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Abstract

The acquisition of a new multichannel seismic profile in the Volturno Basin, located in the Northern Campania continental shelf of the Southern Tyrrhenian margin of Italy has allowed to construct an interpreted geological section, showing the stratigraphic relationships among the seismic units individuated through the seismo-stratigraphic techniques. 
The stratigraphic architecture of the Volturno Basin reconstructed through the seismic stratigraphy has shown the occurrence of four main seismo-stratigraphic units, ranging in age from the Pleistocene to the Holocene. They overlie a deformed acoustic basement composed of the Meso-Cenozoic carbonates and the Miocene flysch deposits. 
The stratigraphic correlation with the deep lithostratigraphic data has been carried out in order to calibrate the interpreted seismic section. The pyroclastic and alluvial deposits well correlate with the seismic units 2b, 3 and 4, representing the Volturno basin filling. The lavas pertaining to the Villa Literno volcanic complex are genetically related with the seismic unit 2a. 
A complex Late Quaternary sedimentary evolution of this area has been highlighted from the seismic interpretation coupled with the regional geologic correlation, controlled by the relationships between the sea level fluctuations, the tectonic uplift and the sedimentary supply. The tectonic activity has been controlled by the normal faults, whose activity probably lasted between the Late Miocene and the Early Pleistocene, controlling the emplacement of the half-graben and the wedging of the basal sequences. 
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Introduction

A regional geological section of the Volturno Basin has been constructed based on the seismic interpretation of a deep multichannel profile recorded through a seismic survey of the Southern Tyrrhenian extensional regions, including the Sicily (Bertotti et al., 1999; Pepe et al., 2000; Aiello et al., 2000; 2011a; 2011b). One aim of this paper is to highlight the new seismo-stratigraphic data on the Volturno basin and its tectonic structure through the integrated interpretation of the seismic and well data. 
A sketch geological map has been constructed in order to show the outcrop geology of the study area. The location of the seismic section has 


been herein reported (Figure 1), coupled with the location of the deep exploration wells located in the Volturno region, whose sketch stratigraphy is reported in Figure 2. 
Several geological studies have been carried out on the Arno and Tiber river deltas (Bellotti et al., 1994; 1995; 2011; 2012; Amorosi and Milli, 2001; Aguzzi et al., 2005; Amorosi et al., 2009; Bicket et al., 2009; Grippa et al., 2011; Rossi et al., 2011; Milli et al., 2013; Amorosi et al., 2013), while the Volturno river delta is poorly known, except for recent stratigraphic studies carried out onshore based on core data (Amorosi et al., 2012; 2013; Sacchi et al., 2014). These studies have delineated the stratigraphic architecture of the Volturno valley fill (Amorosi et al., 2012; 2013) and of the Patria Lake (Sacchi et al., 2014). 
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Figure 1. Geologic sketch map of Campania plain, reporting the location of seismic profiles and exploration wells. 
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Figure 2. Sketch stratigraphy of deep exploration wells. Stratigraphic correlation of volcanic deposits has also been reported.
The stratigraphic architecture of the Volturno valley fill is characterized by six facies associations (Amorosi et al., 2012; 2013), Holocene in age, unconformably overlying the Late Pleistocene alluvial deposits, which, in turn, unconformably overlie an acoustic basement represented by the Campanian Ignimbrite volcanic deposits (Barberi et al., 1978; Fitsimmons et al., 2013). The swamp facies association is composed of clays with abundant volcanic materials. The lagoon-estuary facies association is composed of silty clays with sandy intercalations. The transgressive barrier facies association is distinguished by fine-grained sands grading upwards to silty sands and silts. The prodelta facies association, recognized in correspondence to the present-day Volturno river mouth and probably extending seawards in the inner continental shelf of the Volturno river (Cuma offshore; Iorio et al., 2014) is characterized by silty clays with local silt and sand intercalations (Amorosi et al., 2012; 2013). The beach ridge facies association is composed of siliceous sands with abundant shells of marine fragments and crops out onshore in sedimentary bodies elongated alongshore. The top of Holocene succession is characterized by modern alluvial plain deposits, consisting of clays and silty clays with abundant fragments of plants and pumices. 
The stratigraphic setting of the Patria Lake deposits has been recently described based on the core sedimentological data (Sacchi et al., 2014). The Upper Quaternary succession of the Patria Lake area is characterized by four main stratigraphic units, which are, in turn, sandy and clayey silts of a transitional environment, sands and silty sands (foreshore-nearshore and coastal bar systems), ash lapilli and silty sands (post-Campanian Ignimbrite volcaniclastic deposits and related paleosols) and ash, lapilli, scoriae and pumiceous tuffs (Campanian Ignimbrite). The stratigraphy of the Holocene succession, characterized by marine to lagoonal depositional environments, is distinguished from sandy silts with homogeneous texture (modern-ca AD 1713, cal. through radiocarbon dating) and finally, scoriaceous ash, pumice and lapilli with lithics (4800-6000 B.P., cal. through radiocarbon dating; Sacchi et al., 2014). A main paleosol, ranging in age from 6000 to 8000 BP has been interpreted as a pedogenetic interval, which has evidenced a phase of quiescence during the activity of the Phlegrean Fields. 
The Volturno prodelta deposits have been recently studied based on the seismic interpretation coupled with the petrophysical and sedimentological core analysis (Iorio et al., 2014). The tephrostratigraphic analysis has recently suggested that a continuous reflector identified in the Volturno shelf is represented by the Neapolitan Yellow Tuff (NYT) deposits (Aiello et al., 2017). The seismo-stratigraphic analysis of the Subbottom Chirp data has allowed for the identification of a Late Pleistocene prograding wedge, bounded at its top by the post-glacial Holocene ravinement surface, representing a main regional stratigraphic marker (Correggiari et al., 1992). This unconformity represents also the base of the Holocene transgressive deposits, while the Holocene highstand prodelta deposits overlie the maximum flooding surface (MFS; Mitchum et al., 1977; Vail et al., 1977). 
A chronostratigraphic framework of the upper part of the Volturno prodelta deposits to about 2300 years BP has been provided by Iorio et al. (2014) based on the high resolution stratigraphic correlation of the colour chromaticity parameter. Ten lithological/petrophysical units have been recognized from the core sedimentological and petrophysical analyses and supported from the seismic interpretation. A slow sliding without reworking of the upper Holocene units has been evidenced from the seismic interpretation, suggesting the occurrence of a significant internal deformation of the seismic reflectors. A sequence stratigraphic setting of the seismic sequences representing the upper part of the Volturno prodelta deposits has also been provided accordingly to the recent literature (Zecchin and Catuneanu, 2013). 


