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Abstract

:

The geology of the epicentral area of the 1980 earthquake (Irpinia-Lucania, Italy) is described with new stratigraphic, petrographic and structural data. Subsurface geological data have been collected during the studies for the excavation works of the Pavoncelli bis hydraulic tunnel, developing between Caposele and Conza della Campania in an area that was highly damaged during 1980 earthquake. Our approach includes geological, stratigraphic, structural studies, and petrological analyses of rock samples collected along the tunnel profile and in outcropping sections. Stratigraphic studies and detailed geological and structural mapping were carried out in about 200 km2 wide area. The main units cropping out have been studied and correlated in order to document the effects of tectonic changes during the orogenic evolution on the foreland basin systems and the sandstone detrital modes in this sector of the southern Apennines. The multi-disciplinary and updated datasets have allowed getting new insights on the tectono-stratigraphic evolution and stratigraphic architecture of the southern Apennines foreland basin system and on the structural and stratigraphic relations of Apennines tectonic units and timing of their kinematic evolution. They also allowed to better understand the relationships between internal and external basin units within the Apennine thrust belt and its tectonic evolution.
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1. Introduction


The southern Apennines divide area between Sele river and Ofanto river valleys (southern Italy) represents a key sector for analyzing the paleogeographic conditions and the geodynamic evolution of the Apennine thrust belt. This area is located among the Irpinia, Cilento and Lucania sectors (Figure 1) and is characterized by very high seismic hazard due to the recurrence of strong earthquakes in the last centuries [1,2,3]. Indeed, the 23rd November 1980 Irpinia-Lucania, earthquake (MS 6.9—Imax X MCS) [4,5,6,7,8] has been the most devastating seismic event occurred in southern Apennines in the 20th century in terms of loss of human life and destruction of cultural heritage (Figure 2). The earthquake caused also severe structural damages to major civil engineering works throughout Irpinia sector, as for example to the Pavoncelli hydraulic tunnel located between Conza dam and Caposele springs, and relevant hydrogeological changes to several springs (i.e., Sanità spring at Caposele showed an abnormal, temporary increase in discharge from 4.35 to 7.32 m3/s in January 1981) [9,10,11]. Moreover, a strong ground deformation was caused by the seismic shakings between 30 and 74 cm in height, as resulting by topographic leveling carried out in 1981 near Sella di Conza area [5,7,9,10,12,13,14,15]. The Pavoncelli water supply tunnel was built in 1911 [16] and runs just through the epicentral area, sustaining relevant damage consisting of crushing of sidewalls and roof and in vertical to transversal ruptures of the design section [10].



The high level of occurred damage was due to both the ineffectiveness of the technical rules in force at that time for engineering works and buildings and the poor geological knowledge of the stricken territory regarding to several aspects (seismology, stratigraphy, tectonics, and geomorphology). For example, during the 1980s–early 1990s, the regional geological framework of this area was based on the geological surveys made mainly during 1960s–1970s for the old geological sheets at 1:100,000 scale [17,18] that were summarized in the Bonardi et al. [19] geological map. A great improvement for the regional geology framework was done during late 1910s–2010s within the national CARG (nuova CARtografia Geologica) project for the new geological map of Italy at 1:50,000 scale [20,21], whose results were summarized in the Bonardi et al. [22] geological map.



In recent years, new relevant data have been collected in the study area, thanks to the geological study and investigations for the project for the works of the Pavoncelli-bis hydraulic tunnel that was designed for replacing the old Pavoncelli tunnel, which was strongly damaged during the 1980 earthquake.



The main aim of the paper is further analyzing the relationships between internal and external basin units of southern Apennine orogenic belt and constrain its paleogeographic and tectonic evolution. Indeed, the multi-disciplinary updated datasets have allowed getting new insights on the tectono-stratigraphic evolution and stratigraphic architecture of the southern Apennines foreland basin system and on the structural and stratigraphic relations of Apennines tectonic units and timing of their kinematic evolution.




2. Geological Setting


The southern Italy thrust belt preserves key geodynamic signatures from the Pangaea breakup to the Tethys opening and its closure during the growth of the mountain chains. These paleogeographic domains include the inner domain (i.e., Paleozoic continental-crust sections), the oceanic realm (the Flysch Basin domain), and the external domains including foreland successions (carbonate platform to basin) and under plate stratigraphy (e.g., [25] and bibliography therein). The stratigraphic, tectonic, and paleogeographic relationships between internal and external basin units are an unravelled issue in the scientific debate about southern Apennines geology [22,26,27,28,29].



The “Liguride Complex Auct.” and the “Sicilide Complex Auct.” successions [30] represent remnants of deposition in a Meso-Cenozoic remnant ocean basin related to the western subduction of the Adria oceanic lithosphere beneath the Iberia or Mesomediterranean microplate [25,31,32]. The Liguride Complex records the consumption of the oceanic crust and the accretionary processes along the Adria margin, and the continental accretionary processes of the Calabrian Terranes [33]. The subduction has been active for all the Paleogene and earliest Miocene, producing an accretionary prism [31], and a diffuse calcalkaline volcanism in western Sardinia.



In response of E-NE accretionary processes along the Adria plate, immense volume of turbiditic sedimentation took place in the Apenninic domain during early to middle Miocene. Here, the foreland basin system developed over deformed remnant-ocean basin terranes during the early-to-middle Miocene, over Lagonegro basin and inner Apennine platform units during the upper Miocene, and finally over the previous deformed units and the western margin of the Apulia platform during the Pliocene to Quaternary [33,34,35,36]. The foreland basin system migrated in time, and siliciclastic and carbonate deposits, filling the wedge-top and the foredeep, were derived from progressive unroofing of the Calabrian crustal block or from erosion of the forebulge [25,32,37,38].



The Tyrrhenian back-arc extension of the last 10 Ma is responsible for the fragmentation and dispersion of pieces of the Iberian and European plates (Calabria, Sardinia, Corsica), and increased the displacement of the accretionary prism over the Adria plate, the eastward migration of the magmatic arcs, and the roll-back of the Adriatic lithosphere [39,40,41].



More in detail, the Southern Apennine consists of a north-east verging thrust and fold belt, interposed between the back-arc Tyrrhenian basin, to the west, and the undeformed Apulian-Adriatic foreland, to the east. On the whole, its structural setting is the result of mainly compressive tectonic events, related to the subduction followed by the roll-back of the Adria plate, followed by new tectonic phases related to the opening, since the late Miocene, of the Tyrrhenian sea [40,41,42]. Structural complexity characterizes the whole orogenic evolution of the EastNorthEast-verging fold-and-thrust belt system, but the major imbrications result from the post-Messinian thrusting and refolding of more ancient structures; this breaching [43] developed after the duplexing of the deep Apulian units [27]. Finally, the belt is widely affected by Plio-Quaternary strike-slip and extensional faults.



Several model and interpretations of stratigraphic and paleogeographic settings have been proposed referring to the different carbonate platform and pelagic basin successions cropping out in mountain belts. In detail, along the axial belt of the southern Apennines several basinal successions crop out that are mainly made of calcareous-mudstone sequences; they have been alternatively assigned to different tectonic units (i.e., Liguride, Parasicilide, Sicilide, Sannio, Lagonegro I and II), belonging to both Molise, Lagonegro, and Lucanian basins, following different interpretations and paleogeographic models [22,23,25,26,27,28,29,30,33,41,44,45,46,47,48,49,50,51,52,53,54].



Stratigraphic successions formed by the Argille Variegate Group (Argille Varicolori inferiori, Sant’Arcangelo Fm. and Argille Varicolori Superiori) followed by Tufiti di Tusa Fm. or Corleto Sandstone Fm. were deposited in external Lucanian Basin and can be referred to Sicilide Unit. The very similar stratigraphic successions, formed by Argille Varicolori Fm. and Corleto Perticara Fm., followed by the Tufiti di Tusa Fm. or Paola Doce Fm. conformably passing to Numidian Flysch Fm., are referred to the central axial sector of the Lagonegro basin, namely to the Fortore unit. The key difference is that the Sicilide Unit was deformed (in the southern Apennine sector) by orogenic phases in the early Miocene, before the deposition of the Numidian Flysch that unconformably cover them. The Fortore Unit was deformed later during the middle-late Miocene and so the Numidian Flysch conformably lays within the sequences [22,23,27]. Due to the uncertainty in the reconstruction of the stratigraphic succession, the Sannio unit has been considered both of internal or external origin, and their interpretation has been finally proposed by Di Nocera et al. [26] as northern inner part of the Lagonegro-Molise basin.



In this paper, we refer to the pre-orogenic paleogeographic model proposed by Pescatore et al. [54,55], Di Nocera et al. [27] and Critelli [25] for the southern Apennines sector. The model shows four main paleogeographic realms:



Lucanian Basin; it is the westernmost, oceanic basin where the stratigraphic successions of the Liguride and Parasicilide Complex [31,56] and the Sicilide Complex [30] are deposited.



	
Apenninic carbonate Platform: this is an isolated platform bank between the oceanic realm of the Lucanian Ocean, to the west, and the deep-marine Lagonegro-Molise basin, to the east; this platform consists of thick, shallow-marine carbonate strata from the Late Triassic to early Miocene. The mostly continuous Mesozoic succession is formed by carbonate deposits related to a carbonate platform and its margins [57,58,59] with several evidences of platform emersion or drowning during Cretaceous. Main tectonic units are Alburno-Cervati, Mt. Picentini, Mt. Marzano, Mt. Maddalena, Mt. Croce units.



	
Lagonegro-Molise Basin: this is located eastward of the carbonate platform and characterized by three different sectors, i.e., western, central, and eastern ones [29,60]. The Lagonegro II [61,62], Monte Arioso [29], Frigento [26], and Sannio [27,55,60] units refer to the internal, western portions of the basin; they are formed by calciclastic deposits produced by the erosion of the western margin of the Apenninic platform, interbedded with hemipelagic clays and marls. The Lagonegro I [61,62], Groppa d’Anzi [29], and Fortore [54,55,60] units refer to the axial sector of the basin and are formed by cherty calcareous-mudstone sequences. The Campomaggiore, Daunia, and Vallone del Toro units [27,63,64,65] refer to the eastern sectors and are characterized by clays and marls with calciclastic layers produced by erosion of the western margin of the Apulian platform.



