; 
Carminati et  al., 2012), with the maximum 
intensity in the Aquitanian (Fig. 13C). From this 
time, the Sardinia-Corsica block rotated coun-
terclockwise, with the southern edge moving 
along a transform/strike-slip fault. In the Lang-
hian (Fig. 13D), the Ligurian Ocean was com-
pletely closed, whereas the rotation of the Sar-
dinia-Corsica block caused the opening of the 
Ligurian-Provençal basin. In the early Pliocene 
(Fig. 13E), the Apennine Platform was incorpo-
rated in the orogenic wedge, and the Calabria-
Peloritani terrane, previously detached from the 
Sardinia-Corsica block, migrated southeastward 
with the opening of the back-arc basin of the 
southern Tyrrhenian Sea. At this time, oceanic 
lithosphere of the Ionian Sea was subducting 
under the Calabria-Peloritani terrane. Strike-slip 
faults allowed the Calabria-Peloritani terrane to 
move, including lithospheric structures separat-
ing northern and southern Calabria movements. 
The SE migration of the Calabria-Peloritani ter-
rane caused the stretching of the lithosphere in 
the rear and the formation of the Vavilov Basin 
(Savelli, 2002). The Pleistocene paleogeogra-
phy (Fig. 13F) depicts the last stage of orogenic 
evolution, characterized by (1) the Calabria-
Peloritani terrane ending its orogenic migra-
tion with the Marsili Basin formation at the rear 
(Savelli, 2002) and creating a mountain bridge 
between the southern Apennines and the Sicil-
ian Maghrebids, (2) the subduction of Ionian 
lithosphere under Calabria; and (3) the forma-
tion of the orogenic volcanic arc of the Aeolian 
Islands. In contrast, crustal shortening was no 
longer active in the southern Apennines. Cur-
rently, extension affects this sector, with active 
volcanism, especially along the eastern side of 
the Tyrrhenian Sea.

10. CONCLUSIONS

This paper provides a review and a reinter-
pretation of the knowledge of the northern 
Calabria–southern Apennines chain in terms 
of stratigraphy, metamorphism, tectonics, and 
paleogeography during its Tertiary–Quaternary 
orogenic evolution. Compared to the available 
literature, schematic stratigraphic logs and an 
exhaustive description of the main successions 
cropping out in this segment of the Alpine orogen 
are provided, with particular emphasis placed on 
the foreland basin system, which well constrains 
the timing of orogenic evolution. In the provided 
stratigraphic logs, the different orogenic stages 
are well identified, including the backbulge and 
forebulge stages, the foredeep basin, the main 

thrusting event, and the overlying wedge-top 
basin deposits.

We also provided a general framework for 
metamorphism, tectonic exhumation, and oro-
genic tectonic transport directions. We restored 
the latter data according to the available paleo-
magnetic studies on the orogenic rotations of 
the different sectors of the orogenic chain. The 
restored tectonic vergence directions were used 
to better constrain the orogenic thrust-front 
migration.

In our reconstruction, we attempted to link up 
the thrust-front geometry and the tectonic style 
of the Miocene to middle Pleistocene crustal 
shortening with the articulate paleogeography 
and thickness of the continental lithosphere 
involved in the subduction process. In particu-
lar, we emphasized two major episodes of crustal 
backstop that occurred during the orogenic evo-
lution, corresponding to the chain docking with 
the thick lithosphere underlying the Apennine 
and Apulian Platforms. In the first case (late 
Serravallian), the main subduction detachment 
moved toward the foreland, with the overthrust-
ing of Apennine carbonates onto the pelagic 
Lagonegro-Molise Basin successions, which, 
in the late Miocene, were offscraped and vari-
ously piled up through dominantly thin-skinned 
thrusting. The second backstop occurred in the 
early–middle Pliocene, when thick-skinned tec-
tonics involved the buried Apulian Platform suc-
cession, triggering breaching thrusting at depth 
and diffuse out-of-sequence deformation in the 
allochthonous wedge. The surficial thrust faults 
caused the doubling of the thrust sheets with the 
interposition of younger and younger wedge-top 
basin deposits moving toward the foreland.

This study highlighted another crucial step in 
the thrust-front migration of the orogenic wedge 
during the passage between Langhian and Serra-
vallian times. In fact, before the Serravallian, the 
tectonic vergences for the Ligurian and Apen-
nine Platform units were mainly directed to the 
south; after that time, from the Serravallian to 
the Pleistocene, they were directed to the east. 
This change was probably related to the articu-
lated paleogeography of the continental part of 
the Adria plate.

Finally, the provided paleogeographic maps 
were derived by combining different geologic 
data, including pre- and synorogenic stratigra-
phy and thrusting events. Compared to previous 
works, we emphasize the role of the forebulge 
stage, starting from the Oligocene, in every 
paleogeographic map. Crustal flexure is a com-
mon feature of the two opposite orogenic thrust-
front migration episodes of the Apennines and 
Dinarides, and it shows an axis that is oblique to 
the orogenic fronts up to the early Messinian and 
then subsequently parallel.
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