Materials and Methods

The seismic reflection techniques strongly changed during the last years. The contribution to this change mostly comes from the oil industry, employing many resources in the geophysical methods for the oil searching. The basic techniques for the seismic exploration consist of the generation of artificial seismic waves in the ground (source) and in the measurement of the time requested from these waves to cover the distance from the source to the receiver. The pathway of the seismic rays may be reconstructed from the knowledge of the times of arrival to several recorders and of the corresponding velocities. The reconstruction of the seismic ray pathway may happen through the refraction, if we consider the times of the refracted phases, or for the reflection, if we consider the reflected phases (Sheriff and Geldart, 1995). One of the main advantages of the seismic reflection method is the not-necessary condition of the increase of the velocity with the depth. An abrupt velocity variation, both in the increase and in the decrease, is enough to determinate a reflection of the elastic waves at the surface of discontinuity. 
The sequence stratigraphic criteria and the stratigraphic concepts in the clastic continental shelves have been recently updated (Zecchin and Catuneanu, 2013). The system tracts, which are the basic stratigraphic units of the depositional sequences in the sequence stratigraphic models, are directly related with a particular type of shoreline trajectory and the related eustatic sea level fluctuations, including the transgression, the normal regression (lowstand or highstand) and the forced regression. The transgressive system tract (TST) is bounded at its base by a ravinement surface and at its top by a maximum flooding surface. The stratigraphic architecture is characterized by the retrogradational strata, resulting from the rates of the accommodation space outspacing those of the sediment supply at the shoreline, typically accompanied by a trend of deepening-upward in the shallow marine environments. 
The normal regressive system tracts are represented by the lowstand and highstand system tracts. They may be located between the transgressive deposits, located below and the forced regression (above) strata (in particular the Highstand System Tract, HST) or between the forced regressive (below) and the transgressive (above) strata (the Lowstand System Tract, LST, in particular). Accordingly to the interpretation of Zecchin and Catuneanu (2013), the normal regressive system tracts may be bounded by several sequence stratigraphic surfaces, as a result of their position relatively to other system tracts within a depositional sequence. 
The Falling Stage System Tract (FSST) consists of the forced regressive deposits and forms during a relative sea level fall, when the shoreline is forced to retreat irrespective to the sediment supply. The shelf portion of the FSST commonly displays a foreshortening of the prograding clinoforms, due to the progressive decrease in the accommodation space during the geological time, which results in thinner deposits proceeding seawards (Hunt and Tucker, 1992; Helland-Hansen and Gjelberg, 1994; Plint and Nummendal, 2000). The FST deposits are normally characterized by the offlap terminations, without the development of topsets due to the prevalent conditions of the negative accommodation (Hunt and Tucker, 1992; Helland-Hansen and Gjelberg, 1994). 
The acquisition of a new multichannel seismic profile in the area of the Volturno Basin has allowed to construct an interpreted geological section, showing the stratigraphic relationships among the seismic units individuated through the criteria of the seismic stratigraphy (Mitchum et al., 1977; Vail et al., 1977). The seismic line herein presented allows to show the geological framework and the deep structure of the investigated area, particularly referring to the relationships between the acoustic basement and the sedimentary filling in the basin interior. The commercial seismic lines recorded by the Agip oil company (“Zone E”; Agip multichannel seismics) and the lithostratigraphic data of deep exploration wells located on the Campania-Latium Tyrrhenian margin have been used (Figure 2; Ippolito et al., 1973; Ortolani and Aprile, 1978) in order to integrate the seismic lines collected during the cruise Sister99 (Bertotti et al., 1999; Aiello et al., 2011a; 2011b). 
The deep well lithostratigraphic data pertain to the different wells (Castelvolturno 1, Castelvolturno 2, Castelvolturno 3, Grazzanise 1, Qualiano 1, Villaliterno 1, Parete 2, Campi Flegrei 21; Campi Flegrei 22), whose sketch stratigraphy is reported in Figure 2. These wells have drilled the pyroclastic and alluvial deposits, overlying lavas represented by andesites and basalts, which are thickest in Villaliterno 1 and Parete 2 wells, drilling the Villa Literno volcanic complex (Ippolito et al., 1973; Ortolani and Aprile, 1978; Aiello et al., 2011a). 