	
Apulian carbonate Platform: this includes a more than 7000 m thick successions formed by Permian siliciclastics, Late Triassic evaporitic sequences (Anidridi di Burano Fm.), followed by Mesozoic and Cenozoic to earliest Pleistocene carbonate deposits of neritic environment [66,67].






In the Southern Apennines synorogenic sequences, carbonate sand and siliciclastic turbidite strata are widespread on diverse paleogeographic domains including the frontal portions of the Mesomediterranean microplate (Paludi and Stilo-Capo d’Orlando formations, late Oligocene to early Miocene), the Lucanian ocean basin (siliciclastic and carbonate turbidites of Monte Sant’Arcangelo, Corleto, Albanella, Colle Cappella, and Tufiti di Tusa Formations, early Miocene), and the Africa-Adriatic plate (Numidian Sandstone and Serra Palazzo formations, early-middle Miocene). Moreover, there are several sequences of foreland basin systems (Cilento Group, Tortonian-to early Pliocene clastics) that were first filled by deep-marine quartzarenite and carbonatoclastic turbidite sand derived from craton and foreland areas and were later filled by deep-marine quartzolithic and quartzofeldspathic turbidite sands. Minor volcaniclastic turbidite sandstone strata are locally deposited; they are derived from active volcanic arc source (e.g., Oligo-Miocene Sardinian Volcanic Arc; e.g., [25,32,68].



The carbonate turbidites are dominant in the Monte Sant’Arcangelo Formation and they are composed of abundant intrabasinal and minor extrabasinal carbonate grains. The Cilento Group (Pollica fm., S. Mauro fm.) is the largest exposed siliciclastic basin sequence in southern Italy [38,69]. It is a typical mixed siliciclastic/calciclastic turbiditic suite, over 2000 meters in thickness, including thick layers of resedimented marls (megabeds) and olistostromes made up of extrabasinal materials emplaced by catastrophic marine gravity flows [32]. Three main contemporaneous submarine fans developed in the early-middle Miocene, in a syntectonic wedge-shaped basin [32,70]. The middle Miocene to Pliocene southern Apennine clastics can be grouped in five key intervals [23,27,71,72]:




	
Numidian Sandstone, mostly formed by Langhian quartzarenites and conformable Serravallian post-Numidian successions, formed by mixed quartzofeldspathic sandstones and calciclastic arenaceous-pelitic beds (foreland depozones);



	
Langhian to Tortonian San Giorgio Fm. and Serra Palazzo Fm., mostly composed of quartzofeldspatic sandstones and calciclastic arenaceous beds (foredeep depozone);



	
Tortonian to Early Messinian, quartzose-feldspatic and partly sedimentary carbonatoclastic petrofacies, wedge-top successions (Gorgoglione, Castelvetere, and San Bartolomeo fms.);



	
Late Messinian quartzolithic to quartzofeldspatic sandstones (Anzano Molasse and Tufo-Altavilla units; Crotone basin sequence), which can be referred to infilled wedge-top basins;



	
Unconformity-bounded Pliocene quartzofeldspatic sandstone strata (wedge-top depozones), characterized by strong synsedimentary tectonic activity.









3. Methods


Our approach includes geological, stratigraphic, structural, and petrological analyses. Stratigraphic studies, detailed geological and structural mapping (at 1:5000 scale) were carried out in about 200 km2 wide area (Figure 3). The reference lithostratigraphy of the studied geological units and the biostratigraphy data that characterize the studied sections derive from the Sheets n° 450 and 468 of the Geological Map of Italy [20,21]. Stratigraphic sections of geological units defined here provide a detailed stratigraphic framework for the petrographic and tectonostratigraphic analyses.



Subsurface geological data were obtained by detailed stratigraphic and structural surveys made in some key sections of the tunnel, lithological analyses of the excavated materials (i.e., spoil) integrated by petrological analyses of rock samples collected along the tunnel profile, and analysis of the stratigraphy of 20 boreholes up to 350 m in depth.



The arenite-dominated successions have been sampled for compositional analysis along some outcrop and tunnel stratigraphic sections. Twenty-one medium- to coarse-grained sandstones samples were selected for composition analyses. They were impregnated in epoxy resin under vacuum, thin-sectioned, and stained for calcium plagioclase and potassium feldspar identification with hydrofluoric acid and sodium-cobaltonitrite, respectively.



The modal sandstone composition is determined by point-counting on stained thin sections. Counting was performed on all samples using the Gazzi-Dickinson method [73,74,75]. The framework grain types that are used for discussions of detrital modes are those of Dickinson [76,77], Zuffa [74,75], Critelli and Le Pera [69], Critelli and Ingersoll [78], and Caracciolo et al. [79,80], and comprise:




	(a)

	
Quartz grains, including monocrystalline quartz grains (Qm), polycrystalline quartzose lithic fragments (Qp), and total quartzose grains (Qt = Qm + Qp);




	(b)

	
Feldspar grains (F), including both plagioclase (P) and potassium feldspar (K);




	(c)

	
Aphanitic lithic fragments (L), as the sum of volcanic/metavolcanic (Lv and Lvm), sedimentary (Ls) and metasedimentary (Lm; including Lsm as the sum of Ls and Lm). Carbonate lithic fragments have been reported in Ls (namely, extrabasinal carbonate grains [74,75,81]), because of their importance and occurrence in detrital modes of Apenninic sandstones;




	(d)

	
Phaneritic and aphanitic rock/lithic fragments (R), recalculated by point-counting of specific assignment of Lm, Lv, Ls lithic fragments plus quartz, feldspar, micas, and dense minerals in coarse-grained polymineralic fragments in which these minerals individually are larger than the lower limit of the sand range (0.0625 mm), that during counting are summed as quartz (Qm) and feldspar (F) or micas or dense mineral grains (e.g., [69,73,74,75,78]).









For diagrams, the proportions of quartzose grains, feldspar grains and aphanitic lithic fragments are recalculated to 100 percent, and summary detrital modes are then reported as Qt%–F%–L% and Qm%–F%–Lt%. Description of sandstone petrofacies includes values of QmFLt%. General descriptions of changing nature of detrital budget in terms of calculations of both phaneritic and aphanitic rock/lithic fragments are also included in the petrofacies definition.




4. Results


The Sella di Conza study area is located along the southern Apennines Mts. divide at the borders along the Irpinia, Cilento, and Lucania sectors (Figure 1). The rugged landscape is characterized by high carbonate mountain reliefs, with the Picentini Mts. to the west and the Mt. Marzano massif to the east (Figure 2). They are separated by the smooth and wide upper Sele river and Ofanto river valleys. The former develops in a large tectonic depression bounded by roughly N-S trending structural lineaments, where Liguride and Sicilide units largely crop out. Northward, the Ofanto river valley develops along transversal active seismo-tectonic structures, which caused the 1980 Irpinia earthquake (Figure 2).



4.1. Geological Map: Stratigraphic Units and Structural Elements


The geological surveys performed in the study area allowed to recognize the presence of four main regional tectonic units (Figure 3), referred to different paleogeographic domains, such as the Sicilide unit (Lucanian basin), the Mt. Picentini and Mt. Marzano units (Apennine platform), and the Frigento unit (Lagonegro basin). These units are unconformably overlain by calciclastic and siliciclastic thrust-top basin and foredeep basin fillings, ranging from Early Miocene to Pliocene in age. Quaternary age deposits are mainly represented by debris slope talus, alluvial fan, and terraced and actual alluvial deposits.



The Sicilide Unit includes a Cretaceous to Oligocene-Early Miocene pelagic basin calcareous-pelitic succession, made up of pelitic deposits with a large component of carbonate resedimented deposits, forming the Argille Varicolori Superiori (ALV) and the Monte Sant’Arcangelo Fm. (FMS), belonging to the Argille Variegate Group (AV) [82]. They are overlain by siliciclastic, volcaniclastic, and calciclastic strata, referring to Corleto Arenite and Albanella Arenite (ABA) formations.



The Monte S. Arcangelo Fm. (FMS) is mainly formed by light brown, yellowish, greenish, and greyish marly limestones, sometimes silicified; subordinately, light brown and greyish graded and laminated calcarenites, dark clayey marls, thin bedded silty marls and micaceous arenites layers are present. The thickness is approximately 350–400 m. The unit is stratigraphically underlying and passing laterally into AVF. The age is referred to Eocene-Upper Oligocene [82].



The Argille Varicolori Superiori Fm. (ALV) is composed by greyish, greenish, and reddish clays interbedded with thin layered whitish limestones and marly limestones, related to a deep marine basin depositional environment. Locally, thin bedded reddish marls and calcareous marls, alternated with clayey marls, pinkish marls, fine grained greyish calcarenites with planar laminations, laminated clayey marls, silicized marls, and radiolarites with typical prismatic fractures are present. Some horizons up to 100 m thick are made of thick bedded whitish limestones, marly limestones and marls, whitish-greyish calcarenites, and calcilutites alternated with arenaceous-calcareous and calcareous-marly turbidites (calcareous lithofacies, ALVc). They are also formed by light gray, green, or reddish calcareous marls in medium layers with conchoid fracture, gray calcarenites with Tb-c Bouma sequences in thin to medium layers. The depositional environment is marine with turbiditic distal inputs. The unit stratigraphically overlies FMS, passes laterally and vertically into ABA. The thickness does not exceed 150 m. The age is Oligocene-Aquitanian [82].



A sequence formed by thin bedded brownish quartz-micaceous sandstones with planar and convolute laminations, poorly cemented yellowish and grey clayey marls, siltstones, blackish shales with calcite veins form the Albanella/Corleto unit (ABA), stratigraphically overlying the AV upper successions. The thickness is approximately 50–100 m. The age is Lower Miocene for the stratigraphic position.



The Apennine Platform units are formed by several lithostratigraphic units ranging in age between Noric and Late Maastrichtian. The lithological description, age and environment interpretation are derived by Torre et al. [82] and Pescatore and Pinto [83]. The sedimentary paleoenvironments of these carbonate successions can be referred to the margin of the carbonate platform, representing the lateral transition to the Lagonegro basin. Some differences in the stratigraphic succession between the Mt. Picentini and Mt. Marzano carbonate tectonic units are present.



