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The Cenozoic basins of Sardinia (Italy) and their Late Miocene to Present inversion: insight from new seismic data
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Abstract

This study aims to discuss the history and significance of the Cenozoic basins in Sardinia, both before and after the rotation of the Corsica-Sardinia Block, within the Western Mediterranean geodynamic framework, taking into account new seismic data. A grid of 2D seismic profiles with better penetration, improved processing, and calibration by 2 wells (Oristano-1 and Campidano-1) brought novel findings. Two tectonic phases, pre-rotation of the Corsica-Sardinia Block, are now recognized: Phase 1 previously unknown, resulted in the formation of a narrow (20 km) half graben infilled by 3 to 4 km thick syntectonic continental sediments. By comparison with the Paleogene basins of S France, its formation could have started in the Late Eocene. It could include: 1-the syntectonic continental Chattian Ussana Formation of Sardinia, whose base corresponds to the onset in Latest Rupelian-Earliest Chattian time of the calc-alkaline volcanics crossing Sardinia 2-possibly also below part or unknown time equivalent of the post-Pyrenean tectonics Middle-Upper Lutetian to Late Rupelian fluvial-lacustrine Cixerri Formation. Phase 2 resulted in the formation above it, of the wider (more than 50 km) Sardinia Graben System (SGS) more than 200 km long, crossing entire Sardinia from S to N. It is characterized by the deposition of 2 to 3 km thick sediments, continental, deltaic to deep marine in the axis, from the Latest Chattian to the Early Burdigalian. The SGS infilling is like the series deposited in the grabens onshore Southern France and on the margin of the Gulf of Lion. Since the Late Chattian a transgression of the sea from the south became possible in the SGS and the Ligurian-Provençal rift, through deep corridors created between Sardinia and the Balearic Islands. The characteristics of the SGS, its easternmost location in the western Mediterranean extensional system, its boundaries to the north and south linked respectively to the termination of the Provençal and Catalan-North Balearic transfer-transform fault systems, are in favor of the SGS being a failed arm of the W Mediterranean Rift System. Formed after the rotation of the Corsica Sardinia Block, the narrow (20 km) Campidano Graben is now interpreted as a transpressional basin, of Late Miocene (Tortonian) to Recent age. It is superimposed on the western part of the SGS and on the deeper Oligocene half-graben. Its boundaries are major faults of the SGS, reactivated as strike-slip faults with an inversion of the basin sediments of more than 1000 m on its eastern side. It allows interpreting the Campidano basin as a transpressional basin resulting from a regional N-S oriented compressional stress on the pre-existing SGS. It agrees with the generalized inversion of the Neogene basins since the Late Miocene in the western Mediterranean due to the Africa-Eurasia convergence.

Résumé

Le but de cette étude est de discuter sur la base de nouvelles données sismiques, la nature et la signification, dans le cadre géodynamique de la Méditerranée occidentale, des bassins cénozoïques de Sardaigne formés avant et après la rotation du Bloc corso-sarde au Miocène. Un maillage de profils sismiques 2D avec une meilleure pénétration, un traitement amélioré et une calibration par 2 forages (Oristano-1 et Campidano-1) a apporté des connaissances nouvelles. Deux phases tectoniques précédant la rotation du Bloc corso-sarde ont été reconnues. La phase 1 s’est traduite par la formation d’un demi-graben étroit mais profond, inconnu jusqu’alors, suggérant une composante en cisaillement de la faille bordière. 3 à 4 km de sédiments syntectoniques s’y sont déposés. Par comparaison avec les bassins paléogènes du Sud de la France, la base pourrait être Eocène moyen. Les dépôts syntectoniques incluraient 1-la Formation continentale syn-tectonique d’Ussana d’âge Chattien dont la base correspond au début du volcanisme calco-alcalin Rupélien terminal-Chattien basal lié à l’arc volcanique traversant la Sardaigne. 2- Une partie ou un équivalent non connu de la Formation fluvio-lacustre post tectonique pyrénéenne de Cixerri d’âge Lutétien moyen-supérieur à Rupélien terminal. La Phase 2 s’est traduite par la formation au-dessus, du Système de Grabens de Sardaigne, large de plus de 50 km, traversant la Sardaigne du Sud au Nord sur plus de 200 km. 2 à 3 km de sédiments syn-rift s’y sont déposés du Chattien terminal-Aquitanien au Burdigalien Inférieur dans des environnements continentaux à deltaïques devenant marins profonds dans l’axe du graben. Ces séries sont similaires à celles des bassins du même âge du S de la France et du Golfe du Lion. Depuis le Chattien terminal, une transgression marine du S au N a été rendue possible par l’ouverture de corridors en Sardaigne et entre la Sardaigne et les Baléares. Les caractéristiques de ce graben, sa position à l’Est du système de rift back-arc de Méditerranée occidentale, ses limites N et S liées respectivement à la terminaison des grandes failles de transfert de Provence et nord Baléares suggèrent que le Graben sarde constitue un bras avorté du système de rift W méditerranéen. Superposé aux grabens Oligocène et Miocène inférieur, l’étroit (20-30 km) Graben du Campidano, postérieur à la rotation du Bloc corso-sarde, est interprété comme un bassin en transpression d’âge Miocène supérieur (Tortonien) à Récent. Ses bordures sont des failles majeures du Graben sarde, réactivées en failles de cisaillement avec une inversion de plus de 1000 m de la partie orientale du bassin. Il résulte d’une contrainte régionale N-S sur la structure antérieure Oligo-Miocène, en accord avec l’inversion généralisée des bassins néogènes de Méditerranée occidentale due à la convergence Afrique-Eurasie depuis le Miocène terminal.
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1 Introduction
1.1 Background
Sardinia, part of the Corsica-Sardinia continental Block detached from Iberia-Europe (Fig. 1) during the formation of the Ligurian-Provençal back-arc Basin, offers the opportunity to study basins linked to the Oligocene and Miocene tectonic events preceding the Basin formation, as well as their Late Miocene to Recent inversion due to the convergence of Africa and Europe. These basins include the Latest Oligocene to Early Burdigalian Sardinian Graben System (SGS) and the superimposed Pliocene-Quaternary Campidano Graben (Fig. 2A). While excellent outcrops have allowed detailed studies of the surface geology, depicting the graben’s deep structure and their infilling relies on seismic reflection data and deep boreholes. Based on sparse old 2D seismic data and field studies, a first interpretation of the SGS was proposed by Casula et al. (2001). From 2006 to 2010, Saras Spa acquired 655 km of new 2D seismic profiles in two areas of the Campidano Graben, in the central and southern parts of the SGS. A grid of about 2 km spacing, better penetration, improved processing, and stratigraphic calibration by two deep wells, Oristano-1 (SAIS, 1961) and Campidano-1 (SAIS, 1964), brought new insights into the geology of the SGS and the Campidano Graben.
	[image: thumbnail]	Fig. 1 Sardinia in the western Mediterranean realm. Morpho-bathymetric map from CCGM-CGMW (Paris December 2010) with 1: the Oligo-Miocene Sardinia Graben System (SGS) and 2: the Campidano Graben. Circles illustrating the rotation of the Corsica-Sardinia Block (CSB) do not represent the probable multi-stages motion of the CSB.



	[image: thumbnail]	Fig. 2 A. Schematic geological map of the Sardinia Oligo-Miocene Graben (SGS) and of the superimposed Late Miocene to Recent Campidano Graben (Cherchi and Montadert, 1982) with the location of the two Saras Spa surveys (Eleonora and Igia) on the Campidano Graben. Area of deposition of the Cixerri Fm (Middle Lutetian to Late Chattian) is indicated with sediments transport direction. B. Schematic cross sections through the SGS (Cherchi, 1985). Sediments thickness is very underestimated in the grabens. Morphology shows that the area of extension is wider than the area where syn-rift sediments are preserved. Surveys are located on the Campidano Graben (sections B and C) about 20 km wide superimposed on the SGS about 100 km wide.