Regional Geologic Setting

The Tyrrhenian basin represents a back-arc extensional basin, whose development has been controlled by the subduction of the lithosphere of the African plate under the European plate during the Neogene and the Quaternary (Boccaletti and Guazzone, 1974; Malinverno and Ryan, 1986; Royden et al., 1987; Doglioni, 1990). Its extension started at about 10 My ago, leading to the formation of the continental lithosphere during the Pliocene (Patacca and Scandone, 1989; Sartori, 2003; Doglioni et al., 2004; Mattei et al., 2004; Lustrino and Wilson, 2007; Cloetingh et al., 2008; Aiello et al., 2014). The extensional processes in the Tyrrhenian basin have been accompanied by the development of the complex phases of the compression, the strike-slip fault development and the extension, coupled with the counter-clockwise rotation of the thrust sheets in the Southern Apennines (Channell et al., 1990; Oldow et al., 1993). 
Three continental margins i.e., the Sardinia margin, the Northern Sicily margin and the Southern Italy margin bound the Southern Tyrrhenian bathyal plain. This area is characterized by an active seismicity and volcanism and has undergone the horizontal and vertical movements. A narrow and deep Benioff zone, extending from the Ionian sea to the Tyrrhenian sea has evidenced the occurrence of a migrating eastwards subduction plan of the lithosphere of the Eastern Mediterranean (Sartori, 2003). Starting from the Oligocene and since recent times the processes of subduction have generated the western Mediterranean and Tyrrhenian back-arc basins, as well as the accretionary wedge of the Southern Apennines. 
The extension in the Tyrrhenian sea started from the Late Miocene and controlled the formation of the oceanic lithosphere in the Marsili and Vavilov basins during the Plio-Quaternary (Kastens et al., 1988; Savelli and Schreider, 1991; Trua et al., 2007; Savelli, 2015; Sallares et al., 2016). The latest realization of the arc volcanism with respect to the duration of the extensional processes in the Tyrrhenian-Ionian system has been explained as a consequence of the initial stages of the thinned continental lithosphere (Ritsema, 1979; Malinverno and Ryan, 1986; Sartori, 2003). The age and the trending of the extensional processes have been previously discussed (Sartori and Capozzi, 1998). An episode of back-arc extension, ranging in age from the Tortonian to the Pliocene in correspondence to the Sardinian margin and to the Vavilov basin, has indicated an arc migration from west to east. A Pleistocenic extensional episode, corresponding to the formation of the Marsili basin, has indicated an arc migration from north-west to south-east. 
The tomographic models and the seismic reflection and refraction surveys have been carried out in order to study both the subduction and the back-arc extension in the Tyrrhenian sea (Faccenna et al., 1997; 2004; 2007; Sartori et al., 2004; Castellano et al., 2008; Guillaume et al., 2010; Malinverno, 2012; Moeller et al., 2013; Aiello et al., 2014; Greve et al., 2014; Prada et al., 2014; Ranero et al., 2015; Savelli, 2015; Sallares et al., 2016). The styles of the back-arc extension in the Central Mediterranean, including the Tyrrhenian sea, have been discussed in detail (Faccenna et al., 1997). In the Northern Tyrrhenian basin the extensional areas progressively migrate eastwards, whereas in the Southern Tyrrhenian basin the extensional areas and the volcanism migrated inside the basin, controlling a continental break-up and a drifting of the previously formed older conjugate basins. 
The Campania continental margin, as well as the Sardinia continental margin, is bounded by the asymmetrical highs of the acoustic basement, where the pre-Miocene sedimentary rocks have been sampled (Dal Piaz et al., 1983; Gennesseaux et al., 1986). Some evidence including the comparable water depths, the occurrence of sedimentary basins underlying the Campania continental margin and the probable occurrence of Messinian evaporites as a marker horizon (Fabbri and Curzi, 1979) has suggested a similar geologic behavior of the Campania and Sardinia continental margins (Rehault et al., 1987; Sartori et al., 2004). 
On the Campania-Latium Tyrrhenian margin the peri-tyrrhenian basins often form the seaward prolongation of the coastal plains produced by the Plio-Quaternary extensional tectonics (Mariani and Prato, 1988; Brancaccio et al., 1991; Cinque et al., 1997). The tectono-sedimentary evolution of these basins is connected with the Neogene tectonic evolution of the Apenninic chain (Royden et al., 1987; Patacca and Scandone, 1989). As suggested by previous studies, the tectonic setting of peri-tyrrhenian basins is characterized by alternating compressional and extensional phases during the Plio-Quaternary (Bartole, 1984; Argnani and Trincardi, 1990; Agate et al., 1993; Sacchi et al., 1994; Aiello et al., 2000; 2011a; 2011b; Pepe et al., 2000; Sartori et al., 2004; Conti et al., 2017). 
The Gulf of Naples, together with the Campania Plain, represents one of the most important Neogene-Quaternary basins of the peri-tyrrhenian area. It is located in a sector linking the southern Apennines and the Tyrrhenian sea, whose tectonic setting is strictly related with the geodynamic evolution of the back-arc basin Apenninic chain-foredeep system during Late Neogene and Quaternary times. The extensional processes in the Tyrrhenian area were contemporaneously active together with the compressional tectonic phases, leading to the individuation of the Apenninic chain and to the migration of the foredeep chain system towards the Apulian foreland (Malinverno and Ryan, 1986; Oldow et al., 1993; Ferranti et al., 1996; Casciello et al., 2006; Patacca and Scandone, 2007). Previous studies have evidenced that the peri-tyrrhenian area, in particular along the Campania continental margin, is characterized by the occurrence of sedimentary basins, perpendicular to the chain, individuated in correspondence to the normal faults, having a north-east to south-west trending (Bartole et al., 1983; Mariani and Prato, 1988; Sacchi et al., 1994; Acocella et al., 1999; Aiello et al., 2000; Milia and Torrente, 2003; Moeller et al., 2013). 