The Mt. Picentini unit is Triassic to Lower Cretaceous in age in the lower portion, including several lithostratigraphic units of lagoonal succession, while the upper portion (Late Cretaceous) consists of bioclastic facies related to a high-energy open platform environment.



The Dolomia Superiore fm. (DBS) is formed by light grey layered dolostones, characterized by laminated stromatolites, alternated with massive dolostones. In the area, the Megalodon limestones and dolostones member (DBS4) is present, consisting of thin to thick layered grey limestones, dolomitic limestones (packstone, grainstone), and dolomites, with levels rich in megalodontids valves. The age is Norian–Hettangian p.p. and the depositional environment is peritidal. The total thickness exceeds 1000 m.



The Cladocoropsis and Clypeina limestone fm. (CCM) is formed by medium bedded grey and light brown mudstones, wackestones and packstones interbedded with thin bedded marls rich in Cladocoropsis mirabilis. In the upper part, limestones with dasycladacean algae (Clypeina sp.) are present. The age is Upper Jurassic–Neocomian and the environment is lagoonal. The thickness is at least 450 m.



The limestone and dolomitic limestone fm. (CLU) is formed by bedded light brown and grey oncolitic limestones of platform environment. The thickness is approximately 750 m. The age is Lower Jurassic p.p.–Neocomian.



The requienia and gasteropods limestone fm. (CRQ) is composed by light brown and grey layered limestones rich in nerineids and requienia, occasionally giving rise to bioclastic rudstones, alternated with mudstones and wackestones. Limestones with oolites, limestones with alveolinids, and laminated dolostones are also present. The total thickness is approximately 450 m, and the age is Barremian–Cenomanian p.p.



The Radiolitidae Limestone fm. (RDT) are formed by thick to medium strata of gray and white dolomitic limestone and limestone, and clastic limestone rich in rudists (Radiolitidae, Hippuritidae). The thickness is approximately 300 m. The age is Turonian–Campanian.



The bio-litoclastic rudist limestone fm. (CBI) is formed by massive bioclastic limestones (rudstones and floatstones) with abundant large fragments of rudists (radiolitids and hippuritids) and large gastropods and with thin beds of yellow-greenish marly limestones. A lithofacies with thick bedded “pseudosaccharoidal” limestones and graded calcarenites is present. The depositional environment is from open carbonate ramp to upper slope environment. The age is Upper Cenomanian–Paleocene. The thickness is approximately 300 m.



The Mt. Marzano unit crops out along the norther slope of Mt. Marzano massif and consists of the upper part of a discontinuous succession Upper Cretaceous–Lower-Middle Miocene in age, which is composed of the typical “pseudosaccharoidal limestones” units (CBI), made of calcirudites of open carbonate ramp and slope environments, disconformably overlain by the Laviano calcareous-pelitic sequence (LAI) and unconformably overlain by the Mt. Sierio calciclastic Fm. The lower part is formed by DBS, CLU, CRQ, and CPL units [82].



The Dolomia Superiore fm. (DBS) is formed by light colored, massive, and strongly fractured dolostones with stromatolites and bivalve shells, Norian–Hettangian p.p. in age, and about 100 m in thickness. The limestone and dolomitic limestone fm. (CLU) is composed by oncolitic light grey limestones, calcarenites, and light brown calcilutites with rare thin shells of small sized gasteropods. The thickness is approximately 400 m and the age is Lower Jurassic p.p.–Neocomian.



The requienia and gasteropods limestone fm. (CRQ) is formed by limestones rich in requienia, nerineids and other bivalve shells, and by oolitic and intraclasts limestones. The thickness is around 100 m; the age is Barremian–Cenomanian. The Palaeodasycladus limestone fm. (CPL) is made by micritic limestones characterized by peloids, oolites, and oncolites, and with Palaeodasycladus mediterraneus and Orbitopsella sp.; upwards calcareous-marly levels with spathized valves of Lithiotis sp. are locally present. The thickness is approximately 350 m; the age is Upper Hettangian-Pliensbachian.



The bio-litoclastic rudist limestone fm. (CBI) is formed by thick bedded or massive white limestones and calcirudites with abundant rudist fragments, often referred to the “pseudosaccharoidal limestones” lithofacies. The environment ranges from open carbonatic ramp to upper slope. The thickness is several hundreds of meters and the age is Upper Cretaceous-Paleocene.



The Laviano calcarenites fm. (LIA) is formed by a sequence comprising medium to thin layered laminated calcarenites and yellowish-greenish marly limestones, alternated with greyish-greenish marls and marly and silty shales. The basal part is characterized by thin bedded marly limestones and grey-greenish and pinkish marls about 5 m thick. The calcarenites locally contain an arenaceous fraction and quartz grains; upwards thin layered glauconitic bioclastic calcarenites alternated with calcilutites, marls, and whitish calcareous marls, and rare “numidian” quartzarenites are found. The thickness is approximately 100 m. The strata are formed by turbidites related to basin-slope toe, and hemipelagic deposits. The unit overlies in paraconformity on CBI. The age is Serravallian–Lower Tortonian [82].



The Monte Sierio Fm. (SIE) unconformably overlies on CBI. It is formed by calcirudites and calcarenites rich in nummulites and alveolines bioclasts; locally upwards, marly calcilutites, laminated and silicized siltstones, laminated lithic sandstones, calcarenites with nummulites and orbitoids, and blocks and strata composed of “numidian” sandstones are present. The thickness is not less than 150 m and the age is Upper Tortonian.



In the study area, the Frigento Unit consists mainly of Cretaceous to Early Miocene basinal and shelf-margin facies successions (Flysch Galestrino Fm. and Flysch Rosso Fm.), characterized by calcareous clastic and pelitic turbidite associations laterally and vertically passing to marly-calcareous successions; a debris calcareous clastic lithofacies is present at different heights. The Flysch Rosso Fm. pass gradually upward to the upper Burdigalian-upper Langhian p.p. Numidian Flysch with alternations of calcarenites, marls, and quartzarenites.



The Flysch Galestrino Fm. (FYG) is formed by grey-green medium to thick bedded siliciferous marls and clays with intercalations of medium-thin bedded silicified calcarenites and calcilutites of dark grey color; dark grey siliceous shales with intercalations of grey calcilutite in layers up to 30 cm thick are also present. The unit crops out discontinuously with thicknesses around a few tens of meters. It is referred to a bathyal environment with both siliciclastic and carbonate turbiditic inputs. The age is Upper Jurassic p.p.–Cretaceous.



The Flysch Rosso Fm. (FYR) is formed by red and grey-green marls and clays, thin bedded calcilutites, medium bedded commonly graded and laminated calcarenites with Alveolinidae, Nummulites, and Orbitoids, thick bedded litoclastic calcirudites with rudist fragments. The limestone member (FYR2) is formed by grayish and white clastic limestone (calcirudites, crystalline limestone, breccias, calcarenites) in thick and very thick massive layers, with irregular stratification and internal amalgamation, resting with erosive contact on grayish clayey-marly horizons cleavage fractures. In the upper part of the formation, a “pre-numidian sequence,” showing the gradual transition to FYN, is formed by grey-green silty clays with intercalations of medium to thick bedded yellowish calcarenites rich in quartz granules. The environment is pelagic ranging from bathyal to carbonate slope toe. The thickness is approximately 200 m. The age is Late Cretaceous p.p.–Early Miocene p.p.



The turbiditic, grain-flow and hemipelagic siliciclastic deposits of the Castelvetere Formation (CVT) and the clastic Pliocene units (SAD and RVM) present an unconformable lower boundary overlying the deformed Sicilide, Mt. Picentini, Mt. Marzano, and Frigento units. The Castelvetere Fm. (CVT) is formed by arenites and granular conglomerates in thick beds with lens-shaped geometry and erosive base, locally amalgamated, containing clay-chips and thin pelitic interlayers, locally reddish and rich in coal fragments, and by quartz-feldspathic arenaceous turbidites and paraconglomerates. The thickness is approximately 250 m. The silty-clayey-marly lithofacies (CVTa) is formed by yellowish quartz-micaceous arenaceous siltstones in thin beds with planar and convolute laminations within bedded clays and grey-green silty marls. The thickness is approximately 150 m. The basal coarse sequences are composed of channeled facies rich in detrital deposits (olistolites) and clayey landslides (olistostromes) that are present at different stratigraphic levels. The upper finer sequence is linked to a turbidite system formed by depositional lobes and overbank deposits. The age is Upper Tortonian–Lower Messinian.



There are two Pliocene units, the Andretta Synthem (SAD) and the Ruvo del Monte Synthem (RVM). The Andretta Synthem (SAD) is formed by continental fan-delta conglomeratic and sandy deposits passing to coastal marine sands and clays. On the northern slope of the Ofanto river valley, the sequence is formed by yellowish silty-marly clays, locally interlayered with fine-grained sands and thin arenite beds. The thickness is of about 150 m, and the age is referred to the Early Pliocene (biozone MPl3/MPl4a).



The Ruvo del Monte Synthem (RVM) is approximately 200 m thick and Early–Middle Pliocene in age (biozone MPl4a); it consists mainly of arenitic-sandy-conglomeratic deposits from paralic to continental environment. The synthem is formed of a fine to medium-grained sandy succession, containing current structures and fragments of shells and valves of ostreids and pectinids, and locally with well-cemented arenitic lenses. Very thick layers and lenses of conglomerates with intercalations of lithic coarse sand and micro-conglomerates with a reddish yellow sandy matrix are also present.



Among the Quaternary units, the Conza della Campania synthem (CZC) crops out with terraced fluvial deposits along the Ofanto river and around the Conza lake. Usually, the succession is formed by gravel lens, pale yellow sands, silts, and gray to brown clayey silts, and is 10 m thick. The age is referred to Middle Pleistocene–Holocene.



More recent deposits linked to the active geomorphic processes are mainly represented by debris slope talus (a3), terraced and actual alluvial deposits and alluvial fan (b), and landslide deposits (a1).



The studied area is characterized by two structurally complex carbonate blocks, forming the morpho-structural heights of the Picentini Mts. to the west and the Mt. Marzano massif to the east (Figure 4). They are separated by the large tectonic depression of the Sele river valley, bounded by roughly N-S trending structural lineaments, and are interrupted northward by the wide E-W trending tectonic depression of the Ofanto river valley developing along transversal active seismo-tectonic structures.