1.2 Objectives of the study
The purpose of the present study is to propose an updated geological history of the SGS with new evidence of an older deep half graben below, a new interpretation of the Late Miocene to Recent Campidano Graben superimposed on the SGS, and to discuss their significance within the framework of the western Mediterranean geodynamic history.
2 Geological setting
2.1 General framework
Within the Mediterranean geodynamic framework (Figs. 1 and 2A), the nature and significance of the Oligo-Miocene Graben System of Sardinia (SGS) and the origin of the Campidano Graben remain subjects of discussion. Already observed by Vardabasso (Fossa Sarda, 1952), the SGS was recognized (Barberi and Cherchi, 1980; Cherchi and Montadert, 1982; 1984) as a favourable site to obtain geological information applicable to the NW Mediterranean Basin during its rifting period. Indeed, outcrops make it possible to describe and date a large part of the sedimentary succession infilling the SGS. In a synthesis of geological data from field studies and sparse seismic data acquired from 1960 to 1992, Casula et al. (2001; 2015) proposed a scenario for its formation and evolution. Cherchi et al. (2008) established a detailed chronology of the tectonic events and of the sedimentary formations. It was shown that the SGS forms a single tectonic unit stretching from the Gulf of Asinara in the North to the Gulf of Cagliari in the South (Fig. 2A). This structural continuity on a heterogeneous Basement, visible on three schematic EW cross sections of Sardinia (Fig. 2B), does not imply all along, a homogeneous sedimentary infilling (Casula et al., 2001). For example, the continuity of the deep marine Miocene sediments is interrupted in the central part of the SGS buried below Oligocene-Miocene calc-alkaline volcanics and Pliocene-Quaternary Volcanics at the level of the Nuoro Fault (Fig. 2A) (Elter et al., 1990). North of it, the absence of seismic data did not allow imaging the deep structure. However, the marine Lower Miocene sediments indicate shallower water conditions becoming deep again in the northern termination of the SGS in the Asinara Gulf.
Following these studies, the SGS was formed by rifting from the Latest Oligocene to the Early Burdigalian like the grabens in the Gulf of Lion margin (Gorini, 1993; Gorini et al., 1993, 1994) with the same SE-NW orientation before the rotation of the CSB. The syn-rift sediments were deposited in a marine environment since the Late Chattian, with rapid lateral transition to continental syn-tectonic alluvial fans: the Ussana Formation (Fm) (Pecorini and Pomesano Cherchi, 1969). At that time, sparse 2D vintage seismic data did not allow to image correctly the subsurface below the Miocene sediments. Field structural analysis showed that western Sardinia was affected by the Pyrenean shortening event and by a Middle Miocene N 40° shortening event which could correspond to the end of the rotation of the Corsica-Sardinia Block (CSB) (Letouzey et al., 1982; Trémolières et al., 1984; Cherchi and Trémolières, 1984). A complete change occurred in the Latest Miocene with a shortening event oriented N140° (Cherchi and Trémolières, 1984).
However, there is still a debate concerning the complex Cenozoic structural history of Sardinia, which was affected by the Pyrenean tectonics, the formation of the Oligo-Miocene Ligurian-Provençal basin, the Apenninic tectonics and the formation of the Tyrrhenian Sea. Discussions concerned the age (Eocene, Miocene or Eocene reactivated in the Miocene) and origin of the west vergent thrust belt of eastern Sardinia, and consequently the age and significance of the Oligo-Miocene Graben System of Sardinia in the overall evolution of the Western Mediterranean (Chabrier, 1970; Chabrier et Mascle, 1984; Carmignani et al., 1992; Carmignani et al., 1994; Carmignani et al., 1995; Pasci et al., 1998; Carmignani et al., 2001; Faccenna et al., 2002; Carmignani et al., 2004; Sau et al., 2005; Oggiano and Funedda, 2007; Dieni et al., 2008; Zattin et al., 2008; Oggiano et al., 2009; Arragoni et al., 2016). For example, one point of view considered that there was no extension leading to an NE-SW trending rift active in Sardinia during Late Oligocene-Aquitanian times before the rotation of the CSB. In that case, the so-called Sardinia rift would be an assemblage of shallow asymmetric basins, trending N 150° that developed during the Late Burdigalian − Langhian, i.e., at the same time as the rotation of Sardinia and the onset of the collapse of the North Apennine and Alpine Corsica orogenic wedge and the opening of the Tyrrhenian Sea.
In the central and southern part of the SGS (Fig. 2A), the narrow Campidano Graben, essentially covered in surface by Quaternary sediments, was studied by field observation, potential geophysical methods and interpretation of vintage seismic data. (Pecorini and Pomesano Cherchi, 1969; Cherchi et al., 1978; Marini and Murru, 1983; Ciminale et al., 1985; Balia et al., 1991a; Balia et al., 1991b; Casula et al., 2001). It was interpreted as a Pliocene-Quaternary graben, superimposed on the western side of the SGS (Fig. 2A). Its formation was in general, considered as linked to the formation of the Tyrrhenian Sea back-arc basin.
2.2 Pre-rift geological background
The pre-rift geological background of the SGS is reviewed in this study for comparison of Sardinia with Europe and Iberia. We will particularly investigate the record of the transition from the Pyrenean shortening to the Ligurian-Provençal rifting as it is observed on the outcrops but also imaged now by the new seismic data.
2.2.1 Variscan basement and Mesozoic sediments
On the complex Variscan Basement of western Sardinia above iron-rich paleosoils (“Ferro dei Tacchi”, Vardabasso, 1959), Mesozoic sediments outcrop, showing sensible differences on the western and eastern sides of the SGS. In the northwestern side, the Mesozoic sequence starts with a thick Permo-Triassic succession overlapped by Jurassic and Cretaceous neritic carbonates (Cherchi et al., 2010). In the southwestern side, the Mesozoic series are very similar. They are comparable to those outcropping in the Pyrenees-Provence area (southern France) (Chabrier & Mascle, 1975). On the eastern side, the Mesozoic is represented by isolated Triassic carbonates and Middle Jurassic carbonates resting on the Triassic locally or directly on the Basement. Only in the easternmost side of Sardinia, the Mesozoic develops again towards the Mesozoic Ligurian oceanic basin.
The Mesozoic was deformed during the Middle-Late Cretaceous and the Eocene due to the Africa-Eurasia convergence as observed around the Mediterranean.
2.2.2 Mid-Eocene Pyrenean shortening event
The Mid-Eocene “Pyrenean” shortening event has been recognized in the whole western Sardinia (Chabrier, 1970; Chabrier et al., 1984; Letouzey et al., 1982; Cherchi and Trémolières, 1984; Trémolières et al., 1984; Pomesano Cherchi, 1963). It was important in SW Sardinia with reverse faults and overthrusts (Barca & Costamagna, 1997; 2000). They are active at least until the base of Lutetian (Agus and Pecorini, 1978; Pittau Demellia, 1979; Salvadori, 1980; Pecorini, 1963; Raponi, 2003; Matteucci, 1985; Murru and Matteucci, 2002), while deformations continued until Middle Lutetian in Eastern Sardinia. Eocene sediments rest directly on the Basement or on Mesozoic sediments of different age depending on the location. The marine transgression came from E-NE to SE of Sardinia (in present position) where marine Montian and Paleocene is known (Dieni et al., 1979). In SW Sardinia, the succession starts with shallow marine limestones dated Thanetian and Early Ypresian (Early Middle Ilerdian) (Cherchi, 1983). Above, the sequence become paralic with coal seams of Late Ypresian age intercalated (Pittau, 1977; Salvadori, 1980; Fanni. et al., 1982; Cappetta and Thaler, 1973). The paralic sequence disappears to the East nearby the western edge of the Campidano Graben but thickens to the west until the coastline.
2.2.3 Post-tectonic Cixerri formation
Above, the post-Pyrenean tectonics Cixerri Fm restricted to SW Sardinia (Fig. 2A), with 100 to 400 m thick continental fluviatile-lacustrine sediments, is unconformable on the lignitiferous paralic Eocene (Late Ypresian) basin sediments deformed by the Pyrenean Orogeny or on the Variscan Basement (Pecorini and Pomesano Cherchi, 1969; Barca and Palmerini, 1973; Barca and Digregorio, 1977; Cherchi and Montadert, 1982; Barca and Costamagna, 1997, 2000, 2010; Costamagna and Schäfer, 2018). Its base is dated Middle Lutetian by Charophyta and palynomorphs (Agus and Pecorini, 1977; Pittau Demelia, 1979; Salvadori, 1980). Sediments were deposited in a NW to SE transport direction and are crosscut by the SGS. At their base, they contained pebbles of metamorphic rocks and of Middle Cretaceous limestones bearing microfauna characteristic of the Pyrenean-Provence domain (Cherchi and Schroeder, 1976; Cherchi, 1979). It shows that the Cixerri Fm resulted from the erosion of Pyrenean reliefs located NW of Sardinia. Equivalent deposits have also been found in the Balearic Islands (Bourrouilh, 1973, 1976; Colom, 1976). The Cixerri Fm is covered by the continental syntectonic conglomeratic Ussana Fm (Peccorini and Pomesano Cherchi, 1969) or by the equivalent Flumentepido Fm (Barca and Costamagna, 2010) with calc-alkaline volcanics pebbles, or directly by calc-alkaline volcanics. This calc-alkaline volcanism is dated 32 to 13 My in Sardinia (Beccaluva et al., 1985). Its onset in SW Sardinia is dated 29.9 to 27.5 My and 24.9 to 26 My (Funedda et al., 2009) thus consistently late Rupelian to early Chattian in age. Therefore, the post-tectonic Cixerri Fm represents Pyrenean originated continental, molassic sediments deposited before the formation of the SGS. It should exist at great depth below the SGS (Raponi, 2003). Indeed, it outcrops again to the SE with indication of marine influences dated Oligocene below Late Rupelian-Early Chattian andesites (Pecorini and Pomesano Cherchi, 1969) and above marine Eocene (Lower Ypresian) carbonates.
2.2.4 Syntectonic Ussana formation
The syntectonic clastic Ussana Fm above, corresponds to an important structural change with creation of new reliefs and escarpments and strong erosion. Typically, continental breccias, and heterometric conglomerates embedded in a red-violine clayey matrix were deposited as slope deposits, alluvial fans or torrential deposits. This change was interpreted as the beginning of the W Mediterranean back arc rifting phase in a continental environment, dated around 30 My by the volcanics i.e., Middle Oligocene (Latest Rupelian-Early Chattian) (Cherchi and Montadert, 1982). There is a gap in the field observations in Sardinia between the base of the Ussana Fm and its top below the marine deposits of latest Chattian-Aquitanian age in the SGS. However, the new seismic data available show a several km thick syn-tectonic sedimentary section below the SGS. Its nature and age will be further discussed with comparison with the Paleogene basins of the same age in southern France (Semmani et al., 2023; 2024).
3 Data and methodology
3.1 Biostratigraphy
Biostratigraphy is particularly important in a rifting context such as the SGS, as sedimentary environments and thicknesses are strongly influenced by syn-sedimentary faulting, resulting in a wide range of facies from continental to shallow and deep marine environments. Oligo-Miocene calc-alkalic volcanism (Savelli et al., 1979) and Plio-Quaternary volcanics (Beccaluva et al., 1977, 1985) also have an important influence on the sedimentation. This complex relationship has been clarified along the eastern panel of the SGS because its eastern faulted boundary is well preserved while its western boundary was reactivated during the formation of the Plio-Quaternary Campidano Graben.
The clarification was the result of continuous detailed geological mapping of outcrops and interpretation of vintage seismic profiles (Casula et al., 2001; Longhitano et al., 2015). The chrono-biostratigraphic data provided the basis for establishing the sedimentary successions on outcrops (Cherchi et al., 2008) but also in two wells drilled in the deeper part of the graben, Oristano-1 and Campidano-1 (Pecorini and Pomesano Cherchi, 1969; Pomesano Cherchi, 1971), where cuttings, long and side-wall cores were available. The zonations used is based on the planktonic foraminifera zonation proposed by Mancin et al. (2003, 2007) and calcareous nannofossils zonation of Fornaciari and Rio (1996) for the Miocene.
3.2 Seismic data
The first 2D seismic data (593 km) in S Sardinia were acquired by Wintershall during the early 1960’s and resulted by drilling the Oristano-1, Oristano-2, and Campidano-1 wells by SAIS. The second 2D survey was carried out by AGIP in the early 1990’s with acquisition of 285 km-line. These older profiles were interpreted and integrated with the field studies in Casula et al. (2001). The third survey used in this study, was realized by Saras SpA in 2006 and 2010. Contrary to the previous surveys, the 2D profiles (655km) were acquired on 2 areas only in the Campidano Graben but with a regular grid of few km spacing (Figs. 3–5). On one N-S line in the Oristano area, acquisition parameters were modified resulting in a much deeper penetration. It allowed imaging an unknown older thick half graben. After processing (in Time), interpretation (in Time) was carried out with a calibration based on the Oristano-1 and Campidano-1 wells whose biostratigraphy, well logs and especially the velocities have been reassessed. Time mapping was realized on major markers. Finally, depth mapping was created through average velocity maps based on seismic velocities with control from known depths at wells of remarkable seismic markers as the Pliocene basalts flows and the Messinian Erosional Surface (MES).
	[image: thumbnail]	Fig. 3 The Central and Southern Sardinia Oligo-Miocene Graben System on the Sardinia Geological Map with the 2 Saras Spa surveys located in the Campidano Graben with the OR-1 and Campidano − 1 wells.