The tectonic lineaments occurring at a regional scale in the Campania-Latium Tyrrhenian margin between the Gaeta Gulf and the Ischia island are represented by the Circeo structural high, a north-west to south-east trending structural high expressive of the seaward extension of the Circeo Promontory; the Terracina Basin, indicating a north-south trending half-graben, widening proceeding seawards and laterally joining into the Gaeta Basin; the Terracina-Gaeta structural high, which is a wide belt of structural highs located offshore the Gaeta town, signifying the physiographic separation between the Terracina and Gaeta basins; the Massico structural high, a a north-west to south-east trending structural high, representing the seaward prolongation of the Massico Mount; the Volturno Basin, characterized by a depocenter located in correspondence to the Volturno river mouth, where the thickness of the basin filling reaches 2.5 sec (based on seismic interpretation) at average corresponding to more than 2000 m (Aiello et al., 2000; Figure 3). 
The distribution of the outcrops and the geological evolution of the depositional environments of the Late Miocene marine deposits, cropping out onshore in the Campania plain (Ortolani and Aprile, 1978), has indicated that, during the Late Miocene, the wide areas of the Tyrrhenian basin were characterized by a complex coastal morphology, distinguished from the shallow water environments. The large areas of the continental shelf then were individuated along the southern Tyrrhenian margin, where the deltaic systems were fed by the first Apenninic rivers (the proto-Tiber, for instance), bounded at their base by a tectonically-controlled unconformity, which fossilizes the syn-rift seismic sequences (Aiello et al., 2000; Figure 3). 
A seismic study of the 41st parallel fault system offshore the Campanian-Latial continental margin has been carried out (Bruno et al., 2000). A set of seismic reflection lines, collected in the Southern Tyrrhenian sea offshore, has been interpreted. The obtained results have shown that the Campanian-Latial continental margin is characterized by the structural highs and the lows, matching the main structures of the mainland (Massico Mt, Volturno and Garigliano depressions). 
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Figure 3. Sketch morpho-structural lineaments of the Campania-Latium continental margin.
The study area is characterized by ESE-WNW, E-W and NE-SW normal faults. The activity of these faults mainly developed during the Late Pliocene and the Early Pleistocene. The ESE-WNW to E-W faults have displayed the tectonic structures consistent with the strike-slip movements. These faults are located on the maximum gradient of the E-W elongated magnetic alignment of the 41st parallel fault zone. The relationships among the 41st parallel fault system and the Ortona-Roccamonfina (ORL) line have been studied. The seismic data have indicated that the ORL is older than the 41st parallel line. The normal movements along the ORL faults are consistent with a NW-SE extension, which is responsible for the longitudinal extension in the Southern Apenninic belt. 
The interpretation of seismic profiles has allowed for the identification of the three seismo-stratigraphic units bounded by the two seismic horizons, representing the regional unconformities (Bruno et al., 2000). The seismic unit 1 consists of a sequence having a variable energy, characterized by the continuous and parallel reflectors. This unit has been differentiated in a lower depositional sequence, characterized by the prograding sedimentary patterns and in an upper sequence with the parallel to sub-parallel strata. The seismic unit 1 consists of a sequence having a variable energy, characterized by the continuous and the parallel reflectors. This unit has been differentiated in a lower depositional sequence, characterized by the prograding sedimentary patterns and in an upper sequence with the parallel to sub-parallel strata. The unit has been interpreted as the sedimentary and pyroclastic sequences, Plio-Quaternary in age and has been drilled by several exploration wells (Ortolani and Aprile, 1978). Accordingly to the well lithostratigraphic data of Ippolito et al. (1973), this sedimentary sequence is thick about 700 m in the plain located to the north of the Massico Mount, whereas its thickness exceeds 3000 m in the Campania Plain (Bruno et al., 2000). The seismic horizon A has been defined as the top of the seismic unit 2. It is represented by an erosional unconformity, corresponding to the Lower Pliocene unconformity and produced during a compressional tectonic phase (Hyppolite et al., 1994; Billi et al., 1997; Aiello et al., 2011a; 2011b). 
The seismic unit 2 consists of two sub-units, respectively a seismic sequence of the continuous and parallel reflectors representing the Miocene-Pliocene sediments and the terrigenous succession, mainly Tertiary in age (“Sicilide and Liguride Complex”; Bonardi et al., 1992; Bigi et al., 1992). 