The described tectonic units are strongly deformed by mainly east-verging imbrications and are unconformably covered by Burdigalian to Tortonian sequences. The imbrications are formed by folds related to reverse faults located into north-east verging regional thrust sheets. The tectonic superpositions are complicated by a polyphase structuration, which occurred during the deposition of Late Miocene to Pliocene siliciclastic synorogenic deposits [84]. The morpho-structural setting of the area is controlled by the Plio-Quaternary extensional tectonics, which uplifted the two major carbonate massifs and led to the formation of the Sele and Ofanto river valleys.



The internal Sicilide units tectonically overly the platform carbonate units, and largely crop out only in the tectonic depressions within the Sele and the Ofanto valleys. Only small scattered remains of the Sicilide stratigraphic succession can be found on the carbonate massif slopes. The carbonate platform units tectonically overly the Frigento unit, and these thrusting structures are probably linked to those observed in the central Picentini area within the Campagna tectonic window [27]. In our study area, these structures are hidden by Quaternary high-angle normal faults bordering the Ofanto River valley tectonic depression. In fact, along the northern mountain front of Picentini and Marzano Massifs, a peculiar structural setting, characterizing the entire southern Apennines axial belt, is well evident. The regional overthrusting of the carbonate platform units onto the Lagonegro units is characterized by a late reimbrication of the older thrust sheets [82]. The reimbrication crops out south of Laviano, where the Triassic carbonate units (Mt. Picentini unit) thrusted over the “pseudosaccharoidal limestones” and detrital limestones related to the Mt. Marzano unit covered by the Laviano sequence. This reimbrication also involve the tectonic overlapping of the Mt. Marzano unit on Sicilide unit and Frigento unit thrusts.



The border between the Picentini Mts. massif and the Sele valley is bounded by a lateral hanging-wall ramp of the reimbrication thrusts, locally characterized by sub-vertical reverse faults and by a large antiformal fold, with NNE oriented axis parallel to the massif border [82]. The western flank of the Sele valley tectonic depression is defined by this regional fold and associated to later NNE trending high angle normal faults. Indeed, the eastern flank of the Sele valley is essentially controlled by faults produced by mainly SSE and ESE-trending faults with a generally oblique kinematics. Southward the study area, some large carbonate bedrock blocks, bounded by the same transtensional tectonics, crop out also within the valley (see for example Oliveto Citra, Contursi, and Quaglietta carbonate blocks [82]).




4.2. Subsurface Data: Tunnel and Borehole Logs


The subsurface geological data were collected along the tunnel underground line by lithological analyses of the excavated spoil materials, integrated by petrological analyses of rock samples collected along the tunnel excavation surfaces and by detailed stratigraphic and structural surveys made in key sections during some technical stops of the excavation works.



The tunnel crosses three main sectors characterized by very different lithological features (Table 1) separated by first-order tectonic structures. The western sector of the tunnel, from 0 to 655 m, was excavated within massive and fractured carbonate successions belonging to the CBI unit. The central sector of the tunnel, from 655 to 7760 m, was characterized by complex and strongly tectonized lithological units ranging from calcareous-pelitic to arenaceous rocks (FMS, ALV, ABA, CVT). In this sector, based on the lithological description of the excavated spoil materials, some different lithofacies have been recognized within the succession of the FMS unit: FMS-arg (argillaceous lithofacies), FMS-arg-ma (argillaceous-marly lithofacies), FMS-ma-arg (marly-argillaceous lithofacies), and FMS-cal-ma (calcareous-marly lithofacies). Arenitic strata were firstly found at 6100 m nearby a complex fault system. The eastern sector of the tunnel, from 7760 to 8500 m, was excavated in well stratified argillite, marl, and calcarenite sequences (FYR unit), and then up to 10,220 m in Pliocene deposits.



A technical stop during the TBM excavation works allowed to perform detailed stratigraphic and structural surveys along the walls of a small lateral tunnel between 6170–6190 m.



A fining-upward pelitic-arenitic stratified sequence, about 15 m thick, has been recognized (Figure 5). The strata are tilted toward the west, where the initial sector of the tunnel is located; the dipping is usually N240–20° (dip direction-dip angle). It is formed by coarse to medium-grained arenites thick strata with thin layers of dark silt and clays passing to fine grained arenites, dark gray siltstones and argillites thin strata. The thick arenitic strata (20–60 cm) show normal grading structures passing to parallel and cross laminations in the fine-grained arenitic and silty layers (5–20 cm in thickness); in the upper part of the stratigraphic sequence, a pebbly mudstone layer is present.



The rock mass is locally heavily jointed due to several fault systems crossing the bedding. A fault plain, oriented N300–75° with a 10–15 cm thick shear zone, cuts and dislocates the sequence near chainage 6175 m (Figure 6).



The analysis of the stratigraphic logs of n. 17 boreholes (Table 2), extending from 40 m to 350 m in depth, allowed to link the geological units recognized along the tunnel profile to the underground and surface geological units. The boreholes NP1, NP2, NP5, NP6, NP7, NP8, PR1, PB1, and PB2, located in the western sector of the Pavoncelli bis tunnel between Caposele and Materdomini towns (Figure 7), show the thickness variation (in the range of 11 to 120 m) of CVT pelitic-arenaceous sequences laying on the CBI calcareous substratum. Instead, the PR1 borehole show the tectonic superposition of FMS unit on CBI carbonate unit that is sutured by the CVT sequence.



The boreholes PR2, PR3, PR4, S1-CdG, SV1, and SV2, located in the median sector of the Pavoncelli bis tunnel around Cresta del Gallo and Bosco di Contra localities (Figure 7 and Figure 8), show the relationships between FMS and ALV units, while the SV3 and SB boreholes, located in the easternmost tunnel sector (Figure 8), show the stratigraphy details of FYR and CVTa units.




4.3. Sandstone Petrology: Principal Compositional Groupings


Sandstone composition analysis includes 21 sandstone samples. Samples have been collected both along stratigraphic sections cropping out in the area located in correspondence with the tunnel segment comprised within 6000–8600 m chainage interval (Figure 8), and in some tunnel sections between chainage 6100 m and 6300 m (Figure 9).



Table 3 summarizes the raw data of point-counting results of selected sandstones, while Table 4 shows recalculated grain parameters. The analyzed sandstone samples include 6 quartzolithic sandstone of the Albanella-Corleto Formation (ABA), 12 quartzofeldspathic sandstones of the Castelvetere Formation (CVT), and 3 quartzose and hybrid arenites of the pre-Numidian interval of FYR upper part (Figure 10 and Figure 11).



4.3.1. Quartzolithic Sandstone Petrofacies


The petrofacies has abundant quartz and lithic grains (Qm60 F13 Lt26), while feldspar is minor and dominantly plagioclase. Aphanitic lithic fragments (Lm42 Lv31 Ls27) include metavolcanic (serpentinite, Figure 10a to serpentine schist), volcanic (mainly microlithic, Figure 10b and felsitic textures), abundant metasedimentary (phyllite, schist, minor quartzite, and fine-grained schist; Figure 10c–e), and sedimentary (micritic to sparitic limestone grains, and radiolarian chert) grains. The abundant metasedimentary fragments in this petrofacies are derived from the low-to-medium grade metamorphic Paleozoic sections of the Calabrian Terranes [25,33,34,36,37,39,40]. The abundant volcanic lithic fragments are derived from coeval active volcanism located to the west (i.e., Sardinia magmatic arc; [25]) and textures of the volcanic particles suggest an andesitic to dacitic volcanism [68]. Metavolcanic fragments are closely related to accreted oceanic terranes of the Lucanian Oceanic Unit obducted at the time of deposition of the Quartzolithic sandstones of the Corleto Formation [25,31]. Sedimentary detritus can have diverse source terranes from the Mesozoic sedimentary covers of the Paleozoic metamorphic units, and from sedimentary strata of the accreted oceanic terranes, and from the basinal and carbonate platform units of the internal portions of the Apenninic units [25,33,35,36]. The quartzolithic petrofacies corresponds to the Corleto and Albanella Sandstone Formations (Figure 11).




4.3.2. Quartzofeldspathic Sandstone Petrofacies


The petrofacies has abundant quartz and feldspars (Qm51 F32 Lt15), while lithic fragments are minor. Plagioclase grains are dominant than K-feldspar (P/F = 0.83). Aphanitic lithic grains include abundant metasedimentary and sedimentary, minor volcanic, and ophiolite lithic particles (Lm47Lv7 Ls46). Metasedimentary lithic fragments include abundant phyllite and fine-grained schist. Sedimentary lithic fragments consist of abundant extrabasinal carbonate fragments, mostly Jurassic to Lower Tertiary pelagic and shallow-marine carbonate fragments and minor radiolarian chert, shale, and siltstone fragments. Ophiolitic detritus includes serpentinite and serpentine-schist, whereas volcanic lithic fragments are minor and consist of lithic particles that have a felsitic granular texture. Phaneritic rock fragments (apportioned in Qm, P, K, micas, and dense minerals [69,78,85]) include plutonic and metamorphic detritus; plutonic detritus consists of dominantly quartz-plagioclase-biotite particles of granodioritic to tonalitic compositions (Figure 10g,h), and minor quartz-K-feldspar composite grains of granite composition. Phaneritic metamorphic detritus consists of quartz-plagioclase-sillimanite, and quartz-plagioclase-garnet-sillimanite composite grains of gneiss and micaschist.



The abundant metamorphic and plutonic detritus in the quartzofeldspathic sandstone petrofacies are derived from the metamorphic and plutonic Paleozoic sections of the Calabrian Terranes [25,33,34,36,37,39,40]. Sedimentary detritus can have diverse source terranes from the Mesozoic sedimentary covers of the Paleozoic metamorphic-plutonic terranes, and from sedimentary strata of the basinal and carbonate platform units of the internal portions of the Apenninic units [25,33,35,36]. Ophiolitic fragments are closely related to thrusted oceanic terranes of the Lucanian Oceanic Unit [25,31]. The quartzofeldspathic petrofacies corresponds to the Castelvetere Sandstone Formation (Figure 11).