	[image: thumbnail]	Fig. 4 The Saras Spa Eleonora survey (North Campidano) on the Geological Map of Sardinia with location of the new seismic lines and of the Oristano-1 (OR-1) well. Profiles presented in the publication are in red.



	[image: thumbnail]	Fig. 5 Location of the Saras Spa seismic survey in the Central-South Campidano on the Geological Map of Sardinia with the Oristano-1 well. Profiles presented in the publication are in red. Note the basin inversion on the E side of the Campidano.



3.3 Potential methods
The study area and the location of the two surveys by Saras SpA are shown on the Bouguer anomaly map and its first order vertical derivative (Figs. 6A and B) and the reduction to the pole of the total magnetic field map (AGIP SpA, 1979; Cassano et al., 1979; Ciminale et al., 1985) and its first order vertical derivative of the reduction to the pole of the total magnetic field map (Figs. 7A and B). The continuity of the narrow Plio-Quaternary Campidano Graben where the two surveys are located, appears clearly with a change of orientation south of the Oristano area. Large Plio-Quaternary volcanic deposits hide its northern continuation. The magnetic anomaly maps do not display magnetic anomalies in the northern Campidano, while in the southern Campidano marked magnetic anomalies linked to the Oligocene-Miocene volcanics cross the area and were encountered in the Campidano-1 well.
	[image: thumbnail]	Fig. 6 A. Bouguer anomaly map with the Saras Spa concessions. B. First order vertical derivative of Bouguer anomaly map with the Saras Spa surveyed areas. The Campidano Graben with thick Plio-Quaternary sediments is well defined.



	[image: thumbnail]	Fig. 7 A. Aeromagnetic field anomaly map with Saras Spa concessions. B. First order vertical derivative of reduction to the pole of the total magnetic field with the Saras SpA surveys. One notes the absence of anomalies in the Eleonora area while the Igia area is crossed by an anomaly due to the calc-alkaline volcanics.



3.4 Deep boreholes
Availability of deep boreholes results was essential for the calibration and interpretation of the seismic data.
In the Northern Campidano in the Oristano-1 borehole (OR-1) cores, well logs, velocity data and biostratigraphy enabled a detailed stratigraphical and sedimentological interpretation (Figs. 4 and 8).
Only the main results will be commented from base to top:

	The well bottomed at 1802 m in marine Aquitanian sands overlaid until 1600 m by marine Aquitanian shales. From 1600 m to 1370 m, a section equivalent to the Marmilla Fm on outcrops, composed of marine shales rich in volcano-clastics elements is essentially Early Burdigalian in age. This stratigraphic interval is part of the syn-rift infilling of the SGS (Casula et al., 2001).


	From 1370 m to 1000 m, marine shales and sandy marls of Late Burdigalian to Early Serravallian are interpreted as post-rift sediments.


	From 1000 m to the MES (Messinian Erosional Surface) at 844 m, Tortonian-Serravallian hemipelagic marls and sands and Early Messinian marine shales were found. Such Tortonian clastics as in many parts of the Mediterranean, are considered as the first indication of the regional inversion caused by a new stage of the convergence of Africa and Eurasia.


	Above the MES at 844 m until 798 m, the Early Pliocene marine flooding is observed with shales (Fig. 8). They comprise intercalations of sand and Paleozoic pebbles due to the reworking of clastics resulting from the erosion of the Variscan Basement during the Messinian sea level drop. Marine Pliocene shales (Zanclean and Early Piacenzian) sedimentation continued until 657m.


	At 657 m, an abrupt change to a continental environment occurred with the deposition until 94 m of Middle-Late Pliocene continental sands and shales of the Samassi Fm (Pecorini and Pomesano Cherchi, 1969) indicating uplift and erosion. Between 306 m and 322 m, an Upper Pliocene basalt flow can be mapped on the whole area.


	From 94 m to the surface, Pleistocene-Holocene fluvial-deltaic environment prevailed with however, short marine incursions at 23 m and 33 m depth.


	In the southern Campidano, the Campidano-1 well (Pomesano Cherchi, 1971) (Figs. 5 and 9) played the same role, but the location of the well on a high does not allow a precise regional calibration for the deeper layers.


	Comments on the well results are presented with comparison with outcrops and OR-1:


	The well bottomed at 1700 m in violin sandy conglomerates with an abundant clayez matrix probably equivalent to the continental Ussana Fm described on nearby outcrops (Pecorini and Pomesano Cherchi, 1969). They are covered from 1520 m to 1153 m, by a thick section of andesites and violin volcanic andesitic debris. It is in accordance with the proximity of an andesitic dome like those outcropping immediately to the east. It is also in agreement with the presence of a magnetic anomaly crossing the SGS (see map Fig. 7B).


	An abrupt change occurred at 1153 m, with the deposition of shallow water marls, carbonated sandstones and calcarenites of the Late Aquitanian showing the late arrival of the marine transgression on a high. This interpretation is supported by the presence of rhodalgal carbonates and coral reefs (Villagreca limestone) above Oligocene andesitic domes outcropping eastward. There, the transition from coral reefs to marls is observed and dated Late Aquitanian to Early Burdigalian (Pecorini and Pomesano Cherchi, 1969; Cherchi, 1974; Mancin et al., 2003).


	From 1120 m to 900 m, tuffitic marls were dated from Aquitanian to Burdigalian. A reflector at this level was mapped as near-base post-rift sediments. The same lithology of Langhian age was found until 780 m.


	From 780 m to 540 m, marine Tortonian and Serravallian marls include several sandstones and conglomerates levels like in OR-1. Here again, it testifies to the beginning of uplift and erosion of this part of Sardinia.


	From 540 m to the surface, continental Middle-Late Pliocene Samassi Fm rests unconformably on marine Late Tortonian. In contrast to the Oristano area, neither marine Early Pliocene nor marine Lower Messinian exist to precisely define the MES which here corresponds to a larger hiatus. Marine Lower Pliocene and pre-MES marine Messinian are found again in the southern Campidano (Murru, 1983) and offshore in the Gulf of Cagliari with the Marcella-1 borehole (Casula et al., 2001).



	[image: thumbnail]	Fig. 8 Logs, lithologies and biostratigraphy of OR-1 with enlargement of the Upper Miocene- Lower Pliocene interval showing the two layers with clastics of Tortonian and Lower Pliocene age, below and above the Messinian Erosional Surface (MES).



	[image: thumbnail]	Fig. 9 Results of the Campidano-1 well and calibration of a NW-SE seismic profile (See location on Figs. 5 and 14). 1- Base Pliocene (Continental Samassi Fm) 2- Serravallian-Tortonian 3- Burdigalian (Near Base Post-Rift sediments) 4- Upper Aquitanian shallow water limestones 5- Volcanics and Continental conglomerates (Ussana Fm). The well is located on a volcanic high on a magnetic anomaly. In this area, transgression of the see is dated Upper Aquitanian instead of L. Chattian-E. Aquitanian. Marine Messinian and marine Early Pliocene were not preserved contrary to the Northern Campidano (see OR-1 well, Fig. 8).