The first sub-unit has been drilled by the lithostratigraphic wells located northwards of Massico Mt, while the second one has been drilled by the Cellole Aurunci 1 well (Ippolito et al., 1973). The seismic horizon B has been defined as the top of the seismic unit 3, appearing as a few cycles having a low frequency and a variable energy (Bruno et al., 2000). 
The seismic unit 3 represents the top of the carbonate units, ranging in age from the Upper Triassic to the Early Miocene. The Triassic to Lower Miocenic limestones and dolomites of a carbonate platform environment crop out at the Massico Mount. The interpretation of the seismic data has allowed to reconstruct the depth of the Lower Pliocene unconformity, corresponding to the seismic horizon and to trace the main faults. The geological and geophysical constraints have also been taken into account (Mariani and Prato, 1988). 
The significant changes in the rifting directions of the Campania-Latium continental margin have been recently evidenced, suggesting some new insights and constraints on the Tyrrhenian sea opening (Milia et al., 2013). The role of the deep normal faults of the Campania margin, specifically located in the Gaeta basin, has been constrained based on the seismic interpretation coupled with the structural geology. Three different basins have been depicted in the Gulf of Gaeta; in the northern and central basins a syn-rift sequence occurs, buried by the oldest aggradational deposits. A thick succession, older than 0.7 My filled the northern basin with a lateral aggradational geometry. A syn-tectonic wedge was deposited in the central basin, ranging in age from 0.7 My and 0.4 My. A thick deposit, younger than 0.4 My has suggested the collapse of the southern basin. The interpretation of the Crop section, extending from the Vavilov bathyal plain of the Tyrrhenian sea to the Gaeta Gulf has evidenced a multi-phase rifting, where the rifting processes migrated during the geological time and the mode of rifting changed through the geological time (Milia et al., 2013). 
A study of the geological evolution in the Gaeta Bay sedimentary infill has been recently carried out (Iannace et al., 2013). This study, based on the multichannel seismic reflection profiles has been focused on the seismic stratigraphy of the sedimentary succession of this region of the Eastern Tyrrhenian margin. A digital model of the Gaeta Bay infill has been constructed using the Kingdom software, permitting to reconstruct the three-dimensional stratigraphic architecture of the depositional sequences of the Gaeta Bay. Two sub-basins, i.e., the northern one and the central one, have been modelled, bounded by the normal faults and characterized by the high rates of subsidence. The complete stratigraphic succession has been recognized in the northern sector of the Gaeta Bay. The sedimentary infill of the basins overlies the Meso-Cenozoic acoustic substratum. It is formed by two unconformity-bounded units overlain by thirteen sequences, which are grouped into three sequence sets (A-C). 
The basal unconformity-bounded units are wedge-shaped and were deposited during the fault activity and the basin formation. The sequence set A is characterized by the parallel reflectors, whose seismic facies suggest a regressive trend. The sequence set B is characterized by the prograding depositional units, with an aggradation of the toplap surface suggesting a new period of the rift basin subsidence. The sequence set C is instead characterized by the oblique prograding depositional units, indicating a post-rift infill of the northern part of the Gaeta Bay. The analysis of the resulting 2D and 3D distribution of the depositional units has allowed to reveal the architectural interpretation of the stratigraphic basin infill. The four-dimensional Quaternary paleogeographic evolution of the Gaeta Bay has been finally reconstructed (Iannace et al., 2013). The oldest unconformity-bounded unit (PP) has revealed at least two periods of the syn-rift fault activity, resulting in the dramatic palaeo-environmental changes. During the Late Pliocene-Early Pleistocene, the block-faulting affected the continental area, representing an emerged chain during that geological time. This block-faulting was responsible for the creation of the shallow-water basins, which were completely filled by sediments. A second step of the syn-rift activity was documented by the deposition of the unit Ux1. During this period a deepening of the basin occurred, due to the abrupt changes of the seismic facies and the distribution of the units Ux2 and Ux1. The digital map and isochrone model of the sequence set A have suggested an infill of this deep basin. The lower boundary of the sequence set B has marked an abrupt landward migration of the sedimentation (Iannace et al., 2013). The source area of sediments of the sequence set A has suggested an infill of this deep basin. This source area was probably represented by the Pontina and Garigliano plains (see also Aiello et al., 2000). The lower boundary of the sequence set B has marked an abrupt landward migration of the sedimentation, which came out together with the aggradational stacking pattern of the topset. This evidence has suggested a new event of the regional subsidence. During this stage, the listric normal faults affected the central basin of the Gulf of Gaeta and a syn-tectonic wedge deposited (Aiello et al., 2000; Aiello et al., 2011; Iannace et al., 2013; Milia et al., 2013). The sequence C has completely filled the basin. The reconstruction of the offlap breaks has recorded a rapid southwards migration of the continental shelf, indicating a regressive trend of the marine and coastal facies (Aiello et al., 2000). The toplap surface of this prograding succession forms the present wide continental shelf of the Gaeta Bay. 


