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was dated Late Triassic, while the second and main rifting event was dated Middle Jurassic and correlated to the Chon Aike magmatic province.

The post-breakup evolution of the Argentinean South Atlantic margin (Rawson-Colorado-Salado area) was also studied. Seismic stratigraphic characterization was carried out, with the preparation of chronostratigraphic charts and isopach maps. Three stages of drift evolution were identified. The first drift stage starts with the Late Hauterivian/Barremian breakup and lasts until the Top Cretaceous. Subsidence during this stage is conditioned by the thermal sagging over the main depocenters, which remained disconnected. With the Maastrichtian-Danian regional transgression, as the basement highs between basins are flooded, the margin becomes a single continental platform. The Paleogene drift stage two is characterized by subsidence and sedimentary input centered in the Salado area. The Rawson and southern Colorado area act as a high. Finally, during the Neogene, drift stage three is characterized by increased cylindrical subsidence (possibly related to Andean dynamic processes) and the remarkable interaction of contour currents (after the Drake Passage opening). vi vii

Resumen

Estratigrafía sísmica de las cuencas costa afuera de Argentina: caracterización y modelado de la dinámica de los márgenes pasivos del Atlántico Sur

El carácter multi-episódico del rifting observado en la evolución de las cuencas extensionales mesozoicas del sector costa afuera Argentino fue integrado en un marco regional del desmembramiento del supercontinente de Gondwana, con una revisión de la cronología del rifting para las principales cuencas mesozoicas en el sector austral de Sudamérica y África. El objetivo del estudio se focalizó en los eventos de rift pre-Cretácico que culminaron en el Cretácico temprano con la apertura del océano Atlántico Sur.

En el sector costa afuera de Argentina, particularmente en la zona de las cuencas del Colorado/Salado, se identificaron a partir de interpretación sísmica tres eventos de rift independientes. Un primer evento de rift se asoció con la reactivación extensional, ocurrida durante el Triásico tardío a Jurásico temprano, de antiguos cabalgamientos de la faja plegada y corrida de Ventania-Cabo del Paleozoico superior. Este primer conjunto de fallas es cortado transversalmente por otro set de fallas, formadoras de los principales depocentros de la cuenca del Colorado, y posiblemente la adyacente cuenca de Salado. Esta segunda etapa de rifting (la principal en cuanto a formación de cuencas para la zona de estudio) está relacionada con un evento de rift de edad Jurásico temprano y medio, correlacionable con el rifting de Karoo. En el Cretácico temprano, un nuevo evento extensional orientado WNW-ESE es responsable de la formación de depocentros en la zona más externa de la plataforma, el emplazamiento de SDRs (Seaward Dipping Reflectors) y finalmente la apertura del Océano Atlántico Sur entre Sudamérica y África.

Más al sur, en la cuenca de Malvinas, se reconocieron dos eventos de rift que fueron caracterizados sísmicamente, y para los que se obtuvieron dos edades absolutas mediante el método U-Pb en circón. El evento de rift más antiguo fue fechado Triásico superior, mientras que el segundo evento (el más importante en cuanto a formación de depocentros en la cuenca) fue datado Jurásico medio y correlacionado a la provincia magmática de Chon Aike.

La caracterización sismo-estratigráfica de la evolución post-ruptura del margen Atlántico de Argentina (segmento Rawson-Colorado-Salado) se llevó a cabo con la interpretación de secciones sísmicas y preparación de mapas isópacos para las principales secuencias. Se identificaron tres etapas de evolución de la deriva continental. La primera etapa comienza con la ruptura continental en el Hauteriviano tardío a Barremiano y se extiende hasta el Cretácico superior. La subsidencia en esta etapa está condicionada por la subsidencia termal sobre los principales depocentros, que fueron conectándose progresivamente. Los altos de basamento entre cuencas son cubiertos recién en el Maastrichtiano-Daniano, con una transgresión de carácter regional que integra finalmente a las cuencas del margen en una sola plataforma continental abierta. Durante el Paleógeno, la subsidencia y el aporte sedimentario se concentran en el área norte (cuenca del Salado). El sector sur (cuenca de Rawson y sector sur de la cuenca de Colorado) actúa como un alto relativo, sin acomodación. Finalmente, el ciclo Neógeno se caracteriza por subsidencia cilíndrica continua en la zona de plataforma (posiblemente relacionado con procesos geodinámicos andinos) y la participación notable de las corrientes de contorno en la dinámica sedimentaria (reforzada luego de la apertura del pasaje de Drake en el Eoceno). viii

Résumé étendu

Contexte général

Ce travail s'intègre dans le cadre d'une collaboration entre YPF S. A. et IFPEN, avec L'Atlantique Sud est un laboratoire idéal pour comprendre l'évolution des marges passives, car les différents types de marges passives y sont présentes, et d'énormes ressources pétrolières incitent les compagnies à acquérir beaucoup de données (puits et sismique). Au Sud, la marge d'Argentine et les marges conjuguées de la Namibie et de l'Afrique du Sud restent des zones « frontières », avec un potentiel pétrolier énorme. Au cours des dernières années, l'Atlantique Sud a été la cible de plusieurs projets scientifiques (SAMPLE notamment) et de stratégies d'exploration d'hydrocarbures, augmentant le nombre de données sur le secteur et initiant de nouveaux débats scientifiques.

x L'histoire complexe qui a précédé l'extension ayant conduit à l'ouverture du nouvel océan au Crétacé, en l'occurrence l'Atlantique Sud, a jusqu'à présent été peu traitée. Ce point est tout à fait crucial puisqu'il peut faire ressortir des géométries et des hétérogénéités dans la croûte, antérieures au processus de rifting final. Aussi, les amincissements du Moho visibles sur les données sismiques sous certains bassins préservés sur la marge d'Argentine (par exemple le bassin de Colorado) ne sont pas forcément contemporains et donc reliés au processus d'extension finale de la marge passive. C'est le point de départ de ces travaux de thèse. La problématique de la thèse était donc de comprendre et de caractériser la dynamique de la marge passive d'Argentine depuis son initiation via son héritage structural jusqu'à son évolution vers un stade mature.

Démarche, approche et données

Dans ce travail de thèse, la dynamique de la marge passive est analysée à travers les yeux d'un stratigraphe, impliquant (1) une phase de caractérisation et de quantification de l'architecture structurale et stratigraphique des bassins sédimentaires, suivie (2) d'une phase d'intégration régionale puis finalement (3) d'une phase de modélisation pour discuter la dynamique de la subsidence.

Ce travail repose sur l'interprétation de plus de 300.000 km de lignes sismiques, de 25 puits et d'une synthèse bibliographique de plus de 400 références. Des analyses paléontologiques et de datation sur zircon ont également été réalisées en collaboration avec M. Naipauer (UBA) and Víctor Valencia (Washington State University) afin de mieux contraindre le calendrier des évènements. durant ces travaux de thèse.

Résultats

Trois résultats principaux peuvent être synthétisés de cette étude.

La première question abordée dans cette thèse était consacrée à l'initiation de la marge passive. De nombreuses controverses subsistent encore concernant l'intégration des bassins argentins dans la dynamique d'ouverture de l'Atlantique Sud. L'interprétation des données sismiques calibrées avec les puits du bassin du Colorado, a conduit à l'identification de plusieurs xiii Le troisième évènement est enregistré par des failles NNE-SSO parallèles aux structures de SDR. Elles ont été reliées au rifting du Crétacé en lien avec l'ouverture de l'Atlantique Sud.

Le rifting polyphasé est courant dans l'évolution des bassins sédimentaires, mais l'identification pour la première fois de trois stades superposés de rifting en Atlantique Sud, nous a motivé à explorer les bassins à proximité du bassin de Colorado. Le deuxième résultat principal de cette thèse est lié à l'extrapolation des résultats précédents sur toute la marge d'Argentine et sur la partie Sud de l'Afrique. Dans l'extrême sud, l'ouverture du bassin de Malvinas a été précisée et intégrée dans un schéma d'évolution à l'échelle des plaques.

L'intégration des événements anté-atlantiques a été proposée en lien avec l'histoire du démantèlement mésozoïque du sud-ouest de Gondwana. En réalisant ces reconstructions paléotectoniques, il a été possible de corréler, par exemple, les bassins de Colorado et Salado, avec le rift Karoo II en Afrique de l'Ouest (par exemple, le bassin du Kalahari). L'ouverture de l'Atlantique Sud se focalise à l'endroit où les trois grandes phases d'extension ont été profondément marquées.

Le troisième point principal abordé dans cette thèse était de caractériser l'évolution de la marge après la « breakup », c'est-à-dire l'évolution de la marge passive mature. Le bassin de Colorado a d'abord été caractérisé et modélisé pour quantifier la dynamique de la subsidence, puis intégré à l'évolution de la marge passive dans le segment allant du bassin de Rawson à celui de Punta del Este. Le résultat majeur est que la marge passive, même à son stade mature n'a pas un comportement cylindrique. La comparaison avec des résultats déjà publiés a également montré qu'une approche basée sur l'inversion des architectures stratigraphiques pour quantifier les vitesses de subsidence parait absolument nécessaire pour mieux contraindre les modèles basés sur la dynamique des processus profonds.

Valorisation des travaux

Ce travail a fait l'objet de trois présentations à congrès, d'un papier accepté (Terra Nova, Chapitre 4), de deux papiers soumis (Chapitres 5 et 6). Il va faire également l'objet d'un autre papier (Chapitre 7). Deux autres papiers déjà publiés sont également présentés en appendices.

xiv

Conclusion et perspectives

Ce travail est original dans le sens où la dynamique des marges passives est généralement traitée via un oeil de structuraliste, alors qu'ici c'est le stratigraphe qui a inversé les architectures stratigraphiques pour caractériser l'évolution des bassins. On peut parler d'une approche à travers les processus de « surface ». L'identification de plusieurs phases d'extension, avant le mécanisme d'ouverture de l'atlantique du Sud est un résultat important de ce travail. L'intégration de ces résultats à plus grande échelle et la quantification de la subsidence ont ensuite montré l'importance des approches de processus de « surface » pour aller plus loin dans les approches « profondes ».

Pour continuer ces travaux, il faudrait détailler l'architecture stratigraphique à plus haute résolution afin de mieux caractériser les tendances identifiées. Ensuite, une modélisation stratigraphique à plus grande échelle (DionisosFlow) devrait permettre de mieux comprendre l'évolution non cylindrique de la marge.

Introduction

The needs of new sources of energy have pushed offshore hydrocarbon exploration into deeper waters. The discovery of large reserves in the South Atlantic, in deep and ultra-deep waters offshore Brazil and Guyana, and in the conjugate African margin (e.g. Ghana, Angola) increased the necessity of better understanding the crustal and stratigraphic architectures, and their relations in the complex evolution of passive margins. The stratigraphic architecture controls the deposition of source rocks and reservoirs, and the configuration of stratigraphic and combined traps; while the calibration of the crustal structure is key in the prediction of the thermal evolution of the potential source rocks. Working on both deep and surface processes are nowadays the key challenge in scientific and applied approaches.

During the 1960's, passive margins were studied using gravimetric inversion, magnetic data, and refraction seismic to assess the crustal structure and the transition between the continental and oceanic crust domains. In the next four decades, these studies continuously improved our understanding of passive margins, by integrating the increasing amount geophysical and geological, scientific data being acquired around the world. The discovery of hydrocarbon resources in deepwater settings and the development of technology that allows their production at those water depths, focalized the industry attention on the evolution of passive margins. With the industry interest, came the possibility of acquiring large surveys of high resolution, deep, 2D PSTM and PSDM seismic data that allowed the characterization of the whole crust interval, down to the Moho. The development of numerical models provided new findings throughout the last two decades and especially in the last ten years, when thermomechanical modelling has been able to reproduce rifting and continental breakup.

However, most studies so far have focused on the breakup, either magma-poor or magma-rich, and have disregarded, or just briefly addressed the influence of the complex rifting histories in the breakup and in the successive passive margin evolution. Furthermore, most studies have looked at the rifting and breakup evolution in a 2D perspective, with transects across the area under extension. Older rifting events might induce or re-enforce not only heterogeneities in the mechanical structure of the crust, but also its thermal state, and could have an impact in the drift phase evolution and the stratigraphic architecture. So far, the complex polyphase evolution of passive margins has not been deeply addressed.

The South Atlantic Ocean opened in the Latest Jurassic to Early Cretaceous between South America and Africa as the final stage of the breakup of the supercontinent of Gondwana.

In this study, the complex Mesozoic rifting history of the Southern South Atlantic realm is put into focus, to elucidate the influence of the pre-Cretaceous rifting events in the configuration of the Atlantic conjugate passive margins. Stratigraphic techniques are used to assess the complex evolution of passive margins. Some key parameters were interpreted from the stratigraphic record to constrain the Argentinean passive margin evolution. Most available models are based on 2D cross-sections illustrating one margin segment at the time.

Nevertheless, passive margins have no reason to behave in a cylindrical manner, and thus a 3D characterization perspective, of both surface and deep processes, becomes necessary to establish major advances in the understanding of passive margins dynamics. The originality of the present study is then to bring the eyes of a stratigrapher onto basin scale dynamics using a 3D regional approach.

This manuscript is composed of three parts. Part I presents the state of the art and is formed of two chapters. Chapter 1 introduces the problematics with a review of rifting processes, continental breakup and passive margin evolution. The approach used in this study is then presented to assess the impact of polyphase rifting history on passive margin evolution.

Chapter 2 introduces the geological framework of the South Atlantic Ocean with some generalities and a brief description of the South Atlantic opening. Generalities on the Argentinean offshore basins are also summarized.

Part II presents the results of this study regarding the rifting history of the Argentinean offshore basins. It is subdivided into four chapters. In Chapter 3 the geological framework for the Colorado basin is presented, together with the methodology followed for the seismic interpretation, and a characterization of the main depocenters. Chapter 4 is a paper recently published in Terra Nova that displays the elements to support the identification of three superimposed extensional stages in the Colorado basin. Some of these results are also correlated to the adjacent Salado and Punta del Este basins. We demonstrate how complex the rifting history of a passive margin basin can be, by introducing heterogeneities that have previously been neglected. These induced heterogeneities may or may not condition breakup, but play an important role in the passive margin evolution.

Chapter 5 is a paper about the Malvinas basin, emplaced in the southern end of the South American plate, that was considered for a special publication of the Journal of South American Earth Sciences on Patagonian basins. The Malvinas basin is not a common passive margin basin. It initiated as an extensional basin in the Jurassic, but evolved to a foreland marine basin since the latest Cretaceous, related to compression of the South American-Scotia plate boundary to the south. Two new U-Pb zircon ages are used to date prerift and synrift units. Rifting in the Malvinas basin is analyzed in association with the emplacement of the Chon Aike Magmatic

Province. The Chon Aike Magmatic Province is interpreted to have developed in a retroarc setting under extension. Several regional elements are integrated into a model that introduces a slab tear between South America and Antarctica, to explain extension associated with rotation, and the successive opening of the Weddell Sea between East and West Gondwana.

Chapter 6 is a regional integration of the different rifting events associated with the breakup of the supercontinent of Gondwana throughout the Mesozoic. After having identified multiple rifting stages in the Colorado basin, and characterized the extension associated with the emplacement of the Jurassic magmatic provinces (e.g. Chon Aike), the extrapolation of these external episodes to other basins in SW Gondwana was intended. The retroarc Subandean basins were also considered into the plate scale picture, to assess the influence of subduction processes related to the SW Gondwana margin on the generation of far-field stresses, which are responsible for the opening of rift basins in a passive rifting mode. The Mesozoic evolution of SW Gondwana is integrated to assess the formation of the offshore Argentinean basins, thirty years after the pioneering work leaded by Uliana (e.g. [START_REF] Uliana | Significado del vulcanimso y extensión Mesojurasicos en el extremo meridional de Sudamérica[END_REF][START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF][START_REF] Uliana | Inversion structures and hydrocarbon occurence in Argentina[END_REF][START_REF] Biddle | Plateau de Malvinas[END_REF][START_REF] Fitzgerald | Evolution of the San Jorge Basin, Argentina[END_REF], and Urien (e.g. [START_REF] Urien | The basins of Southestern South America (Southern Brazil, Uruguay and Eastern Argentina) including the Malvinas Plateau and Southern South Atlantic Paleogeographic Evolution[END_REF][START_REF] Urien | The geology of the basins of the Argentine continental margin and Malvinas Plateau[END_REF][START_REF] Zambrano | Geological outline of the basins in southern Argentina and their continuation off the Atlantic[END_REF].

Part III is dedicated to the post-break evolution of the Argentina margin, with a special focus on the Colorado basin area. Chapter 7 characterizes the sedimentary infill of the Colorado and Salado basins throughout the main tectono-stratigraphic phases, using a sequence stratigraphy approach. The geodynamic evolution of the passive margin is interpreted, and forward stratigraphic modelling is used to quantify the subsidence history of the Colorado basin, throughout the passive margin phase.

In the last section Conclusions and Perspectives, the main results of this work are summarized and the perspectives for future work are presented.

PART I: STATE OF THE ART Chapter 1. Problematics, objective and approach 

Introduction

Offshore exploration has been key for incorporation of resources into the portfolios of major oil and gas companies in the last few decades. Deepwater plays, in particular, have become the main source of new discoveries as technology allows the displacement of the water depth frontier towards the ocean. Deepwater plays are also interesting because of the large, generally commercial, volumes of discovered hydrocarbons and the good reservoir quality.

Even with the global industry downturn of the last years, a strong growth is forecasted for offshore E&P, making deepwater a key contributor to reserve replacement [START_REF] Nelson | Deepwater operators look to new frontiers[END_REF].

And particularly, recent success in deepwater exploration (Ghana, Brazil, Mozambique) encourages oil and gas companies to go into deeper waters and frontier areas. The southern South Atlantic is nowadays the next frontier. Argentina has the least explored continental margin in the peri-Atlantic realm [START_REF] Davison | The Final Atlantic Margin Frontier[END_REF]. With the recent exploration activity carried out in Uruguay and a bidding round for the offshore areas taking place in Argentina in 2018, there is a great interest of the industry main players in the potential results that this exploration activity could provide.