4 Geological interpretation of the seismic data in the SGS/North Campidano Graben (Oristano area) (Fig. 4)
In this central part of Sardinia, the Campidano Graben superimposed on the SGS, is N-S oriented. Tectonics was still active recently (this study and ref. in 2.1) with a dissymmetry marked by a more active subsidence to the W along a major fault, the Capo Frasca-Sinis Fault. It is visible in the geography with present deltas deposits with marshes and lakes onshore in the E passing westward to the shallow sea of the Gulf of Oristano. The survey is located onshore with the Oristano-1 well (OR-1) (Fig. 4). Therefore, the Capo Frasca-Sinis Fault is undersea except in the S and N of the studied area.
4.1 Stratigraphic calibration of the seismic survey and structural mapping
One of the seismic profiles W-E oriented, crossed the OR-1 well, allowing a stratigraphic calibration of the seismic survey (Fig. 10)
The well stopped in marine Aquitanian sands some 300-400 m above an interval of strong reflectors found also in the other profiles in the basinal part of the North Campidano. They are interpreted as high amplitude reflectors linked to sheet and mounded turbidites at the toe of clinoforms becoming a strong faulted reflector eastward. The base Aquitanian (red horizon) to the top Lower Burdigalian (green horizon) interval thins considerably to the east where it rests on pre-Aquitanian prograding sediments which will be interpreted on a N-S profile. It is overlaid by the Upper Burdigalian to Messinian marine shales thinning also eastward. One observes that the MES horizon draws a large antiform located on the thickest section of the Miocene sediments below. It shows an inversion of the basin in the Late Miocene. The post-MES Pliocene sediments are unconformable on the deformed and faulted pre-MES sediments.
The whole sedimentary section is highly faulted up to the surface as part of an N-S oriented fault system observed in the whole survey (Figs. 11A and B). To the East, faults are west dipping. Westward, a narrow typical negative flower structure is visible at the level of the OR-1 antiform, limited westward by east dipping normal faults. The faults affect the whole sedimentary section, however, some of them affect the Miocene sediments only, stopping upward at the MES. This is consistent with a pre-MES Late Miocene tectonic event. Their significance will be further discussed with other seismic examples.
The stratigraphic calibration of the horizons allowed drawing several depth structural maps. The base Samassi and the MES maps are presented on which the profiles are located (Figs. 11A and B).
	[image: thumbnail]	Fig. 10 Stratigraphic calibration of the seismic data by OR-1 (location Figs. 4 and 11). Note the intense faulting with flower structures affecting the whole post- Oligocene section including the Upper Pliocene basalts, the Messinian Erosional Surface (MES) and the strong reflectors at the Base Aquitanian-Top Oligocene marine sediments. The pre-MES inversion and presence of pre-MES faults show that the tectonic event started in the Late Miocene and continued until Recent time.



	[image: thumbnail]	Fig. 11 Structural depth maps of the Base continental Pliocene Samassi Fm (Fig. 11A) and of the MES (Fig. 11B). Stratigraphic calibration by OR-1 allowed mapping seismic horizons and the main faults. They show the thickening and deepening of the Plio-Quaternary along the active Capo Frasca −Sinis Fault and the intense Late Miocene to Recent faulting N-S oriented. Four main continuous faults trends (I to IV) are picked and interpreted as strike-slip faults. Figure 11B displays a Messinian paleo-channel whose course was influenced by the Late Miocene tectonic deformations (Cornée et al., 2008).



4.2 Evidence of a deep graben below the SGS
A N-S profile (Figs. 12A and B) running close the well OR-1, with different acquisition parameters for improving imaging at greater depths, provides the striking evidence of a previously unknown, deeper, thick syntectonic sedimentary section deposited in a half graben below the marine Late Chattian-Aquitanian. It testifies to a pre-Aquitanian strong subsiding phase. At its deepest point on the profile, its thickness is 3 s TWT i.e., about 3 to 4 km. To the SW, the profile shows the steeper side of the half graben but does not cross its bounding fault which corresponds to the Capo Frasca-Sinis Fault (Fig. 3 ). It extends to the W in the Gulf of Oristano. Westward, it is separated from another offshore, small Miocene Graben, not imaged by seismic at depth, by a narrow horst extending from Capo Frasca to the Sinis Peninsula (Fig. 4). By comparison with the Paleogene Continental basins from SE France (Séranne et al., 2021; Semmani et al., 2023; 2024) it can be interpreted as a narrow (20-30 km) trans tensional basin whose age of the base is unknown. It could be as old as late Eocene and includes time equivalent of the post-Pyrenean tectonics Cixerri Formation in addition of the Latest Rupelian-Early Chattian Ussana Formation. It is bounded westward by a major N-S fault with possibly a strike slip component.
Above in the middle of the profile, at about 1700 ms TWT, strong reflectors are visible near the base Aquitanian as already observed on the calibration line (Fig. 10). There is no indication of volcanics on the magnetic anomaly’s maps (Figs. 7A and B) and mapping shows that they are restricted to the central part of the basin. Thus, they are interpreted as high amplitude reflectors, corresponding to distal sheet and mounded turbidites at the toe of clinoforms. Indeed, Miocene prograding systems and fans infill the basin from the South an East and evolved to shales and distal turbidites in the basin centre. Figure 12B, an enlargement of the southern part of the S-N profile Figure 12A, illustrates this sedimentation pattern with deltas fans prograding in a deep marine basin. These observations show that accommodation was created by faulting in the Latest Oligocene-Early Aquitanian allowing the sharp transgression of the sea in the SGS. It is like in the northwestern Mediterranean (Durand-Delga, 1981; Bellaiche et al., 1979), in the Gulf of Lion and in the Marseille and southern Languedoc basins.
	[image: thumbnail]	Fig. 12 A. The N-S seismic profile (location Figs. 4 and 11) with better penetration, running close to OR-1, discovered below the SGS marine sediments a thick (3 to 4 km) section of syn-tectonic sediments. They could be continental Late Eocene to Late Chattian in age following field studies and comparison with similar basins in southern France (Séranne et al., 2021; Semmani et al., 2023; 2024) (See Sect. 6 Discussion). They were deposited in a narrow half graben (20-30 km wide) bounded westward by the Capo Frasca-Sinis Fault (not crossed by the profile). Above, the strong reflectors at the Base of the Miocene are interpreted as turbidites at the toe of prograding deltas fans (See Fig. 12B) in a deep marine basin resulting from the rifting of Sardinia (SGS). B. Enlargement of the southern part of profile Figure 12A (dotted rectangle on Fig. 12A), stratigraphically calibrated at OR-1. It shows a detail of superimposed deltaic fans prograding from the South, infilling the deep marine Late Chattian Aquitanian to Lower Burdigalian basin of the SGS, with transition to shales and clastics turbidites identified in OR-1. The sediments above the green horizon, Upper Burdigalian to MES in age, onlap the prograding fans and are post-rift sediments.



4.3 Interpretation of the faults system
In addition to the E-W calibration line (Fig. 10) and the N-S line (Fig. 12), four E-W oriented profiles (Figs. 13A, B, C, and D) south of the calibration line, are presented to better understand the origin of the fault system with flower structures. Their continuity can be studied on the structural maps at the base of the continental Pliocene (Samassi Formation) and at the MES. (Figs. 11A and B).
It allows proving the N-S continuity of the flower structures trends, with four (I to IV) main faults. Indeed, even if the flower structures geometry changes on the N-S direction, a western N-S faulted trend (I) can be followed continuously on all EW profiles and disappear only in the southern part. East of this trend, another N-S faulted zone (II) is characterized by strong internal deformations with reflectors deeming possibly due to gas migrating from deeper layers. Finally, 2 other continuous N-S faulted zones exist eastward. On all these profiles there is evidence of a Late Miocene Pre-MES tectonic event at the origin of the flower structures.
Therefore, in the North Campidano Graben, one observes that: 1- the whole sedimentary section is highly faulted right up to the surface with a geometry of faulting typical of flower structures where faults converge at depth. 2- The tectonic event at the origin of faulting started in the Pre-MES Late Miocene and deformations continued until Recent time. 3- The faults are grouped in several N-S oriented trends which can be followed in the whole survey, along which the style of associated flower structures can change.
This type of fault geometry can be encountered in different settings like in roll-over structures or more generally associated with wrench tectonics (Wilcox et al., 1973; Rodgers, 1980; Woodcock and Fisher, 1986). Typically, one distinguishes negative flower structures characterized by synforms and normal separations and positive flower structures characterized by antiforms and reverse separations (Cunningham and Mann, 2007; Harding, 1985; Holdsworth et al., 1998). A third kind, hybrid, flower structure (Lei Huang and Chi-yang Liu, 2017) is characterized by both antiforms at depth and normal separations. It is generally the case in the N Campidano. Some of the deep faults stop at the MES unconformity demonstrating the pre-MES Late Miocene age for the starting of this tectonic process, but most of them extend upwards until the surface displacing the Upper Pliocene interbedded basalt flows. They converge at depth and cross the high amplitude reflectors of the Base Aquitanian as visible when seismic penetration was sufficient. Their N-S continuity, independent of the orientation of the Capo Frasca-Sinis main Fault, the change of vertical offset observed on a single main fault let to interpret them as a network of strike-slip faults active since the Late Miocene to Present.
	[image: thumbnail]	Fig. 13 Succession from N to S of W-E seismic profiles. I, II, III and IV referred to the continuous N-S fault trends displayed on the depth structural maps (Figs. 11A and B). The Late Miocene age for the first tectonic deformations is particularly clear on profile A for trend I. The variability of faults geometry appears clearly especially for trend I. The interpretation of the flower structures as strike-slip faults is particularly convincing on trend I profile A and D and on trend II profiles A, C and D. On the trend II on line D, one notes deeming of the seismic data from the bottom to the top of the faulted zone probably linked to upward gas migration.



