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Abstract

:

We present a structural study on late Miocene-early Pliocene out-of-sequence thrusts affecting the southern Apennine orogenic belt. The analyzed structures are exposed in the Campania region (southern Italy). Here, thrusts bound the N-NE side of the carbonate ridges that form the regional mountain backbone. In several outcrops, the Mesozoic carbonates are superposed onto the unconformable wedge-top basin deposits of the upper Miocene Castelvetere Group, providing constraints to the age of the activity of this thrusting event. Moreover, a 4-km-long N-S oriented electrical resistivity tomography profile, carried out along the Caserta mountains, sheds light on the structure of this thrust system in an area where it is not exposed. Further information was carried out from a tunnel excavation that allowed us to study some secondary fault splays. The kinematic analysis of out-of-sequence major and minor structures hosted both in the hanging wall (Apennine Platform carbonates) and footwall (Castelvetere Group deposits and Lagonegro-Molise Basin units) indicates the occurrence of two superposed shortening directions, about E-W and N-S, respectively. We associated these compressive structures to an out-of-sequence thrusting event defined by frontal thrusts verging to the east and lateral ramp thrusts verging to the north and south. We related the out-of-sequence thrusting episode to the positive inversion of inherited normal faults located in the Paleozoic basement. These envelopments thrust upward to crosscut the allochthonous wedge, including, in the western zone of the chain, the upper Miocene wedge-top basin deposits.
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1. Introduction


The study of the kinematics and structural style of thrust sheets, as well as dating their emplacement, is crucial for understanding the tectonic architecture and evolution of orogenic chains. This task can be a challenge when the primary structures are not well exposed, such as the case of the southern Apennines, which has experienced a severe post-orogenic high-angle normal and strike-slip faulting starting from the Pleistocene [1,2,3,4,5]. This event produced the deposition at the toe of the mountains of a massive amount of talus during the Early-Middle Pleistocene glacial–interglacial cycles [6,7,8,9]. Furthermore, the carbonate ridges, bounding the Campanian Plain (Figure 1a), were locally covered by a considerable amount of pyroclastic deposits (up to tens of meters thick) during the Middle Pleistocene and Holocene activity of the Roccamonfina, Campi Flegrei and Somma-Vesuvius volcanoes (e.g., [10] and references therein), making more and more infrequent the exposure of older structures (i.e., thrust faults).



Recently, many studies have provided temporal constraints to the fault activity in several fold-and-thrust belts worldwide through different geochronological methods. They include isotopic K-Ar and Ar-Ar dating for cataclasites containing silicate minerals (e.g., [11,12,13]) and U-Th/He, U-Pb dating for the synkinematic carbonate tectonites (e.g., [14,15]). Different authors have applied these methodological approaches also to the study of thrusts in the Apennines (e.g., [16]), and in some cases being able to date multiple reactivations of the thrust faults especially in the case of positive inversion that makes difficult the interpretation of the previous fault kinematics and deformation history (e.g., [17]).



This study focuses on the Campania region in southern Italy (Figure 1a). We have chosen this area because it exposes a large segment of the Apennine orogen [18]. Furthermore, a complete cartography has been recently provided [19] that makes easier the correlations between the different regional structures. Only in recent years, the systematic study of the thrust fault kinematics allowed the full-definition of an out-of-sequence thrusting stage affecting several sectors of the southern Apennines (e.g., [19,20]). This tectonic event profoundly changed the original orogenic architecture, made of several thrust sheets, forming a further tectonic imbrication of the Meso-Cenozoic successions (Apennine Platform and Lagonegro-Molise Basin units). This crustal shortening produced a complex regional thrust system with the hanging wall ramp formed by the carbonate ridges of the Marzano-Picentini Mts to the south, up to the Avella-Caserta and Taburno Mts to the north (Figure 1a). The main flat thrust is further exposed in the Campagna tectonic window (Figure 1a) located in the western sector of the chain (e.g., [21]). This study aims to reconstruct the out-of-sequence thrust system geometry and its kinematics through a detailed structural survey and analysis of the principal and secondary structures, and the construction of a 4-km-long geological cross-section. For this purpose, to define the geometry of the thrust system, we used an electrical resistivity tomography survey across the Maddaloni-Durazzano ridge (Figure 1a), and information came out during a tunnel excavation in that area (Mt Aglio access window).



The southern Apennines are a fold-and-thrust belt formed by the superposition of several thrust sheets, including oceanic and continental deep basin to shallow-water successions [18,22,23,24,25,26,27,28,29,30,31]. This orogenic chain results from the subduction of the Ligurian oceanic lithosphere beneath the Europe/AlKaPeCa plate, starting from the Paleocene-Eocene and the following Miocene-Middle Pleistocene thrusting and folding affecting the Adria plate (e.g., [18,32] and references therein). The sinking of the oceanic lithosphere triggered the fast eastward migration of the slab hinge (roll-back mechanism, [23]). In the lower Miocene, an accretionary wedge made up of oceanic deep basin sediments developed (Ligurian Accretionary Complex; [24,33,34]). During the Miocene, the Ligurian Accretionary Complex overrode the Adria domain forming a new accretionary prism consisting of thrust sheets of the Apennine Platform (basin to shallow-water) and Lagonegro-Molise Basin (slope to pelagic) successions. From the Messinian to Middle Pleistocene, the allochthonous pile superposed onto the Apulian Platform domain. During the orogenic crustal shortening stage, from lower Miocene to Middle Pleistocene, the orogenic prism was the locus of clastic sedimentation in several wedge-top basins. The unconformable deposits include the uppermost Burdigalian-lower Tortonian Cilento Group, the upper Tortonian-lower Messinian Castelvetere Group (CVTG), the upper Messinian-lowermost Zanclean Altavilla Group (AG), the upper Zanclean Baronia Fm and the Piacentian Sferracavallo Fm [19,35]. At depth, the tectonic pile superposes onto a buried para-autochthon imbricate belt (Figure 1b) consisting of the Apulian Platform succession hosting ramp-dominated thrust faults [36], which upward crosscut the allochthonous wedge producing out-of-sequence structures, frequently deforming the upper Miocene-lower Pliocene wedge-top basin deposits [20]. In this work, we studied the segment of the southern Apennines exposed in the Campania region (Figure 1a). The highest mountains include some NW-SE directed ridges made of Meso-Cenozoic carbonates. The tectonic pile is further crosscut by Quaternary high-angle faults with normal to strike-slip kinematics, at places producing large structural depressions filled by marine, transitional and volcanic deposits, such as the Campania Plain (Figure 1a). This study, for the first time, provides a systematic analysis of thrust faults in a vast area of the southern Apennines, which sheds light on the intricate orogenic evolution that characterizes this segment of the circum-Mediterranean Alpine chains.