Data Acquisition and Processing

The data processing has represented an important part of the present paper and has been carried out through the use of a specific software dedicated to data processing. The techniques of data processing used for the elaboration of seismic profiles are up-to-date. Some of them are based on complex mathematic models, which have allowed to carry out a good attenuation of the multiples (especially the multiples occurring at the sea bottom) and to obtain good velocity analyses for the production of the stacked sections, on which the geological interpretation has been carried out. 
Table 1. Acquisition parameters of multichannel seismic survey

	Type of source
	n. 2 guns GI Gun SI/Sodera (210 c.i.)

	Length of the seismogram
	5 sec

	Sampling interval
	1 msec

	Distance among the sources
	25 m

	Distance among the hydrophones
	12.5 m



The instruments and the employed advanced techniques have facilitated the production of high-quality seismic data, also in the areas where the wide occurrence of the pyroclastic levels and of the volcanic bodies controls a scattering of the energy of the elastic waves. In particular, the Airguns, a streamer having 48 channels and a system of data acquisition have been employed for the acquisition of the seismic line used to construct the regional geological section of the Volturno basin. The acquisition parameters are briefly resumed in Table 1.
The procedures of the processing of the multichannel seismic data starting from the field data are herein described. The used software are the Promax 2D (Landmark Ltd.) and the Seismic Unix (Colorado School of Mines). 
The elaboration of the seismic data has involved some similar processes (Yilmaz, 1988). Perhaps, a single flux of data elaboration, comprehensive for all the seismic lines, has been constructed. Some advanced processes have been applied to a basic flux of elaboration in order to fully enhance the useful signal occurring in the seismic data. The post-stack elaboration has involved the filter on the auto-vectors, which has not produced a further improvement of the stacked sections. As a consequence, this filter has not been applied. The data have been prepared in such a way to produce stacked sections, ready to be migrated and interpreted. 
The initial procedure of the seismic processing consisted of the quality control of the seismic data and of the assignment of the field geometry. The editing of the seismic traces has been finalized to the survey of the seismic traces and of the spikes, which could induce problems with the Fast Fourier Transform (FFT). A top muting has eliminated the seismic signal above the first arrivals of the seismic traces. The Automatic Gain Control (AGC) has allowed for a normalization of the seismic traces. The data processing has been finalized to reduce the casual noise occurring in the seismic data and to improve the resolution of the seismic wavelet through the algorithms of the deconvolution and of the spiking. 
The velocity analysis has been carried out in order to remove the move-out on the families of CDP aimed at defining the velocity of the different seismic reflectors and at producing the final stacked section. A post-stack deconvolution has been applied to the data in order to remove the arrivals of the multiples. A bandpass filter has been applied after the deconvolution in order to improve the signal involved along the seismic sections. The seismic interpretation has been carried out according to the criteria of seismic stratigraphy and taking into account the multiples and the seismic noise. 


Results

Seismic Interpretation

The seismic interpretation has been carried out according to the criteria of seismic stratigraphy, allowing for the recognition of different seismic units. In this interpretation, the lithology of the seismic units has been inferred from the lithostratigraphic well data (Agip, 1977; Figure 2) and from the onshore seismic data collected in the Volturno Basin (Mariani and Prato, 1988; Aiello et al., 2011a). 
The seismic units are described proceeding from the deepest ones to the youngest ones (Figures 4 and 5). The deepest unit is characterized by discontinuous reflectors of high to medium amplitude. The top of the seismic unit is located at depths ranging between 1650 m and 2025 m. The unit appears to be down thrown by several normal faults, whose throws are in the order of several tens of meters (Figure 5). The unit has been 

interpreted as the Meso-Cenozoic carbonates (MC in Figure 5) pertaining to the Campania-Lucania carbonate platform, widely cropping out in the onshore sectors (D’Argenio et al., 1973; Mariani and Prato, 1988; Bigi et al., 1992) and already documented in the Volturno offshore based on the deep multichannel seismic data (Aiello et al., 2000; Bruno et al., 2000). 
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Figure 4. Seismic section Sister4_2 after stacking. 
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Figure 5. Interpreted seismic section of the Volturno Basin. 