4.4 The three tectonic phases
In summary, in this northern area, one observes three superimposed Cenozoic basins resulting from two successive tectonic phases before the rotation of the CSB and a third one after.
1- The oldest one, previously unknown, resulted in a narrow half graben bounded westward by the Capo Frasca-Sinis Fault, infilled by thick (3 to 4 km) probably continental sediments. Their age (Oligocene and post-Pyrenean shortening Eocene?) and significance will be discussed in Section 6.1 by comparison with Paleogene basins of SW France (Semmani et al., 2023, 2024) and results of field studies in SW Sardinia (See Sect. 2 Geological Setting- Pre-Rift Geological Background).
2- A Late Chattian-Aquitanian to early Burdigalian larger graben system is superimposed on the older half graben. It created further accommodation allowing the transgression of the sea with syn-rift marine sediments deposited in deep water environments in its axis. It is the SGS as described by Casula et al. (2001).
3 − The Campidano Graben is superimposed on the preceding basins. Its most subsiding part is bounded to the West by the reactivated Capo-Frasca-Sinis Fault. Continuous N-S oriented strike-slip faults with associated flower structures were active from the Late Miocene to Recent are related to a regional Late Miocene to Present N-S oriented compressional tectonic stress.
5 Geological interpretation of the seismic data in the SGS/South Campidano Graben
While the Campidano Graben is N-S oriented in the Oristano area, it is NW-SE oriented in the South. It extends southward offshore into the Gulf of Cagliari (Fig. 2A), where it was recognized in offshore seismic profiles and by the well Marcella-1 (Casula et al., 2001). To the west, its boundary corresponds to the reactivated faulted boundary of the SGS. To the East, it is bound by a major reactivated fault inside the SGS. More eastward, the SGS sediments are well exposed, and faults are not reactivated during the Plio-Quaternary. The seismic survey (Fig. 8) enabled imaging, like in the north, the Campidano graben, the underlying SGS and sediments below. In surface, only Pleistocene-Holocene sediments outcrop except along its eastern boundary where folded uplifted Pliocene continental sediments and even deeper Miocene sediments outcrop due to tectonic inversion (Figs. 2A and 5) (Carmignani et al., 2001; Casula et al., 2001).
5.1 Stratigraphic calibration of the seismic data
Calibration of the seismic data is done on a NW-SE profile almost crossing the Campidano-1 well (Figs. 5 and 9). The location of the well on a high with magnetic anomalies and the transition to deeper sediments to the SE can be observed. On the high, the continental Pliocene Samassi Fm is unconformable on deformed and eroded Tortonian and reduced Miocene sediments with shallow water Aquitanian carbonates at the base, resting on calc-alkaline volcanics with continental Ussana sediments below. It testifies that a compressional event occurred in the Late Miocene as observed on the outcrops and in the Oristano area to the North. In the deepest area to the SE, interpretation of several horizons until base Aquitanian was possible. It allows building depth structural maps of 3 stratigraphic horizons:1- Base of the Continental Pliocene Samassi Fm (Fig. 14A), the top Lower Burdigalian (Fig. 14B) and base Late Oligocene-Aquitanian (Fig. 14C) of the syn-rift sediments of the SGS.
	[image: thumbnail]	Fig. 14 Structural depth maps of three horizons in the central-southern Campidano survey (Igia) with location of the profiles presented: A. Base of the syntectonic continental Pliocene Samassi Formation resting directly on deformed Tortonian. Note thick depocentres (1000 m) and inversion of the E area with erosion of the Miocene. B. Base post-rift Middle-Lower Burdigalian C- Base marine syn-rift Late Oligocene-Aquitanian (Base SGS). The overall tectonic pattern is a wrenched trans pressive basin bounded by Oligocene-Miocene faults reactivated from the Late Miocene to the Recent under a N-S compressional stress.



5.2 Geological interpretation
Some selected interpreted profiles crossing the Campidano Graben (Figs. 9, 15A, B, 16, and 17) are presented, localized on Figure 5 and on the depth structural maps (Figs. 14A, B and C).
An E-W profile (Fig. 15A) in the northern part illustrates the main characteristics of the sedimentary infilling and faulting. Structurally, two near parallel major faults NNW-SSE oriented, limit the Campidano graben up to the surface (Figs. 14A and B). In between, another oblique N-S oriented fault cuts across a well-defined Miocene half graben with its bordering fault to the east. On the seismic profile, one can distinguish from the surface downward:

	The Middle-Upper Pliocene Samassi Fm unconformable on the Miocene succession. Its thickness is controlled by the median fault that separates the Miocene half graben into two parts: to the NW with a thick syn-tectonic Samassi Fm on the deformed underlying Late Miocene and to the SE where the Samassi Fm is very thin on uplifted and eroded Miocene.


	The marine Miocene sediments including syn-rift and post rift deposits, thicker (about 1.5s TWT) in the eastern part of the half graben.


	The base of the marine Miocene is delineated by a reflector that continues through most of the study area. It was mapped as the near base of the rifting phase starting in the Late Chattian-Aquitanian with marine sediments like in the Oristano area.


	Below, there is a series of reflectors, coherent in an interval of about 2 s TWT below the base of the Late Chattian-Lower Miocene syn-rift section. Even deeper, down to 5 s TWT, strong reflections exist but with migration artefacts and probably side arrivals. For these reasons the mapping was not done.



Profile (Fig. 15B), parallel to profile Figure 15A, shows that southward, the throw of the median fault diminishes and is replaced by a typical positive flower structure.
Farther south, a seismic section (Fig. 16) displays a thick sedimentary section of 4 to 5 s TWT which can be correlated with the other profiles to the north.
One note in the Late Chattian-Aquitanian to Lower Burdigalian marine syn-rift, clastic prograding fans originated from both sides of the Campidano Graben passing in the center of the basin to strong horizontal reflectors interpreted as sheeted turbidites. It is the same pattern of infilling of the basin as described above in the North Campidano.
Deeper, organized reflectors in pre-Miocene sediments are visible until 4 s TWT and were interpreted as Figure equivalent of the Late Oligocene Ussana Fm and of the Early Oligocene to Lutetian Cixerri Fm like in the Oristano area in the North. They rest probably on older Eocene and possibly Mesozoic sediments. The profile also illustrates the tectonic inversion of the basin in the eastern side of the Campidano and the westward shift of the syntectonic continental Pliocene Samassi Fm depocenter with a correlative apparent down-lapping of the sediments westward (Fig. 16).
The vintage profile in Figure 17 (see location in Figs. 5 and 14) extends the survey farther east, completing the image of the basin inversion by crossing the major bounding fault along the eastern edge of the south Campidano.
Depth structural maps of different reflectors reveal the tectonic pattern of this part of the Campidano Graben (Figs. 14A, B, and C) and of the underlying SGS.
In particular, the structural depth map of the base continental Lower-Middle Pliocene Samassi Fm (Fig. 14A), which broadly corresponds to a Plio-Quaternary thickness map, illustrates the Plio-Quaternary tectonic regime. The overall pattern is consistent with a right lateral wrench tectonic regime applied on the pre-existing faulted area of the SGS. It caused the reactivation as strike slip faults of two major normal Oligo-Miocene faults bounding the thickest part of the SGS under a broadly N-S regional compressional stress. The result is the long and narrow (around 20 km) Campidano trans pressional basin.
The consequences of this N-S regional shortening are particularly spectacular in this area, with the inversion of the eastern Campidano basin infilling until non-deposition or total erosion of the Samassi Fm and even part of the Miocene. This inversion continues to the SE until Cagliari and farther offshore (Casula et al., 2001). This is consistent with a wrench trans pressional tectonic regime.
In the study area, the structural maps (Figs. 14A, B, and C) show a trough deepening to the SE towards the Gulf of Cagliari with increasing thicknesses of the Plio-Quaternary and Miocene sediments. It shows that most of the Central-South Campidano was a region more uplifted since the Late Miocene than in the North (Oristano area) and in the South towards the Gulf of Cagliari. Indeed, in both areas, marine Messinian and marine Lower Pliocene were preserved.
	[image: thumbnail]	Fig. 15 Seismic cross-sections in the central-southern Campidano. A. SSW-ENE interpreted profile crossing the central Campidano Graben (see location on Figs. 5 and 14) and the underlying SGS. Horizons: Yellow= Base Pliocene (Continental Samassi Fm). Blue= Near Top Burdigalian (near Base post-rift). Green= Near Top Aquitanian. Black=Base marine Aquitanian-Top Oligocene (Base of the SGS). The prominent fault (Median Fault) is connected to the northeastern faulted boundary of the Campidano Basin (See Fig. 14). Note the thick pre-SGS section as in the northern Campidano. B. SSW-ENE interpreted profile crossing the Campidano (see location Figs. 5 and 14) parallel to profile Figure 15A. Same markers as on Figure 15A. It shows the transition from the Median Fault to a positive flower structure.



	[image: thumbnail]	Fig. 16 SSW-ENE interpreted seismic section through the southern part of the Campidano (see location on Figs. 5 and 14) with the same markers than in Figure 15. It shows the thick syntectonic pre-Aquitanian (blak marker) sedimentary section like in the northern Campidano. It could include Oligocene and even Late Eocène sediments like in the northern Campidano, and even below older Eocene and Mesozoic. Same markers as on Figure 15A. The black arrow suggests the crest of a tilted fault block bound by a major fault mainly active during the pre-SGS Oligocene.



	[image: thumbnail]	Fig. 17 Vintage NE-SW seismic profile (location Figs. 5 and 14) showing the major structural inversion of the Eastern part of the Campidano Graben with the yellow horizon= near Base Samassi and the green horizon= near Base marine Aquitanian-Late Chattian (base SGS). The Monastir Fault is the eastern boundary of the Campidano transpressional basin. The NW-SE oriented inverted structure is mapped on the Geological Map of Sardinia (See Figs. 2A, 3, and 5).