Among deepwater plays, passive (rifted) margins are core areas for petroleum exploration and production [START_REF] Mann | Tectonic setting of the world's giant oil fields[END_REF], with the peri-Atlantic realm being mainly an oil-prone area (Guyana, Brazil, Angola, Ghana), and the peri-Indian a more gas-prone realm (Mozambique, Tanzania, Australia). Figure 1.1 is a schematic map showing passive margins with proven reserves and unproven resources (underexplored). The Brazilian and West Africa margin are shown as areas with proven reserves. The discovery of hydrocarbons in the sub-salt of the Santos basin (offshore Brazil) was a major turning point in the exploration of passive margin, which was possible thanks to the improvement of sub-salt seismic imaging and the development of technology for drilling and producing in deepwater and ultra-deepwater settings. Further south, the Uruguayan and Argentinean, and the conjugate Namibian and South

African margins remain underexplored. Not only geopolitical aspects make these environments different, but also Geology marks a sharp difference in margin architecture and play development between the Brazilian/Angolan margins and the conjugate margins to the south. The understanding of passive margins formation and evolution is key in the identification of potential exploratory plays and strategies. Passive margins form through rifting of continental plates. The South Atlantic rift, for example, opened in the Early Cretaceous as South America and Africa broke apart, disaggregating the supercontinent of Gondwana. Rifting is a complex process, as it can take place in multiple stages associated with different stress regimes through time. Rifting can take advantage of previous weakness zones in the lithosphere or can develop across them [START_REF] Buiter | A review of Wilson Cycle plate margins: A role for mantle plumes in continental break-up along sutures?[END_REF][START_REF] Will | Where does a continent prefer to break up ? Some lessons from the South Atlantic margins[END_REF]. The sedimentary basins in the Argentinean offshore record several of the Mesozoic rifting stages that SW Gondwana experienced, of which the South Atlantic opening in the Early Cretaceous was only the final stage [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF]. Unravelling the Mesozoic rifting evolution of these basins (rifting stages that are precursor of the South Atlantic opening) is important for understanding the early steps of the complex geological evolution of passive margins. The infill of these sedimentary basins (pre-and post-breakup) records the interaction between (1) deep lithospheric processes such as rifting, mantle exhumation, oceanic breakup, long-term subsidence and ( 2) surface processes such as erosion, eustasy, transport and deposition of sediments. Thus, these factors can be inverted from the study of the sedimentary record of basins.

Integrated studies combining characterization of both surface and deep lithospheric processes are nowadays a key milestone in both academic and industrial studies (e.g. [START_REF] Aslanian | Brazilian and African passive margins of the Central Segment of the South Atlantic Ocean: Kinematic constraints[END_REF][START_REF] Braun | Flexure of the lithosphere and the geodynamical evolution of non-cylindrical rifted passive margins: Results from a numerical model incorporating variable elastic thickness, surface processes and 3D thermal subsidence[END_REF][START_REF] Burov | Surface processes and tectonics: Forcing of continental subduction and deep processes[END_REF][START_REF] Cloetingh | Lithospheric folding and sedimentary basin evolution : a review and analysis of formation mechanisms[END_REF]. In the context of petroleum exploration, such integration is expected to provide critical information

for petroleum system characterization (potential reservoirs and source rocks distribution, traps formation, thermal regime and timing of hydrocarbon generation and migration).

The study of the coupling between deep and shallow processes requires basin-scale characterization (potential field methods, seismic stratigraphic interpretation, well calibration)

together with geodynamic and basin modeling tools (e.g. FLAMAR for the modelling of mantle and lithosphere dynamics and thermal regime, [START_REF] Burov | Erosion and reology controls on synrift and postrift evolution: Verifying old and new ideas using a fully coupled nomerical model[END_REF]; DionisosFlow for the sedimentary infill, [START_REF] Granjeon | Modelisation stratigraphique deterministeconception et applications d'un modele diffusif 3D multilithologique[END_REF]; TemisFlow for the modelling of the petroleum systems) that are in themselves very consistent. In this context, the main scientific and technical gap to be filled is to establish a comprehensive workflow that could result in both (1) the understanding of basin dynamics (rifting, breakup, drift) and ( 2) the characterization of the stratigraphy and potential petroleum systems.

In this study, the multi-stage rifting evolution of the Colorado and Salado basins area, and the Malvinas basin, were investigated and then integrated into the more regional SW Gondwana Mesozoic rifting evolution. The passive margin evolution of the Argentinean South Atlantic margin was then characterized through seismic stratigraphic techniques and the Colorado basin was modelled to highlight the main factors controlling its particular rift-to-drift evolution.

Rifting and the origin of extensional basins

Rifting is the process through which lithosphere thins, ultimately leading to the rupture of a continent and the formation of a new ocean [START_REF] Merle | A simple continental rift classification[END_REF]. Rifting is also a very important mechanism for sedimentary basin formation and plays a key role in thermal regime, with immediate importance in petroleum exploration [START_REF] Cloetingh | The Moho in extensional tectonic settings: Insights from thermo-mechanical models[END_REF]. The thinning of the brittle crust is achieved through normal dip-slip faulting, while the lower crust and lithospheric mantle can behave with a more ductile rheology. The mechanisms responsible for producing rifting have long been discussed. Two end-members rifting modes have been identified (Fig. 1.2): active and passive rifting. In active rifting (Fig. 1.2a), lithospheric thinning is associated with the impingement at the base of the lithosphere (1330°C isotherm) of a thermal plume, producing an asthenosphere upwelling which drives rifting [START_REF] Dewey | Hot Spots and Continental Break-up : Implications for Collisional Orogeny[END_REF]. In other words, lithospheric mantle is thinned by thermal erosion, but continental crust preserves its original thickness. Other notable characteristics of active rifting are regional uplift (doming) of the area affected by the plume, and volcanic activity since the early stages of rifting or event preceding rifting [START_REF] Merle | A simple continental rift classification[END_REF][START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF].

In passive rifting (Fig. 1.2b), stretching is produced by the horizontal extension of continental lithosphere, in which far field stresses generated within or at the boundaries of plates, produce an extensional field [START_REF] Mckenzie | Some remarks on the development of sedimentary basins[END_REF]. In passive rifting, the crust and lithospheric mantle are simultaneously thinned [START_REF] Merle | A simple continental rift classification[END_REF], producing a passive asthenosphere upwelling in response to the separation of the overlying layers, controlled by regional tectonic extension (see Nemcok, 2016).

Several parameters exert a control on rifting dynamics, conditioning how the lithosphere thins. The main controlling factors, summarized by [START_REF] Merle | A simple continental rift classification[END_REF], are: rate of extension, geothermal gradient, the rheological profile of the lithosphere, the thickness ratio between the crust and the lithospheric mantle, previous lithospheric discontinuities and heterogeneities and magmatic intrusions. Nemcok (2016) differentiates between three rifting styles end-members: narrow, wide and core complex rift modes. Narrow rifts concentrate the lithospheric thinning in a 100-150 km wide zone. This localized extension can be the product of local weakening factors favoring the canalization of strain, such as local heat flow or magmatic activity, or can be related to crustal heterogeneities. The Gulf of Suez-Red Sea rift, and East African rifts are examples of narrow rifts. In wide rifts lithospheric thinning is more widely distributed, over an area that can exceed 1000 km (e.g. the Basin and Range province of North America). The high extensional strain that characterize these rifts, is usually not uniformly distributed. Finally, Core complex rifts typically present localized extension in the upper crust, accompanied by the broadly distributed extension of the lower crust, resulting in the exhumation of high-grade metamorphic rocks from the middle-lower crust. Core complexes require a ductile lower crust, which is common in regions that underwent previous orogenic thickening, or might be associated with ultra-slow extension.

Another characteristic useful in rift classification is symmetry. Symmetric rifts are the result of uniform stretching of the crust and the underlying lithospheric mantle (equal degree of extension of both layers, Fig. 1.3a). [START_REF] Mckenzie | Some remarks on the development of sedimentary basins[END_REF] considered extension to be instantaneous, and with symmetrical extension and no solid block rotation involved, respected the conditions for pure shear [START_REF] Allen | Basin Analysis -Principls and Application[END_REF]. Alternatively, the lithosphere may extend asymmetrically. In asymmetric rifts the area affected by crustal brittle stretching is displaced from the area where the ductile subcrustal lithosphere is deformed (Fig. 1.3b). [START_REF] Wernicke | Low-angle normal faults in the Basin and Range province: nappe tectonics in anextending orogen[END_REF][START_REF] Wernicke | Uniform-sense normal simple shear of the continental lithosphere[END_REF] proposed this simple shear model first for the Basin and Range province, where a large-scale shear zone (Fig. 1.3b) cutting through the entire lithosphere is responsible for relaying the brittle extension of the crust from the zone of upwelled asthenosphere. At lithospheric scale, the main decoupling horizons operating at plate boundaries are the Moho (crust-lithospheric mantle boundary) and the ductile lower crust, as well as pre-existing tectonic fabrics preserved in the brittle upper crust, such as older low-angle detachments or thrust systems which are prone to go through positive or negative inversion [START_REF] Cloetingh | The Moho in extensional tectonic settings: Insights from thermo-mechanical models[END_REF]. [START_REF] Coward | Heterogeneous stretching, simple shear and basin development[END_REF] introduced a more complex scenario by suggesting that the upper crust may deform by simple shear, and the lower crust and lithospheric mantle by pure shear.

Another important point to mention is the origin of the extensional forces that produce rifting in the different possible tectonic scenarios. In the case of active rifting, crustal thinning might be triggered by the impingement of a thermal plume (see [START_REF] Sengör | Relative timing of rifting and volcanism on Earth and its tectonic implications[END_REF]Fig. 1.2a). Thermal plumes sensu stricto, according to [START_REF] Merle | A simple continental rift classification[END_REF], are not so common. The only present day rift associated with a thermal plume is the East African Rift (see [START_REF] Corti | Continental rift evolution: From rift initiation to incipient break-up in the Main Ethiopian Rift, East Africa[END_REF], where a mantle plume rises from the mantle/core boundary [START_REF] Ritsema | Complex shear wave velocity structure imaged beneath Africa and Iceland[END_REF]. [START_REF] Merle | A simple continental rift classification[END_REF] suggests that active upwelling of the asthenosphere can alternatively be triggered by subduction-related processes by detachment of the subducting slab (slab break-off) and upwelling of hot asthenospheric material towards the base of the crust in the retroarc (Fig. 1.4a).

In an alternative scenario, [START_REF] Zou | U-Th systematics of dispersed young volcanoes in NE China: astenosphere upwelling caused by pilling up and upward thickening of stagnant Pacific slab[END_REF] suggest that accumulation and thickening of a stagnant slab at the mantle transition zone may also initiate the active rise of the asthenosphere (Fig. 1.4b).

For the case of rift basins formed as a result of passive rifting, the far-field stress regime is usually related to sub-horizontal crustal forces. Many of these processes deal with effects of changes in subduction dynamics at convergent plate boundaries. Lithosphere is produced at oceanic ridges and consumed at subduction zones. These are the fundamental drivers of plate tectonics. According to [START_REF] Allen | Basin Analysis -Principls and Application[END_REF], the subduction velocity (Vsub, Fig. 

Breakup of supercontinents

Successful rifting leads to continental breakup and the onset an oceanic basin. When a piece of continental crust is split in two by rifting, volcanic rocks are extruded from the asthenosphere and form ultimately a mid-ocean ridge, where oceanic crust will accrete and push the continents apart. Today the different continents are separated by oceanic basins. Even if the different oceans formed at different ages (Fig. 1.9), most of the oceanic crust on earth is of Mesozoic age. Consequently, if we went back in time to the Late Paleozoic, before the time when most of the present-day Earth oceans opened, we would find a supercontinent, a large mass of continental crust formed by welded cratons and other tectonic blocs. The supercontinent of Pangea existed since the mid-Carboniferous (near 320 Ma) and was broken apart by several rifting episodes that affected the plate integrity (Moulin et al., 2010). Many rift basins were generated throughout the breakup history, but only some of them were successful and originated oceanic basins. heat was proposed to motorize plate tectonics. In this way it would also be a trigger for the opening of new oceans. Supercontinents are large masses of continental crust that would cause the insulation of the underlying mantle, producing abnormal heat concentrations and hot spots (hot-spots producing active rifting; see [START_REF] Anderson | Superplumes or supercontinents?[END_REF][START_REF] Trubitsyn | Cold cratonic roots and thermal blanckets: how continents affect mantle convection[END_REF]. [START_REF] Dewey | Hot Spots and Continental Break-up : Implications for Collisional Orogeny[END_REF] suggested that a new ocean would be born from the connection of several, moreor-less aligned, hotspots. The coincidence of new oceans and the presence of large igneous provinces (LIP) also supported this theory. [START_REF] Buiter | A review of Wilson Cycle plate margins: A role for mantle plumes in continental break-up along sutures?[END_REF] reviewed the role of mantle plumes in continental breakup and note that although there is a relation, in many margins such as the Central or the South Atlantic, rifting had initiated long before the main phase of volcanism (e.g. CAMP and Paraná-Etendeka LIP respectively). Rifting and successive breakup of supercontinents is a process that has proved to be much more complex.

There is also an important role played by ancient sutures in localizing the extensional deformation. Supercontinents are intrinsically complex collages of cratons and shields bounded by sutures comprehended in metamorphic belts of former orogens produced during craton amalgamation. The structural grain of mobile belts introduces heterogeneities that, under extension, tend to guide fault emplacement and eventually breakup [START_REF] Will | Where does a continent prefer to break up ? Some lessons from the South Atlantic margins[END_REF].

The orientation of the basement fabric and the stress-field also play an important role in the reactivation of old structures [START_REF] Vergani | Tectonic Evolution and Paleogeography of the Neuquén Basin, Argentina. Pet. basins South Am[END_REF].

In the case of Pangea, breakup of the supercontinent occurred in not one but several stages (Moulin et al., 2010, Fig. 1.10). The role of multi-stage rifting was evaluated by Frizon

De [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF] who propose a combination of active and passive rifting processes to cause, in successive stages, the breakup of a large continental mass such as Pangea. 2008), showing the main breakup events modified from Moulin and Aslanian (2010) and [START_REF] Will | Where does a continent prefer to break up ? Some lessons from the South Atlantic margins[END_REF]. Cratons: RdP: Río de la Plata, Pp: Paraná-Panema block, SF: Sao Francisco, WA: West Australia, SA: South Australia.

The thermal insulation and thus landmass instability expected to be produced by supercontinents on the underlying mantle seem not to be enough to produce overheated mantle, volcanism and active rifting [START_REF] Heron | The effects of supercontinent size and thermal insulation on the formation of mantle plumes[END_REF]. [START_REF] Bercovici | Slab rollback instability and supercontinent dispersal 1-8[END_REF] suggest that it is subduction-related slab rollback instability that triggers continental landmass dispersal.

This is still a matter of debate with some recent publication introducing mantle and lithospheric modelling. [START_REF] Zhang | The dominant driving force for supercontinent breakup : Plume push or subduction retreat?[END_REF] recently assessed the relative importance of these numerous processes in producing the breakup of a supercontinent, summarized in figure 1.11. After performing spherical 3D modeling for the mantle dynamics, they conclude that subduction retreat forces alone cannot produce breakup. Their modeled stress occurs above the subduction zone, but changes to compressional and then extensional again over the time. The models presented by these authors show that plume push stress (producing active rifting) seems three times larger than the one induced by subduction retreat, and concentrate the extensional stress induced by subduction in a zone up to 600 km from the trench. ended with the opening of the South Atlantic. The authors were able to explain strain localization as far as 3500 km away from trench, this could be an explanation for triggering "mantle plumes" away from the trench, but still related to subduction dynamics. In the case of the supercontinent of Pangea (Fig. 1.10), it took more than 100 Ma to break it apart. This process initiated in the Triassic, with rifting between Laurentia (North America) and Western Gondwana (Fig. 1.10), and the successive opening of the Central Atlantic [START_REF] Withjack | Diachronus rifting, drifting, and inversion on the passive margin of eastern North America: An analog for other passive margins[END_REF][START_REF] Withjack | Development of the passive margin of Eastern North America: Mesozoic rifting, igneous activity, and breakup, Regional Geology and Tectonics: Phanerozoic Rift Systems and Sedimentary Basins[END_REF][START_REF] Leleu | Structural, stratigraphic and sedimentological characterisation of a wide rift system: The Triassic rift system of the Central Atlantic Domain[END_REF]. The emplacement of a Central Atlantic Magmatic Province (CAMP) would have occurred after the main phase of rifting [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF] and according to [START_REF] Mchone | Non-plume magmatism and rifting during the opening of the central Atlantic Ocean[END_REF] it was not plume-induced. Triassic basins were not restricted to the Central Atlantic realm, rift basins developed across Gondwana [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF][START_REF] Zerfass | Sequence stratigraphy of continental Triassic strata of Southernmost Brazil: A contribution to Southwestern Gondwana palaeogeography and palaeoclimate[END_REF] and on the paleo-Pacific convergent margin [START_REF] Ramos | Triassic rifting and associated basalts in the Cuyo basin, central Argentina 79-92[END_REF][START_REF] Spikings | Characterisation of Triassic rifting in Peru and implications for the early disassembly of western[END_REF].

On the other hand, the impact of the Karoo plume on East Africa in the Early Jurassic produced active rifting, with doming, volcanism and caused eventually continental breakup of Western Gondwana (South America + Africa) from Eastern Gondwana (Antarctica + Australia + India; Frizon De [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF]. The continent dispersal process continued in the Early Cretaceous with the opening of the South Atlantic Ocean between South America and Africa and several other oceanic basins produced by the dispersal of Eastern Gondwana cratons (Figure 1.9). As discussed by Frizon De [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF] and Will and Frimmel (2016), the South Atlantic is another case of passive rifting, triggered by far-field forces pulling the lithosphere apart, that was affected by massive volcanism, the Paraná-Etendeka LIP. In this scenario the opening would not have been triggered by a plume but the volcanism came when rifting was already established, and presumably oceanic crust was also being accreted in the southernmost segment [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF][START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF]. In this perspective, Gondwana breakup occurred as a combination of active and passive rifting modes [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF] and results as a great study case for understanding the influence of the different mechanisms.