The overlying seismic unit is characterized by an acoustically-transparent seismic facies with rare and scattered discontinuous seismic reflectors. The top of the seismic unit is located at depths ranging between 1050 m and 1350 m. The average thickness of the unit is in the order of 750 meters. The top of the unit, corresponding with a highly continuous seismic reflector, is strongly down thrown in correspondence with the normal faults, whose throws are in the order of several tens of meters. This unit has been interpreted as genetically related with the “Flysch di Frosinone” Auct., (FLS in Figure 5), pertaining to the Miocene flysch of Central Apennines, whose occurrence has been well constrained from different outcrop studies (Accordi, 1964; Bigi et al., 1992; Parotto and Praturlon, 1975; Accordi et al., 1986; Civitelli and Corda, 1988; Cipollari and Cosentino, 1992) and from previous seismic studies on the Volturno offshore (Aiello et al., 2000; Bruno et al., 2000).
The FLS unit is overlain by two different seismic units, respectively volcanic and sedimentary in origin and characterized by the facies hetheropy. The first one (VC in Figure 5) is distinguished from an acoustically-transparent seismic facies and from a wedge-shaped external geometry (Figure 4). This unit has been interpreted as the volcanic deposits pertaining to the Villa Literno volcanic complex (Ippolito et al., 1973; Ortolani and Aprile, 1978; Aiello et al., 2011). In the Campania plain among the oldest volcanic products there are the basalts and the andesites and basaltic lavas dated back to about 2 My B. P., encountered in the subsurface in the Parete-Villa Literno area during the drilling finalized to the geothermal research (Di Girolamo et al., 1978; Ortolani and Aprile, 1978). The unit has an average thickness of 600 m. The second one represents the oldest unit of the sedimentary basin filling (1 in Figure 5) The top of the seismic unit 1 ranges in depth from 1125 m to 1050 m. The two units are overlain by two different seismic units (2a and 2b in Figure 5). The seismic unit 2a has been interpreted as a relict prograding wedge, downlapping on the volcanic rocks of the Villa Literno volcanic complex. On the other side, the seismic unit 5b is characterized by discontinuous and parallel to sub-parallel seismic reflectors. It has been interpreted as alternating sands and shales of a deltaic environment, Pleistocene in age (Figure 3; Mariani and Prato, 1988). The overlying seismic unit 3 (Figs. 4 and 5) is characterized by the parallel to sub-parallel seismic reflectors having a high amplitude. It has been interpreted as alternating sands and shales of a deltaic environment, Pleistocene in age (Figure 3; Mariani and Prato, 1988). Finally, the seismic unit 4 (Figs. 4 and 5) is distinguished from the parallel to sub-parallel seismic reflectors, from discontinuous to continuous. It has been interpreted as shales of coastal environment (Pleistocene). 


Stratigraphic Correlation of Deep Lithostratigraphic Data

A qualitative stratigraphic correlation between the deep lithostratigraphic data collected in the Volturno Plain up to the Phlegrean offshore, whose stratigraphy is shown in Figure 3, has been constructed and hereafter shown (Figure 3) with the aim to highlight both the trend and the depth of the pyroclastic and alluvial deposits, relatively to the lavas (andesites and basalts) pertaining to the Villa Literno volcanic complex. The two main groups of the crossed grounds are respectively represented by the pyroclastic and alluvional deposits, representing the filling of the Volturno Plain and by the lavas (andesites and basalts), pertaining to the Villa Literno volcanic complex. 
The thickness of the lava deposits is minimum at the Castelvolturno 1 and Castelvolturno 3 wells, whose top is respectively located at depths of 1525 m and 1870 m (Figure 3). 
A stratigraphic correlation has been constructed also for the wells Castelvolturno 2, Grazzanise 1, Qualiano 1, Villa Literno 1 and Parete 2 due to comparable depths (Figure 3). The top of the volcanic deposits has been found at 600 m (Castelvolturno 2), 720 m (Grazzanise 1), 470 m (Qualiano 1), 830 m (Villa Literno 1) and 230 m (Parete 2). The thickness of the volcanic deposits increases from the Castelvolturno town to the Villa Literno and Parete towns. 
It is noteworthy for the calibration of the interpreted seismic section to mention the data of the Cellole Aurunci 1 and Mondragone 1 wells. The Cellole Aurunci 1 well has drilled, below a layer of 75 m of recent alluvial deposits, alternating shales, sandstones and conglomerates, ranging in age from the Quaternary to the Pliocene and the Miocene. Up to a depth of 675 m, the Mondragone 1 well has crossed the grounds pertaining to the Quaternary, mainly composed of sands with volcanic elements and of conglomerates with intercalations of marls. Below 675 m this well has drilled the Miocene deposits, characterized by alternating conglomerates, sands, sandstones and marly sandstones. 
The Castelvolturno 1 and the Castelvolturno 3 wells have shown the clastic deposits, varying from the marine to the continental environments up to 3000 m of depth. In the inner part of these deposits two intercalations of volcanic deposits have been found between 1430 and 1450 m (Castelvolturno 1) and between 1800 and 1830 m (Castelvolturno 3). 
In the lithostratigraphic wells Castelvolturno 2, Grazzanise 1 and Qualiano 1, the thickness of lavas interstratified with levels of sands and shales increases and it is possible to find them at higher depths, respectively of 475, 720 and 500 m. 
In the well Villa Literno 1, below the recent pyroclastic deposits 150 m of andesitic tuffs have been found, 650 m of clastic deposits of a marine and transitional environment and finally, from 830 m to 2980 m, alternating effusive rocks of a basaltic and andesitic type and tuffs. In the last ten meters alternating sands and shales, Tertiary in age, have been found. 
In the well Parete 2, below the recent pyroclastic products alternating with clastic deposits (first 300 m), alternating basaltic and andesitic lavas have been found up to the bottom of the well (1800 m). 