6 Discussion
6.1 Age, nature, and significance of the thick syntectonic sedimentary section underlying the SGS
An important result of the new onshore seismic surveys in Sardinia is the evidence that, below the base of the syn-rift sediments in the SGS, there is still a much thicker section (3 to 4 km) of previously unknown syntectonic sediments (Fig. 12A). This section, older than the marine sediments dated Late Chattian-Aquitanian on outcrops and in the OR-1 well, is therefore Oligocene in age but its base is not dated. To the north, in the Oristano area, its deposition was controlled by a half graben whose western faulted boundary, not crossed by the profile, is close to the reactivated Capo Frasca-Sinis Fault (Figs. 4 and 11). On the seismic profile, one does not observe important discontinuities in the sedimentary section. Reflectors become more continuous towards its base but still with evidence of the same syntectonic deposition pattern. Therefore, the stratigraphic interpretation is mostly based on outcrops studies in SW Sardinia (See Sect. 2- Geological Setting-Pre-rift Geological Background) and on a comparison with the Paleogene basins in southern France and around the Gulf of Lion. In Sardinia, two post-Pyrenean tectonics sedimentary sequences were defined on outcrops below the marine latest Chattian-Aquitanian developed in the SGS:

	The fluvio-lacustrine Cixerri Fm interpreted as a post-tectonic molasse deposited from NW to SE (before rotation of the CSB) with indications of lagoonal-marine environment to the SE. It resulted from the erosion of Pyrenean reliefs NW of Sardinia (before rotation of the CSB). Its base is Middle Lutetian in age, its top is dated Oligocene by microfossils and more precisely by the calc-alkaline volcanics resting on it.


	The continental conglomeratic Ussana Fm, clearly syntectonic, whose base is well dated Latest Rupelian-Early Chattian by the calc-alkaline volcanics of the volcanic arc crossing Sardinia from S to N linked to the Apenninic subduction.



Comparison with the Paleogene and Neogene basins in southern France and in the Gulf of Lion provides useful elements for the stratigraphic interpretation (Arthaud et al., 1981; Gorini, 1993; Gorini et al., 1993, 1994; Séranne et al., 1995; Benedicto et al., 1996; Maerten and Séranne, 1995; Mascle and Vially, 1999; Benedicto et al., 1999; Séranne, 1999; Séranne et al., 1999; Sanchis and Séranne, 2000; Guennoc et al., 2000; Oudet et al., 2010; Bache et al., 2010; Séranne et al., 2021; Semmani et al., 2023, 2024). In the Vistrenque Basin (Benedicto et al., 1996; Semmani et al., 2023, 2024) the sediments deposited between the Pyrenean tectonics unconformity and the Late Chattian-Aquitanian marine sediments of the SGS are about 3500 m thick in the deep part of the basin. This is comparable to the thickness of the sediments (3 to 4 km) in the half graben in the Oristano area. Interestingly, in the Vistrenque Basin (Semmani et al., 2023, 2024) the series are divided in to two parts by a conglomeratic “Série rouge” whose base is dated Latest Rupelian-Early Chattian, the same age as the base of the continental conglomeratic Ussana Fm and the onset of the calc-alkaline volcanism in SW Sardinia. The “Série grise” of Priabonian (?)-Rupelian age below, would be (partly?), time equivalent to the continental-lacustrine Cixerri Fm in Sardinia dated Middle Lutetian at its base.
Such thick syntectonic sediments are not restricted to the northern Campidano. They also exist in the southern Campidano (Fig. 16). However, their base is difficult to identify due to the Late Miocene to Recent tectonic inversion, migration artefacts and probable presence of older Eocene and Mesozoic sediments below.
While the SGS crosses the whole of Sardinia from S to N, the prolongation in Northern Sardinia of this deeper basin has not been proven. Seismic data does not exist in this area and the Cixerri Fm has not been described on outcrops. If this basin did not extend to northern Sardinia, another hypothesis would be that its interruption was linked to an important structural feature in Central Sardinia, the Nuoro Fault, a SW-NE sinistral strike-slip fault. It was active after the deposition in E Sardinia of the Middle Lutetian Cucurru and Flores conglomerates a local equivalent of the Cixerri Formation (Dieni et al., 2008). Associated to a trans pressive zone in Eastern Sardinia, the deep basin found below the Campidano from central Sardinia would be its trans tensional counterpart westward. It should include not only the Ussana Fm but also a time equivalent of the Cixerri Formation.
However, structurally, this narrow, elongated, post-Pyrenean tectonics basin is bound to the West by a major fault in the Central and South Campidano, continuing southward offshore. It shows similarities with the trans tensional post-Pyrenean Paleogene basins of Southern France and Gulf of Lion, and it has the same SW-NE orientation (before CSB rotation) (Fig. 18). It controlled the following development of the late Chattian-Aquitanian SGS and thus may correspond to an early phase of the back-arc rift system of the western Mediterranean.
	[image: thumbnail]	Fig. 18 The Cenozoic basins of Sardinia in the geodynamic framework of the Western Mediterranean. Many pre-rifting (tightest)reconstructions exist. In general, they agree linking the Catalan Margin1 with the SW Sardinia Margin and the Provence Margin 2 with the NW Sardinia Margin. Paleogene syntectonic basins preceded the Western Mediterranean Rifting in Sardinia and in SW France and Gulf of Lion. Position A of the CSB (Romagny et al., 2020) corresponds to the early phase of rifting (Aquitanian). The Ligurian-Provençal (LPR) western arm of the Rift System as well as the Eastern Sardinia arm (SGS) display already deep-water environments in their axis. Position B of the CSB is one proposed based on magnetic anomalies (Bayer et al., 1973) for the starting of the formation of the oceanic crust in the Late Burdigalian. Between Position A and B, the LPR was active while the SGS aborted. On the Present position C of the CSB, the Late Miocene to Recent trans pressional Campidano Graben is figured. It is superimposed on the SGS whose faults were reactivated during the Africa-Europe convergence.