The different Mesozoic rifting events were crucial for the formation of the basins on the South American [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF][START_REF] Urien | The basins of Southestern South America (Southern Brazil, Uruguay and Eastern Argentina) including the Malvinas Plateau and Southern South Atlantic Paleogeographic Evolution[END_REF] and African shelves [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF][START_REF] Jungslager | Petroleum habitats of the Atlantic margin of South Africa[END_REF][START_REF] Macdonald | Mesozoic break-up of SW Gondwana: Implications for regional hydrocarbon potential of the southern South Atlantic[END_REF].

Passive margins

The ultimate evolution of a successful rift is the opening of an ocean with development of conjugate passive margins. Passive margins present a complex structural and stratigraphic evolution. Typical passive margins are characterized by extensional faulting (at some stage), large scale gravitational tectonics (slumps and mass transport deposits -MTDs-associated with slope failure of the sedimentary prisms), and sometimes salt of shale tectonics [START_REF] Allen | Basin Analysis -Principls and Application[END_REF]. Extensional faulting during rifting produces the attenuation of the crust over the transition towards the oceanic crust. Once continental breakup occurs, the system passes from a rifting stage, to a drift stage. Different passive margin architectures will evolve from symmetric or asymmetric rifts (Fig. 1.13). The simple shear model can explain the frequent asymmetry observed in conjugate passive margins as well as differences is subsequent thermal evolution (Fig. 1.3b and 1.13b, Cloetingh et al., 2013). [START_REF] Cloetingh | The Moho in extensional tectonic settings: Insights from thermo-mechanical models[END_REF] presented numerical models that illustrate rifting and continental breakup. In their models, using a lithospheric extension velocity of 16 mm/yr, lithospheric extension is localized at the center of the domain on which a mantle weakness was imposed. If extension of both crust and mantle continue under constant velocity, breakup is achieved at 27

Ma. Their models show that when lithosphere is stretched at greater velocities, continental breakup is achieved faster, and with velocities bellow 8 mm/yr breakup is not achieved.

Moreover, the tendency of lithosphere to neck (to concentrate strain in a particular area) is weaker with decreasing extension velocities, producing wider rifts than at faster stretching velocities. Besides symmetry, other characteristics are used in the classification of passive margins, e.g. abundance of sediments differ in sediment-nourished or sediment-starved margins, the presence or absence of gravitationally driven or salt tectonics in the drift phase [START_REF] Allen | Basin Analysis -Principls and Application[END_REF].

The abundance of volcanic activity during breakup is also one of the key factors in passive margin classification. Magma-rich (volcanic) margins and magma-poor (hyperextended) margins are the two end-members of this classification. [START_REF] Tugend | Reappraisal of the magma-rich versus magma-poor rifted margin archetypes[END_REF] bring the question on the magmatic budget at the time of breakup. Magma-rich rifted margins have a high magmatic budget during rifting and at lithospheric breakup while magma-poor margins would have a very low magmatic budget. The most important factors controlling magmatic budget seem to be: mantle temperature, extension rates, mantle composition, preceding rift history and the presence or not of active upwelling. The magmatic processes occurring at the rift-to-drift transition (during lithospheric breakup) are recorded continentward of the first unambiguous oceanic crust. The area defined between normal continental crust on one side, and normal oceanic crust on the other, is referred to as the continent-ocean transition (COT).

The continent-ocean boundary (COB in Fig. 1.13) is defined at the external boundary of the COT, and the onset of normal oceanic crust.

Magma-poor margins (Fig. 1.14a) are typically hyper-extended margins. They show wide domains of extended crust (wide COT) with wide-ranging extensional features as rotated fault blocks and detachment surfaces near the base of the continental crust, and an anomalously small fraction of magmatism during breakup [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF][START_REF] Pérez-Gussinyé | A tectonic model for hyperextension at magma-poor rifted margins: an example from the West Iberia -Newfoundland conjugate margins[END_REF]. Magmapoor margins are usually produced by passive asymmetric rifting (simple-shear) and usually preserve many of their characteristics. Exhumation of serpentinised lithospheric mantle is achieved through deeply rooted detachments. The Iberia-Newfoundland conjugate margins [START_REF] Brune | Rifted margin architecture and crustal rheology: Reviewing Iberia-Newfoundland, Central South Atlantic, and South China Sea[END_REF][START_REF] Pérez-Gussinyé | A tectonic model for hyperextension at magma-poor rifted margins: an example from the West Iberia -Newfoundland conjugate margins[END_REF][START_REF] Whitmarsh | Evolution of magma poor continental margins: From rifting to the onset of seafloor spreading[END_REF], the Labrador Sea [START_REF] Chalmers | Labrador Sea, Davis Strait, and Baffin Bay[END_REF], and the SE-India margin [START_REF] Tugend | Reappraisal of the magma-rich versus magma-poor rifted margin archetypes[END_REF] are some examples of this archetype. In a typical magma-poor margin section, as the one presented in figure 1.14a, Tugend et al. (2018) define several structural domains from continent to ocean: proximal, thinned, exhumed mantle, proto-oceanic (COT), and oceanic domains (see [START_REF] Peron-Pinvidic | Structural comparison of archetypal Atlantic rifted margins: A review of observations and concepts[END_REF] for detailed terminology). The salt basins in the Brazilian South Atlantic and their conjugate in West Africa, even if some magmatism is present, are considered within the magma-poor margin class [START_REF] Aslanian | Brazilian and African passive margins of the Central Segment of the South Atlantic Ocean: Kinematic constraints[END_REF][START_REF] Chaboureau | Paleogeographic evolution of the central segment of the South Atlantic during Early Cretaceous times: Paleotopographic and geodynamic implications[END_REF][START_REF] Kukla | South Atlantic salt basins -Witnesses of complex passive margin evolution[END_REF][START_REF] Moulin | Kinematic keys of the Santos -Namibe basins[END_REF][START_REF] Peron-Pinvidic | Structural comparison of archetypal Atlantic rifted margins: A review of observations and concepts[END_REF].

Transform margins are magma-poor, abrupt, margins that are intimately related to transform faults, which define a tangential movement between divergent plates [START_REF] Roberts | From rifts to passive margins: A continuum of extension[END_REF]. The best-known transform margins are in the Equatorial Atlantic between, Guinea and Nigeria [START_REF] Basile | Phanerozoic geological evolution of the Equatorial Atlantic domain[END_REF], and its conjugate along the conjugate margin of Northern Brazil, Suriname [START_REF] Blaich | Northeastern Brazilian margin: Regional tectonic evolution based on integrated analysis of seismic reflection and potential field data and modelling[END_REF], and the South America-South Africa [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF] in the southernmost South Atlantic. In the last decade, transform margins became key areas of renewed margin research after the discovery of large hydrocarbon resources is stratigraphic traps associated with the abrupt nature of these margins offshore Ghana (Jubilée field, [START_REF] Dailly | Exploration for Cretaceous stratigraphic traps in the Gulf of Guinea, West Africa and the discovery of the Jubilee Field: a play opening discovery in the Tano basin, Offshore Ghana[END_REF] and recent discoveries in French Guiana and Guyana (Liza discovery and satellites, [START_REF] Zborowski | ExxonMobil's Eighth Discovery off Guyana adds another development possibility[END_REF].

Magma-rich margins (volcanic margins, Fig. 1.14b) are characterized by extrusive, usually tholeiitic basalts forming wedges that thicken in the seaward direction. These packages identified on seismic data by high amplitudes are known as SDR or Seaward Dipping Reflectors (Hinz, 1981a;[START_REF] Mutter | Origin of seaward-dipping reflectors in oceanic crust off the Norwegian margin by "subaerial sea-floor spreading[END_REF]. Lower crustal igneous accretions (magmatic underplating, sometimes called High Velocity Zones), especially near the COT, are another common characteristic of these margins. The nature of the basement in the COT below SDRs in magmarich margins is poorly constrained. Interpretations arise from recent geophysical potential methods. It is usually referred to as transitional crust [START_REF] Blaich | Crustal-scale architecture and segmentation of the South Atlantic volcanic margin[END_REF]. [START_REF] Tugend | Reappraisal of the magma-rich versus magma-poor rifted margin archetypes[END_REF] and other authors discuss several potential scenarios as for example: intruded lower crust, intruded lithospheric mantle, and new magmatic crust. The most iconic examples of magmarich passive margins are from Norway-Greenland [START_REF] Mutter | Origin of seaward-dipping reflectors in oceanic crust off the Norwegian margin by "subaerial sea-floor spreading[END_REF][START_REF] Planke | Seismic volcanostratigraphy of large-volume basaltic extrusive complexes on rifted margins[END_REF][START_REF] Geoffroy | Volcanic passive margins[END_REF], and the South Atlantic (Hinz, 1981;[START_REF] Gladczenko | Namibia volcanic margin[END_REF][START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF]Koopmann et al., 2014). the distinction between crustal and lithospheric breakup. Lithospheric breakup is defined as a tectono-magmatic process recording the rift-to-drift transition at proto-oceanic domains, and is achieved through the emplacement of a steady-state, self-sustaining, sea-floor spreading system. Crustal breakup, on the other hand, refers to the separation of two blocks of continental crust (i.e. continental breakup) but does not necessarily imply the onset of oceanic crust accretion in between those two blocks (e.g. mantle exhumation can occur). In a nutshell, when crust breakup occurs prior to lithospheric breakup, magma poor margins develop, with a more crust accretion. When lithospheric mantle occurs prior or at the same time that continental breakup, the abrupt ascent of the asthenosphere produces excess magmatism which is recorded in the SDR wedges.

Besides these two end-members, some rifted margins show complex and polyphased tectono-magmatic histories and can present features typical of both magma-rich and magmapoor archetypes. In the East Greenland-Mid Norway margin, for example, magma-poor rifting preceded magma-rich lithospheric breakup (Fig. 1.15). It is important to highlight however, that in this case, these two stages did not occur as part of a continuum process, but quite separate in time [START_REF] Geoffroy | Volcanic passive margins[END_REF]. One of the main features of magma-rich margins is the occurrence of SDRs, which were first identified on seismic data in the '80s (Hinz, 1981a;[START_REF] Mutter | Origin of seaward-dipping reflectors in oceanic crust off the Norwegian margin by "subaerial sea-floor spreading[END_REF]. Outcrops on the North Atlantic conjugate margins, in Greenland and Norway, have classically been used as analogs for SDRs, and observations made there have been used to support different proposed emplacement mechanisms [START_REF] Geoffroy | Volcanic passive margins[END_REF]. For the South Atlantic in particular, the interpretation of margin structure during the 90's and 2000's was performed using seismic and gravimetric data that allowed the preparation of dip-sections with focus on crustal thickness and interpreted densities variations [START_REF] Gladczenko | Namibia volcanic margin[END_REF][START_REF] Franke | Crustal structure across the Colorado Basin, offshore Argentina[END_REF][START_REF] Schnabel | The structure of the lower crust at the Argentine continental margin, South Atlantic at 44°S[END_REF][START_REF] Blaich | Crustal-scale architecture and segmentation of the Argentine margin and its conjugate off South Africa[END_REF]. SDRs are classically interpreted as volcanic flows emplaced in sub-aerial to shallow sub-aqueous conditions. SDR wedges have been drilled offshore Norway [START_REF] Eldholm | Proceedings of the Ocean Drilling Program[END_REF], southeast Greenland [START_REF] Larsen | Crustal structure along the leg 152 drilling transect[END_REF]. The well Kudu, drilled offshore Namibia found aeolian sandstones interbedded with shallow marine sediments and basalts, that have been interpreted as the top of SDR packages [START_REF] Mcmillan | Foraminiferal biostratigraphy of the Barremian to Miocene rocks of the Kudu 9A-1 , 9A-2 and 9A-3 boreholes[END_REF]. A big step forward in the knowledge of passive margins, and magma-rich margins in particular, was given in the last decade with the acquisition of deep seismic data, that made possible to depict the mantle continental crust whole crustal architecture, the Moho geometry, and to see below the SDRs (Koopmann et al., 2014a;[START_REF] Paton | Role of crustal anisotropy in modifying the structural and sedimentological evolution of extensional basins: the Gamtoos Basin, South Africa[END_REF][START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF][START_REF] Horn | Access and exploration opportunities -A view of the potential in frontier and mature basins[END_REF]. In a generalized dip-section across a magma-rich margin, as the one presented in figure 1.16, several typical features of this kind of margins are indicated. In the first place, the possible presence of previous sedimentary basins (as is the case of the NE-Atlantic, Fig. 1.15, or the Colorado basin, offshore Argentina, [START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF], or eventual traps (large volcanic effusive plateaus, as is the case of the Serra Geral basalts in the pre-rift of the Pelotas basin, [START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF]. Another common feature in volcanic margins is the presence of high Velocity Zones (HVZ in Fig. 1.16), typically emplaced below the intruded transitional crust along the COT. HVZs might present velocities Vp of 7.2 to 7.7 km/s. Underplating of mafic and ultra-mafic magma is the main suggested process to produce this features [START_REF] Kelemen | Origin of thick, high-velocity igneous crust along the U.S. East Coast Margin[END_REF][START_REF] Geoffroy | Volcanic passive margins[END_REF].

From the continental crust towards the oceanic domain, [START_REF] Geoffroy | Volcanic passive margins[END_REF] differentiates internal and external SDRs on the COT domain, and 'oceanic SDRs' (Fig. 1.16). Oceanic SDRs seem to be related to margins with a thick oceanic crust (of up to 40 km) as oceanic crust may reach up 40 km in thickness in Iceland and along the Greenland-Iceland-Faeroe aseismic ridge [START_REF] Geoffroy | Volcanic passive margins[END_REF]. Internal and external SDRs are emplaced on the continent-ocean transition.

There is not a clear criterium to differentiate them, rather than their relative location on the COT and the nature of the underlying crust (more magmatic for the outer SDRs). Sometimes inner and outer SDRs are separated by an external or outer high (of volcanic or exhumated lithosphere nature, see [START_REF] Planke | Seismic volcanostratigraphy of large-volume basaltic extrusive complexes on rifted margins[END_REF]. the North Atlantic, the chemistry of the basalts changed in time from alkaline to tholeiitic [START_REF] Roux | Potential outlined in southern Outeniqua Basin off S Africa[END_REF], probably related to a decrease in contamination with continental crust with time towards a more MORB geochemistry closer to the onset of oceanic crust accretion.

The wedge-shaped geometries of SDRs suggest a possible syn-magmatic fault activity during the process of crustal thinning and breakup.

Several mechanisms have been proposed for SDRs emplacement and remain until these days matter of discussion among the scientific community. One first and main difference highlighted by [START_REF] Talwani | Inferences regarding initiation of oceanic crust formation from the U.S. east coast margin and conjugate South Atlantic margins[END_REF] is that there is no agreement regarding the time of onset of emplacement of SDRs, either during the rifting of continental crust or later (synrift), or as part of the early oceanic crust accretion (early drift). Authors such as [START_REF] Franke | Birth of a volcanic margin off Argentina, South Atlantic[END_REF], [START_REF] Holbrook | Seismic structure of the US Mid-Atlantic continental margin[END_REF] and [START_REF] Talwani | The EDGE experiment and the US Coast Magnetic anomaly[END_REF], following Hinz (1981) and [START_REF] Mutter | Origin of seaward-dipping reflectors in oceanic crust off the Norwegian margin by "subaerial sea-floor spreading[END_REF], interpret emplacement during the early onset of oceanic crust accretion in a 'subaerial' ridge. In this way, the nature of the crust below the SDR is mostly magmatic, the surfaces bounding the wedges are interpreted as feeder dykes, and the subsidence is related to the loading of the younger SDRs. Recently [START_REF] Buck | The role of magmatic loads and rift jumps in generating seaward dipping reflectors on volcanic rifted margins[END_REF] presented an update of this volcanic flexure model, introducing jumps in the location of the feeder systems (Fig. 1.17b). [START_REF] White | Magmatism at rift zones: The generation of volcanic continental margins and flood basalts[END_REF] had suggested that SDRs formed during the rift phase under the influence of a hot spot.

Although today we know that a hot spot is not required for SDR formation (e.g. the South Atlantic shows a wide range of SDRs previous to the Paraná-Etendeka plume impingement;

Frizon De [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF][START_REF] Will | Where does a continent prefer to break up ? Some lessons from the South Atlantic margins[END_REF], SDR emplacement associated with subsidence created by active normal faulting remains valid. [START_REF] Eldholm | Volcanic Margin Concepts[END_REF][START_REF] Geoffroy | The structure of volcanic margins: some problematics from the North-Atlantic / Labrador -Baffin system[END_REF], 2005) explained SDR as syn-magmatic roll-over flexures accommodated by continentward-dipping normal faults (Fig. 1.17a). The presence of these continentward, or inboard dipping normal faults seems to be a key feature in volcanic margins, as they are not present in magma-poor margins (where normal faults tend to dip in a seaward direction). More recently [START_REF] Quirk | A mechanism for construction of volcanic rifted margins during continental breakup[END_REF] suggest an hybrid model of magma-assisted extensional growth for the emplacement of SDRs, where magma rises in the footwall of a normal fault as continental plates start to separate, and the weight of the younger flows trigger the subsidence. produce rapid tectonic subsidence, an hypothesis that is similar to the active mantle model of [START_REF] Geoffroy | Volcanic passive margins[END_REF]. More recently, [START_REF] Clerc | Ductile extensional shear zones in the lower crust of a passive margin[END_REF][START_REF] Clerc | Rifted margins: Ductile deformation , boudinage , continentward-dipping normal faults and the role of the weak lower crust[END_REF] In summary, the different SDR emplacement models are derived from some of the key magma-rich margins known, e.g. the outcrops in the NE-Atlantic, the magma-rich margins in the South Atlantic, etc. The models were progressively updated with the new data that was being acquired. The recent acquisition of deep seismic data allowed to see the structure of the SDRs and the crust underneath, in some cases fault-bounded SDRs are observed [START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF], in the other cases SDRs seem to merge with the transitional crust [START_REF] Paton | Evolution of seaward-dipping reflectors at the onset of oceanic crust formation at volcanic passive margins : Insights from the South Atlantic[END_REF].