4.3.3. Hybrid Arenite and Quartzarenite Sandstone Petrofacies


This composite petrofacies has abundant quartz (Qm95 F5 Lt0), while feldspar is minor and dominantly plagioclase. Aphanitic lithic fragments are virtually absent or minor. Quartz grains are dominantly monocrystalline, and they are well rounded. Few dense minerals are ultrastable and consist of zircon, tourmaline, and rutile. Quartzarenite are well cemented by quartz overgrowth and calcite. Hybrid arenites of the pre-Numidian Sandstone Formation include abundant quartz, and extrabasinal carbonate lithic grains. Very abundant intrabasinal carbonate particles of bioclasts (Figure 10f, mainly planktonic forams and sponges), and minor peloids and intrabasinal non-carbonate glauconite grains. Abundance of well-rounded quartzose detritus of the pre-Numidian and Numidian Sandstone Formation has been interpreted as a craton-derived huge arrivals of sand-sized quartz from the African continental margin [25,33,37,38,86,87]. The quartzose and hybrid arenite petrofacies corresponds to the pre-Numidian (hybrid arenite) and Numidian Sandstone Formation (quartzarenite) (Figure 11).






5. Discussion


5.1. Geological Profile along Tunnel Pavoncelli Bis


All data obtained by the geological surveys performed on the field in the study area and the subsurface geological data derived by the tunnel excavations and the boreholes, integrated by petrological analyses of arenitic samples, allowed to obtain a detailed geological profile along the tunnel Pavoncelli bis track. The geological profile (Figure 12a) shows complex stratigraphic structures and tectonic patterns and three main different structural sectors can be recognized.



In the western sectors, located between Caposele springs and chainage 655 m of the tunnel (Figure 12a), a Late Cretaceous formation (CBI fm.) belonging to the Mt. Lattari carbonate tectonic unit is unconformably covered by the Late Miocene arenaceous-clayey successions (CVT Fm.). The stratigraphic sequence is faulted with horst and graben structures originated by Quaternary NW-SE trending normal faults.



The large central sector is showed in the geological profile encompasses from chainages 655 m to 7700 m, and it is characterized by the presence of complex structures involving mainly the Sicilide Unit. In the initial part, ranging from 665 m to 5400 m (Figure 12a), different lithofacies of the Monte Sant’Arcangelo Fm. (FMS) are present and are locally covered by the unconformable deposits of the Castelvetere Fm. (CVT). The stratigraphic succession if strongly folded and faulted by normal faults, NW-SE, NE-SW, and N-S trending. The NW-SE oriented set is formed by high-angle normal faults, dipping toward SE up to the chainage 4200 m and toward NW after that sector. This change in the tectonic pattern allows to observe the back-thrusting of the Frigento Unit (Lagonegro basin) onto the Sicilide Unit in the Cresta del Gallo area, corresponding to the tunnel interval ranging from 4200 m and 5400 m. In fact, in this area an approximately 150 m thick calcareous-clastic sequence of the calcareous member (FYR2) of the Flysch Rosso Fm. forms a small calcareous ridge tectonically laying over the calcareous-pelitic poly-folded sequences of the Monte Sant’Arcangelo Fm. (FMS), recognized along the tunnel. The thrust surface is cut off by NE-dipping high angle normal faults; in this sector, the large and complex Buoninventre landslide [88] was reactivated after the 1980 earthquake and is still partly active. In the final part of this central sector, between 5400 m and 7760 m (Figure 12a), the tectonic structures are more complex. Two thrusting surfaces, crossing the tunnel at about 5400 m and 6200 m, involve the whole stratigraphic succession of the Sicilide Unit. The first thrust fault is characterized by a folded strata sequence of FMS and ALV units in the hanging-wall and a sequence of ALV and ABA units in the foot-wall, where a minor reverse fault separates the ALV and ABA units. This thrust plane is cut and displaced by two sub-vertical normal faults at 5900 m and 6100 m and is interrupted by a major normal fault at 6200 m. The Early Miocene arenite (ABA) strata, about 100 m thick, are entrapped within these normal faults at the tunnel depth. The latter fault divides the described tectonic structure by a different structural sub-sector, characterized by the thrusting of a folded strata sequence of FMS, ALV, and CVT units (hanging-wall) onto a sequence of ALV and CVT units (foot-wall). Thick sequence (200–300 m) of Late Miocene arenites (CVT) characterizes this area. Several normal faults cut the stratigraphic succession and further dislocate the thrust plane.



The eastern sector of the geological profile encompasses from chainage 7700 m to 10,220 m (Figure 12a) and is characterized by more simple tectonic structures and completely different stratigraphic units. An important normal fault cut the thrust surface of the Frigento unit onto the Sicilide unit, crossed by the tunnel at 7800 m. The Frigento unit is formed by the thick argillaceous-calcareous sequence of the Flysch Rosso Fm. (FYR, FYR2), comprising pre-numidian strata in the uppermost part. Several high-angle normal faults, mainly NNW-SSE oriented, have originated horst and graben structures. At about 8925 m, the unconformity basal contact of the Pliocene stratigraphic sequences (RVM synthem) on the Frigento unit is preserved. The RVM sandy-silty succession is little deformed.




5.2. Geology and Tectonic Evolution


The studied region is located at the intersection of the Irpinia, Sele Valley, and Lucania sectors in the axial-eastern margin of the Southern Apennines (Figure 1). This sector represents a key area for understanding the paleogeographic and tectonic evolution. Trias to Early Miocene basin to slope successions and Middle Miocene to Pliocene foreland clastic successions widely occur. The pre-orogenic successions are arranged into several regional tectonic units, such as the Sicilide, Picentini Mt., Marzano Mt., and Frigento units [27,84,90]. The Sicilide Unit consists of basinal facies ranging in age from Late Cretaceous to Early Miocene; the unit overthrusts both Picentini Mts. Unit and Frigento Unit. The Picentini Mts. Unit is a fragment of the Southern Apenninic platform (namely “Campano-Lucana” platform) and is formed by pre-orogenic carbonate platform successions ranging from Late Jurassic to Paleogene; it is tectonically lying on the Frigento Unit. The Mt. Marzano unit is formed by upper Trias-Langhian pre-orogenic carbonate platform to slope successions, followed by Serravallian foredeep deposits (Laviano sequence. LAI). The Frigento Unit [27] includes lower Cretaceous shales with resedimented limestones (Flysch Galestrino) and Upper Cretaceous–Lower Miocene succession of hemipelagic mudstones and with resedimented limestones (i.e., ‘Flysch Rosso’ Fm.), conformably overlain by Numidian quartzarenites. These tectonic units are unconformable overlain by thrust-top basin and foredeep basin fillings of mixed to siliciclastic successions, ranging from Early Miocene to Pliocene in age (ABA, SIE, CVT, RVM). These successions are separated by regional unconformities [27].



The described units are strongly deformed and thrusted eastward, with minor westward back-thrust structures, and testify a poly-phase orogenic evolution during Early Miocene, Middle–Late Miocene, and latest Miocene–Pliocene times. These phases are characterized by the subduction of the oceanic crust along the Adria margin producing an accretionary prism during Paleogene–Early Miocene, Adria lithospheric flexing and tectonic contraction of Meso-Cenozoic platforms and basins during Tortonian and Messinian and by the reimbrication, thrusting, and refolding of older thrust-sheets [27,33,84].



During Early Miocene tectonic phases, the final closure of the southern and eastern Tethyan realm and onset of accretionary processes of the Mesomediterranean microplate (e.g., Calabrian Terranes [25]) is responsible of huge volumes of clastic sedimentary sequences, dominantly deep-marine turbidite systems, which were deposited at the front of the accretionary orogenic terranes in foreland basin systems [25]. The latest Oligocene-to earliest Miocene correspond with the final closure of the Lucanian Oceanic realm, where sandstone turbidite successions having dominantly a quartzolithic composition (i.e., Corleto sandstone Formation), interbedded with volcanolithic sandstones (i.e., Tufiti di Tusa Formation), were accommodated. After deformation of the oceanic terranes, at the end of Burdigalian, the Langhian to Tortonian foreland sequences unconformably covered the oceanic units and correspond with deposition of the Cilento Group.



The Tortonian phase was characterized by a north-east direction of the tectonic transport, causing the sequential superimposition of the Sicilide Unit onto the Apennine Platform units and of these units on the Frigento Unit. The phase produced geometric relationships of hanginwall-flat on footwall-flat type [27]. These thrusts are suturated by the Late Tortonian–Early Messinian Castelvetere Formation. This latter unit, a sand-rich turbidite system, has dominantly quartzofeldspathic sandstones, which has an abundance of coarse grained plutonic and high-grade metamorphic phaneritic rock fragments, derived from weathered [25,33,81,91] highest tectonic units of the northern Calabrian terranes.



During Early Messinian–Middle Pliocene, a stage of collisional tectonics with sequential effects of break-back-thrust type developed [27]. During the Early-Late Messinian phase, new geometric relationships of the previously assembled units were produced by out of sequence thrusting structures (breaching, [43]), which were sutured by the Late Messinian successions (Altavilla unit and Anzano Molasse Fm. [23]). The Early–Middle Pliocene phase was characterized by the development of severe rearrangements within the orogenic wedge. Since Early Pliocene, the breaching effects determined high angle faults, namely fault cut-off, involving the older faults within the tectonic wedge [27]. A back-regressive evolution of the fault cut-off from the current marginal areas to that internal to the chain (from east to west) occurred at regional scale. Middle Pliocene unit (Ruvo del Monte Synthem) sutured the fault cut-off in the Ofanto river valley. This tectonic evolution can be attributed to the structuring processes of the buried Apulian Unit as recorded in the more external Irpinia sector [92,93]. The uplift generated by the buried duplexing of the Apulian continental crust blocked the sequential kinematics progression towards the Adriatic sectors. The resistance to progression, during Africa-Adria plates convergence, generated surface dislocations towards the Tyrrhenian due to a gravity processes of re-adjustments in the tectonic wedge behind the outer edge, causing the back-thrusting of the Lagonegro unit onto the Sicilide unit [27].



The regional geological section (Figure 12b) shows the relationships among assembled tectonic units, Quaternary normal faults and 1980 seismic faults. The studied axial areas of southern Apennines are also characterized by high heat flux data suggesting the presence of melt intruded into the crust along lithospheric faults in the zone [94,95]. A relationship between the geodynamic evolution, the melt intrusions, and the genesis of the large earthquakes in the region is suggested [94].