2. Geological Setting


Regional Stratigraphy


The sedimentary successions, exposed in the analyzed area (Figure 1a and Figure 2), form different thrust sheets covered by Miocene-Pliocene unconformable wedge-top basin deposits. The tectonic nappes derive from three paleogeographic domains ([18,19,25]; Figure 2): (i) the Ligurian Accretionary Complex; (ii) the Apennine Platform and (iii) the Lagonegro-Molise Basin. The Ligurian Accretionary Complex units (Figure 1a) are represented by the deep-basin Parasicilide succession [25,37], cropping out only in the Sele River Valley, and some limited areas of the Salerno sector. The Parasicilide unit includes uppermost Cretaceous-Eocene p.p. shales (Argille Scagliose Fm), covered by Eocene p.p.-Aquitanian limestones (M.S. Arcangelo Fm), marls and varicolored clays (Argille Varicolori Fm) and finally by Burdigalian foredeep sandstones (Albanella Fm).



The Apennine Platform units consist of a dominant carbonate succession ([19,27]; Figure 2) cropping out in the Picentini, Taburno and Caserta Mts. It includes shallow-water rocks made up from the base to the top by Carnian–Hettangian p.p. dolomites and Jurassic–Lower Cretaceous limestones and dolomitic limestones; some lateral heteropies of slope-to-basin cherty carbonates at Picentini Mts occur. The succession continues upward with Upper Cretaceous shallow-water Rudist limestones. At some localities, the Cretaceous shallow-water carbonates pass upward to the uppermost Cretaceous-Paleocene margin recrystallized calcareous breccias (Calcari Cristallini Fm). In the Laviano area, the latter carbonates evolve upward to Eocene–lower Miocene slope-to-basin Scaglia Fm deposits, including cherty limestones, marls and shales, covered by Serravallian foredeep calcarenites and sandstones of Laviano Fm [38]. The Campagna tectonic window exposes a carbonate platform margin succession, known as the Mt Croce unit, consisting of dominant clastic rocks (Vallimala Flysch). Finally, the Lagonegro-Molise Basin units [31,39,40] are represented by the Frigento succession ([18,25]; Figure 2), cropping out eastward of the Apennine Platform ridge and in the Campagna tectonic window [41,42,43]. The succession includes at the base Anisian–Carnian shallow-water to basin rocks (Monte Facito Fm), evolving upward to Carnian–Lower Cretaceous deep basin deposits (Calcari con Selce, Scisti Silicei and Flysch Galestrino Fms), Upper Cretaceous-Burdigalian slope to basin deposits (Flysch Rosso Fm), Langhian sandstones (Flysch Numidico Fm), Serravallian marls and foredeep turbidites (Serra Palazzo Fm).



The upper Tortonian–lower Messinian CVTG is constituted at the base by calcirudites including clasts of Cretaceous-Tertiary limestones, with intercalated layers and lenses of sandstones and residual clays and carbonate clasts upward passing to turbiditic sandstones with intercalations of clays, marls and olistostromes of varicolored clays (Ligurian Accretionary Complex unit) and carbonate olistoliths. These deposits unconformably cover the Ligurian Accretionary Complex, the Apennine Platform and the Lagonegro-Molise Basin units. In the study area, the younger wedge-top basin deposits include the upper Messinian-lowermost Pliocene Altavilla Group, the upper Zanclean Baronia Fm and the Piacenzian Sferracavallo Fm, all characterized by dominant silico- and calciclastic rocks [19].





3. Methods and Materials


3.1. P-B-T Method


In order to analyze fault slip data, collected in the field, we applied the P-B-T technique [44]. This method furnishes the orientations of the three principal paleostress axes σ1, σ2 and σ3 (with σ1 > σ2 > σ3) and the stress ratio R = (σ2 − σ3)/(σ1 − σ3) [45]. The P-B-T technique provides for every single fault, characterized by well-defined plane attitude, slip orientation and kinematics, the direction of maximum shortening (P), the direction of maximum stretching (T) and the intermediate axis (B), orthogonal to the P-T plane. We used the software TectonicsFP 1.7.8 [46], which allows one to calculate the best-fit angle (θ), minimizing the sum of all misfit angles between the measured slip direction and the calculated maximum shear stress. In the case of lacking conjugate faults, we used a fixed value of angle θ equal to 30° for all fault-slip data.




3.2. Nannoplankton Content Analysis


We performed a nannoplankton content analysis on marls and calcareous clay levels of the CVTG deposits sampled in the footwall of the analyzed thrusts to give temporal constraints on the deformational events. We collected 38 samples in the localities of Acerno, Campagna, Castelvetere, Chiusano, Mt Taburno, Maddaloni, Pietra Maula (Lauro), Mt Faggeto (Monteforte Irpino) and Sant’Angelo in Formis (Figure 1a). To obtain optimal results for each type of material, the coccolith specimens were prepared using the centrifugation and simple smear slide techniques, following the procedures described in [47]. We observed the nannoplankton content through the polarized light microscope Zeiss Axioscop equipped with an ×100 oil immersion objective lens. We performed a qualitative evaluation of the assemblages on all the samples, but only 19 of them proved to be fossiliferous, while the other ones resulted barren or very poorly fossiliferous. Dating this material was not a trivial task both because some nannoplankton contents resulted strongly altered by diagenesis, which usually partially or entirely hides the primary morphological characteristics, and because of the intense reworking of specimens. Indeed, many older specimens have been found with very few biostratigraphic markers. However, specimens have been identified at the species level, and biostratigraphic markers have been used for dating.