Logically there is no need for having one unique model for SDR emplacement, because not all margins are the same, the nature and thickness of the continental crust that is breaking changes, the rate of extension, the temperature of the mantle could possibly change too, and so it seems rather probably to have SDRs displaying different architectures. The nature of the SDRs themselves is transitional, because they record the breakup process of the lithosphere, they form during the last phase of rifting (inner SDRs on thinned continental crust), and the early onset of oceanic crust accretion in magma-rich margins (with outer SDRs on more magmatic crust, probably heavily intruded). The data to be acquired in the future in these frontier areas, and the continuous work will bring new insights and hopefully other models to better understand these margins.

Several authors have discussed the factors controlling if a rift system will break up in magma-poor or magma-rich mode. [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF] suggests that passive margin evolution depends on the rheology of the lithospheric mantle. A magma-poor margin is created if, during extension, the brittle crust extends together with a 'ductile' lithospheric mantle. Magma-poor margins are defined by a wide area of highly attenuated hyper-extended crust, where the upper crust is deformed by deep listric faults that may sole out on a common detachment surface (eventually the Moho). If lithospheric mantle behaves in a more brittle way, it will also break together with the crust during extension and an asthenospheric window could arise, thus producing huge volumes of extrusive igneous rocks: the SDRs, typical of magma-rich margins.

The development of magma-rich margins has commonly been related to the presence of a mantle plume (e.g., [START_REF] White | Magmatism at rift zones: The generation of volcanic continental margins and flood basalts[END_REF][START_REF] Eldholm | Volcanic Margin Concepts[END_REF]. However, this idea has been challenged, in particular by [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF] who shows that in the South Atlantic the SDR volumes increase systematically away from the plume impingement area (in the case of the South Atlantic, the plume related to the Paraná LIP, Fig. 1.22a). The relation between faster plate separation and magma-rich margins has also been established [START_REF] Lundin | Rifted Continental Margins: Geometric Influence on Crustal Architecture and Melting[END_REF] as well as the diachronism that can be observed in rifting and breakup. In areas with good magnetic data, diachronous break-up can commonly be demonstrated by magnetic isochrons that lengthen as sea floor spreading progresses. In these cases, older isochrons terminate against the COT and are "bypassed" by younger isochrons [START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF][START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF]. This observation has long been considered to reflect propagation (e.g., [START_REF] Courtillot | Propagating rifts and continental break-up[END_REF][START_REF] Martin | Propagating rifts: Crustal extension during continental rifting[END_REF]. An example is the northward propagation of the South Atlantic (e.g. [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF][START_REF] Jackson | Role of subaerial volcanic rocks and mantle plumes in creation of South Atlantic margins: Implications for salt tectonics and source rocks[END_REF][START_REF] Nürnberg | Cefalopodos y bivalvos Titonianos y Hauterivianos de la Formación Lago La Plata, Chubut[END_REF][START_REF] Rabinowitz | The Mesozoic South Atlantic Ocean and Evolution of its Conjugate MArgins[END_REF][START_REF] Torsvik | A new scheme for the opening of the South Atlantic Ocean and the dissection of an Aptian salt basin[END_REF]. Break-up usually takes place along segments, which may vary in sizes. The breakup model presented by [START_REF] Lundin | Rifted Continental Margins: Geometric Influence on Crustal Architecture and Melting[END_REF] introduces a 'V-shaped' triangular map pattern with, at its apex, crustal stretching in an initiating phase, and with increasing extension towards the opposite end. Along the arms of the V the transition between coupling/decoupling and total embrittlement can be observed at increasing distance from the apex. The apex works as a steadily-migrating 'pseudo-pole'. Close to the pole, the linear rate of plate separation is very small. At some farther distance, deformation will have progressed to the thinning phase [START_REF] Lavier | A mechanism to thin the continental lithosphere at magmapoor margins[END_REF], where complete crustal embrittlement, fault penetration, and mantle serpentinization become probable. Mantle exhumation is predicted at a still greater distance. At some point, the pole is so distant that the linear half spreading rate exceeds the critical velocity for melting. This may lead first to production of an ultraslow hybrid mixture of peridotite and basalt, and eventually to Penrose 'typical and fully developed' oceanic crust. In map plane, a fully developed zonation from proximal rift to oceanic crust may have been completed far away from the pole while it is just beginning to initiate closer to the pole (Fig. that architectural zonation will proceed sequentially along the conjugate lengths of an opening ocean following a series of moderately sized pole jumps (~1000-2000 km, Fig. 1.22c). For very large pole jumps (>2000 km) the rate of extension at the distal end may be so high that rapid necking is favored and possibly also magma-rich breakup. In such cases an along-strike transition from magma-rich to magma-poor may take place. This model has been used to explain the Red Sea, Labrador Bay, and could provide a guideline to understand the development of large scale architectural elements during the opening of the South Atlantic Ocean.

Numerical modelling has significantly contributed to the understanding of breakup and passive margin evolution (e.g. [START_REF] Huismans | Complex rifted continental margins explained by dynamical models of depth-dependent lithospheric extension[END_REF][START_REF] Brune | Rift migration explains continental margin asymmetry and crustal hyper-extension[END_REF]. But as the understanding of magma-rich margins is still under development, only some latest numerical models start to be successful in explaining the formation of volcanic margins [START_REF] Geoffroy | Volcanic passive margins: another way to break up continents[END_REF][START_REF] Beniest | Numerical models for continental break-up: Implications for the South Atlantic[END_REF] and there seems to be a long way to go in this debate. 

Stratigraphic evolution of passive margins

Rifting, successive breakup and passive margin formation produce sedimentary basins that can be studied to invert their stratigraphic record as a tectonic evolution. The sedimentary infill of a basin records not only deep lithospheric processes such as rifting, mantle exhumation, oceanic breakup, but also the interaction of these processes with surface processes (Fig. 1.23).

Surface processes are conditioned by the climate, erosion, that themselves control the sediment routing systems, the environmental conditions prevailing in the basin and base level changes (i.e. eustasy). In rift basins, stretching produces normal faulting of the brittle crust and subsequent thinning of the lithosphere, inducing subsidence and the formation of sedimentary basins.

McKenzie (1978) proposed a method to compute subsidence in a rift basin with a pure-shear model that assumes uniform stretching of the crust and lithosphere. During rifting (synrift phase), depocenters will have a fault-controlled subsidence, which depends on the initial thickness of the crust compared to the initial thickness of the lithosphere, and the amount of stretching β factor [START_REF] Allen | Basin Analysis -Principls and Application[END_REF]. Regions with thick crusts should experience larger amounts of fault-controlled subsidence than those with thin crusts. Lithospheric mechanical stretching, and thinning, supposes the ascent of isotherms and an instantaneous increase in heat flow. After stretching has ceased (postrift phase), the new elevated geotherm relaxes as the lithosphere cools down and thickens. These regions experience thermal subsidence, caused by the relaxation of lithosphere isotherms to their pre-stretching position, with an exponentially decrease of heat flow with time. Regions with thick subcrustal lithosphere should experience greater subsidence and more prolonged post-rift thermal subsidence than those with thinned lithospheric mantles.

Passive margins are characterized by a seaward thickening prism of marine sediments that generally overlay a zone of faulted basement with rift basins usually filled with continental sediments, which record the rifting and breakup processes. Le [START_REF] Le Pichon | Passive margins: A model of formation[END_REF] applied the uniform stretching model of McKenzie passive margins, as an approach to assess their subsidence history. But the subsidence history of nourished passive margins, with thick drift sedimentary covers is also affected by sediment load, which will add subsidence depending on the rigidity of the plate [START_REF] Watts | Lithospheric flexure due to prograding sediment loads: implication for the origin of onlap/offlap patterns in sedimentary basins[END_REF]. Backstripping of the sedimentary cover is used to reconstruct the tectonic history of passive margins [START_REF] Watts | Flexure of the lithosphere and continental margin basins[END_REF][START_REF] Steckler | Subsidence of the Atlantic-type continental margin off New York[END_REF][START_REF] Steckler | Subsidence and basin modeling at the U.S. Atlantic passive margin[END_REF], by removing the influence of sediment and water loading. [START_REF] Lavier | An Improved Method for Reconstructing the Stratigraphy and Bathymetry of Continental Margins: Application to the Cenozoic Tectonic and An Improved Method for Reconstructing the Stratigraphy and Bathymetry of Continental Margins : Application to the Cenozo[END_REF] applied a similar backstripping method on 2D sections from the West Africa margin.

Elastic thickness is a proxy of the long-term strength of the lithosphere and exerts a strong control on the overall stratigraphic architecture of a passive margin. The most common approach for assessing the elastic thickness of the lithosphere is gravity modeling. [START_REF] Watts | Gravity anomalies, crustal structure and flexure of the lithosphere at the Baltimore canyon trough[END_REF] suggested a method of process-oriented gravity modelling, an alternative flexural backstripping method that can constrain the elastic thickness by comparing the observed crustal structure with the result of the combination of the restored rifted crust and the influence of the sediment load (see Fig. 1.24). In magma-rich margins, the effect of magmatic underplating and SDRs can also be included by computing their flexural loading effect [START_REF] Watts | Models for the evolution of passive margins[END_REF].

Figure 1.24: Key processes that condition the mechanical evolution of passive margins: rifting, sediment loading, SDR emplacement, and magmatic underplating have a strong influence on subsidence history (modified from Watts, 2012).

In the last decades, thermo-mechanical models have been used to assess the evolution of passive margins. These models combine the evolution of the thermal structure, that determines heat flow, and hence the amount of tectonic subsidence and uplift; with the mechanical structure, that determines how it responds to sediment and other loads throughout the rift-to-passive margin evolution. [START_REF] Watts | Models for the evolution of passive margins[END_REF] presents a complete synthesis of the use of thermo-mechanical models in passive margin studies. Kinematic models suggest that tectonics (thermal contraction, uplift and flexure) is a major control on the early stratigraphic evolution of passive margins, while at later stages, the sedimentary flux, and/or eustasy are the dominant controlling factors.

Another element that needs to be considered, together with the sediment load, is the unloading produced by erosion in the proximal part of the passive margin. There is a complex coupling effect that is recorded in the stratigraphy of sedimentary basins [START_REF] Rouby | Long-term stratigraphic evolution of Atlantic-type passive margins: A numerical approach of interactions between surface processes, flexural isostasy and 3D thermal subsidence[END_REF].

Classically the long-term regressive stratigraphic architecture of passive margins (with seaward migration of the shoreline) has been attributed to the exponentially decreasing rate of basement thermal subsidence, combined with the sedimentary supply, usually larger than the accommodation space. But the flexural component of subsidence may migrate in the seaward direction under the weight of a prograding sedimentary wedge. Cylindrical margins behave similarly along-strike, can be modeled with 2D sections and conclusions from that modeling can be extrapolated. But margins can also be non-cylindrical, present a strong 3D variability and thus need to be modeled in 3D for a correct assessment. [START_REF] Braun | Flexure of the lithosphere and the geodynamical evolution of non-cylindrical rifted passive margins: Results from a numerical model incorporating variable elastic thickness, surface processes and 3D thermal subsidence[END_REF] introduced 3D modeling tool that was used to assess a non-cylindrical rifted margin, particularly for the case of two segments of a margin separated by a fracture zone, which incorporates variable elastic thickness, surface processes and 3D thermal subsidence. For the Western Africa Transform Margin, [START_REF] Braun | Flexure of the lithosphere and the geodynamical evolution of non-cylindrical rifted passive margins: Results from a numerical model incorporating variable elastic thickness, surface processes and 3D thermal subsidence[END_REF] reproduce the subsidence patterns observed in the overlying passive margin sedimentary basin, and predict a relatively complex stratigraphic architecture, which is the result of varying sources and subsidence behaviors along the various segments of the margin.

A final comment on subsidence assessment comes from the recent progress made in the understanding of the influence of mantle convection and the resulting dynamic topography on passive margins. [START_REF] Müller | Dynamic topography of passive continental margins and their hinterlands since the Cretaceous[END_REF] carried out sensitive modeling of these dynamics and obtained dynamic-induced subsidence values of up to 350±150 m for passive margins. These authors noticed that during the fragmentation of Pangea the most commonly observed process along passive margins is a gradual change from dynamic highs towards lows, reflecting the location of many passive margins over slabs sinking in the lower mantle. The understanding of these processes is still under development. Some observations are being made for South America and contributing in the understanding of the influence of Andean processes on the South American platform [START_REF] Dávila | Dynamic topography in South America[END_REF][START_REF] Flament | Topographic asymmetry of the South Atlantic from global models of mantle flow and lithospheric stretching[END_REF][START_REF] Davila | Mantle Influence on Andean and Pre-Andean Topography[END_REF]. Paleodynamic models require accurate paleotectonic reconstructions. The southern South Atlantic reconstructions still need to be improved, especially considering the relations between South America, Africa and Antarctica during Gondwana breakup [START_REF] König | The Mesozoic breakup of the Weddell Sea[END_REF].

Regional thermochronological studies have classically been applied to orogenic regions.

Analysis on passive margins are still under development, since the post-breakup topographic evolution of passive margins (especially the onshore portion) remains poorly understood [START_REF] Bigot-Cormier | Denudation of the Côte d'Ivoire-Ghana transform continental margin from apatite fission tracks[END_REF][START_REF] Karl | Evolution of the South Atlantic passive continental margin in southern Brazil derived from zircon and apatite (U-Th-Sm)/He and fission-track data[END_REF][START_REF] Kollenz | Long-term landscape evolution, cooling and exhumation history of the South American passive continental margin in NE Argentina and SW Uruguay[END_REF]. Two end-members for the onshore part of passive margins are observed: elevated, versus low-lying passive continental margins. These areas observe episodic km-scale exhumation or burial events that still need to be addressed [START_REF] Green | Post-breakup burial and exhumation of the southern margin of Africa[END_REF][START_REF] Zborowski | ExxonMobil's Eighth Discovery off Guyana adds another development possibility[END_REF].

In passive margins, the record of stratigraphic sequences is a function of the accommodation (the space available for sedimentation) and sedimentary influx (which provides the sediments to fill the space). Accommodation can be created either by subsidence, as previously detailed in the present manuscript, or by increasing the base level for sedimentation (the sea level in the case of passive margins). During the drift phase (post-breakup), eustasy is a key factor in controlling the stratigraphic architecture of passive margins, with variability at a higher frequency than subsidence (Vail et al., 1977a(Vail et al., , 1977b;;[START_REF] Van Wagoner | Siliciclastic Sequence Stratigraphy in Well Logs, Cores, and Outcrops: Concepts for High-Resolution Correlation of Time and Facies[END_REF].

In sedimentary basins, the sedimentary record can be divided in sequences, which are relatively conformable successions of genetically related strata, bounded by unconformities and their correlative surfaces [START_REF] Mitchum | Seismic Stratigraphy and Global Changes of Sea Level, Part 2: The Depositional Sequence as a Basic Unit for Stratigraphic Analysis[END_REF]. With the main surfaces in sequence stratigraphy (e.g. subaerial unconformities, transgressive surfaces, maximum flooding surfaces)

being equivalent or approximatly equivalent to timelines, a sequence stratigraphic approach [START_REF] Catuneanu | Towards the standardization of sequence stratigraphy[END_REF] allows the preparation of a chronostratigraphic models that can be incorporated into larger models assessing the evolution of passive margins.

A synthesis of the stratigraphic response and the main unconformities from rifting to continental breakup was presented by [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF]. An adaptation of this model for magmarich margins is presented in Fig. 1.25. In a rift basin strata can be grouped in pre-, syn-and post-rift sequences according to their relative chronology with respect to the extensional phase, and the main factor conditioning subsidence. The pre-rift units correspond to older deposits that were preserved from erosion across the time between their deposition and the onset of rifting. In magma-rich margins, SDR emplacement occurs in the transition to breakup (c) under subaerial conditions. During SDR emplacement, the system shows a rapid seaward migration of the locus of extension, with a progressively thinner and more intruded continental crust (in 'transition' to full oceanic conditions). Just after breakup and the onset of oceanic crust accretion (d) the margin experienced erosion (possibly subaerial to lag-transgressive). The Breakup Unconformity (BU), tracked at the top of the SDRs and extended continentward, is a diachronic surface that marks the onset of the first post-breakup marine transgression.

In magma-poor margins, which lack SDRs, the BU is an unconformity at the top of the fault-bounded wedged sequences, and at the base of the drift phase sediments characterized by passive onlap on the previous relief.

After breakup, the continuous accretion of proto-oceanic crust and associated increasing subsidence allows the income of the sea and the formation of a proto-oceanic basin. Continental rim basins may develop on the conjugate margins according to their rifting history and symmetry (Fig. 1.26b). At the transition from rifting to proto-oceanic basin, subsidence (accommodation) commonly outpaces sediment supply, leading to the deposition of some typical facies indicative of sediment starvation in the basin depocenters: carbonates (carbonate factory enhanced by lack of siliciclastic supply), evaporites (require intermittent disconnection with the sea to allow evaporation), and black-organic shales [START_REF] Allen | Basin Analysis -Principles and Application to Petroleum Play Assessment[END_REF]. Black shales require high organic productivity and restricted water circulation to allow preservation of the organic-rich shales, which constitute major source rocks of hydrocarbons in passive margin settings. Besides the introductory morpho-dynamic character of passive margins described above, the stratigraphy of these basins can be assessed in terms of Sequence Stratigraphy.