The few volcanic rocks found close to the 1980 epicentral area are those of Tertiary age crossed by deep oil drillings [28], and the allochthonous diabase within Sicilide unit cropping out near Frigento [92,93,95], but there is no evidence of relation between these magmatic rocks and the analyzed volcaniclastic rocks.





6. Conclusions


The geological study carried out in the southern Apennine divide area, where the new Caposele-Conza hydraulic tunnel called Pavoncelli bis was built, allowed to obtain relevant new elements on the tectonic and stratigraphic evolution of the Apennine thrust belt.



The excavation of the Pavoncelli bis gallery has given us a new opportunity for obtaining a detailed knowledge of the geological structures that are present in the subsurface of the studied sector of the Apennine chain, where the tectonic events have almost completely hidden the original geometric relationships existing between the various geological units. The complexity of the geological structures and the mainly pelitic nature of the lithologies here present made the reconstruction of the geological structures crossed by the excavation very difficult, especially in correspondence with the tunnel sections with high thickness coverage. However, the collection of original subsoil data and the results of detailed geological surveys, supported by in-depth analysis of the petrographic characteristics of the arenitic successions, allowed to elaborate a geological detailed model of the area crossed by the tunnel excavations, which has been reported in the geological profile (Figure 12).



For the first time for this area, the presence of quartzolithic arenaceous successions with volcanoclastic composition, related to the Early Miocene arenaceous successions of the Corleto/Albanella Sandstone Formations, and a quartz-feldspathic arenaceous successions, related to the late Miocene Castelvetere Formation, have been documented in an exhaustive way both in the outcrops and in the tunnel sectors.



The stratigraphic and petrological data allowed to recognize the presence in the study area of the arenitic sequence of quartzolithic petrofacies corresponding to the lower Miocene Corleto/Albanella Sandstone Formation. These units usually unconformably cover the Argille Varicolori Superiori Fm., typical of the upper part of the Sicilide Unit, and were originally deposited in the Lucanian basin. These data may allow conforming the presence of the Sicilide unit in the axial sector of the Campania mountain belt eastward to the Apennine carbonate units.
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Figure 1. Geological sketch-map of the Southern Apennines (modified after [23]) and study area location (inlet). Legend: 1. Quaternary and Pliocene deposits; 2. Miocene deposits; 3. Liguride Complex; 4. Apennine carbonate platform units; 5. Molise-Lagonegro basin units; 6. Apulian carbonate platform units; 7. Volcanoes; 8. orogenic front; 9. study area; 10. Historical earthquake epicenters [1,2]; 11. 1980 earthquake epicenter [1,2]; 12. Trace of geological sketch section. 






Figure 1. Geological sketch-map of the Southern Apennines (modified after [23]) and study area location (inlet). Legend: 1. Quaternary and Pliocene deposits; 2. Miocene deposits; 3. Liguride Complex; 4. Apennine carbonate platform units; 5. Molise-Lagonegro basin units; 6. Apulian carbonate platform units; 7. Volcanoes; 8. orogenic front; 9. study area; 10. Historical earthquake epicenters [1,2]; 11. 1980 earthquake epicenter [1,2]; 12. Trace of geological sketch section.



[image: Geosciences 10 00247 g001]







[image: Geosciences 10 00247 g002 550] 





Figure 2. Geological map of the study area [17,18,20,21] and seismic effects of 1980 earthquake. Legend: Q, Quaternary deposits; P, pyroclastic and volcanic deposits; AR, Ariano unit (Pliocene); AL, Altavilla unit (Late Miocene); M, flysch units (Middle-Late Miocene); SI, Sicilide and Liguride units; MA, Monte Croce unit; TP, Apennine carbonate platform units; FR, Frigento unit (Lagonegro basin); FO, Fortore unit (Lagonegro basin); DA, Daunia unit. Isoseismal lines by Postpischl et al. [24]; earthquake faults by [6,7,12,14]. 
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Figure 3. Chronostratigraphic scheme of the geological units cropping out in the study area (modified after [82]). Legend: Monte S. Arcangelo Fm. (FMS), Argille Varicolori Superiori Fm. (ALV), Albanella/Corleto unit (ABA), Palaeodasycladus limestone fm. (CPL), limestone and dolomitic limestone fm. (CLU), oolitic ed oncolitic limestone fm. (CDO), Cladocoropsis and Clypeina limestone fm. (CCM), requienia and gasteropods limestone fm. (CRQ), Radiolitidae Limestone fm. (RDT), bio-litoclastic rudist limestone fm. (CBI), “Pseudosaccharoidal” limestone lithofacies (CBIa), Flysch Galestrino Fm. (FYG), Flysch Rosso Fm. (FYR), limestone member (FYR2) or lithofacies (FYRa), Numidian Flysch (FYN), Laviano calcarenites fm. (LIA), Monte Sierio Fm. (SIE), Castelvetere Formation (CVT). 
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Figure 4. Geological map of the study area, indicating the Pavoncelli-bis tunnel track and the location of the boreholes performed in the different survey campaigns. Legend: (a) Sicilide unit—Monte S. Arcangelo Fm. (FMS), Argille Varicolori Superiori Fm. (ALV) and calcareous lithofacies (ALVc), Albanella/Corleto unit (ABA); (b) Mt. Picentini unit—Dolomia Superiore fm. (DBS) and Megalodon limestones and dolostones member (DBS4), Cladocoropsis and Clypeina limestone fm. (CCM), limestone and dolomitic limestone fm. (CLU), requienia and gasteropods limestone fm. (CRQ), Radiolitidae Limestone fm. (RDT), bio-litoclastic rudist limestone fm. (CBI); (c) Mt. Marzano unit—DBS, CLU, CRQ, Palaeodasycladus limestone fm. (CPL), “Pseudosaccharoidal” limestones lithofacies (CBIa), Laviano calcarenites fm. (LIA); (d) Frigento unit—Flysch Galestrino Fm. (FYG), Flysch Rosso Fm. (FYR) and limestone member (FYR2), pre-numidian sequence (FYN); synorogenic units—Monte Sierio Fm. (SIE), Castelvetere Formation (CVT) with silty-clayey-marly lithofacies (CVTa), Andretta Synthem (SAD), Ruvo del Monte Synthem (RVM); Quaternary units—Conza della Campania synthem (CZC), debris slope talus (a3), terraced and actual alluvial deposits and alluvial fan (b), landslide deposits (a1). 
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[image: Geosciences 10 00247 g004]







[image: Geosciences 10 00247 g005 550] 





Figure 5. Arenaceous-pelitic stratigraphic sequences: (a) bedding; (b) coarse-grained arenite; (c) parallel and cross lamination in silty-arenaceous layers; (d) dark silty argillite. 
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Figure 6. Fault plane dislocating the stratigraphic sequence. 






Figure 6. Fault plane dislocating the stratigraphic sequence.



[image: Geosciences 10 00247 g006]







[image: Geosciences 10 00247 g007 550] 





Figure 7. Detail of the Geological map of the Caposele sector of study area with borehole location. For legend unit codes, see Figure 4 caption. 
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Figure 8. Detail of the Geological map of the Sella di Conza sector of study area with borehole and sample location. For legend unit codes, see Figure 4 caption. 
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Figure 9. Location of sample collected along tunnel section from 6100 m to 6300 m chainage (pk). Geological unit codes: ALV, Argille Varicolori Superiori Fm.; ABA, Albanella/Corleto unit; CBI, bio-litoclastic rudist limestone fm.; CVT, Castelvetere Formation; FMS, Monte S. Arcangelo Fm. with calcareous-marly lithofacies (FMS-cal-ma). 
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Figure 10. Photomicrographs of the main detrital fragments for quartzolithic, quartz-feldspathic sandstone petrofacies and hybrid arenites of the derived from the borehole stratigraphy of the study area. Quartzolithic petrofacies(a–e): (a) serpentinite having cellular texture; (b) volcanic lithic fragments with microlithic texture; (c) low-grade metamorphic lithic fragment (Lm; phyllite); (d,e) low-to-medium grade metamorphic lithic fragments (Lm, phyllite to micaschist). Hybrid Arenites of the pre-Numidian Sandstone (f): (f) hybrid arenite having abundant bioclast tests (CI) and quartz (Q), Quartzofeldspathic Petrofacies (g,h): (g) phaneritic rock fragments of plagioclase-bearing tonalite-to-granodiorite fragments; (h) phaneritic rock fragment of K-feldspar-Quartz granite fragment. Scale bars = 125 µm; (f) plane-polarized light; (a–h) crossed nicols. 
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Figure 11. Ternary compositional plots of the Corleto/Albanella, Castelvetere, and pre-Numidian sandstones and their relations with similar sandstone suites of the southern Apennines foreland basin system. Qm, monocrystalline quartz; Qp, polycrystalline quartz, Qt, (Qm + Qp), F, feldspars (K + P); K, K-feldspar; P, plagioclase; Lt, aphanitic lithic fragments; Lm, aphanitic metamorphic lithic fragments; Lv and Lvm, aphanitic volcanic (Lv) and metavolcanic (Lvm) lithic fragments; Ls, aphanitic sedimentary lithic fragments, Lsm, metasedimentary and sedimentary lithic fragments. Latter ternary compositional plot Qm-F-L documents the relations of the Corleto, Castelvetere, and pre-Numidian sandstones and with related sandstone suites of the southern Apennines foreland basin system (Regional dataset of the southern Apennines foreland sandstone suites is in Table 5). 
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Figure 12. Geological sections. (a) Detailed geological section along the Pavoncelli-bis tunnel profile (for tunnel trace, see Figure 2 and Figure 4). The vertical scale is double respect to horizontal scale. Legend: (a) Sicilide unit—Monte S. Arcangelo Fm. (FMS) with four lithofacies: FMS-arg (argillaceous lithofacies), FMS-arg-ma (argillaceous-marly lithofacies), FMS-ma-arg (marly-argillaceous lithofacies), and FMS-cal-ma (calcareous-marly lithofacies). Argille Varicolori Superiori Fm. (ALV) and calcareous lithofacies (ALVc), Albanella/Corleto unit (ABA); (b) Mt. Picentini unit—bio-litoclastic rudist limestone fm. (CBI); (c) Frigento unit—Flysch Rosso Fm. (FYR) and limestone member (FYR2); synorogenic units—Castelvetere Formation (CVT), Ruvo del Monte Synthem (RVM); Quaternary units—Conza della Campania synthem (CZC), landslide deposits (a1). (b) Geological sketch section (for trace, see Figure 2 and Figure 4). Modified after [27,28,89]. 
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Table 1. Lithological units crossed by the Pavoncelli bis tunnel. Geological unit codes: ALV, Argille Varicolori Superiori Fm.; ABA, Albanella/Corleto unit; CBI, bio-litoclastic rudist limestone fm.; FYR, Flysch Rosso Fm.; CVT, Castelvetere Formation; FMS, Monte S. Arcangelo Fm. with four lithofacies: FMS-arg (argillaceous lithofacies), FMS-arg-ma (argillaceous-marly lithofacies), FMS-ma-arg (marly-argillaceous lithofacies), and FMS-cal-ma (calcareous-marly lithofacies).
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	Chainage Interval
	Description of Lithological Intervals
	Geological Unit Interpretation