6.2 The SGS
A second tectonic extensional phase with rifting was active from the latest Oligocene-Aquitanian until the early Burdigalian (Casula et al., 2001). It is characterized by the sharp arrival of the sea in the Graben system (Fig. 18) indicating creation of accommodation space. There was a large clastics input from deltas on its eastern and western edges and deep turbiditic deposits in its center. A water depth of about 800 to 1300 m is estimated by seismic reflectors geometry and biostratigraphy (Cherchi and Montadert, 1982). Its thickness does not exceed 2-3 km, but its width is larger (more than 50 km) than the underlying Oligocene basin. It displays a normal extensional fault pattern with tilted blocks and secondary small grabens (Casula et al., 2001). This marine transgression is well known in southern France and the Gulf of Lion (Durand-Delga, 1981; Bellaiche et al., 1979; and references above). 0ffshore, shallow water Aquitanian carbonates were drilled on the most external horst of the Gulf of Lion margin with the GLP-2 well (Cravatte et al., 1974) and marls sampled on the Provence Margin (Bellaiche et al., 1979). It implies the opening of deep corridors between Sardinia and the Balearic promontory and in the SGS itself allowing a transgression of the sea in the rift system. The deep environment observed in the SGS is also in favor of a deep marine environment since the Late Oligocene-Aquitanian in the Ligurian-Provençal rift before the formation of the oceanic crust. However, the marine influence in the Gulf of Lion may be older as indicated by the deposition of evaporites dated Early to Middle Chattian by Pollen Climatostratigraphy in the Vistrenque Basin in Languedoc (S. France) (Semmani et al., 2023).
Thus, the SGS (Fig. 18) is an important structure, part of the northwestern Mediterranean rift system, but contrary to the Ligurian-Provençal rift arm, it failed. It delimited a West Sardinia Block and a single Corsica-East Sardinia Block. The southern boundary of the West Sardinia block corresponds to the major Catalan /Balearic complex transfer-transform zone with large volcanic deposits (Maillard et al., 2020); its northern boundary corresponds to another major transfer-transform fault system along the Provence Margin.
6.3 The Campidano Graben: a Late Miocene to Present transpressional basin linked to the Africa-Eurasia convergence
This study proposes an interpretation of the Campidano basin as a transpressional basin of Late Miocene to Recent age, formed in response to a N-S regional compressional stress.
It is superimposed on the western side of the SGS and bounded by reactivated faults of the Oligocene narrow basin and the SGS. In the northern Campidano (Oristano area), it resulted in the formation of a half graben bounded by a major western boundary fault, active since the Late Miocene and with a dominance of N-S continuous strike slip faults with typical flower structures with bends and/or overlaps with associated local highs (push-ups) and lows (Figs. 11A, B, and 13). They extend to the surface and tend to merge at depth. In the southern Campidano oriented NNW-SSE the resulting deformations are different and correspond to a transpressive wrench system. One observes (Figs. 14A, B, and C): 1- An important Riedel type fault whose orientation agrees with the right lateral major strike slip fault NW-SE oriented bounding the Campidano basin. 2- Mostly the inversion of the basin all along its SE boundary with outcropping and erosion of the Pliocene and even of part the Miocene sediments as shown on the Geological Map of Sardinia (Carmignani et al., 2001) (Figs. 2A, 3, and 5). It extends southward offshore in the Gulf of Cagliari.
The deposition of sands during the Tortonian is the first indication of uplift and erosion of Sardinia. Furthermore, as shown by structural studies on Messinian outcrops (Cherchi & Trémolières, 1984; Casula et al., 2001) and by this study, a change in the tectonic regime occurred with deformation of the pre-MES sediments covered unconformably by marine Lower Pliocene in the northern area or directly by continental syn-tectonic Middle-Upper Pliocene sediments (the Samassi Fm) in the southern area. The continental deposits of the Samassi Fm (300 to 1000 m thick) into the subsiding Campidano basin are associated with a notable uplift of the Paleozoic on the edges of the basin. This is particularly evident in central south-east Sardinia where the Samassi Formation rests directly on deformed Miocene without Lower Pliocene marine sediments. The course of rivers (as the Flumendosa River) east of the Campidano, with meanders incising deeply (400 m) a basaltic plateau proves the uplift. The presence of fossiliferous Burdigalian sediments at a height of 700 m (Tacco di Laconi, east of the Campidano) is another evidence of this uplift. Faulting was still active recently as shown by the seismic data in this study, the Pliocene faulting and volcanism in the Sinis area (N Campidano) (Duncan et al., 2011), the faulting of Pleistocene aeolianites dated 130 to 82 Ka in the same area (Cocco et al., 2019), and faulting of the Pleistocene volcanics West of Oristano.
A N-S regional compressional stress orientation agrees also with the orientation of the Upper Miocene to Pleistocene dyke swarms described in Sardinia and southern France (Feraud and Compredon, 1983) and tectonic observations in Southern France (Larroque et al., 2001). One can also note the similarity between the Late Miocene inversion observed on the Gulf of Lion (Gorini et al., 2005) and the inversion observed in the same period in Sardinia. The tectonic consequences of this regional inversion may have been underestimated in the deep Ligurian-Provençal basin itself (Mauffret et al., 1973) for the highly faulted diapiric zone belt running along the eastern part of the Ligurian-Provençal basin.
The formation of the Campidano pull apart basin under a N-S regional compressional stress regime since the Tortonian is best explained by the convergence of Africa and Eurasia. Compressional stresses in the western Mediterranean absent since the Early Rupelian, were active again since the Late Miocene (Tortonian) (Romagny et al., 2020; Jolivet et al., 2021).
7 Conclusions
Interpretation of new onshore seismic surveys with better imaging at depth has led to significant improvements in understanding the Cenozoic basins of Sardinia and their integration into the western Mediterranean geodynamic framework. The surveys revealed the existence of a previously unknown pre-SGS narrow (20 km) (Fig. 18) half graben, bounded westward by a major N-S fault (N.E-SW before rotation of the CSB) that was later reactivated during the formation of the SGS and the Campidano Graben. This half graben allowed the deposition of thick (3 to 4 km) syntectonic continental sediments, whose base is not dated but could be Late Eocene-Oligocene in age. These sediments could include possibly the post-Pyrenean tectonic Middle Lutetian to Late Rupelian Cixerri Formation and surely the Late Rupelian to Chattian syntectonic Ussana Formation. They could be time equivalent to the Late Eocene to Chattian series described in SW France basins, although with different facies and uncertainties in the stratigraphy of the Eocene.
The surveys confirmed the development of the Sardinia Graben System (SGS) from the Latest Chattian-Aquitanian to the Lower Burdigalian. The SGS, which is more than 50 km wide and 200-250 km long, is part of the wider Western Mediterranean Rift System and is superimposed on the deeper Late Eocene (?) − Oligocene syntectonic basin. The creation of accommodation space allowed a major marine transgression from the south, resulting in a deep-water environment in the axis of the SGS. The SGS is interpreted as a failed arm of the western Mediterranean Rift System, separating a West Sardinia Block from a single East Sardinia-Corsica Block. The presence of deep-water Aquitanian in the SGS, as well as in the Ligurian-Provençal rift, suggests the opening of deep corridors during the Chattian between Sardinia and the Balearic Islands, allowing the transgression of the sea from the south.
The surveys also propose a new interpretation of the Campidano Graben, superimposed on the Paleogene basin and the SGS, as a narrow transpressional basin. This basin results from the reactivation of major faults by an N-S oriented shortening event linked to the Africa-Eurasia convergence. Indeed, regional deformation started again in the Late Miocene (Tortonian) and continued until recent times, in agreement with observations in the Western Mediterranean. This explains the development of strike-slip faults with flower structures and the significant inversion of the southeastern edge of the basin.
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	[image: thumbnail]	Fig. 1 Sardinia in the western Mediterranean realm. Morpho-bathymetric map from CCGM-CGMW (Paris December 2010) with 1: the Oligo-Miocene Sardinia Graben System (SGS) and 2: the Campidano Graben. Circles illustrating the rotation of the Corsica-Sardinia Block (CSB) do not represent the probable multi-stages motion of the CSB.
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	[image: thumbnail]	Fig. 2 A. Schematic geological map of the Sardinia Oligo-Miocene Graben (SGS) and of the superimposed Late Miocene to Recent Campidano Graben (Cherchi and Montadert, 1982) with the location of the two Saras Spa surveys (Eleonora and Igia) on the Campidano Graben. Area of deposition of the Cixerri Fm (Middle Lutetian to Late Chattian) is indicated with sediments transport direction. B. Schematic cross sections through the SGS (Cherchi, 1985). Sediments thickness is very underestimated in the grabens. Morphology shows that the area of extension is wider than the area where syn-rift sediments are preserved. Surveys are located on the Campidano Graben (sections B and C) about 20 km wide superimposed on the SGS about 100 km wide.
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	[image: thumbnail]	Fig. 3 The Central and Southern Sardinia Oligo-Miocene Graben System on the Sardinia Geological Map with the 2 Saras Spa surveys located in the Campidano Graben with the OR-1 and Campidano − 1 wells.
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	[image: thumbnail]	Fig. 4 The Saras Spa Eleonora survey (North Campidano) on the Geological Map of Sardinia with location of the new seismic lines and of the Oristano-1 (OR-1) well. Profiles presented in the publication are in red.
In the text



	[image: thumbnail]	Fig. 5 Location of the Saras Spa seismic survey in the Central-South Campidano on the Geological Map of Sardinia with the Oristano-1 well. Profiles presented in the publication are in red. Note the basin inversion on the E side of the Campidano.
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	[image: thumbnail]	Fig. 6 A. Bouguer anomaly map with the Saras Spa concessions. B. First order vertical derivative of Bouguer anomaly map with the Saras Spa surveyed areas. The Campidano Graben with thick Plio-Quaternary sediments is well defined.
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	[image: thumbnail]	Fig. 7 A. Aeromagnetic field anomaly map with Saras Spa concessions. B. First order vertical derivative of reduction to the pole of the total magnetic field with the Saras SpA surveys. One notes the absence of anomalies in the Eleonora area while the Igia area is crossed by an anomaly due to the calc-alkaline volcanics.
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	[image: thumbnail]	Fig. 8 Logs, lithologies and biostratigraphy of OR-1 with enlargement of the Upper Miocene- Lower Pliocene interval showing the two layers with clastics of Tortonian and Lower Pliocene age, below and above the Messinian Erosional Surface (MES).
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	[image: thumbnail]	Fig. 9 Results of the Campidano-1 well and calibration of a NW-SE seismic profile (See location on Figs. 5 and 14). 1- Base Pliocene (Continental Samassi Fm) 2- Serravallian-Tortonian 3- Burdigalian (Near Base Post-Rift sediments) 4- Upper Aquitanian shallow water limestones 5- Volcanics and Continental conglomerates (Ussana Fm). The well is located on a volcanic high on a magnetic anomaly. In this area, transgression of the see is dated Upper Aquitanian instead of L. Chattian-E. Aquitanian. Marine Messinian and marine Early Pliocene were not preserved contrary to the Northern Campidano (see OR-1 well, Fig. 8).
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	[image: thumbnail]	Fig. 10 Stratigraphic calibration of the seismic data by OR-1 (location Figs. 4 and 11). Note the intense faulting with flower structures affecting the whole post- Oligocene section including the Upper Pliocene basalts, the Messinian Erosional Surface (MES) and the strong reflectors at the Base Aquitanian-Top Oligocene marine sediments. The pre-MES inversion and presence of pre-MES faults show that the tectonic event started in the Late Miocene and continued until Recent time.
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	[image: thumbnail]	Fig. 11 Structural depth maps of the Base continental Pliocene Samassi Fm (Fig. 11A) and of the MES (Fig. 11B). Stratigraphic calibration by OR-1 allowed mapping seismic horizons and the main faults. They show the thickening and deepening of the Plio-Quaternary along the active Capo Frasca −Sinis Fault and the intense Late Miocene to Recent faulting N-S oriented. Four main continuous faults trends (I to IV) are picked and interpreted as strike-slip faults. Figure 11B displays a Messinian paleo-channel whose course was influenced by the Late Miocene tectonic deformations (Cornée et al., 2008).
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	[image: thumbnail]	Fig. 12 A. The N-S seismic profile (location Figs. 4 and 11) with better penetration, running close to OR-1, discovered below the SGS marine sediments a thick (3 to 4 km) section of syn-tectonic sediments. They could be continental Late Eocene to Late Chattian in age following field studies and comparison with similar basins in southern France (Séranne et al., 2021; Semmani et al., 2023; 2024) (See Sect. 6 Discussion). They were deposited in a narrow half graben (20-30 km wide) bounded westward by the Capo Frasca-Sinis Fault (not crossed by the profile). Above, the strong reflectors at the Base of the Miocene are interpreted as turbidites at the toe of prograding deltas fans (See Fig. 12B) in a deep marine basin resulting from the rifting of Sardinia (SGS). B. Enlargement of the southern part of profile Figure 12A (dotted rectangle on Fig. 12A), stratigraphically calibrated at OR-1. It shows a detail of superimposed deltaic fans prograding from the South, infilling the deep marine Late Chattian Aquitanian to Lower Burdigalian basin of the SGS, with transition to shales and clastics turbidites identified in OR-1. The sediments above the green horizon, Upper Burdigalian to MES in age, onlap the prograding fans and are post-rift sediments.
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	[image: thumbnail]	Fig. 13 Succession from N to S of W-E seismic profiles. I, II, III and IV referred to the continuous N-S fault trends displayed on the depth structural maps (Figs. 11A and B). The Late Miocene age for the first tectonic deformations is particularly clear on profile A for trend I. The variability of faults geometry appears clearly especially for trend I. The interpretation of the flower structures as strike-slip faults is particularly convincing on trend I profile A and D and on trend II profiles A, C and D. On the trend II on line D, one notes deeming of the seismic data from the bottom to the top of the faulted zone probably linked to upward gas migration.
In the text