Calibrated Geological Section

The first group of grounds may be used in the calibration of the interpreted seismic section. In fact, the pyroclastic and the alluvial deposits well correlate with the seismic units 2a, 3 and 4 (Figures 4 and 5), representing the basin filling of the offshore sector of the Volturno plain. Otherwise, the second group of grounds, represented by the lavas (andesites and basalts) pertaining to the Villa Literno volcanic complex well correlates with the seismic unit 2a (Figures 4 and 5). 
Taking into account the lithostratigraphic data of the Cellole Aurunci 1 and Mondragone 1 wells, the FLS unit, representing Miocene flysch deposits, should be composed of alternating shales, sandstones, conglomerates and marly limestones. These deposits should be genetically related with the “Flysch di Frosinone” Auct. (Bigi et al., 1992). 
The seismic and well data have shown that the carbonate basement, identified in the interpreted seismic section, deepens in the western side of the Campania Plain up to depths highest than 3 kilometers. The age of the deposits ranges from the Miocene and the Quaternary (Cellole Aurunci and Mondragone 1 wells), while in the Castelvolturno 1 well only Quaternary deposits have been identified, up to a depth of 3 km. It can perhaps be hypothesized that the Miocene sequence, drilled in the wells Cellole Aurunci 1 and Mondragone 1, may occur also below the Castelvolturno well (Ippolito et al., 1973; Billi et al., 1997; Aiello et al., 2011a). 
In the Northern Phlegrean Fields well data have not shown the carbonate basement, encountered in the Somma-Vesuvius area at the Trecase 1 exploration well (Principe et al., 1987). 


Conclusion

The seismo-stratigraphic data herein shown for the Volturno Basin have confirmed that it represents a half-graben characterized by the blocks down thrown along the normal faults, mainly affecting the top of the Miocene siliciclastic sequences (Figures 4 and 5). The seismo-stratigraphic evidence has highlighted that the period of activity of these normal faults lasted from the end of the Late Miocene (the assumed age of the Frosinone Flysch; Parotto and Praturlon, 1975) to the Early Pleistocene (the assumed age of the first seismic sequence of the basin filling; Mariani and Prato, 1988). Moreover, the basal sequence (1 in Figure 5) has evidenced the wedging geometries, indicating that it was deposited during the tectonic activity of the Volturno basin, perhaps synsedimentary in nature (Figure 5). 
As it is a distinctive characters of other sedimentary basins offshore Campania, the volcanic deposits are well-developed and are interlayered in the sedimentary basin filling. This is also the case of the volcanic body which is genetically related with the Villa Literno volcanic complex, recognized in the discussed seismic section (Figs. 4 and 5) and correlating with the Quaternary volcanites drilled by the Villa Literno 1 well 
(Figure 3).
The emplacement of this volcanic body appears to be younger than the most of the tectonic extension in the Volturno Basin. It cannot be excluded that the normal faults represented preferential pathways for magma uprising of the VC volcanic complex. 
Some concluding remarks are herein exposed. The four main seismic sequences corresponding with the seismic units recognized onshore (Mariani and Prato, 1988) have been drafted in the Volturno Basin based on the seismo-stratigraphic analysis of the deep multichannel seismic profiles (Figures 4 and 5). Their lithology has been calibrated through the deep exploration well data (Figure 3). 
The first seismic sequence (1 in Figure 5) is characterized by discontinuous to continuous seismic reflectors, from parallel to sub-parallel. It is composed of sands, conglomerates and shales with levels of pyroclastites, Early Pleistocene in age. The sequence onlaps on the side of the VC volcanic seismic unit (Figure 5), representing the volcanites genetically related to the Villa Literno volcanic complex. The wedging geometries have been observed, suggesting its synsedimentary nature. 
It may be suggested that the intrusion of the VC volcanic unit is older than the deposition of the seismic unit 1, as highlighted by the onlap of the aforementioned sequence on the sides of the volcanic rocks. 
The second seismic sequence (2 in Figure 5) has been divided into two main sub-sequences, respectively identified on the continental shelf (2a in Figure 5) and in the basin (2b in Figure 5). The sub-sequence 2a is distinguished from prograding clinoforms and represents a relict prograding wedge downlapping the VC volcanic complex. The sub-sequence 2b shows parallel to sub-parallel seismic reflectors and is composed of alternating sands and shales of deltaic environment, Pleistocene in age. 
The third seismic sequence (3 in Figure 5) is distinguished from parallel to sub-parallel seismic reflectors having a high amplitude. It is formed by alternating sands and shales of deltaic environment. 
The fourth seismic sequence shows discontinuous to continuous and parallel to sub-parallel seismic reflectors. It is composed of clays of a coastal environment, Pleistocene in age. 
Our data are in agreement with previous seismic data on the Campania-Latium Tyrrhenian margin, both at a crustal scale (Milia et al., 2003; Sartori et al., 2004; Aiello et al., 2011a; 2011b) and at an intermediate scale (Aiello et al., 2009; Conti et al., 2017). The structure of the Campania-Latium continental margin appears to be controlled by the asymmetric fault systems, characterized by a main detachment level, by different listric normal faults and by roll-over anticlines. The transfer zones have also been suggested (Conti et al., 2017). 
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