3.3. Electrical Resistivity Tomography (ERT)


A 2D ERT profile is a geophysical prospecting technique that provides an electrical resistivity cross-section of the shallow earth structure until depths of a few tens of hundreds of meters. Among the many applications of the ERT profiling in mining, environmental, engineering and archaeological research [48], it is to emphasize its success in modeling the structural setting of relatively complex geological areas thanks to the capability to define, in terms of electrical resistivity contrasts, the contact between different geological formations and the flexure structure produced by faulting (e.g., [49,50,51,52,53,54,55]). The acquired apparent resistivity data were collected by the IRIS SYSCAL Pro SWITCH 96 resistivitymeter in multi-electrode configuration, employing cables with 96 electrodes interspaced at 10 m, according to the so-called roll-along technique (e.g., [56,57]), which is commonly used when the measured profile length is greater than the cable length, as for our case study. Specifically, seven roll-along sequences, with overlapping of 48 electrodes between two consecutive rolls, were performed, which allowed us to collect, also thanks to the high 2D coverage offered by the chosen pole–dipole electrode configuration, 27.256 data points along the investigated section and an exploration depth of about 200 m below the ground level (b.g.l.). All the acquired apparent resistivity values were deployed in a single 2D model, which takes into account the real profile topography, and then processed by the ERTlab™ software (version 64, Geostudi Astier S.r.l., Livorno, Italy) based on a finite-element inversion algorithm.





4. Structural Analysis and Data Presentation


We performed a geological survey in different areas of the southern Apennines, where main out-of-sequence thrusts and related minor structures are exposed. Results are presented starting from the south (Marzano-Picentini Mts) to the north (Caserta Mts).



4.1. Marzano-Picentini Mts


We analyzed the Laviano area located along the northern side of the Mt Marzano (Figure 3). Here, the Apennine Platform succession hosts a major thrust that also deforms the wedge-top basin sediments of the CVTG. To the north of the analyzed area, the Lagonegro-Molise Basin unit is exposed, covered by the CVTG. Several secondary structures are associated with the main thrust, such as minor thrust faults within the Serravallian calcarenites (Laviano Fm; Figure 4a), several S-C structures (Figure 4b) and pre-buckle thrusts marked by the cherty layers (Figure 4c) within the Paleogene-lower Miocene Scaglia Fm (Figure 2). In the footwall of the main thrust, the CVTG deposits cover the carbonates, filling graben where the former normal faults are cut by the younger thrust faults (Figure 4d,e). The plot of thrust faults (Figure 5a) suggests a prevalence of planes moderately dipping to SSW, and the related PBT diagram indicates an NNE-SSW shortening.



The mountain area surrounded by the Laviano, Avellino, Salerno and Campagna towns (Figure 3), includes the carbonate ridge of the Picentini Mts, facing northward to the Irpinia area, dominated by the Frigento unit (Lagonegro-Molise Basin) covered by the wedge-top basin deposits of CVTG, Baronia and Sferracavallo Fms. The Picentini Mts confine to the east with the Sele River Valley, where the Ligurian Accretionary Complex is widely exposed [37]. Here, the out-of-sequence thrust between the carbonates and Frigento unit, with the interposition of the CVTG, is exposed only in a few localities. In the areas where the main thrust is hidden, several secondary structures allowed us to reconstruct the geometry and kinematics, such as the Bagnoli Irpino area (Figure 3). Here, a few deformation structures are exposed; amongst others, a good example is the back-thrust within the Mesozoic limestones (Figure 4f), accompanied by several secondary slickenside planes with striations and steps (Figure 4g,h). These structures indicate a vergence to the south (Figure 5b). In the Chiusano-Castelvetere area (Figure 3), the Upper Cretaceous limestones tectonically cover the CVTG deposits through a flat-lying ramp (Figure 6a). The frontal thrust form an anticline ramp evidenced by the high-angle bedding of carbonates and overlying CVTG deposits. An instructive example is in the quarry located close to the Chiusano village; here, the almost vertical strata show also parasitic folds (Figure 6b). In this case, the well-cemented Pleistocene slope talus preserved these structures, presently exposed by the digging activity. In a dismissed quarry, a back-thrust verging to the south occurs within the carbonates with a drag fold in the footwall (Figure 6c). Only in one locality, close to the Castelvetere village (Figure 3), the superposition of carbonates onto clays and sandstones of Castelvetere is exposed (Figure 6d,e). The siliciclastic rocks form lenses within a cataclasite, subsequently cut by normal faults (Figure 6d). The measured fault planes (Figure 5c) dip to the north and the east; however, the PBT diagram indicates an E-W shortening.