	0–655 m
	limestones
	CBI



	655–2000 m
	clays, shale, and marls
	FMS-arg-ma



	2000–4300 m
	marls and clays
	FMS-ma-arg



	4300–5000 m
	marly-calcareous turbidites
	FMS- cal-ma



	5000–5300 m
	clay, dark clays, and clayey silts
	FMS-arg



	5300–5600 m
	calcareous-clay turbidites
	FMS-cal-ma



	5600–6100 m
	clayey turbidites, calcareous fault breccia, dark clayey marls, and argillites
	ALV



	6100–6233 m
	well stratified arenites and marly clays, interbedded with thin layers of sandy silt and dark grey argillite, quartzarenites, and dark siltites and argillites
	ABA



	6233–6357 m
	coarse to fine grained quartzofeldspathic sandstones
	CVT



	6357–7760 m
	dark argillites and marls with layers of reddish clays and whitish marly limestone, calcilutites and calcarenites; within 6448 m–6463 m and 6709–6725 m intervals, some thick CVT arenite strata are present
	ALV



	7760–8500 m
	grey argillites and marls with reddish clayey marls, marly limestones, and bioclastic calcirudites
	FYR
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Table 2. Borehole stratigraphy data available in the study area. For unit codes see Table 1 caption.
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	Borehole
	Chainage (Approx.)
	Description of Lithological Intervals
	Geological Units (Thickness)





	NP6
	near Caposele
	0–12 m, arenite; 12–21 m, arenite and limestone; 21–40 m, limestone
	CVT (0–21 m); CBI (21–40 m)



	NP8
	near Caposele
	0–23 m, arenite and clay; 23–27 m, limestone; 27–42 m, arenite and limestone; 42–50 m, limestone
	CVT (0–23 m); CBI (23–50 m)



	NP5
	10
	0–50 m, clays with limestone; 50–58 m, limestone
	CVT (0–50 m); CBI (50–58 m)



	NP7
	20
	0–32 m, clay and limestone; 32–60 m, limestone
	CVT (0–32 m); CBI (32–60 m)



	PB1
	150
	0–3 m, silt; 3–120 m, limestone
	CBI (0–120 m)



	PB2
	200
	0–11 m, silt; 11–120 m, limestone
	CVT (0–11m), CBI (11–120 m)



	NP2
	490
	0–4 m, clay; 4–35 m, sand; 35–43 m, clays with limestone; 43–110 m, limestone
	CVT (0–43 m); CBI (43–110 m)



	NP1
	600
	0–120 m, limestone
	CBI (0–120 m)



	PR1
	655
	0–20 m, no data; 20–80 m, marl, clayey marl, clay; 80–95 m, limestone
	CVT (0–20 m), FMS arg-ma (20–80 m), CBI (80–95 m)



	PR2
	1920
	0–95 m, no data; 95–135 m, marl, clayey marl, clay
	FMS ma-arg, FMS arg-ma (0–135 m)



	SV2
	2150
	0–39 m, clay and marl; 39–100 m, clayey marl, calcareous marl, marly limestone
	FMS ma-arg; FMS cal-ma (0–100 m)



	PR3
	2810
	0–120 m, no data; 120–160 m, marl, clayey marl, clay
	FMS ma-arg (0–120 m)



	PR4
	5850
	0–20 m, no data; 20–85 m, marl, clayey marl, clay
	ALV; FMS arg (0–85 m)



	S1-CdG
	5920
	0–65 m, marl, clayey marl, clay
	ALV (0–65 m)



	SV1
	5960
	0–11 m, silty clay; 11–197 m marl, clayey marl, calcareous marl, limestone, silty marl; 197–199 m clay; 199–350 m, marl, clayey marl, calcareous marl, marly limestone, silty marl
	ALV (0–11 m); FMS cal-ma (11–197 m); ALV (197–350 m)



	SB
	7630
	0–50 m, no data; 50–107 m clay and quartz-feldspatic arenite; 107–130 m, arenite, calcarenite, reddish clay
	CVT (0–130 m)



	SV3
	8540
	0–100 m, reddish clay and limestone
	FYR (0–100 m)
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Table 3. Point-count raw results of the analyzed sandstone samples.
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Unit

	
Corleto Perticara Fm.

	
pre-Numidian seq.

	
Castelvetere Fm.






	
sample

	
GAL01

	
GAL02

	
S03

	
B11

	
B13

	
B14

	
B15

	
B03

	
B06

	
B09

	
S01

	
S02

	
S04

	
B01

	
B02

	
B04

	
B05

	
B07

	
B08

	
B10

	
B12




	
Petrographic classes

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Quartz (Qt = Qm + Qp)

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Quartz (single crystals)

	
195

	
114

	
167

	
165

	
116

	
154

	
152

	
45

	
38

	
27

	
173

	
190

	
164

	
153

	
129

	
126

	
137

	
144

	
127

	
149

	
151




	
Polycrystalline quartz with tectonic fabric

	
1

	

	
1

	
2

	
6

	
1

	
3

	
2

	
2

	
1

	
1

	
5

	
5

	
1

	
1

	
1

	
3

	
3

	
1

	
2

	
1




	
Polycrystalline quartz without tectonic fabric

	

	

	

	

	

	

	

	

	

	

	

	

	
1

	
1

	

	

	
2

	

	

	

	
2




	
Quartz in metamorphic r.f.

	
17

	
2

	
3

	
16

	
34

	
8

	
3

	

	

	

	
18

	
4

	
2

	
4

	
3

	
6

	
16

	

	
2

	
1

	
3




	
Quartz in plutonic r.f.

	

	

	

	
1

	
4

	

	

	

	

	

	
27

	
3

	
22

	
6

	
5

	
18

	
1

	
1

	
13

	
1

	
6




	
Quartz in plutonic or gneissic r.f.

	

	

	

	

	

	

	

	

	

	

	
3

	

	
4

	

	

	

	

	

	

	

	




	
Calcite replacement on quartz

	

	

	

	

	

	

	

	

	

	

	

	
6

	

	

	

	

	

	

	

	

	




	
Feldspars (F = K + P)

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
K-feldspar (single crystals)

	
5

	

	
3

	
1

	
5

	
1

	
2

	

	

	

	
20

	
38

	
23

	
10

	
8

	
14

	
2

	
8

	
16

	
7

	
23




	
K-feldspar in plutonic r.f.

	
5

	

	

	
3

	
5

	

	

	

	

	

	
16

	
13

	
19

	
6

	
5

	
4

	
2

	

	
10

	
5

	
9




	
Calcite replacement in k-feldspar

	

	

	
1

	

	

	

	

	

	

	

	

	
1

	

	

	

	

	

	

	

	

	




	
Plagioclase (single crystals)

	
51

	
18

	
37

	
29

	
29

	
25

	
19

	

	
1

	
1

	
89

	
83

	
89

	
68

	
63

	
66

	
36

	
57

	
69

	
57

	
85




	
Plagioclase in metamorphic r.f.

	
8

	

	

	
7

	
8

	
2

	

	

	

	

	
5

	
4

	
5

	

	
2

	
1

	
6

	

	
2

	
1

	
1




	
Plagioclase in plutonic r.f.

	

	

	

	
9

	
12

	
3

	

	

	

	

	
38

	
21

	
44

	
21

	
19

	
39

	
11

	
15

	
25

	
12

	
33




	
Plagioclase in plutonic or gneissic r.f.

	
2

	

	

	

	

	

	

	

	

	

	

	

	
6

	

	

	

	

	

	

	

	




	
Plagioclasio in volcanic r.f.

	

	

	

	

	

	

	

	

	

	

	
1

	

	

	

	

	

	

	

	

	

	




	
Calcite replacement in Plagioclase

	

	

	

	

	

	

	

	

	

	

	

	
5

	
1

	

	

	

	

	

	

	

	




	
Micas

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Micas and clorite (single crystals)

	
58

	
40

	
73

	
18

	
15

	
30

	
25

	
1

	
2

	
1

	
2

	
7

	
3

	
4

	
3

	
2

	
31

	
2

	
6

	
1

	
3




	
Micas in plutonic r.f.

	
1

	

	

	

	
1

	

	
1

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Micas in metamorphic r.f.