Although it has been used in the industry and academia for many years, Sequence Stratigraphy remains an 'informal' methodology with several lines of thinking. Much progress has been made in the recent years towards the standardization of sequence stratigraphic methods and building the bases for a common language among researchers [START_REF] Catuneanu | Towards the standardization of sequence stratigraphy[END_REF]. The Depositional Sequence concept of [START_REF] Mitchum | Seismic Stratigraphy and Global Changes of Sea Level, Part 2: The Depositional Sequence as a Basic Unit for Stratigraphic Analysis[END_REF], particularly the Depositional Sequence III approach and nomenclature (see [START_REF] Catuneanu | Principles of Sequence Stratigraphy[END_REF][START_REF] Catuneanu | Towards the standardization of sequence stratigraphy[END_REF] is used in this work. For seismic interpretation the approach of [START_REF] Vail | Seismic Stratigraphy Interpretation using Sequence Stratigraphy[END_REF] flanks, but the steeper slopes associated with the fault-bounded side of the rift will develop alluvial fan systems (or fan deltas), usually coarser than the systems with the not-faulted side.

Accommodation increase

The sequence stratigraphy of rift basins has been particularly studied by Martins-Neto and [START_REF] Martins-Neto | Rift sequence stratigraphy[END_REF], and [START_REF] Picarelli | Sequence Stratigraphy Applied to Continental Rift Basins: Example from Recô ncavo Basin, Brazil. Lacustrine sandstone Reserv. Hydrocarb[END_REF].

In the case of passive margins, particularly siliciclastic shelves have been the archetype where Sequence Stratigraphy was developed [START_REF] Catuneanu | Towards the standardization of sequence stratigraphy[END_REF]. Some remarks need to be made before entering into the details of the Sequence model. Vail proposed that seismic reflectors represented timelines bounding strata. In seismic stratigraphic interpretation the character of the reflectors terminations is important (see [START_REF] Catuneanu | Sequence stratigraphy of clastic systems: Concepts, merits, and pitfalls[END_REF]. Above a key surface (discontinuity) reflectors may display onlap or downlap (Fig. 1.29). Onlap is a base-discordant relationship in which initially horizontal (or inclined) strata progressively terminate updip against a surface of greater initial inclination. Onlap can be of different nature depending on the facies that the termination is associated with. [START_REF] Catuneanu | Sequence stratigraphy of clastic systems: Concepts, merits, and pitfalls[END_REF] The terms transgression and regression refer to the displacement of the coast line in the continent or seaward direction respectively. The terms aggradation, progradation and retrogradation refer to the character of the stacking pattern (see [START_REF] Van Wagoner | Siliciclastic Sequence Stratigraphy in Well Logs, Cores, and Outcrops: Concepts for High-Resolution Correlation of Time and Facies[END_REF]. In a progradational stacking pattern (Fig, 1.30a), sediments from more proximal environments successively deposit over more distal environments indicating and overall migration of the facies trend and the shelf-break in the seaward (basinward) direction. In a retrogradational stacking pattern (Fig. 1.30b), sediments from more distal environments successively deposit over more proximal environments indicating and overall migration of the facies trend and the shelf-break in the continentalward (updip) direction. In an aggradational stacking pattern (Fig. Accommodation decreases at higher rates, the system finally retrogrades in the late Highstand (this is equivalent to the falling stage system tract -FSST-of Depositional Sequence IV approach, see [START_REF] Catuneanu | Towards the standardization of sequence stratigraphy[END_REF]. 

Objectives of the study and approach

Passive margin evolution has been strongly debated for many years as exposed in this State-Of-Art. The rifting and breakup evolution of supercontinents remain a matter of debate, especially in the case of the rifting and breakup of the supercontinents of Pangea and Gondwana throughout the Mesozoic. In the present PhD thesis, we will focus on the influence of previous inherited structures and deformation modes on the passive margin dynamic. Basin analysis, and more specifically seismic sequence stratigraphy will be used as the guideline approach.

Through the eyes of a stratigrapher, the structural and stratigraphic evolution of the main Mesozoic basins on the Argentinean shelf will be assessed (particularly the Colorado, Salado and Malvinas basins), and integrated into the regional (SW Gondwana) framework to better constrain the several rifting stages that ended with the opening of the South Atlantic Ocean in the Early Cretaceous. The correlation of pre-cretaceous rifting events between South American and African basins will also be explored to better constrain the pre-South Atlantic breakup evolution.

We used stratigraphic techniques to characterize and better correlate rifting stages by correlating their fillings. Absolute ages, biostratitraphic ages, detrital zircon ages, etc. were integrated to produce regional paleotectonic reconstructions. Sequence stratigraphic concepts and tools (e.g. reflector terminations, stacking patterns, unconformities), especially concerning seismic stratigraphy, were used in this thesis to characterize the sedimentary infill of the basins under study and the bounding surfaces in to reconstruct a tectono-stratigraphic framework.

The post-breakup evolution of the Colorado and Salado basins was characterized and modeled, and some controlling factors such as the subsidence, were inverted from the stratigraphic record. The sedimentary infill of a basin records the interaction between deep lithospheric processes (such as rifting, mantle exhumation, oceanic breakup, long term subsidence) and surface processes (climate, erosion, sediment transport and deposition). These parameters can be inverted from the stratigraphic record by performing sequence stratigraphy analysis and forward stratigraphic modeling in 3D with DionisosFlow. The restored basin infill (in nature and timing) was used to assess the passive margin evolution of the Colorado and Salado basins area, which are potentially representatives of the Argentinean South Atlantic margin.

Chapter 2. Geological Framework 

The South Atlantic Ocean

The South Atlantic Ocean spans between South America and Africa (Fig. 2.1). This area attracts both scientific and industrial interests because it provides the full spectrum of phenomena related to continental breakup and passive margin formation. Besides, this sector hosts huge petroleum resources discovered in its conjugate margins, as for example the deepwater and pre-salt plays along the Brazilian and African margins, and the stratigraphic plays along the equatorial margins of Ghana and French Guiana. To the south, the Argentinean and Namibian/South African conjugate margins remain a frontier area still poorly characterized in term of petroleum resources. This area is nowadays the locus of both important scientific research and hydrocarbon exploration strategies.

The South Atlantic can be divided into four segments and is certainly a showcase of a wide range of processes controlling continental breakup. Following Moulin et al. (2010) and [START_REF] Torsvik | A new scheme for the opening of the South Atlantic Ocean and the dissection of an Aptian salt basin[END_REF], these four segments are from south to north: a) the Malvinas (Falkland) segment (to the South of the Agulhas-Malvinas Fracture Zone (AMFZ: 40-50°S, Fig. Along the margin there are segments with presence of SDRs and others with a preponderance of saline deposits over volcanic rocks. An example of a volcanic margin (or magma-rich) is the South segment, with abundant volumes of igneous rocks extruded during the rupture along the COT [START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF]Koopmann et al., 2014b). Even if some volcanic eruptions have been described, the Central Segment is a predominantly magma-poor margin, hosting the Aptian salt deposits in the Brazilian and Angolan margin. The Equatorial and Malvinas Segments, enclosing the South Atlantic are described as transform margins. The similarity and apparent fit of the east coast lines of South America and West Africa was one of the signs that motivated Wegener to propose his theory of continental drift in 1915 as a mechanism to explain the opening of the ocean. Du Toit (1937,1927), following ideas of [START_REF] Keidel | La Geología de las Sierras de la Provincia de Buenos Aires y sus relaciones con las montañas de Sudáfrica y los Andes[END_REF], contributed concrete elements that unequivocally demonstrated that Africa and South America were once united, as part of the supercontinent of Gondwana.

After going through different orogenies during the Paleozoic [START_REF] Cawood | Terra Australis Orogen: Rodinia breakup and development of the Pacific and Iapetus margins of Gondwana during the Neoproterozoic and Paleozoic[END_REF][START_REF] Blakey | Gondwana paleogeography from assembly to breakup-A 500 m.y. odyssey[END_REF][START_REF] Ramos | Patagonia: A paleozoic continent adrift?[END_REF]and references therein), the supercontinent of Pangea (Fig. 2.2) initiated a process of supercontinental breakup in the Triassic [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF][START_REF] Macdonald | Mesozoic break-up of SW Gondwana: Implications for regional hydrocarbon potential of the southern South Atlantic[END_REF]Moulin et al., 2010), and thus dismembered first in the 'smaller' supercontinents of Larentia and Gondwana, then by the Cretaceous in the present-day continents of South America, Africa, Antarctica, India and Australia.

and followed by [START_REF] Pindell | Permo-Triassic reconstructions of western Pangea and the evolution of the Gulf of Mexico/Caribbean region[END_REF] and [START_REF] Unternehr | South Atlantic fits and intraplate boundaries in Africa and South America[END_REF] among others. [START_REF] Emery | The Geology of the Atlantic Ocean[END_REF] compiled much of the preexisting information in a "Geological Atlas of the Atlantic Ocean". [START_REF] Larson | The Bedrock Geology of the World[END_REF] takes the isochronous mapping initiated by [START_REF] Ladd | South Atlantic seafloor spreading and Caribbean tectonics[END_REF] and integrates it with bathymetric information, being able to determine more precisely the jumps between the different ridge segments between transform zones.

In the early 1980's, models seek to reconstruct the tectonic evolution in higher detail [START_REF] Vink | Continental rifting and the implication for plate tectonics reconstructions[END_REF]. The first full integration of the South Atlantic tectonic evolution, from a preopening position to the present, was proposed by Nürnberg and Müller (1991, Fig. 2.3). During the first decade of the 21st century, authors such as [START_REF] Eagles | New angles on South Atlantic opening[END_REF] and [START_REF] Torsvik | A new scheme for the opening of the South Atlantic Ocean and the dissection of an Aptian salt basin[END_REF] introduced to the discussion, the importance of intracontinental deformation during the opening process. In parallel, many authors have focused on modeling the evolution of the opening of different segments of the South Atlantic (e.g. central segment, equatorial, etc.). The following works have significantly contributed to the better understanding of the conjugate margins, their crustal structure, architecture and evolution: [START_REF] Ford | Phanerozoic paleogeography, paleoenvironment and lithofacies maps of the circum-Atlantic margins[END_REF], [START_REF] Jokat | Timing and geometry of early Gondwana breakup[END_REF], [START_REF] Moulin | Étude géologique et géophysique des marges continentales passives: exemple du Zaïre et de l'Angola[END_REF], [START_REF] Moulin | Geological constraints on the evolution of the Angolan margin based on reflection and refraction seismic data (ZaïAngo project)[END_REF]Moulin et al. ( , 2010)), [START_REF] Blaich | Northeastern Brazilian margin: Regional tectonic evolution based on integrated analysis of seismic reflection and potential field data and modelling[END_REF]; [START_REF] Blaich | Crustal-scale architecture and segmentation of the South Atlantic volcanic margin[END_REF][START_REF] Blaich | Crustal breakup and continent-ocean transition at South Atlantic conjugate margins[END_REF][START_REF] Blaich | Crustal-scale architecture and segmentation of the Argentine margin and its conjugate off South Africa[END_REF][START_REF] Blaich | Northeastern Brazilian margin: Regional tectonic evolution based on integrated analysis of seismic reflection and potential field data and modelling[END_REF], [START_REF] Franke | Birth of a volcanic margin off Argentina, South Atlantic[END_REF][START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF][START_REF] Franke | Crustal structure across the Colorado Basin, offshore Argentina[END_REF] 2014), and it is on that basis that this description of the evolution of the South Atlantic Ocean is presented. These new studies allow us to reconstruct the current geometry of the ocean combining processes of extension of the crust, generation of oceanic crust, displacement of course through transformations, and using less intracontinental deformations than those interpreted by [START_REF] Eagles | New angles on South Atlantic opening[END_REF] and [START_REF] Torsvik | A new scheme for the opening of the South Atlantic Ocean and the dissection of an Aptian salt basin[END_REF], especially for the southern portion of South America.

South Atlantic segments

To better integrate the kinematics of the opening and the nature of the processes that occurred at each stage, a general characterization of the conjugate margins along different segments of the South Atlantic (from south to north) is presented below.

Figure 2.332: Tectonic map compiling the available magnetic anomaly data, with 'flow-lines' constructed using rotation poles, published by [START_REF] Nürnberg | Cefalopodos y bivalvos Titonianos y Hauterivianos de la Formación Lago La Plata, Chubut[END_REF].

Malvinas Segment

The Malvinas segment (Fig. On the South American plate, the Malvinas segment is characterized by displaying appendix of continental crust that extends east from Patagonia (Fig. 2.4). This area of extended continental crust hosts the Jurassic Malvinas basin [START_REF] Galeazzi | Structural and Stratigraphic Evolution of the Western Malvinas Basin, Argentina[END_REF], the Malvinas (Falkland) islands (Ramos et al., 2017, and references therein), the Malvinas (Falkland) Plateau [START_REF] Biddle | Plateau de Malvinas[END_REF][START_REF] Ramos | Evolucion tectonica de la plataforma continental[END_REF], and the Maurice Ewing Bank [START_REF] Chemale | Age of basement rocks from the Maurice Ewing Bank and the Falkland/Malvinas Plateau[END_REF]. Since the latest Cretaceous, the South American plate been subjected to compression from the south, thus its compressional southern end, bounded by the southeastern extension of the Andes, given by the Fuegian Andes, the Burwood bank, and the North Scotia Ridge (Fig. 2.4).

The North Malvinas (North Falkland) basin (Fig. 2.4, [START_REF] Ross | Cuenca de Malvinas Norte[END_REF][START_REF] Richards | Geology of the North Falkland Basin[END_REF] is characterized by two systems of normal faults. A first WNW-striking system in the southern rift has been correlated with WNW-striking Early Jurassic igneous dykes in the Malvinas (Falkland) islands [START_REF] Ramos | The Malvinas (Falkland) Islands revisited: The tectonic evolution of southern Gondwana based on U-Pb and Lu-Hf detrital zircon isotopes in the Paleozoic cover[END_REF]. The WNW-oriented faults in the North Malvinas basin are intersected by a second set of N-S striking faults that from depocenters of Early Cretaceous age [START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF].

The first movements of the Agulhas / Malvinas FZ occurred in the Valanginian from 138 Ma [START_REF] Baby | Uplift history of a transform continental margin revealed by the stratigraphic record : The case of the Agulhas transform margin along the Southern African Plateau[END_REF]and references therein). This shear zone would have been active

until the Santonian (ca. 83 Ma), when the meso-oceanic ridge surpassed the bank Maurice

Ewing [START_REF] Lorenzo | Flexure across a continent-ocean fracture zone: the northern Falkland/Malvinas Plateau, South Atlantic[END_REF].

Figure 2.4: Main structural elements of the Malvinas Segment, with Africa at its Jurassic prebreakup position (modified from [START_REF] Ramos | Evolucion tectonica de la plataforma continental[END_REF].
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South Segment

The South segment of the South Atlantic extends between the Agulhas / Malvinas FZ and Florianópolis FZ [START_REF] Gladczenko | South Atlantic volcanic margins[END_REF]. On the South American margin, it can be divided into a the southern part corresponding to the Argentinean/Uruguayan margin, and the Pelotas basin (offshore Brazil and northern (Uruguay). To the north of the Colorado FZ (Fig. 2.5) thick wedges of SDRs were described, emplaced in the COT. [START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF] identified from gravimetric, magnetic and seismic data up to three juxtaposed major wedges of SDRs. The oldest, certain magnetic anomaly observed in the South American margin corresponds to M4 [START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF]. Later works identified up to M9 (Gerster et al., 2011, see Fig. Subsegment IV of [START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF] develops between the Salado and the Río de la Plata FZ, and is the outboard equivalent of the Salado/Punta del Este basins (Fig. 2.5). Further north, the Pelotas basin (northern Uruguay and southern Brazil) displays huge volumes of SDRs [START_REF] Abreu | Geologic evolution of conjugate volcanic pasive margins. Pelotas basin (Brazil) and Offshore Namibia (Africa); Implications for global sea-level changes[END_REF]. [START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF] identified on seismic sections the volcanic sequences of Serra Geral Regarding the conjugate African volcanic margin [START_REF] Gladczenko | Namibia volcanic margin[END_REF][START_REF] Gladczenko | South Atlantic volcanic margins[END_REF][START_REF] Elliott | The SW African volcanic rifted margin and the initiation of the Walvis Ridge, South Atlantic[END_REF]and in South Africa the SDRs seem to be absent in the southernmost subsegment (Fig. 2.8) that here corresponds to the Cape basin and the Outeniqua basins on the continental shelf (see [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF]. It is from the northern limit of this subsegment, marked by the Cape FZ, that SDR wedges are detected. The authors emphasize that the transition between the southernmost subsegment without SDR and the subsegment with SDR, immediately north of the Cape FZ, occurs abruptly in less than 50 km (Fig. 2.9a and b). For the South African margin Koopmann et al. ( 2014) report up to four major wedges of SDRs and magnetic anomalies up to M9 (Fig. [START_REF] Hall | New constraints on the age of the opening of the South Atlantic basin[END_REF] reported the discovery of the M11 magnetic anomaly, the oldest discovered so far in this area (Fig. 2.8).

2.8). Recently,

Further north, many fracture zones have been mapped (Fig. 2.8), but the main FZ that seem to exert a control on SDR emplacement and establishment of the main subsegments are the Orange FZ and the Autseib FZ (Koopmann et al., 2014b). The Orange, Luderitz and Walvis basins are depocenters of the Early Cretaceous South Atlantic rift and seem to be controlled by the breakup kinetics and margin segmentation. Figure 2.10 presents a crustal section across the Orange basin, depicting not only the SDR wedges but also half-grabens of interpreted sedimentary infill inboard from the SDRs.

A comparison of the crustal structure of the conjugate southern South Atlantic margins carried out by [START_REF] Blaich | Crustal-scale architecture and segmentation of the South Atlantic volcanic margin[END_REF] is presented in figure 2.11. Note that the northern transect relaying the Pelotas with the Walvis basin is rather symmetrical (Fig. 2.11a). Towards the latitude of the Colorado and the conjugate Orange basin the symmetry of the conjugate margins changes. The SDR wedges in particular are narrower than in the southern African margin (Fig.

2.11b and c

). This asymmetry has been linked by [START_REF] Blaich | Crustal-scale architecture and segmentation of the South Atlantic volcanic margin[END_REF] to asymmetric rifting at the time of breakup (simple shear mode).