4.2. Avella and Taburno Mts


In this area, the Apennine Platform and Lagonegro-Molise Basin units crop out, unconformably covered by CVTG, Altavilla Group and Baronia Fm. Along the E-W ridge of Roccarainola (Figure 3), [58] reported the occurrence of a major thrust. The authors indicate an NNW tectonic vergence of the thrust that juxtaposes the Jurassic carbonates on the Cretaceous rocks with an associated hanging wall overturned anticline. In this work, we analyzed further outcrops, including the Lauro, Monteforte and Montevergine areas (Figure 3). Along the road connecting Lauro with the town of Avellino, deposits of the lower part of the CVTG are exposed, covering the Upper Cretaceous carbonates. At Pietra Maula (north of Lauro) and Mt Faggeto (northwest of Monteforte Irpino), a 20 m thick CVTG succession crops out (Figure 3) consisting of calcareous conglomerates with lenses of sandstones and red and grey clays (Figure 7a–d). Clasts are mainly made of the Eocene Trentinara Fm (e.g., [19]), not exposed in the analyzed area. The succession hosts two sets of thrusts and folds. In the Pietra Maula outcrop, the main thrust superposes the Upper Cretaceous carbonates onto the upper Miocene conglomerates, sandstones and clays (Figure 7a). Minor thrust faults deform the clay lenses (Figure 7a), in particular, it is common to find along the same fault plane two sets of slickenside striations and steps (Figure 7b) indicating an early ENE-WSW shortening, with associated folds especially in the clay and sand lenses, and a later NNW-SSE shortening. Two sets of thrust faults are also observed in Mt Faggeto. However, the NW-verging thrust is the best-developed (Figure 7e). At Pietra Maula, fault planes of the first out-of-sequence deformation (Figure 5d) form a conjugate system with a statistical NE-SW shortening direction, whereas the structures related to the second deformation stage (Figure 5e) suggest a NNW-SSE shortening. At Mt Faggeto, the thrust faults are W-dipping with an E-W shortening direction for the first deformation stage (Figure 5f), whereas the fault planes, related to the second stage, are gently dipping to SE, indicating an NW-SE shortening (Figure 5g). On the top of the Montevergine mountain, the Apennine Platform Jurassic carbonates overthrust the CVTG (Figure 7f), the latter made of calcareous conglomerates with a sandy matrix. Only in the upper part of these clastic deposits, clasts are made of crystalline rocks. Thrusts and related folds occur in the Apennine Platform Jurassic succession (Figure 7g) as well as the presence of pressure solution planes orthogonal to the bedding (Figure 7h). Thrust faults form a conjugate system, of which the PBT diagram provides an NNW-SSE shortening direction (Figure 5h). The carbonate ridge from Montevergine to Cervinara (Figure 3) is defined by Apennine Platform Cretaceous limestones covered by the CVTG deposits forming an anticline ramp with high-angle strata along the northern side. The best exposure is in the Pietrastornina area (Figure 3), where CVTG beds are steep and locally overturned (Figure 8a,c). In a few localities, the thrust is exposed, indicating a double vergence, with shales and sandstones in the footwall (Figure 8b). Generally, the CVTG conglomerate shows indented clasts (Figure 8d). In the footwall of the main thrust, the Frigento succession and the overlying CVTG deposits are deformed by folds and thrusts. Remarkable examples are the ramp anticlines within the slope carbonates of the Flysch Rosso Fm (Frigento unit) cropping out in different places such as that exposed in the quarry north of Pietrastornina (Figure 8e). Here, the vertical beds of the Flysch Rosso Fm and CVTG deposits are cut by sub-horizontal thrusts with small displacements and associated drag folds in the footwall (Figure 8e). Measured thrust faults mark two shortening directions: NE-SW and NW-SE (Figure 5i,j). Another place to observe the major structure is at the toe of Triassic-Jurassic carbonates of the Mt Taburno located north of the Avella Mts (Figure 3). Along the NE-side of this mountain, the main thrust crops out. It is defined by a flat-lying fault (Figure 8g) with highly deformed clays and sandstones in the footwall (Figure 8h). Striations and steps indicate a N vergence. Several secondary thrust faults are present (Figure 8g). Such as the previous areas, here the main thrust is cut by younger normal faults. Associated with this thrust, some folds in Flysch Rosso Fm in the footwall occur, the largest is a thigh overturned fold verging to the north (Figure 8f). Poles to fold limbs indicate a theoretical fold axis of 302/24 (Figure 8f). Thrust planes moderately dip to SE, and the PBT diagram suggests an NE-SW shortening direction (Figure 5k).




4.3. Caserta Mts


The Caserta Mts (Figure 3) are formed by three E-W trending carbonate ridges of Maddaloni, Castel Morrone and Limatola Mts, and the NW-SE trending Mt Tifata (Sant’Angelo in Formis). A few are the sites in the Limatola ridge where secondary thrusts are exposed. The best outcrop is located along the road connecting the Castel Morrone and Limatola towns (Figure 3). Here, a major back-thrust occurs (Figure 9a), which brings the Apennine Platform Jurassic limestones to overthrust the CVTG deposits. Minor thrust faults occur, suggesting an N-S shortening. The area of Sant’Angelo in Formis was the subject of a few studies in the last century (e.g., [59,60]). Reference [60] describes several thrust faults between Mesozoic Apennine Platform carbonates (hanging wall) and CVTG in the footwall. We have not found the thrusts described by these authors. However, we observed several minor structures, such as mesoscale thrusts and related folds. Two sets of secondary thrusts are present, the first furnishes an ENE-WSW shortening direction (Figure 5l), whereas the second set indicates an NNW-SSE shortening (Figure 5m).



4.3.1. Maddaloni Carbonate Ridge


The northern slope of the Maddaloni ridge is E-W oriented (Figure 3). Here, the carbonate ridge is bounded by normal faults that hide the main thrust. To investigate the tectonic architecture in depth, we used an ERT profile 4 km long, and N-S directed, crosscutting the western side of the ridge, from the Maddaloni town to the north (Figure 3). Furthermore, we followed the excavation of an E-W directed tunnel within the carbonate succession orthogonal to the ERT profile (Figure 3). The structural survey performed on the excavation fronts furnished useful information about the geometry and kinematics of thrust faults hosted in the Apennine Platform Meso-Cenozoic succession. The best structure observed is defined by the superposition of Cretaceous carbonates onto CVTG varicolored clays, sandstones and conglomerates (Figure 9b). The footwall is highly deformed with well-marked foliation and some overturned folds. Along the thrust plane dipping to west, we observed striations and steps (Figure 9c,d) indicating a vergence to WSW. Finally, we reconstructed a geological cross-section (B-B’; Figure 9f), integrating data from some geognostic wells (Figure 9g), the ERT profile (Figure 9e) and information gathered in the tunnel. It is interesting to note that in the well G06 (Figure 9g), the Cretaceous limestones tectonically cover the CVTG clays. Further, in the well S1, a cataclasite with a varicolored clayey matrix is present at -275 m below the field surface.