	[image: thumbnail]	Fig. 14 Structural depth maps of three horizons in the central-southern Campidano survey (Igia) with location of the profiles presented: A. Base of the syntectonic continental Pliocene Samassi Formation resting directly on deformed Tortonian. Note thick depocentres (1000 m) and inversion of the E area with erosion of the Miocene. B. Base post-rift Middle-Lower Burdigalian C- Base marine syn-rift Late Oligocene-Aquitanian (Base SGS). The overall tectonic pattern is a wrenched trans pressive basin bounded by Oligocene-Miocene faults reactivated from the Late Miocene to the Recent under a N-S compressional stress.
In the text



	[image: thumbnail]	Fig. 15 Seismic cross-sections in the central-southern Campidano. A. SSW-ENE interpreted profile crossing the central Campidano Graben (see location on Figs. 5 and 14) and the underlying SGS. Horizons: Yellow= Base Pliocene (Continental Samassi Fm). Blue= Near Top Burdigalian (near Base post-rift). Green= Near Top Aquitanian. Black=Base marine Aquitanian-Top Oligocene (Base of the SGS). The prominent fault (Median Fault) is connected to the northeastern faulted boundary of the Campidano Basin (See Fig. 14). Note the thick pre-SGS section as in the northern Campidano. B. SSW-ENE interpreted profile crossing the Campidano (see location Figs. 5 and 14) parallel to profile Figure 15A. Same markers as on Figure 15A. It shows the transition from the Median Fault to a positive flower structure.
In the text



	[image: thumbnail]	Fig. 16 SSW-ENE interpreted seismic section through the southern part of the Campidano (see location on Figs. 5 and 14) with the same markers than in Figure 15. It shows the thick syntectonic pre-Aquitanian (blak marker) sedimentary section like in the northern Campidano. It could include Oligocene and even Late Eocène sediments like in the northern Campidano, and even below older Eocene and Mesozoic. Same markers as on Figure 15A. The black arrow suggests the crest of a tilted fault block bound by a major fault mainly active during the pre-SGS Oligocene.
In the text



	[image: thumbnail]	Fig. 17 Vintage NE-SW seismic profile (location Figs. 5 and 14) showing the major structural inversion of the Eastern part of the Campidano Graben with the yellow horizon= near Base Samassi and the green horizon= near Base marine Aquitanian-Late Chattian (base SGS). The Monastir Fault is the eastern boundary of the Campidano transpressional basin. The NW-SE oriented inverted structure is mapped on the Geological Map of Sardinia (See Figs. 2A, 3, and 5).
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	[image: thumbnail]	Fig. 18 The Cenozoic basins of Sardinia in the geodynamic framework of the Western Mediterranean. Many pre-rifting (tightest)reconstructions exist. In general, they agree linking the Catalan Margin1 with the SW Sardinia Margin and the Provence Margin 2 with the NW Sardinia Margin. Paleogene syntectonic basins preceded the Western Mediterranean Rifting in Sardinia and in SW France and Gulf of Lion. Position A of the CSB (Romagny et al., 2020) corresponds to the early phase of rifting (Aquitanian). The Ligurian-Provençal (LPR) western arm of the Rift System as well as the Eastern Sardinia arm (SGS) display already deep-water environments in their axis. Position B of the CSB is one proposed based on magnetic anomalies (Bayer et al., 1973) for the starting of the formation of the oceanic crust in the Late Burdigalian. Between Position A and B, the LPR was active while the SGS aborted. On the Present position C of the CSB, the Late Miocene to Recent trans pressional Campidano Graben is figured. It is superimposed on the SGS whose faults were reactivated during the Africa-Europe convergence.
In the text
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        The Central and Southern Sardinia Oligo-Miocene Graben System on the Sardinia Geological Map with the 2 Saras Spa surveys located in the Campidano Graben with the OR-1 and Campidano − 1 wells.
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        Location of the Saras Spa seismic survey in the Central-South Campidano on the Geological Map of Sardinia with the Oristano-1 well. Profiles presented in the publication are in red. Note the basin inversion on the E side of the Campidano.
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        A. Aeromagnetic field anomaly map with Saras Spa concessions. B. First order vertical derivative of reduction to the pole of the total magnetic field with the Saras SpA surveys. One notes the absence of anomalies in the Eleonora area while the Igia area is crossed by an anomaly due to the calc-alkaline volcanics.

      

    

  
    
      Fig. 10 
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        Stratigraphic calibration of the seismic data by OR-1 (location Figs. 4 and 11). Note the intense faulting with flower structures affecting the whole post- Oligocene section including the Upper Pliocene basalts, the Messinian Erosional Surface (MES) and the strong reflectors at the Base Aquitanian-Top Oligocene marine sediments. The pre-MES inversion and presence of pre-MES faults show that the tectonic event started in the Late Miocene and continued until Recent time.

      

    

  
    
      Fig. 11 
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        Structural depth maps of the Base continental Pliocene Samassi Fm (Fig. 11A) and of the MES (Fig. 11B). Stratigraphic calibration by OR-1 allowed mapping seismic horizons and the main faults. They show the thickening and deepening of the Plio-Quaternary along the active Capo Frasca −Sinis Fault and the intense Late Miocene to Recent faulting N-S oriented. Four main continuous faults trends (I to IV) are picked and interpreted as strike-slip faults. Figure 11B displays a Messinian paleo-channel whose course was influenced by the Late Miocene tectonic deformations (Cornée et al., 2008).

      

    

  
    
      Fig. 12 
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        A. The N-S seismic profile (location Figs. 4 and 11) with better penetration, running close to OR-1, discovered below the SGS marine sediments a thick (3 to 4 km) section of syn-tectonic sediments. They could be continental Late Eocene to Late Chattian in age following field studies and comparison with similar basins in southern France (Séranne et al., 2021; Semmani et al., 2023; 2024) (See Sect. 6 Discussion). They were deposited in a narrow half graben (20-30 km wide) bounded westward by the Capo Frasca-Sinis Fault (not crossed by the profile). Above, the strong reflectors at the Base of the Miocene are interpreted as turbidites at the toe of prograding deltas fans (See Fig. 12B) in a deep marine basin resulting from the rifting of Sardinia (SGS). B. Enlargement of the southern part of profile Figure 12A (dotted rectangle on Fig. 12A), stratigraphically calibrated at OR-1. It shows a detail of superimposed deltaic fans prograding from the South, infilling the deep marine Late Chattian Aquitanian to Lower Burdigalian basin of the SGS, with transition to shales and clastics turbidites identified in OR-1. The sediments above the green horizon, Upper Burdigalian to MES in age, onlap the prograding fans and are post-rift sediments.

      

    

  
    
      Fig. 13 
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        Succession from N to S of W-E seismic profiles. I, II, III and IV referred to the continuous N-S fault trends displayed on the depth structural maps (Figs. 11A and B). The Late Miocene age for the first tectonic deformations is particularly clear on profile A for trend I. The variability of faults geometry appears clearly especially for trend I. The interpretation of the flower structures as strike-slip faults is particularly convincing on trend I profile A and D and on trend II profiles A, C and D. On the trend II on line D, one notes deeming of the seismic data from the bottom to the top of the faulted zone probably linked to upward gas migration.

      

    

  
    
      Fig. 14 
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        Structural depth maps of three horizons in the central-southern Campidano survey (Igia) with location of the profiles presented: A. Base of the syntectonic continental Pliocene Samassi Formation resting directly on deformed Tortonian. Note thick depocentres (1000 m) and inversion of the E area with erosion of the Miocene. B. Base post-rift Middle-Lower Burdigalian C- Base marine syn-rift Late Oligocene-Aquitanian (Base SGS). The overall tectonic pattern is a wrenched trans pressive basin bounded by Oligocene-Miocene faults reactivated from the Late Miocene to the Recent under a N-S compressional stress.

      

    

  
    
      Fig. 15 
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        Seismic cross-sections in the central-southern Campidano. A. SSW-ENE interpreted profile crossing the central Campidano Graben (see location on Figs. 5 and 14) and the underlying SGS. Horizons: Yellow= Base Pliocene (Continental Samassi Fm). Blue= Near Top Burdigalian (near Base post-rift). Green= Near Top Aquitanian. Black=Base marine Aquitanian-Top Oligocene (Base of the SGS). The prominent fault (Median Fault) is connected to the northeastern faulted boundary of the Campidano Basin (See Fig. 14). Note the thick pre-SGS section as in the northern Campidano. B. SSW-ENE interpreted profile crossing the Campidano (see location Figs. 5 and 14) parallel to profile Figure 15A. Same markers as on Figure 15A. It shows the transition from the Median Fault to a positive flower structure.

      

    

  
    
      Fig. 16 
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        SSW-ENE interpreted seismic section through the southern part of the Campidano (see location on Figs. 5 and 14) with the same markers than in Figure 15. It shows the thick syntectonic pre-Aquitanian (blak marker) sedimentary section like in the northern Campidano. It could include Oligocene and even Late Eocène sediments like in the northern Campidano, and even below older Eocene and Mesozoic. Same markers as on Figure 15A. The black arrow suggests the crest of a tilted fault block bound by a major fault mainly active during the pre-SGS Oligocene.
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