This margin asymmetry has conditioned the passive margin evolution, particularly subsidence and thus accommodation. [START_REF] Marcano | Major controlling factors on hydrocarbon generation and leakage in South Atlantic conjugate margins: A comparative study of Colorado, Orange, Campos and Lower Congo basins[END_REF] presented a comparison of the conjugate margins. Figure 2.12 presents a zoom on the sedimentary cover of the Colorado-Orange transect (Fig. 2.11b). Note the differences in thickness of the Cretaceous (thicker on the African margin) and the Cenozoic (thicker on the South American margin). Considering eustasy is equal for both margins, differences will be related to sedimentary input and subsidence history depending on crustal architecture and tectonic/thermal evolution . Koopmann et al., 2014;[START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF][START_REF] Hall | New constraints on the age of the opening of the South Atlantic basin[END_REF]. Note the distribution of SDR and magnetic anomalies. The subsegment to the north of the Colorado FZ, defining the transition from magmapoor to volcanic rifting, initiates rifting at approximately 133 Ma [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF]. The strong margin segmentation displayed by the southern South Atlantic is interpreted to have been in place since at least the time of SDR emplacement. The chronological relation between the

Tristan da Cunha plume impingement (accountable for the Paraná-Etendeka LIP) and the SDR emplacement along the southern South Atlantic margins is still debated. [START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF] suggest that SDR emplacement in the southern subsegments occurs before plume impingement.

Franke (2013) and [START_REF] Collier | New constraints on the age and style of continental breakup in the South Atlantic from magnetic anomaly data[END_REF] propose a coeval evolution (Fig. 2.17b). Authors seem to agree, however, that the plume does not precede the opening (which would suggest active rifting mode) but is at least synchronous or impinged after rifting had already started [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF][START_REF] Will | Where does a continent prefer to break up ? Some lessons from the South Atlantic margins[END_REF]. After stepping across the next fracture zone (subsegment boundary) seafloor spreading propagated fast to the north, reaching the transfer zone that bounds the southern to the central South Atlantic by the Barremian [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF]Fig. 2.17c). Note that the extension of the fracture zone into the continents is not used by Franke (Fig. 2.17). However, the Agulhas-Malvinas (Falkland) fracture zone (AMFZ) accommodates the lateral displacement produced by plate separation. A major unconformity interpreted from seismic and well data offshore South Africa was assigned to the mid-Valanginian [START_REF] Baby | Uplift history of a transform continental margin revealed by the stratigraphic record : The case of the Agulhas transform margin along the Southern African Plateau[END_REF]and references therein) and related to shear activity along the AMFZ.

Note in Figure 2.17 that Franke (2013) already differentiates the sedimentary basins formed before the South Atlantic opening (San Jorge, Colorado, Salado; 2.17a), and the syntectonic basins actively formed at each stage. As the South Atlantic propagated from south to north, the age of the breakup unconformity (BU) displays also a strong diachronism. In the Outeniqua basin the BU was dated late Valanginian [START_REF] Roux | Potential outlined in southern Outeniqua Basin off S Africa[END_REF] as well as in the North Malvinas basin [START_REF] Richards | Post-drilling analysis of the North Falkland Basin-Part 1: Tectono-stratigraphic framework[END_REF][START_REF] Ross | Cuenca de Malvinas Norte[END_REF], while a Barremian age was assigned south of the Walvis Ridge [START_REF] Brown | Perspective and General Information, in: Sequence Stratigraphy in Offshore South African Divergent Basins[END_REF][START_REF] Jungslager | Petroleum habitats of the Atlantic margin of South Africa[END_REF]; Hauterivian / Barremian in the San Jorge Basin [START_REF] Baldi | Cuenca costa afuera del Golfo de San Jorge[END_REF]; Early-Middle Barremian in the Colorado basin (Fryklund et al., 1996;Juan et al., 1996). [START_REF] Hinz | The Argentine continental margin north of 48°S:sedimentary successions, volcanic activity during breakup[END_REF] proposed a minimum Hauterivian age for the BU in the Argentinean margin but noted that it may be time-transgressive. [START_REF] Stoakes | Seismic stratigraphic analysis of the Punta del Este Basin, offshore Uruguay, South America[END_REF] and [START_REF] Tavella | Cuenca del Salado[END_REF] interpreted a late Barremian/early Aptian age for the BU in the Salado basin, but it is probably not younger than Barremian.

In the central segment of the South Atlantic, rifting is interpreted to have occurred during the Barremian, with deposition of thick sections of lacustrine source rocks in the area between the Santos and Sergipe basins in the Brazilian margin and in the Namibe, Benguela, Kwanza, Congo and Gabon basins in the African counterpart (Fig. 2.13, [START_REF] Aslanian | Brazilian and African passive margins of the Central Segment of the South Atlantic Ocean: Kinematic constraints[END_REF][START_REF] Chaboureau | Paleogeographic evolution of the central segment of the South Atlantic during Early Cretaceous times: Paleotopographic and geodynamic implications[END_REF]. The rifting propagates northwards at high speed rates.

The eastern end of the Malvinas Plateau (Maurice Ewing Bank, Fig. 

The Offshore Argentinean Basins

As mentioned in the previous section, the sedimentary basins that developed on the Argentinean shelf seem to predate the Early Cretaceous South Atlantic breakup. Most of these basins, however, display a rifting evolution history intimately related to the Mesozoic extensional regimes responsible for the breakup of Pangea [START_REF] Urien | The basins of Southestern South America (Southern Brazil, Uruguay and Eastern Argentina) including the Malvinas Plateau and Southern South Atlantic Paleogeographic Evolution[END_REF][START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF]). After going through a process of continental accretion during the Paleozoic, which ended up with the collision of Patagonia in the Permian [START_REF] Ramos | Patagonia: A paleozoic continent adrift?[END_REF], the paleocontinent of Pangea changed to an extensional regime since the Triassic (Fig. 2.2). The formation of the Argentinean offshore Mesozoic basins responded first to these extensional regimes.

A structural map for the Mesozoic basins offshore Argentine is presented in Fig. 2.18.

For the southern basins along the Malvinas segment of the South Atlantic (south of the AMFZ) note a strong structural grain (indicated by the orientation of the normal) mainly northwest. The North Malvinas and the San Julián basins are an exception (Fig. 2.18), North Malvinas displays a N-S axis, while the San Julián basins presents a more complex structure product of a complex Paleozoic evolution [START_REF] Homovc | Hydrocarbon exploration potential within intraplate shearrelated depocenters: Deseado and San Julián basins, southern Argentina[END_REF]. The Rawson/Valdés basins, north of the AMFZ, display a similar orientation, with NNW-striking faults.

Further north, the Colorado and Salado/Punta del Este basins are largely oriented E-W to NW-SE. This highly oblique orientation regarding the NNE-striking COT (represented in Fig. 2.18 by the extension of the SDR wedges) has historically been explained in several ways: as aulacogenic basins related to triple junctions [START_REF] Yrigoyen | Geologia del subsuelo y la plataforma continental[END_REF][START_REF] Introcaso | La cuenca de Salado_un modelo de evolucion aulacogenica[END_REF][START_REF] Franke | Deep crustal structure of the Argentine continental margin from seismic wide-angle and multichannel reflection seismic data[END_REF]; as trans-tensional basins associated with NW-SE dextral shear systems [START_REF] Keeley | Basin Evolution and Prospectivity of the Argentine Continental Margin[END_REF][START_REF] Light | The Tectono-Stratigraphic Development of Patagonia, and Its Relevance To Hydrocarbon Exploration[END_REF][START_REF] Tankard | Structural and tectonic controls of basin evolution in southwestern Gondwana during the Phanerozoic[END_REF][START_REF] Urien | Petroleum basins in southern South America: an overview[END_REF][START_REF] Franke | Crustal structure across the Colorado Basin, offshore Argentina[END_REF]; as strongly conditioned by basement structural inheritance, with extensional reactivation along pre-existing crustal zones of weakness located obliquely to the direction of extension [START_REF] Urien | The geology of the basins of the Argentine continental margin and Malvinas Plateau[END_REF][START_REF] Zambrano | Comarca de la cuenca cretacica de Colorado[END_REF][START_REF] Urien | The basins of Southestern South America (Southern Brazil, Uruguay and Eastern Argentina) including the Malvinas Plateau and Southern South Atlantic Paleogeographic Evolution[END_REF][START_REF] Urien | Petroleum basins in southern South America: an overview[END_REF][START_REF] Franke | Crustal structure across the Colorado Basin, offshore Argentina[END_REF][START_REF] Dominguez | Caracterizacion de Dominios Estructurales e Influencia de Estructuras Preexistentes en Hemigrábenes de Rift en el Sector Centro-Norte de la Plataforma Contiental Argentina[END_REF][START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF]; and finally, those who propose that the basin is actually older than the Early Cretaceous continental breakup, and its orientation responds to a previous rifting event (Autin et al., 2013;Gerster et al., 2011;[START_REF] Macdonald | Mesozoic break-up of SW Gondwana: Implications for regional hydrocarbon potential of the southern South Atlantic[END_REF][START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF][START_REF] Loegering | Tectonic evolution of the Colorado Basin, offshore Argentina, inferred from seismo-stratigraphy and depositional rates analysis[END_REF], with a pre-Cretaceous rifting phase marked by NE-SW extension, that created basins at high angle to the Early Cretaceous COB on the Argentine margin.

The exact timing of rifting remains poorly constrained for several reasons. In the first place, these are frontier under-explored basins with tens of wells drilled. Second, hydrocarbon exploration wells are usually drilled on structural highs out depocenters making difficult the access to samples. When drilled, the synrift sequences tend to be of continental nature lacking datable fossils. Eventually volcanic rocks interbedded with the stratigraphic infill may allow absolute dating.

(Austral and Malvinas basins), Lemaire Fm (onshore Tierra del Fuego island), Bahía Laura Gp, etc. El Quemado complex in the western Austral/Magallanes basins corresponds to a Late Jurassic late volcanic pulse [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF].

The stratigraphic evolution of the main basins offshore Argentina is presented in Fig. 2.19b (from Welsink, 2010), along a S-N section pictured in Fig. 2.18. Note the extension of the Chon Aike LIP in the Malvinas, San Julián and under the San Jorge Gulf basin (with a later, main rifting phase in the Neocomian). The extension associated with the Chon Aike LIP is responsible for the main rifting stage at the Malvinas basin. The San Julián basin also displays a more complex Paleozoic/Triassic rifting history note illustrated by Fig. 2.19. Towards the north, in the Rawson/Valdés, Colorado and Salado basins, the synrift infill of a presumably similar Jurassic age corresponds to sediments deposited in continental environments (which is consistent with the land-locked paleogeographic situation for that period, [START_REF] Macdonald | Mesozoic break-up of SW Gondwana: Implications for regional hydrocarbon potential of the southern South Atlantic[END_REF][START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF].

Note that the Malvinas basin in the south, develops a sag phase since the early Cretaceous under marine conditions. The basin was open to the sea towards the south (the Weddell sea; [START_REF] Ghidella | Revised tectonic implications for the magnetic anomalies of the western Weddell Sea[END_REF] The Cenozoic evolution displays a large variety of processes. In the south, the Malvinas basin goes through a foreland phase initiated with N-S compression since the latest Cretaceous.

The San Jorge Gulf basin finally opens to the Atlantic (also because the Andean Cordillera is uplifted to the west since the Late Cretaceous [START_REF] Fitzgerald | Evolution of the San Jorge Basin, Argentina[END_REF]. The Rawson/Valdés, Colorado and Salado basins display continental to marine environments throughout the Cenozoic, with several transgressive regressive cycles dated but yet poorly understood.

To summarize, the evolution of the Southern South Atlantic passive margin is complex both in time and space. In the first place, a superposition of Mesozoic rifting events is observed in this area, part of the SW margin of Gondwana. The area is intrinsically heterogeneous, formed as a collage of cratons, mobile belts and accreted terranes, and these heterogeneities played a role in basin formation. Moreover, the South Atlantic Ocean opening, since the Latest Jurassic, buy taking place throughout the Early Cretaceous, occurred in a diachronous way, from south to north, with formation of different types of margins (i.e. magma-poor, magmarich). A combination of the previous rifting events and the margin formation mechanism will have an impact on basin evolution, that will be assessed along the following chapter.

Chapter 3. Colorado basin We present hereafter the results of the work carried out on the Colorado basin to support the publication presented in Chapter 4. The seismic interpretation and the structural and isopach maps presented here have also been used in the characterization and forward stratigraphic modeling of the post-breakup evolution of the Colorado basin, presented in Chapter 6.

Introduction

The Colorado basin is an extensional basin located in the Argentinean margin in the South Segment of the South Atlantic (Fig. 3.1). It is largely oriented E-W, spanning 200 km in the N-S direction, between 39° and 41° S, and more than 600 km in the E-W direction amid 56° and 63° W) covering an area of more than 150,000 km 2 (Fig. 2). Dated Mesozoic, the basin formation is known to be related to the breakup of Gondwana, which broke apart South America from Africa and ended up with the opening of the South Atlantic in the Early Cretaceous. Most of the Colorado basin is emplaced offshore on the Argentinean shelf, although its western border reaches the shore and some of the first exploration wells in the basin were drilled onshore in the 1940's and 1960's (Fig. 3.1). To the south it is bounded by the Rawson high, an extension of the North Patagonian massif which also limits the basin to the west, where the Paleozoic rocks of the North Patagonian Massif crops out. Further offshore on the oceanic crust, the southern limit of the Colorado basin is the Ventania shear zone. To the east, the basin boudary was established at the eastern limit of continental crust, interpreted as the limit of the first SDR in the segment. The sedimentary basin developed on transitional and oceanic crust further east, is referred to as the Argentina basin [START_REF] Rabinowitz | The Mesozoic South Atlantic Ocean and Evolution of its Conjugate MArgins[END_REF].

The existence of three main and independent depocenters in the Colorado basin was first recognized in the basin by Gerster et al. (2011) and then supported by [START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF] and [START_REF] Loegering | Tectonic evolution of the Colorado Basin, offshore Argentina, inferred from seismo-stratigraphy and depositional rates analysis[END_REF], who named them Western, Central and Eastern Colorado, a nomenclature that persisted and that we use in this study (Fig. 

Geological Framework

Prerift Geology

The prerift geology is important to the Colorado basin as ( 1) it has been said to influence the basin structure [START_REF] Dominguez | Caracterizacion de Dominios Estructurales e Influencia de Estructuras Preexistentes en Hemigrábenes de Rift en el Sector Centro-Norte de la Plataforma Contiental Argentina[END_REF][START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF]Autin et al., 2013) and

(2) there is still debate on the synrift or Paleozoic prerift nature of sections drilled by hydrocarbon exploration wells (i.e. the Cruz del Sur well; Fryklund et al., 1996;[START_REF] Pángaro | The Hesperides basin: a continental-scale upper Palaeozoic to Triassic basin in southern Gondwana[END_REF].

The oldest rocks known in Argentina are Paleoproterozoic and outcrop in the Tandilia system (Fig. 3.2 and 3.4). These rocks form an calc-alkaline igneous-metamorphic complex named the Buenos Aires Complex. It is mainly composed of granitic-tonalitic gneisses, migmatites, amphibolites, with minor ultramaphic rocks and some granitoid intrusives [START_REF] Cingolani | The Tandilia system of Argentina as a southern extension of the Río de la Plata craton: An overview[END_REF]. The origin of this complex is related to an orogenic event (2.12-2.25 Ga) followed by continental collision (2.08-2.1 Ga). The Paleoproterozoic basement is overlain by the Neoproterozoic Sierras Bayas group, a mixed passive margin succession containing siliciclastic and carbonate sediments, covered by the quartz-arenites and shales of the Silurian Balcarce Fm [START_REF] Cingolani | The Tandilia system of Argentina as a southern extension of the Río de la Plata craton: An overview[END_REF].

Figure 3.4: Schematic map showing the prerift units related to the Colorado basin, outcropping onshore Argentina (after [START_REF] Ramos | Patagonia: A paleozoic continent adrift?[END_REF][START_REF] Cingolani | The Tandilia system of Argentina as a southern extension of the Río de la Plata craton: An overview[END_REF]. Contours in the Claromecó basin represent a relative trend derived from gravimetric data

The Ventania system is a fold-and-thrust belt with NE vergence (top to the NE), involving lower and upper Paleozoic series [START_REF] Harrington | Sierras Australes de la provincia de Buenos Aires[END_REF]Fig. 3.4). The whole sedimentary succession reaches around 4500 m in thickness [START_REF] Ramos | A provenance study of the Paleozoic Ventania System (Argentina): Transient complex sources from Western and Eastern Gondwana[END_REF]. The oldest units crop out on the western flank, becoming younger to the east. The sedimentary rocks in the Ventania system display low to medium grade of metamorphism, being more intense in the oldest units to the west.

The Cambrian-Ordovician Curamalal Gr cropping out in Western Ventania represents a siliciclastic passive margin. After a conglomeratic base, the succession is dominated by finegrained quartz rich sandstones with some shaly intervals towards the top. Detrital zircon data point towards two sediment sources: one in the north, Tandilia, mainly for the basal conglomerates; and one in the northwest, with Cambrian ages associated with the Pampean orogen [START_REF] Ramos | A provenance study of the Paleozoic Ventania System (Argentina): Transient complex sources from Western and Eastern Gondwana[END_REF].

In Ventania, the Curamalal Gr is unconformably overlaid by the Ventana Gr, which starts with the Bravard Fm coarse to conglomeratic sandstones, followed by the Napostá/Providencia/Lolén succession which exceeds 1 km in thickness and is composed mainly of medium-to-fine grained quartz-arenites. Shaly intercalations are common towards the top of the Lolén Fm [START_REF] Harrington | Sierras Australes de la provincia de Buenos Aires[END_REF] Pampeanas. Brachiopod casts in the bottom section of Lolén Fm date it Emsian [START_REF] Benedetto | El continente de Gondwana a través del tiempo: Una introducción a la Geología Histórica[END_REF][START_REF] Harrington | Sierras Australes de la provincia de Buenos Aires[END_REF]. The Ventana Gr correlates with the Bokkveld Gr and partially with the upper section of the Table Mountain Gr (Cape Supergroup) of South Africa. The correlation between the successions present in Ventania and those of the Cape fold belt and the Karoo basin in South Africa basin was proposed by [START_REF] Keidel | La Geología de las Sierras de la Provincia de Buenos Aires y sus relaciones con las montañas de Sudáfrica y los Andes[END_REF] and followed by du [START_REF] Du Toit | A geological comparison of South America with Africa[END_REF]. The Ventana Gr correlates with the Bokkveld Gr and partially with the upper section of the Table Mountain Gr (Cape Supergroup) of South Africa [START_REF] Flint | Depositional architecture and sequence stratigraphy of the Karoo basin floor to shelf edge succession, Laingsburg depocentre, South Africa[END_REF].