ERT-Cross Section


The ERT profile used to reconstruct the architecture of the Maddaloni ridge fault zone is indicated in Figure 3 as B-B’. It extends approximately S-N in a straight line for 4100 m. The inverted resistivity section (Figure 9e) was obtained for a root mean square misfit error lower than 10% to the field data. The resistivity model shows a generally resistive pattern abruptly broken by two prominent conductive zones at the ends of the profile. The architecture of the resistive zone appears rather complex: sectors characterized by resistivity values of a few thousand of Ωm (shades of yellow color in Figure 9e), which are locally interrupted by very high-resistivity nuclei (>104 Ωm, shades of red color in Figure 9e), overtop areas with resistivities of the order of some hundreds of Ωm (deep green color zones in Figure 9e). Both the amplitudes and inhomogeneous distribution of the observed high-resistivity values (yellow and red sectors in Figure 9e) are consistent with strongly fractured calcareous rocks, likely interested by karstic phenomena. Different water contents along fault/fracture systems and/or degraded portions of the carbonate structure can, therefore, justify this wide range in the observed resistivity variations.



Conversely, the deep relatively conductive zones can well describe, both for the measured resistivity values and for their shape and in-depth position, clay lenses, sandstones and conglomerates, such as those highlighted by the tunnel excavation (Figure 9c). Finally, the abrupt lowering of the resistivity values observed at the two ends of the ERT profile can instead be attributed to the contact of the calcareous formation with lithologically different formations. In particular, we note that the resistivity values observed in the southern edge of the profile are compatible with pyroclastic deposits, while the very low resistivity values in the northern part (< 102 Ωm, shades of blue color in Figure 9e) well correlate with clayey materials characterized by different degrees of compaction.



In order to validate the interpretative hypotheses coming from the ERT prospection, we have compared the modeled cross-section with available geological evidence from geognostic surveys located along the ERT profile (Figure 9e). In particular, the S1 and S2 stratigraphic logs (Figure 9g) show a very thin layer of topsoil followed by altered/degraded limestone from weakly to strongly fractured, locally rather vacuolar. The other well, drilling a calcareous succession, is G06 (Figure 9g). The stratigraphy shows an upper interval of tectonized limestones overlying highly deformed clays similar to that observed in the tunnel excavation that we ascribed to the CVTG. Completely different geological sequences, instead, come from the three geognostic wells placed at both ends of the ERT cross-section. The G05 stratigraphic column (Figure 9g) is constituted down to the maximum exploration depth by horizons of silts (or sandy-silts), which alternate with levels of sands (or silty-sands) from fine to coarse grain size with the inclusion of weakly cemented pyroclasts.



Conversely, the stratigraphy provided by the G01 and G07 wells (Figure 9g) shows an alternation of pyroclastic layers that differ in size (clay, silts, sands and gravel) and saturation degree only for the shallowest portion of the investigated subsurface. Starting at a depth of about 20 m b.g.l., varicolored shales of the Frigento unit are found, which are characterized by the lowest values of the electrical resistivity observed along the whole profile. The ERT model, combined with geological field data, has been used to reconstruct the cross-section in Figure 9f, where high-angle faults are recognized by sharp decreases in resistivity due to the increase in permeability values associated with a higher density of fractures. The sharpest resistivity contrast in the northernmost part of the profile well marks the main thrust fault.







5. Nannoplankton Content Analysis


The nannoplankton analysis carried out on the CVTG samples (Table 1) indicates mainly an upper Miocene age for the fossiliferous samples, although they are affected by intense reworking. The samples from CVTG5 to CVTG14 collected at Pietra Maula (Lauro) and Mt Faggeto (Monteforte Irpino) are characterized by the presence of biostratigraphic markers as Discoaster brouweri (Figure 10a), D. surculus, D. variabilis (Figure 10b), Helicosphaera wallichii (Figure 10c) and Sphaenolithus abies. In the samples CVTG1-2 and CVTG16-17 collected in the areas of Acerno and Salitto, we found the markers Discoaster variabilis, Helicospaera wallichii and Sphaenolithus abies. The samples CVTG3-4 collected in the Castelvetere and Chiusano localities contain the markers Discoaster brouweri, D. variabilis and Sphaenolithus abies (Figure 10d) in association with other specimens as Reticulofenestra pseudoumbilicus (Figure 10e; Table 1). CVTG18 sampled in the Mt Taburno area revealed the presence of the markers Discoaster loeblichii (Figure 10f) and D. variabilis. We found the markers Helicospaera wallichii, and Sphaenolithus abies in the sample CVTG19 collected in the Maddaloni tunnel. Finally, the sample CVT15 collected at Sant’Angelo in Formis did not reveal the presence of any biostratigraphic markers. However, we found an association of specimens that is comparable with most of the other samples. Based on the first occurrence datum of these markers found in the CVTG, we can consider these deposits as no older than the upper Tortonian. Due to the occurrence of the markers D. loeblichii and D. surculus, we can constrain these deposits as ranging from the lower part of the nannofossil zone NN11 of [61], which corresponds to the base of CN9A of [62] or CNM16 of [63], to the upper part of the NN11 of [61], corresponding to CN9B of [62] or CNM18 of [63]. We cannot define the last occurrence datum for all of the formation due to the intense reworking of the specimens and also because not all the samples contain markers as D. loeblichii with a very narrow time range of distribution (e.g., for Mt Taburno area). However, if we consider that all these deposits are coeval and belong to the CVTG, their age can be constrained to the upper Tortonian-lower Messinian. This result also agrees with the age of CVTG recently dated in Mt Massico and Sorrento Peninsula ([20,64]) and with the literature on the wedge-top basin deposits of Castelvetere Fm [18,25,65,66].




6. Discussion


The structural survey, carried out in several sites of the Apennine chain in the Campania region, allowed us to collect a considerable dataset of attitude and kinematic measurements of structures related to an out-of-sequence thrusting event (Figure 11). Primary and secondary structures, such as thrust faults, folds and pressure solution planes, suggest a deformation event that occurred after the deposition of the CVTG. In most of the analyzed outcrops, we observed structures associated with an NW-SE/NNE-SSW shortening (Figure 11). However, in the localities Sant’Angelo in Formis, Campagna, Pietrastornina, Pietra Maula, Mt Faggeto and Maddaloni ridge, we recognized that this deformation superposes onto structures related to an E-W/ESE-WNW directed shortening with a dominant tectonic vergence to the east (Figure 11). These two thrusting stages can be considered as out-of-sequence deformation pulses because they deform the upper Miocene CVTG deposits, whose sedimentation occurred within basins located on top of the already structured thrust sheet prism. Similar structures were also observed elsewhere in the Campania region, such as at Capri Island and the western Sorrento Peninsula [64] and Mt Massico [20]. In particular, in the first two localities, a single N-verging thrusting stage was recorded, whereas at Mt Massico, two shortening directions occur (ca. E-W and N-S), with the N-verging as the later deformation stage (Figure 11).