	
2

	

	

	

	
5

	

	

	

	

	

	
3

	

	
1

	

	

	

	

	

	

	

	




	
Lithic fragments (L = Lm + Lv + Ls)

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Volcanic lithic with microlithic fabric

	
37

	
1

	

	
19

	
25

	
8

	
7

	

	

	

	

	

	

	

	

	

	
4

	

	
1

	

	
2




	
Volcanic lithic with felsitic granular texture

	
2

	

	

	
9

	
9

	
6

	
4

	

	

	

	
4

	
2

	
1

	
2

	
5

	
3

	
5

	
1

	
1

	
1

	




	
Volcanic lithic with felsitic seriate texture

	
3

	

	

	
5

	
8

	
3

	

	

	

	

	

	

	

	

	

	

	
1

	

	

	

	




	
Volcanic lithic with lathwork texture

	
1

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Volcanic lithic with vitric texture

	

	

	

	
1

	

	

	

	

	

	

	

	

	

	

	

	

	
1

	

	

	
1

	




	
Serpentinite

	
13

	

	
3

	
3

	
8

	
4

	
2

	

	

	

	

	
1

	

	

	

	

	

	

	

	

	




	
Serpentine-schist

	
4

	
1

	

	
4

	
2

	
1

	
2

	

	

	

	

	

	

	

	

	

	
1

	

	

	
1

	




	
Phyllite

	
53

	
7

	
31

	
27

	
27

	
19

	
15

	

	

	

	
19

	
12

	
15

	
16

	
11

	
23

	
36

	
15

	
10

	
14

	
8




	
Fine-grained Schist

	
4

	

	

	
16

	
6

	
1

	

	

	

	

	
13

	
3

	
11

	

	
1

	
1

	
6

	
2

	
1

	
1

	
5




	
Fine-grained Gneiss

	

	

	

	

	

	

	

	

	

	

	
7

	

	

	

	

	

	

	

	

	

	




	
Siltstone

	

	

	

	
2

	

	

	

	

	

	

	

	
2

	
2

	
3

	
1

	
2

	

	

	

	
2

	
1




	
Impure Chert

	
3

	

	

	
4

	
3

	
3

	
1

	

	

	

	

	
2

	

	
2

	
3

	

	
3

	
1

	

	
3

	
1




	
Shale

	

	

	

	

	

	

	

	

	

	

	

	
1

	

	
3

	
3

	
2

	

	
1

	

	
3

	
1




	
Dense minerals

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Dense mineral (single crystal)

	
10

	
5

	
2

	
10

	
8

	
13

	
12

	
2

	
1

	
3

	
1

	
2

	
2

	
1

	
2

	

	
4

	
3

	
2

	
2

	
1




	
Dense mineral in plutonic r.f.

	

	

	

	

	

	

	

	

	

	

	

	

	
1

	

	

	

	

	

	

	

	




	
Dense mineral in metamorphic r.f.

	
4

	
3

	

	

	
1

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Opaque minerals

	

	

	
4

	

	
1

	
3

	
3

	

	

	

	
1

	

	
1

	
1

	

	

	
2

	
1

	

	

	
1




	
Extrabasinal Carbonates (EC)

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Dolostone

	

	

	

	

	
6

	

	

	

	

	

	

	
2

	

	

	

	

	
1

	

	

	

	
1




	
Micritic Limestone

	
7

	
3

	
11

	
9

	
6

	
8

	
7

	
3

	
4

	
4

	

	
4

	
4

	
7

	
6

	
7

	
4

	
10

	
4

	
4

	
1




	
Sparitic Limestone

	

	

	
1

	
5

	
3

	
2

	
4

	

	

	

	

	
3

	
4

	
2

	
2

	
2

	
8

	
3

	

	
3

	
2




	
Microsparitic Limestone

	
6

	

	

	
4

	
4

	
1

	

	

	

	

	

	
2

	
3

	

	
1

	

	

	
4

	
1

	
1

	




	
Biomicritic Limestone

	
4

	

	
4

	
4

	
7

	
2

	
2

	
1

	
1

	
1

	

	
8

	
3

	
7

	
6

	
8

	
2

	
11

	
3

	
10

	
6




	
Biosparitic Limestone

	

	

	

	

	
3

	
2

	

	

	

	

	

	
3

	
1

	
1

	

	

	

	

	

	
1

	
1




	
Fossil (single skeleton)

	

	

	

	
1

	
1

	
1

	

	
6

	
9

	
4

	

	

	
1

	

	
1

	
1

	
1

	
1

	

	

	




	
Fossil in Limestone-Dolostone

	

	

	

	

	
2

	
1

	

	
3

	
4

	
2

	

	

	

	

	

	

	

	

	

	

	




	
Single spar (calcite)

	
1

	

	

	
1

	
4

	

	

	

	

	

	

	
5

	
4

	
2

	
1

	

	

	

	

	

	




	
Single spar (dolomite)

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	
2

	

	
1




	
Intrabasinal Carbonates (IC) and noncarbonates (INC)

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Bioclast

	
3

	

	
1

	

	

	

	

	
187

	
180

	
190

	

	

	
4

	

	

	

	

	

	

	
5

	




	
Peloids

	

	

	

	

	

	

	

	
2

	
4

	
3

	

	

	

	

	

	

	

	

	

	

	




	
Glauconite

	

	
2

	
3

	
1

	

	
1

	

	
3

	
2

	
3

	

	
1

	

	
1

	

	

	

	

	
1

	

	




	
Rip-Up clasts

	

	

	

	

	

	

	
2

	

	

	

	

	
2

	
3

	
18

	
16

	
9

	
2

	
5

	
3

	
7

	
5




	
Interstitial components (matrix and cements)
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Carbonate cement (pore-filling)

	
1

	
7

	
14

	
2

	
4

	
5

	
2

	
65

	
55

	
57

	

	
20

	
9

	
19

	
56

	
66

	
6

	
63

	
13

	
52
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Carbonate cement (patchy calcite)
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Table 4. Recalculated modal point for collected samples (X = mean SD = standard deviation). Grain parameters: Qm = monocrystalline quartz; Qp = polycristalline quartz; Qt = Qm þ Qp; K = K-feldspar; P = Plagioclase; F = P þ K; L = aphanitic lithic grains; Lt = L þ Qp þ CE; Lvm = volcanic and metavolcanic; Lsm = sedimentary and metasedimentary; Lm = metamorphic; Lv = volcanic; Ls = sedimentary lithics grains; Rg = plutonic; Rv = volcanic; Rm = metamorphic rock fragments; NCE = non carbonate extrabasinal grains; CE = carbonate extrabasinal; CI = carbonate intrabasinal grains.
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Table 5. Mean detrital modes of selected sandstone suites of the southern Apennines correlated with well data of studied successions. Data source from Critelli (2018).
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	Description and Location of Unit
	N
	QtFL
	QmFLt
	QmKP
	QpLvmLsm
	LmLvLs
	RgRsRm





	Quartzolithic suite
	
	
	
	
	
	
	



	Corleto-Perticara Formation
	55
	66 (± 4)–18 (± 6)–16 (± 7)
	62 (± 4)–18 (± 6)–20 (± 7)
	71 (± 5)–8 (± 3)–16 (± 4)
	8 (± 3)–16 (± 5)–76 (± 7)
	64 (± 11)–16 (± 3)–20 (± 6)
	−



	Albanella Fm.
	15
	66 (± 4)–16 (± 6)–18 (± 7)
	62 (± 4)–16 (± 6)–22 (± 7)
	74 (± 6)–5 (± 3)–21 (± 5)
	3 (± 3)–10 (± 6)–87 (± 6)
	84 (± 6)–6 (± 5)–10 (± 5)
	6 (± 3)–6 (± 6)–88 (± 11)



	Colle Cappella Formation
	24
	64 (± 4)–16 (± 6)–20 (± 7)
	60 (± 4)–16 (± 6)–24 (± 7)
	73 (± 3)–6 (± 2)–16 (± 2)
	11 (± 6)–2 (± 3)–87 (± 7)
	72 (± 14)–4 (± 3)–24 (± 6)
	6 (± 3)–15 (± 6)–79 (± 11)



	Tufiti di Tusa Formation (quartzolithic suite)
	16
	50 (± 18)–18 (± 3)–32 (± 16)
	46 (± 18)–18 (± 3)–36 (± 16)
	70 (± 5)–3 (± 2)–27 (± 5)
	8 (± 3)–26 (± 5)–66 (± 8)
	47 (± 7)–29 (± 7)–24 (± 3)
	−



	Tufiti di Tusa Formation (volcanolithic suite)
	22
	14 (± 6)–28 (± 15) 58 (± 13)
	12 (± 6)–28 (± 15)–60 (± 13)
	28 (± 6)–2 (± 15)–70 (± 13)
	4 (± 3)–90 (± 6)–6 (± 4)
	8 (± 3)–88 (± 7)–4 (± 3)
	−



	Corleto Formation in wells
	7
	62 (± 11)–14 (± 3)–24 (± 9)
	61 (± 11)–14 (± 3)–25 (± 9)
	80 (± 6)–2 (± 2)–18 (± 4)
	4 (± 3)–30 (± 12)–66 (± 14)
	45 (± 13)–28 (± 14)–27 (± 6)
	6 (± 3)–15 (± 6)–79 (± 11)



	Quartzofeldspathic suite
	
	
	
	
	
	
	



	Castelvetere Formation
	68
	46 (± 4)–42 (± 6)–12 (± 5)
	45 (± 4)–42 (± 6)–13 (± 5)
	52 (± 6)–15 (± 5)–33 (± 4)
	9 (± 4)–6 (± 7)–85 (± 9)
	41 (± 14)–5 (± 5)–54 (± 16)
	54 (± 16)–20 (± 9)–26 (± 12)



	Castelvetere Formation in wells
	11
	50 (± 4)–42 (± 6)–8 (± 5)
	48 (± 4)–42 (± 6)–10 (± 5)
	52 (± 6)–15 (± 5)–33 (± 4)
	9 (± 4)–6 (± 7)–85 (± 9)
	41 (± 14)–5 (± 5)–54 (± 16)
	54 (± 16)–20 (± 9)–26 (± 12)



	Sorrento Sandstone Formation
	30
	55 (± 5)–40 (± 6)–5 (± 2)
	53 (± 5)–40 (± 6)–7 (± 2)
	56 (± 5)–22 (± 4)–22 (± 4)
	22 (± 12)–4 (± 2)–74 (± 12)
	41 (± 14)–5 (± 5)–54 (± 16)
	54 (± 7)–13 (± 8)–33 (± 8)



	San Bartolomeo Formation
	46
	55 (± 7)–34 (± 7)–11 (± 7)
	52 (± 7)–34 (± 7)–14 (± 7)
	60 (± 7)–17 (± 3)–23 (± 5)
	25 (± 12)–0 (± 0)–75 (± 12)
	45 (± 18)–0 (± 0)–55 (± 18)
	12 (± 8)–39 (± 16)–49 (± 17)



	Quartzarenite suite
	
	
	
	
	
	
	



	pre-Numidian Hybrid arenites
	3
	72 (± 3)–2 (± 2)–26 (± 3)
	69 (± 3)–2 (± 2)–29 (± 3)
	98 (± 4)–0 (± 0)–2 (± 1)
	−
	−
	−



	Numidian Sandstone (southern Apennines)
	39
	95 (± 5)–5 (± 5)–0 (± 0)
	95 (±5)–5 (±5)–0 (±0)
	97 (± 5)–0 (± 0)–3 (± 1)
	−
	−
	−
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