Late Paleozoic rocks are grouped in the Pillahuincó Gr, a glacial and late glacial succession recording the Gondwana glaciation that unconformably covers the Ventana Gr. It crops out in eastern Ventania system and spans to the NE in the subsurface of the Claromecó basin (Fig. 3.4).

The Pillahuincó Gr starts with the Sauce Grande Fm, up to 900 m thick, formed of interbedded diamictites, conglomerates, sandstones and shales. The basal section is richer in diamictites, with shaly matrix and drop-stones, with boulders of up to 3m in diameter, many striated. The middle section hosts thick quartz-rich, normally graded and cross-bedded sandstones. Interbedded greenish conglomeratic 1-2 m thick lenses are common. The top section of the Sauce Grande Fm is again rich in diamictites (Fig. 3.5a), with a higher content of shaly matrix and drop-stones which become scarcer towards the top, where it gradually passes into the Piedra Azul Fm [START_REF] Harrington | Sierras Australes de la provincia de Buenos Aires[END_REF].

The Piedra Azul Fm reaches 290 m in thickness and hosts bluish to black slates with Murchinsonia sp. casts and scarce cross-bedded sandy lenses. The Bonete Fm conformably overlies Piedra Azul and consists of up to 400 m of interbedded sandy and shaly beds. It is rich in paleoflora, especially that of the Upper Paleozoic NBG biozone, and hosts fossil elements of the Eurydesma bivalve fauna [START_REF] Benedetto | El continente de Gondwana a través del tiempo: Una introducción a la Geología Histórica[END_REF]. Fossil content details can be found in [START_REF] Harrington | Sierras Australes de la provincia de Buenos Aires[END_REF] and further references mentioned therein. The last unit of the Pillahuincó Gr known in the onshore area is the Tunas Fm. The Tunas Fm crops out on the eastern flank of the Ventania system and continues in the Claromecó basin. Purple and green shales and mudstones with Gangamopteris flora are common especially in the bottom section, whereas towards the top, fine-to coarse-grained, reddish to brownish sandy beds become more frequent [START_REF] Harrington | Sierras Australes de la provincia de Buenos Aires[END_REF]. The Tunas Fm can reach up to 2,000 m in thickness.

The diamictites of the Sauce Grande Fm have been interpreted as deposited in a glaciomarine environment. [START_REF] Ramos | A provenance study of the Paleozoic Ventania System (Argentina): Transient complex sources from Western and Eastern Gondwana[END_REF] suggest that the recent discovery of clasts with archeocyathids derived from Eastern Antarctica within the Sauce Grande diamictites [START_REF] Gonzalez | Archaeocyaths from South America: review and a new record[END_REF]) support a correlation with the Lafonia Fm of the Malvinas islands and the Dwyka Gr tillites present in the Karoo basin of South Africa (Fig. 3.5a and c). The Piedra Azul Fm represents early postglacial transgressive deposits, covered by the marine to deltaic deposits of Bonete Fm and Tunas Fm. The Tunas Fm has been interpreted as deposited in an estuarinetidal flat environment [START_REF] Andreis | Cuencas Sauce Grande y Colorado, in: El Sistema Pérmico En La República Argentina y En La República Oriental Del Uruguay[END_REF].

Another point to highlight is the change in polarity of paleocurrents observed in the Pillahuincó Gr, consequence of the inception of a foreland basin with sediment sourcing from the arc/fold belt to the south (Lopez-Gamundi and Rosello, 1998) at the time of deposition of the Tunas Fm. Growth strata have been identified in the Tunas Fm, supporting its interpretation as syntectonic deposits [START_REF] Lopez-Gamundi | The Tunas Formation (Permian) in the Sierras Australes foldbelt, East Central Argentina: evidence for syntectonic sedimentation in a foreland basin[END_REF]. Ash-fall deposits interbedded with the Tunas Fm were first described by [START_REF] Iñiguez | Eventos piroclásticos en la Formación Tunas (Pérmico) Sierras Australes, provincia de Buenos Aires[END_REF]. Absolute dating gives a middle Early Permian age for this unit [START_REF] Alessandretti | Provenance, volcanic record, and tectonic setting of the Paleozoic Ventania Fold Belt and the Claromecó Foreland Basin: Implications onsedimentation and volcanism along the southwestern Gondwana margin[END_REF]. [START_REF] Ramos | A provenance study of the Paleozoic Ventania System (Argentina): Transient complex sources from Western and Eastern Gondwana[END_REF] propose that the source of these volcanic ashes is the Somún Curá/North Patagonian Massif. gradient, the sequences containing these coal seams should have reached depths of about 4,000-4,500 m. The fact that they are nowadays at approximately 700 m below ground level, together with the advanced degree of metamorphism of the Curamalal, Ventana and Pillahuincó Grs in the Ventania system outcrops, suggests an important exhumation and denudation event since the earliest Mesozoic. This hypothesis is supported by recently published AFTA data [START_REF] Kollenz | Long-term landscape evolution, cooling and exhumation history of the South American passive continental margin in NE Argentina and SW Uruguay[END_REF].

In the offshore, to the south of Ventania and the Claromecó basin, the presence of Paleozoic strata has been known since the early steps of offshore exploration (e.g. Pingüino well, Fig. 3.6). However, it was not confirmed until the drilling of the Puelche well in 1977, when diamictites were described in the Colorado basin prerift tilted blocks and correlated with the Sauce Grande Fm (Lesta et al., 1978;Fig. 3.6). Then other wells drilled this Paleozoic prerift such as Estrella, Cruz del Sur, etc. (2016), and was named by these authors as the Hespérides basin. Biostratigraphy of these sequences has been studied by [START_REF] Archangelsky | Palinomorfos pérmicos del subsuelo de la Cuenca Colorado, en la plataforma del Mar Argentino, provincia de Buenos Aires[END_REF] and recently by [START_REF] Balarino | Palinología del Pérmico de la Cuenca Claromecó-Colorado, Argentina[END_REF][START_REF] Balarino | Palinoestratigrafía del Paleozoico Superior de la cuenca Colorado, República Argentina y su correlación con áreas relacionadas[END_REF]. [START_REF] Pángaro | The Hesperides basin: a continental-scale upper Palaeozoic to Triassic basin in southern Gondwana[END_REF] correlate the section drilled in Puelche as equivalent to the Pillahuincó Gr of Ventania (Fig. 3.5) and propose that the section drilled by Cruz del Sur.x-1 would be younger than that tested by Puelche, and equivalent to the Laingsburg Fm in the Karoo basin (Fig. 3.5). Recent analysis carried out on palynological samples from the Cruz del Sur well point to a Mesozoic age for this series [START_REF] Ottone | Informe Palinológico Pozo Cruz del Sur x-1, Cuenca del Colorado[END_REF], which is consistent with the seismic interpretation of a synrift originally proposed for this segment (Fryklund et al., 1996).

A schematic view of the prerift paleotectonic framework is presented in 

Mesozoic evolution

After the Gondwanides orogeny at the end of the Paleozoic [START_REF] Du Toit | A geological comparison of South America with Africa[END_REF][START_REF] Ramos | Patagonia: A paleozoic continent adrift?[END_REF][START_REF] Vaughan | Tectonic overview of the West Gondwana margin[END_REF][START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF], Pangea, and particularly West Gondwana, went through a complex rifting process that ended with the dismembering of the ancient supercontinent [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF][START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF]. The South Atlantic

Ocean opened in the Early Cretaceous between South America and Africa (Chapter 2.2) and changed since then, the basin dynamics in the peri-Atlantic realm.

The Colorado and Salado/Punta del Este basins, located off the Atlantic coasts of Argentina and Uruguay, are largely oriented E-W to NW, at high angles with the Atlantic continent-ocean transition (COT). This highly oblique orientation regarding the NNE-striking COT (represented in Fig. 2.18 by the extension of the SDR wedges, and in Fig. 3.8 by the G anomaly, see [START_REF] Rabinowitz | The Mesozoic South Atlantic Ocean and Evolution of its Conjugate MArgins[END_REF] has historically been explained in several ways, i.e. as aulacogenic basins related to triple junctions [START_REF] Franke | Deep crustal structure of the Argentine continental margin from seismic wide-angle and multichannel reflection seismic data[END_REF][START_REF] Introcaso | La cuenca de Salado_un modelo de evolucion aulacogenica[END_REF][START_REF] Yrigoyen | Geologia del subsuelo y la plataforma continental[END_REF]; as trans-tensional basins associated with NW-SE dextral shear systems [START_REF] Keeley | Basin Evolution and Prospectivity of the Argentine Continental Margin[END_REF][START_REF] Light | The Tectono-Stratigraphic Development of Patagonia, and Its Relevance To Hydrocarbon Exploration[END_REF][START_REF] Franke | Crustal structure across the Colorado Basin, offshore Argentina[END_REF][START_REF] Tankard | Structural and tectonic controls of basin evolution in southwestern Gondwana during the Phanerozoic[END_REF][START_REF] Urien | Petroleum basins in southern South America: an overview[END_REF]; as strongly conditioned by basement structural inheritance, with extensional reactivation along pre-existing crustal zones of weakness located obliquely to the direction of extension [START_REF] Urien | The geology of the basins of the Argentine continental margin and Malvinas Plateau[END_REF][START_REF] Zambrano | Comarca de la cuenca cretacica de Colorado[END_REF][START_REF] Urien | The basins of Southestern South America (Southern Brazil, Uruguay and Eastern Argentina) including the Malvinas Plateau and Southern South Atlantic Paleogeographic Evolution[END_REF][START_REF] Urien | Petroleum basins in southern South America: an overview[END_REF][START_REF] Ramos | Evolucion tectonica de la plataforma continental[END_REF][START_REF] Franke | Crustal structure across the Colorado Basin, offshore Argentina[END_REF][START_REF] Dominguez | Caracterizacion de Dominios Estructurales e Influencia de Estructuras Preexistentes en Hemigrábenes de Rift en el Sector Centro-Norte de la Plataforma Contiental Argentina[END_REF][START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF]. More recently several authors support a two-stage rifting evolution, with a first rifting stage, characterized by overall N-S extension and the formation of the Colorado and Salado basins, and a second rifting stage with approximately E-W extension, responsible for the opening of the South Atlantic Ocean (Fig. 3.9; [START_REF] Macdonald | Mesozoic break-up of SW Gondwana: Implications for regional hydrocarbon potential of the southern South Atlantic[END_REF]Gerster et al., 2011;[START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF][START_REF] Loegering | Tectonic evolution of the Colorado Basin, offshore Argentina, inferred from seismo-stratigraphy and depositional rates analysis[END_REF]Autin et al., 2013;[START_REF] Koopmann | The late rifting phase and continental break-up of the southern South Atlantic: the mode and timing of volcanic rifting and formation of earliest oceanic crust[END_REF]. A more detailed evolution and the integration of the rifting evolution of the Colorado and Salado basins in the Gondwana breakup framework is presented in Chapter 6.

The synrift infill age and nature in the Colorado basin is poorly constrained. Most of the exploration wells have been drilled on structural highs out of the main depocenters, so they found sag facies on top of basement or Paleozoic prerift units (e.g. the Pejerrey well, Juan et al., 1996). The Ranquel well did penetrate some synrift equivalent units and found red beds (conglomerates, sandstones and reddish siltstones; Lesta et al., 1978). By correlation with the synrift drilled in the Salado basin [START_REF] Tavella | Cuenca del Salado[END_REF][START_REF] Tavella | Cuenca del Salado[END_REF], the synrift has been interpreted to consist of continental red beds (Fig. 3.10). However, the discovery of organic grey shales in the synrift section in the Cruz del Sur.x-1 well (Fryklund et al., 1996) points towards the development of lacustrine facies within the depocenters. A detailed discussion on the Cruz del Sur depocenter is given later in this chapter. The continental facies in the synrift section make these units poorly constrained in age. Palynoelements have large biochrons and are scarce or not preserved (e.g. in the red beds). Volcanic rocks have been described in the basal section of the Corona Austral. These rocks are andesites and yielded a K/Ar age of 130.1±2. 3 Ma (Aguirre et al., 2001). These volcanic rocks are interbedded with sandstones. It remains uncertain if these volcanic rocks are intrusive or extrusive, and whether they are interbedded with sediments of the prerift or synrift section. A schematic a priori illustration of the Colorado basin stratigraphy is presented in Figure 3.10. (Fig. 3.10). Sediments were sourced from the west, with Andean orogenic events producing uplift and erosion [START_REF] Fennell | Cretaceous deformation of the southern Central Andes: synorogenic growth strata in the Neuquén Group (35° 30′-37° S)[END_REF]Andres Folguera et al., 2015), generating sediments that are transported from the Andes to the Atlantic basins by river systems. Seismic data indicate coastal to marine environments develop towards the east and the shelf-break is located neat COT (that marks a structural step on the margin). Most of the margins are now in the thermal sag phase and have been transgressed (from [START_REF] Macdonald | Mesozoic break-up of SW Gondwana: Implications for regional hydrocarbon potential of the southern South Atlantic[END_REF].

A major Atlantic transgression associated with a regional sea level rise produced the complete flooding of the Colorado basin since the Campanian. A paper on this transgression and the communication of a palynomorph species was published as part of this thesis [START_REF] Ottone | A new dinoflagellate form the Late Cretaceous of the Colorado basin, Offshore Argentina[END_REF]; Appendix 1), and even the flooding of the Neuquén basin from the Atlantic (Figs.

3.11 and 3.12) in Maastrichtian-Danian times [START_REF] Aguirre-Urreta | Malargüe Group (Maastrichtian-Danian) deposits in the Neuquén Andes, Argentina: Implications for the onset of the first Atlantic transgression related to Western Gondwana break-up[END_REF]. In the Colorado basin, the transgression deposited the marine shales of the Pedro Luro Fm (Fig. 3.10).

The drilling of Puelche and Ranquel wells in the late 1970's allowed the recognition of a volcanic field interbedded with the transgressive shales of the Pedro Luro Fm on the southern margin of the Colorado basin (Lesta et al., 1978). Tuffs and peperite facies are described in these wells, interbedded with shales, volcanic agglomerates and basalts top the section. An absolute K-Ar age of 70±3 Ma [START_REF] Linares | Informe sobre datación radimétrica K-Arpozo YPF[END_REF] was assigned to a basalt in the Puelche well. A review of the facies and a general seismic characterization of the 'Ranquel volcanic field' was in an extended abstart at the Argentinean Geological Congress in 2017 and is included in this manuscript in Appendix 2. reports), also recognized on the African conjugate margins [START_REF] Jungslager | Petroleum habitats of the Atlantic margin of South Africa[END_REF][START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF].

Cenozoic evolution

The northern and southern bounding highs of the Colorado trough become flooded with the Campanian-Danian transgression and normal passive margin conditions on a broad open marine environment settled in the Colorado basin during the Cenozoic. In the exploration wells, on top of the Pedro Luro lies the Elvira Fm (Fig. 3.10), transgressive fine-to very fine-grained glauconitic sands of late Eocene to early Oligocene age (Lesta et al., 1978). On top of the later, lies the Barranca Final Fm (Fig. 3.10), corresponding to fine-grained clastics with few carbonate beds and tuff. Barranca Final Fm has been assigned to the late Oligocene to Miocene. Finally, coquinas, sands and shales of the Belén Fm deposited in the Colorado during the Pliocene (Gerster et al., 2011).

Renewed orogenic events in the Andes occurred during the Tertiary. Folguera et al. (approximately 65°W, Fig. 3.13) and the backbulge is located to the east, towards the Colorado basin. Folguera et al. (2015) propose for this area a model with discontinuous subsidence (active during orogenic periods). These authors hypothesize that the changes in accommodation space were controlled by tectonic dynamics, while the volume of sediment supply delivered to the basin was related to increased denudation of the source areas during pulses of uplift in the late Miocene, and likely regulated by climatic conditions during the latest Miocene -Pliocene.

Exploration History and Dataset

Hydrocarbon exploration in the Colorado basin is summarized in figure 3 [START_REF] Kaasschieter | Geology of the Colorado basin[END_REF][START_REF] Kaasschieter | Geologia de la cuenca del Colorado[END_REF]. The first onshore wells detected the presence of a major Paleogene transgression, the Pedro Luro shales, overlying a sandy unit named the Colorado Fm assigned to the Late Cretaceous (see Fig. seismic together with gravimetric and magnetometric data in 1998 and 2004 [START_REF] Figueroa | Cuencas Atlánticas de aguas profundas: Principales Plays[END_REF]. COPLA (Argentinean Commission for the external limit of the Argentinean continental shelf) acquired as well 2D seismic, gravimetric and magnetometric data in 2001-2002 to better establish the external limit of the Argentinean shelf, but these latter data were not available for this study.

A multiclient 2D regional seismic survey was then acquired by GXT (ION Geoventures) in agreement with the Argentinean state-owned ENARSA. These 2D BasinSpan lines record as much as 16 seconds and illuminate the whole lithosphere including the Moho. A PSTM (Pre-Stack Time Migration) process result of this survey was available for this study.

Well data from the 25 exploration wells of the Colorado basin (Fig. 3.15) with different sets of well data were also available for this study. This study is supported by the seismic interpretation of approximately 300,000 km of 2D seismic (Fig. 

Methodology

Seismic stratigraphic and structural interpretation was carried out using Petrel software (Schlumberger). Seismic and well data were gathered in an integrated interpretation project.

More than 300,000 km of 2D seismic were interpreted and the information was integrated to generate time structure maps for the main horizons. We used a gridding spacing of 1 km for the regional maps, and 300 m to 500 m for the detailed depocenters maps. Faults were interpreted in the seismic lines by interpretation sticks and then grouped to create 3D faults.