Further evidence of such a thrusting event is found in a tunnel excavation and by the ERT survey along the Maddaloni carbonate ridge that allowed us to reconstruct the thrust geometry in an area where it is not exposed. We interpreted the Maddaloni structure as the superposition of the out-of-sequence imbrication of different thrust sheets made of Mesozoic carbonates and CVTG deposits verging to WSW (back-thrusts), crosscut by an N-verging thrust (Figure 9f). To obtain mean values of shortening directions of the two out-of-sequence deformation stages at regional scale, we gathered all data from the PBT plots (Figure 5a–m) and those calculated for Capri Island, Sorrento Peninsula and Mt Massico (data from [20,64]). The resulting plot (Figure 5n) indicates the occurrence of a main cluster of the σ1, with a direction of NNW-SSE and a secondary direction scattered between NE-SW and SE-NW. Hence, taking into account the counterclockwise rotation of ca. 20° (e.g., [67]) recorded in the Plio-Pleistocene for this sector of the southern Apennines, the shortening directions related to the two out-of-sequence episodes are ca. E-W and N-S (Figure 5o), with the latter as the more developed widespread shortening direction in the western sector of the chain.



Several papers described similar structures also in the central Apennines (e.g., [68,69,70,71,72]). However, a long-lived debate exists about the tectonic meaning of these structures because they frequently juxtapose younger-over-older rocks. In fact, they were interpreted as out-of-sequence thrusts (e.g., [68,69,70,71,72,73,74]) or low-angle normal faults (e.g., [28,75]). Contrarily to the previous orogenic area, in the southern Apennines, the occurrence of the upper Miocene CVTG deposits in the footwall of Mesozoic rocks clearly demonstrates their out-of-sequence origin. Furthermore, the exposure of these structures in several areas of the chain suggests a regional deformation event that affected a large part of the orogenic belt and not only a limited area. As concerns the age of this event, stratigraphic constraints indicate that the out-of-sequence thrusting was active following the early Messinian, the youngest age of the CVTG. We exclude that the analyzed out-of-sequence thrusting event has had an older activity because of the evidence of an extensional setting before the sedimentation of the CVTG such as what has been documented in other areas of the region (e.g., Mt Massico, [20]; Cilento, [76]) and in this study (e.g., Laviano area). It is worth noting a close analogy with the central Apennines where Tortonian-lower Messinian clastic deposits (Brecce della Renga Fm), corresponding to the CVTG rocks, were sedimented in an extensional environment before their involvement in the out-of-sequence thrusting [74].



Recently, [14] dated the E-verging out-of-sequence thrust of Mt Massico (Figure 3) to the early Pliocene (5.1 Ma) by using U-Pb geochronology on synkinematic calcite fibers. Hence, we can infer that this out-of-sequence deformation stage was successive to the deposition of CVTG (ca. 10-7 Ma) and probably active in the late Messinian-Zanclean, such as suggested for similar structures elsewhere located in the central Apennines and Matese area (e.g., [68,69,70,71,72,77]). East-verging out-of-sequence thrusts have also been reported in the eastern sector of the Campania region. In particular, these structures deform the upper Messinian-lowermost Pliocene Altavilla Group deposits (e.g., [18]) generally sealed by the lower Pliocene Baronia Fm [78]. However, in the easternmost sector of the chain (e.g., Daunia area, Figure 1), also the wedge-top basin deposits of Baronia Fm and middle Pliocene Sferracavallo Fm are deformed by such east-verging structures [79]. The eastward out-of-sequence thrusting observed in several localities is consistent with this E-W shortening that ruled the superposition of the Apennine Platform onto the Lagonegro-Molise Basin domain [20,64]. The complete closure of the Lagonegro-Molise Basin occurred with the overthrusting of the easternmost sector (Vallone del Toro succession, [25]) onto the Apulian Platform in the late Messinian-early Pliocene [19]. Subsequently, the E-W shortening, which acted, until that time, mainly through the thin-skinned tectonics, affected the buried Apulian carbonates through thick-skinned tectonics. Here, the deformation was recorded by ramp-dominate thrusts, now forming a buried imbricate belt [80,81]. This thick-skinned thrusting was probably triggered by the buttressing of the thick Apulian Mesozoic carbonates against the allochthonous wedge (e.g., [29]) with the positive inversion of pre-existing normal faults located within the Permo-Triassic basement (e.g., [36]). Such an interpretation has also been considered for the central and northern Apennines, where deep-rooted normal faults underwent positive inversion during the Neogene compression and thrust–fold development (e.g., [82,83,84]). With this in mind, the eastward out-of-sequence thrusts have to be considered as in-sequence structures enucleated at depth and crosscutting the already formed orogenic chain. These types of structures are called envelopment thrusts [64,85,86]. As concerns the N-S shortening direction, we suggest that it could be considered as related to lateral ramps of the main frontal E-verging thrusts. Figure 12 shows a tectono-stratigraphic evolution scheme of the analyzed area in the Serravallian-early Pliocene interval. From the Serravallian-early Tortonian, the Apennine Platform overthrusted onto the Lagonegro-Molise Basin successions, forming an imbricate fan of thrust sheets in the footwall (Figure 12a). Subsequently, in the late Tortonian-early Messinian, the CVTG sediments deposited within wedge-top basins on top of the tectonic pile, sealing the in-sequence tectonic contacts (Figure 12b). The sedimentation was preceded by an extensional event recorded by normal faults. In the late Messinian-early Pliocene, out-of-sequence thrusts have developed as the positive inversion of deep-seated normal faults (Figure 12c,d) with a main eastward tectonic transport and the formation of lateral ramps with N and S vergences.




7. Conclusions


Our study reports the occurrence of a regional tectonic event during the late Messinian-early Pliocene defined by out-of-sequence thrusting. The main thrust, related to this event, is exposed along the N-NE flank of the carbonate ridges forming the mountain backbone of the Campania region. This out-of-sequence thrust juxtaposed the Meso-Cenozoic Apennine Platform carbonates onto its margin (e.g., Laviano and Mt Croce successions) or onto the Frigento unit (Lagonegro-Molise Basin unit), with the interposition, in both cases, of the upper Miocene wedge-top basin deposits of the CVTG. The main thrust is marked by a ramp anticline exposed in few localities such as the areas of Chiusano-Castelvetere and Pietrastornina. We studied the main thrust only in few places, whereas several secondary structures are common both in the hanging wall and footwall. The structural analysis indicates two main shortening directions: ca. E-W and N-S. Thanks to the use of the electrical resistivity tomography and information obtained following a tunnel excavation, the evidence of such a main thrusting event is given in an area where the thrust is not exposed. The age of this tectonic event is younger than the age of the CVTG sediments, whose dating of upper Tortonian-lower Messinian is confirmed by the nannoplankton analysis performed in this study. Similar structures described in other studies in the whole southern and central Apennines have been dated to the late Messinian-early Pliocene. These out-of-sequence thrust faults are the surficial expression of deep-seated ramp thrusts formed as a positive inversion of normal faults located in the Permo-Triassic basement. These envelopment thrusts developed from west to east of the chain, involving younger and younger wedge-top basin deposits, from the late Miocene to the late Pliocene, respectively.
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Figure 1. (a) Tectonic scheme of the Campania region (southern Italy), inset map of southern Italy from Google Earth. (b) Cross-section from Avella Mts to the Daunia sector. Modified after [19]. 
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Figure 2. Schematic stratigraphic logs of the analyzed successions. 
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Figure 3. Tectonic map of the study area showing the analyzed sites and the trace of the electrical resistivity tomography (ERT) profile and tunnel excavation. 






Figure 3. Tectonic map of the study area showing the analyzed sites and the trace of the electrical resistivity tomography (ERT) profile and tunnel excavation.



[image: Geosciences 10 00301 g003]







[image: Geosciences 10 00301 g004 550] 





Figure 4. Laviano: (a) thrust fault in calcarenites of the Laviano Fm.; (b) S-C structures associated to a north-verging thrust within the gray Scaglia Fm; (c) pre-buckle thrust in red chert within the Scaglia Rossa Fm; (d,e): normal fault plane crosscut by north-verging thrust faults. Bagnoli Irpino: (f) back-thrust within the Cretaceous succession; (g,h) striations and steps. 
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Figure 5. Stereographic projections of (a–m) faults and corresponding PBT plots; (n) T-axes; (o) T-axes rotated 20° counterclockwise. 
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Figure 6. Chiusano area: (a) panoramic view of the frontal thrust; (b) highly dipping forelimb of the hanging wall anticline associated to the frontal thrust formed by Upper Cretaceous carbonates covered by beds of Castelvetere Group (CVTG) conglomerates and sandstones; the succession is covered by the Middle Pleistocene slope talus (Belvedere quarry); (c) back-thrust within the Upper Cretaceous limestones with an associated footwall syncline. Castelvetere area: (d) the main thrust crosscut by late normal faults; (e) particulars of the cataclasite in the footwall made of lenses of clays and sandstones of the CVTG. 
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Figure 7. Pietra Maula: (a) imbricate fan of thrust sheets superposing Apennine Platform (AP) limestones onto CVTG conglomerates, sandstones and clays; (b) thrust fault plane showing two sets of slickenside striations and steps; (c) folds in CVTG clays; (d) fold in the CVTG sandstones. (e) Thrust plane showing striations and steps indicating an N vergence (Mt Faggeto). Montevergine: (g) high-angle thrust of AP Jurassic limestones onto CVTG; (h) two orthogonal stylolite sets in AP Jurassic oolitic limestones. 
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Figure 8. Pietrastornina: (a) overturned CVTG beds; (b) main thrust fault of Apennine Plattform (AP) Cretaceous limestones onto shales and sandstones of CVTG; (c) CVTG sandstone covering AP Cretaceous limestones; (d) indented calcareous clasts in CVTG; (e) vertical beds of Flysch Rosso Fm crosscut by a sub-horizontal thrust verging to NE with associated drag folds in the footwall. Mt Taburno: (f) overturned fold in Flysch Rosso Fm verging to the north; (g,h) the main thrust between AP Jurassic carbonates onto highly deformed clays of CVTG. 
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Figure 9. (a) Back-thrust of Apennine Platform (AP) Jurassic limestones onto CVTG sandstones (Limatola). Maddaloni Tunnel: (b) excavation front showing the tectonic superposition of the AP Cretaceous carbonates onto the CVTG; (c) particulars of the back-thrust plane; (d) slickenside striations and stereographic projections of thrust faults. (e) ERT profile; (f) cross-section; (g) well logs. 
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Figure 10. Microphotographs of the calcareous nannofossil species: (a) Discoaster brouweri, parallel nicols (sample CVTG 13); (b) Discoaster variabilis, parallel nicols (sample CVTG 13); (c) Helicosphaera wallichii, cross nicols (sample CVTG 9); (d) Sphenolithus abies, cross nicols (sample CVTG 3); (e) Rericulofenestra pseudoumbilicus, cross nicols (sample CVTG 4); (f) Discoaster loeblichii, parallel nicols (sample CVTG 18). 
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Figure 11. Tectonic map of the study area showing tectonic vergences and shortening directions for the studied out-of-sequence deformation structures. 






Figure 11. Tectonic map of the study area showing tectonic vergences and shortening directions for the studied out-of-sequence deformation structures.



[image: Geosciences 10 00301 g011]







[image: Geosciences 10 00301 g012 550] 





Figure 12. (a–d) Cartoon showing the tectono-stratigraphic evolution scheme of the analyzed area between the Serravallian and early Pliocene. 






Figure 12. (a–d) Cartoon showing the tectono-stratigraphic evolution scheme of the analyzed area between the Serravallian and early Pliocene.



[image: Geosciences 10 00301 g012]







[image: Table] 





Table 1. Summary of biostratigraphic data (calcareous nannofossils). X: occurrence of specimen; R: reworked specimen; M: marker specimen.
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	CVTG SAMPLE
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19





	Braarudosphaera bigelowii
	
	
	
	X
	
	
	
	
	X
	X
	
	
	X
	
	
	
	
	
	



	Carinaster sp.
	
	
	
	
	
	
	
	
	
	
	
	
	X
	
	
	
	
	
	



	Calcidiscus leptoporus
	
	
	X
	X
	
	
	
	
	
	
	
	X
	X
	X
	X
	
	
	X
	X



	Calcidiscus macintyrei
	
	
	X
	X
	
	
	
	
	
	
	
	
	
	
	
	
	
	X
	



	Coccolithus formosus
	
	
	
	
	R
	R
	
	
	R
	
	
	
	
	
	
	R
	
	
	R



	Coccolithus pelagicus
	X
	X
	X
	X
	
	
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X
	X



	Coccolithus miopelagicus
	
	
	
	
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	



	Coccolithus tenuiforatus
	
	
	
	X
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Cruciplacolithus sp.
	
	
	
	
	
	
	
	
	
	
	
	X
	
	X
	
	
	
	
	



	Cyclicargolithus abisectus
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	
	
	
	
	



	Cyclicargolithus floridanus
	R
	R
	
	R
	
	
	R
	R
	R
	
	R
	R
	R
	
	
	R
	
	
	



	Discoaster barbadiensis
	
	
	
	
	
	
	
	
	R
	R
	
	
	
	
	
	
	
	
	



	Discoaster brouweri
	
	
	
	M
	
	
	
	
	
	
	
	
	M
	
	
	
	
	
	



	Discoaster deflandrei
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	
	
	
	
	



	Discoaster druggii
	
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	
	
	
	



	Discoaster loeblichii
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	M
	



	Discoaster multiradiatus
	
	
	
	R
	R
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Discoaster saipanensis
	
	
	
	
	
	R
	
	
	R
	
	
	
	
	
	
	
	R
	
	



	Discoaster salisburgensis
	
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	
	
	
	



	Discoaster surculus
	
	
	
	
	
	
	
	
	
	
	
	
	M
	
	
	
	
	
	



	Diascoaster variabilis
	
	
	
	M
	
	
	
	
	
	
	
	
	M
	
	
	
	M
	M
	



	Helicosphaera carteri
	X
	X
	
	
	
	
	
	
	X
	
	X
	X
	X
	
	X
	
	
	
	



	Helicosphaera recta
	
	R
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Helicosphaera walbersdorfensis
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	
	
	
	
	



	Helicosphaera wallichii
	
	M
	
	
	
	
	
	
	M
	
	
	
	
	
	
	
	
	
	M



	Microrhabdulus decoratus
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	
	
	
	
	



	Nannotetrina sp.
	R
	
	
	
	
	
	
	
	
	
	
	R
	R
	
	
	R
	
	
	



	Pontosphaera discopora
	
	
	
	
	
	
	
	
	
	
	
	
	X
	
	
	
	
	
	X



	Pontosphaera multipora
	
	
	
	
	
	
	
	
	
	
	
	
	X
	
	
	
	
	
	X



	Reticulofenestra bisecta
	R
	R
	
	R
	R
	
	R
	R
	R
	
	R
	R
	
	
	R
	
	
	
	



	Reticulofenestra dictyoda
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	
	
	
	
	



	Reticulofenestra haqii
	
	
	
	
	
	
	
	
	
	
	
	
	X
	
	
	
	
	
	



	Reticulofenestra minuta
	
	
	
	X
	
	
	
	
	
	
	
	X
	X
	
	
	X
	X
	X
	



	Reticulofenestra pseudoumbilicus
	X
	X
	
	X
	
	
	
	
	X
	
	
	X
	X
	X
	
	X
	X
	
	



	Sphenolithus abies
	
	M
	M
	M
	
	
	
	M
	
	
	
	
	
	
	
	
	M
	
	M



	Sphenolithus ciperoensis
	
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	
	
	
	



	Sphenolithus conicus
	
	
	
	R
	
	
	
	R
	
	
	
	
	
	
	
	R
	
	
	



	Sphenolithus delphix
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	
	
	
	
	



	Sphenolithus dissimilis
	
	R
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Sphenolithus heteromorphus
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	
	R
	R
	
	



	Sphenolithus moriformis
	
	X
	
	X
	
	
	X
	X
	X
	
	
	X
	
	X
	X
	X
	X
	
	X



	Sphenolithus neoabies
	
	
	
	
	
	
	
	
	
	
	
	
	X
	
	
	
	
	
	



	Sphenolithus radians
	
	
	
	R
	
	
	
	R
	R
	
	
	R
	
	
	
	
	
	
	



	Sphenolithus procerus
	
	
	
	R
	
	
	
	R
	
	
	
	
	
	
	
	
	
	
	



	Transversopontis sp.
	
	
	
	
	
	
	
	
	
	R
	
	
	
	
	
	
	
	
	



	Watznaueria barnese
	
	
	
	
	
	
	
	
	R
	R
	
	
	
	
	
	
	
	
	



	Zygrhablithus bijugatus
	R
	
	R
	
	
	
	
	
	R
	
	
	
	R
	
	
	R
	
	
	







UTM (33T, WGS84) coordinates (meter) of the listed samples: CVTG1 and CVTG2 (Acerno): 503794E, 4505896N; CVTG3 (Castelvetere): 503508E, 4530468N; CVTG4 (Chiusano): 494276E, 4532154N; CVTG5 to CVTG9 (Pietra Maula): 469301E, 4527138 N; CVTG10 to CVTG14 (Monteforte Irpino): 33T 472491E, 4527607N; CVTG15 (Sant’Angelo in Formis): 437645E, 4552581N; CVTG16 and CVTG17 (Salitto): 501632E, 4504105N; CVTG18 (Mt Taburno): 468531E, 4549402N; CVTG19 (Maddaloni, Tunnel: 450290E, 4545491N.
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