The main unconformities were detected and interpreted on 2D seismic as horizons. In this way, the sea bottom, near top Cretaceous, breakup unconformity, top synrift, rift onset unconformity (top prerift) were interpreted first on the regional span lines, and then extended throughout the dataset. See Table 3.1 and Fig. 3.17 for a detail of the horizons interpreted in this study. Further horizons within the post-breakup succession were interpreted and are introduced in Chapter 7. The basin span lines with recording times of up to 16 seconds, and some of the BGR lines, allowed the seismic interpretation of the seismic Moho and the base of the SDR wedges in the study area. Wells were tied to seismic using VSP (Vertical Seismic Profile, or check-shots) data when available. For the other wells, we used sonic logs to compute interval velocities and convert depth to time, or used average velocities from neighboring wells. A 3D regional velocity model was built from 7 wells. A five-layer velocity model was created to convert time to depth maps. The five main horizons used to prepare the 3D velocity model were: sea bottom, NTK, BU, Top prerift and Moho.

Horizon

• Layer 1 is in between the reference datum (sea level) and the sea bottom. It represents water depth (with sea water constant velocity of 1500 m/s).

• Layer 2 is in between the sea bottom and the top of the Cretaceous (horizon NTK). It corresponds to the Cenozoic interval.

• Layer 3 is in between NTK and the breakup unconformity (horizon BU). It corresponds to the Cretaceous drift unit.

• Layer 4 corresponds to the Synrift, between the Top prerift and the BU horizons.

• Finally Layer 5 corresponds to the Paleozoic Prerift + Crust + SDR, it goes between the Top Prerift and the interpreted Moho. A constant interval velocity of 6,000 m/s was assigned to this layer to build the Velocity Model. Once the model was built, all time horizons (not only the ones used to build the velocity model) can be converted to depth using the 3D velocity model. Depth grids obtained with this velocity model were then used to create isopach maps (thickness) of each unit.

Results

The results are presented starting with generalities at a large scale on the Colorado basin and then focusing with more detail on the different depocenters.

Sedimentary envelopes

The main unit tops, used to build the velocity model, are presented in this section together with isopach (thickness) maps.

Figure 3.23 shows the bathymetry computed from seismic interpretation. A large shelf (approximately 300 km wide) is illustrated, with all exploration wells drilled in shallow waters (<100 m). To the east the shelf break is oriented NNE. The slope can be divided into three sections (see the spacing in contour lines). Between 200 and 1,000 m water depth, a first slope is detected with a 4% inclination. Then between 1,000 and 2,000 m depth there is a 'flat' with 1.4% slope and finally between 2,000 and 4,000 m there is a new increase in slope with a 5% inclination, leading to the basin floor below the 2,000 m water depth. These two slope steps represent the Miocene and the fossilized Cretaceous shelf (further seaward). 

3.23).

There is less Cenozoic thickness on the slope and it is even completely eroded at some location at the base of the present-day slope (see the red spots in Fig. 3.25). The isopach map for the synrift megasequence (pre-breakup ~126 Ma) is presented in figure 3.29. This map was prepared from seismic interpretation (available only offshore, see Fig. 3.16) so it may not represent well the synrift present in the onshore part of the basin.

Nevertheless, the other major and minor depocenters are depicted. 

Structural Framework

Besides the three main depocenters already described in the introduction, another main tectonic feature observed in the Colorado basin is what has been called the 'external high' [START_REF] Figueroa | Cuencas Atlánticas de aguas profundas: Principales Plays[END_REF]Gerster et al., 2011), a crustal block that separates (as a threshold) the ECol depocenter from the inner SDR wedges. The external high is a block elongated in the ENE direction that hosts several 4-way closures at the basement level. A closer analysis of the fault pattern allowed the classification of faults into several fault groups according to their orientation, cross-cutting relationship, and their distribution in the basin. This analysis is presented in Chapter 4, together with a discussion on rifting evolution.

A brief description of each depocenter is presented hereafter.

Eastern Colorado Depocenter

The Eastern Colorado depocenter (ECol) is a half-graben striking SE-NW. It is the deepest of the three main depocenters of the Colorado basin, reaching more than 12 km of total sedimentary thickness (Fig. The saddle separating both depocenters, is a relative high oriented along the fECol fault.

A seismic section across this area is shown in figures 3.35b. At this position, ECol is a halfgraben, bounded by fECol on the SW, and the antithetic fault here is n0, which bounds an older synrift wedge. A seismic line along the strike of ECol is presented in Fig. 4.6 (Chapter 4). 

Central Depocenter

The Central Colorado depocenter (CCol) extends between 58° and 60°30' W. It is oriented E-W (80 km long and 30 km wide) and is located on the southern portion of the Colorado trough (Fig. 3.33). In the depth structure map for the Top Prerift presented in Fig. 3.38, a group of NNW-oriented faults are illustrated, following the E-W-striking master fault that forms CCol (fCCol).

The CCol depocenter is a half-graben, formed by a southward-dipping master fault (fCCol) that creates a large roll-over structure affected by antithetic faults. In CCol, two main synrift phases were identified. Figure 3.39 shows several horizons interpreted in the depocenter.

Top SR (dark blue) depicts the top of the synrift unit. Aprons were detected on the faulted northern border of the depocenter. Within the Synrift unit, a feature interpreted as a possible carbonate buildup was also identified and small scale clinoforms were observed, prograding from the buildup towards the master fault (Fig. 3.40a). Alternatively, this build-up could also be a related to volcanism. 

Western Depocenter

The Western Colorado depocenter (WCol) is located between 60°30' and 63°30' W. It 3.45, Arecco et al., 2016). Finally, it is possible that the mechanism responsible for thermal subsidence during the Cretaceous was not postrift thermal sagging, but rather mantle-related dynamic subsidence.

Cruz del Sur depocenter

The 19th, 1994;[START_REF] Fryklund | Cruz del Sur.x-1[END_REF].

The bottom hole section drilled by Cruz del Sur is presented on Fig. 3.47. The depths of the two RFTs that tested oil (Table 3) have been pointed out by green circles. The section starts from the bottom with medium-grained sandstones, occasionally coarse, with minor shale content [START_REF] Fryklund | Cruz del Sur.x-1[END_REF]. A peak in the Gamma Ray (GR) response can be observed at 3,980 m MD and from then on two prograding coarsening-upward cycles can be determined (Fig. The presence of Permian palynological elements in the whole section lead to different interpretations of the age of the section between 2,800 and 4,000 m; and there has been debate on whether the section is part of the Mesozoic synrift (as interpreted by UTAL; Fryklund et al., 1996;[START_REF] Fryklund | Cruz del Sur.x-1[END_REF] or is the Paleozoic prerift [START_REF] Pángaro | The Hesperides basin: a continental-scale upper Palaeozoic to Triassic basin in southern Gondwana[END_REF].

A biostratigraphic review of several wells in the Colorado basin, performed by GEMA (2000) by request of YPF, also provided a Permian age for this section. Since then, reinterpretation of seismic data carried out by [START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF] or Loegering et al.

(2013) lead them to postulate a Permian age for this unit. [START_REF] Pángaro | The Hesperides basin: a continental-scale upper Palaeozoic to Triassic basin in southern Gondwana[END_REF] provides a

Middle-to-Late Permian age for this section (Fig. 3.5).

The structure drilled by CDS.x-1 is a complex structure (Fig. 3.48) affected by several faults. The structure is poorly covered with seismic data (Fig. MD). The Permian species also found in this section, would then be reworked material redeposited in the Mesozoic.

Given that the section in debate is interpreted as Synrift, a detailed seismic interpretation and flattening of the seismic at the interpreted synrift tops was carried out to better assess the depocenter evolution. Figure 3.49 shows a zoom of the CDS structure. Figure 3.49c presents the seismic data flattened to horizon Top SRa (light blue). Extension and faults activity of s6

and especially s5 faults (to the NNE) in interpreted at this stage. Figure 3.49d shows the seismic line flattened to horizon Top SRb (orange). Extension and fault activity of s6 and s6b faults, forming a small graben, is interpreted at this stage. Fault s5 was not active in this second rifting stage. In this interpretation, fault s6 is intersects and displaces fault s5. We use the results of the latest analysis produced by [START_REF] Ottone | Informe Palinológico Pozo Cruz del Sur x-1, Cuenca del Colorado[END_REF], that highlight the presence of Classopollis and give a tentative Early-Jurassic age to the unit between 2,950 and 4,000 m MD, considering Classopolis is reported to be very abundant in the Early-Middle Jurassic Cuyo Group of the Neuquén basin [START_REF] Volkheimer | Environmental and climatic proxies for the Cañadón asfalto and Neuquén Basins (Patagonia, Argentina): Review of middle to upper jurassic continental and near coastal sequences[END_REF].

Regarding the sedimentary environments, [START_REF] Pángaro | The Hesperides basin: a continental-scale upper Palaeozoic to Triassic basin in southern Gondwana[END_REF] interpret this section as an equivalent of the Late Permian turbidite lobes of the Laingsburg Fm in the Karoo basin (Fig.

3.5

). If we follow the latest palynologic data review [START_REF] Ottone | Informe Palinológico Pozo Cruz del Sur x-1, Cuenca del Colorado[END_REF]) and the regional information, these fine-to medium-grained sandy packages, with a blocky GR pattern and sharp bases and tops interfingered with dark shales (Fig. 3.47), could well be lacustrine turbidites deposited in a Jurassic fault bounded lake during the synrift stage. 

Breakup evolution

The area known as External high (Fig. 

Abstract

The identification of three independent rifting events in the Colorado basin area highlights the complexity of its Mesozoic rifting history, which ended in the Early Cretaceous 

Introduction

Understanding the evolution of volcanic passive margins, especially the crustal architecture and related rifting mechanics, has been greatly enhanced thanks to high resolution and deep seismic data [START_REF] Franke | Crustal structure across the Colorado Basin, offshore Argentina[END_REF][START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF][START_REF] Blaich | Crustal-scale architecture and segmentation of the South Atlantic volcanic margin[END_REF][START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF] as well as to major advances in numerical modeling [START_REF] Beniest | Numerical models for continental break-up: Implications for the South Atlantic[END_REF][START_REF] Geoffroy | Volcanic passive margins: another way to break up continents[END_REF].

However, most of the proposed models were built based on 2D cross sections, without considering the basement heterogeneities on either conjugate margin in a 3D perspective. [START_REF] Will | Where does a continent prefer to break up ? Some lessons from the South Atlantic margins[END_REF] analyzed the factors conditioning the emplacement of the South Atlantic

Ocean focusing on intrinsic basement heterogeneities associated with the Neoproterozoic Brasiliano-Panafrican orogeny, disregarding other heterogeneities introduced by previous rifting events.

The opening of the South Atlantic in the Early Cretaceous was only the final stage of a complex rifting process [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF]) that initiated after the Mid-Permian to Early-Triassic Gondwanan orogeny [START_REF] Hälbich | A tectogenesis of the Cape Fold Belt[END_REF][START_REF] Hansma | The timing of the Cape Orogeny : New 40 Ar / 39 Ar age constraints on deformation and cooling of the Cape Fold Belt , South Africa[END_REF]. The Central Atlantic was the locus of the Triassic rifting. Intracontinental rifts also developed in Africa and South America at this time [START_REF] Zerfass | Tectonics and sedimentation in Southern South America during Triassic[END_REF]. The Karoo rifting on Eastern Africa since the Early Jurassic [START_REF] Delvaux | Karoo rifting in western Tanzania: precursor of Gondwana break-up?[END_REF], is associated with breakup of Africa from Antarctica and India and the opening of the Weddell Sea [START_REF] Ghidella | Revised tectonic implications for the magnetic anomalies of the western Weddell Sea[END_REF]. In the Early Cretaceous E-W directed extension is responsible for the South Atlantic opening. Frizon De Lamotte et al. ( 2015) review rifting processes in the Pangea breakup and suggest that, oppositely to the active Karoo rifting, the Early Cretaceous rifting (responsible for the opening the South Atlantic) was passive rifting, related to far-field forces controlling the initiation of rifting diachronically from south to north [START_REF] Nürnberg | Cefalopodos y bivalvos Titonianos y Hauterivianos de la Formación Lago La Plata, Chubut[END_REF].

On the Argentinean South Atlantic margin, prerift is composed of Late Paleozoic glacial and marine successions that were involved in a Permian-Early Triassic Ventania-Cape fold belt [START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF][START_REF] Pángaro | The Hesperides basin: a continental-scale upper Palaeozoic to Triassic basin in southern Gondwana[END_REF], which has been traced across the South Atlantic to the Namibian margin [START_REF] Paton | The missing piece of the South Atlantic jigsaw -when continental break-up ignores crustal heterogeneity[END_REF].

The Colorado and the Salado basins ( Reflectors; Hinz, 1981;[START_REF] Gladczenko | South Atlantic volcanic margins[END_REF][START_REF] Hinz | The Argentine continental margin north of 48°S:sedimentary successions, volcanic activity during breakup[END_REF][START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF][START_REF] Paton | Evolution of seaward-dipping reflectors at the onset of oceanic crust formation at volcanic passive margins : Insights from the South Atlantic[END_REF] on the continent-ocean transition (COT). We define the COT as the area with SDR development on thinned transitional crust (sensu [START_REF] Blaich | Crustal-scale architecture and segmentation of the South Atlantic volcanic margin[END_REF]. The external boundary of the COT, passing to the normal oceanic crust domain is the continent-ocean boundary (COB in Fig. 4.1).

The chronology of rifting in the Colorado and Salado basins is poorly constrained.

Hydrocarbon exploration wells were drilled on structural highs outside the main depocenters and the few wells that investigated the synrift section mostly found red beds, where datable fossils are scarce. Several hypotheses were proposed to explain the high obliquity between these basins and the NNE-oriented COB. At first, studies implied the development of both basins synchronously leading to the opening of the South Atlantic in a single and continuous rifting event. Obliquity was explained either by aulacogens (Yrigoyen, 1975, Introcaso and[START_REF] Introcaso | La cuenca de Salado_un modelo de evolucion aulacogenica[END_REF] controlled by Paleozoic or previous sutures [START_REF] Ramos | Evolucion tectonica de la plataforma continental[END_REF], transtensional basins associated with NW-SE dextral shear systems [START_REF] Keeley | Basin Evolution and Prospectivity of the Argentine Continental Margin[END_REF][START_REF] Tankard | Tectonic evolution of the Cape and Karoo basins of South Africa[END_REF][START_REF] Franke | Crustal structure across the Colorado Basin, offshore Argentina[END_REF], or as due to structural inheritance [START_REF] Urien | Petroleum basins in southern South America: an overview[END_REF][START_REF] Dominguez | Caracterizacion de Dominios Estructurales e Influencia de Estructuras Preexistentes en Hemigrábenes de Rift en el Sector Centro-Norte de la Plataforma Contiental Argentina[END_REF][START_REF] Gebhard | Aspectos exploratorios de la Cuenca del Colorado[END_REF].

More recently, two superimposed rifting stages were used to explain the obliquity: a first Jurassic event with a NE-SW oriented extension, forming the Colorado and Salado basins, and a second E-W oriented extensional event forming the South Atlantic rift in the Early Cretaceous [START_REF] Macdonald | Mesozoic break-up of SW Gondwana: Implications for regional hydrocarbon potential of the southern South Atlantic[END_REF]Gerster et al., 2011;[START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF]Autin et al., 2013;[START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF].

In this paper, after having carried out seismic interpretation and identified cross-cutting relationships between different generations of faults, we present evidence for not only two but three independent extensional stages. An older, previously unknown event was identified in the study area. This event is evidenced by the extensional reactivation of previously compressive thrusts of the Ventania-Cape fold belt. Extensional reactivation of thrusts has been described in other locations in Gondwana [START_REF] De Wit | Inversion tectonics of the Cape Fold Belt, Karoo and Cretaceous basins of Southern Africa[END_REF][START_REF] Aldiss | The Geology of the Falkland Islands[END_REF][START_REF] Franzese | Late triassic-Early jurassic continental extension in SouthWestern Gondwana: Tectonic segmentation and pre-break-up rifting[END_REF][START_REF] Paton | Influence of crustal heterogeneity on normal fault dimensions and evolution : southern South Africa extensional system[END_REF].

Materials and Methods

The database made available by YPF SA comprised 25 exploration wells (Fig. 4.1) and more than 30,000 km of 2D multichannel reflection PSTM seismic lines in the Colorado and Salado basins. Petrel software was used for interpretation. Time structure maps were generated for selected horizons (Fig. 4.2) to delineate the main depocenters. Wells were tied to seismic lines using synthetic logs or VSP data when available, producing new velocity laws that were integrated into a 3D regional velocity model used to convert the time structure maps and 2D

TWT seismic sections into depth. Faults were interpreted on seismic lines and a structural model was prepared. Faults were then grouped into sets according to their orientation, dip, displaced reflectors, detachment level and cross-cutting relationships. 

Results

A [START_REF] Franke | Crustal structure across the Colorado Basin, offshore Argentina[END_REF]Gerster et al., 2011;Fig. 4.1). For depocenters formed by FS3 faults, the BU is indeed the synrift-postrift unconformity (sensu [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF]. Therefore we interpret this extensive event as being part of the South Atlantic opening and largely contemporaneous with the emplacement of SDRs further east (sensu [START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF]. FS3 faults may present extensional reactivation across the BU indicating extensional activity during and slightly after the breakup.

Discussion

Based on the data analyzed, and by integrating the relative chronology of faulting within the regional tectonic framework, we propose a model for basin evolution with three rifting stages (Fig. 4.7).

The final stage, Early Cretaceous rifting, is the best constrained in age as it is directly associated with SDR emplacement and breakup. Neither the SDRs nor the oceanic crust have been drilled in this part of the South Atlantic. Plate kinematic models are useful to integrate data on both margins and are calibrated with oceanic crust magnetic anomalies (Moulin et al., 2010;[START_REF] Heine | Kinematics of the South Atlantic rift[END_REF]. SDRs have been drilled however, on the conjugate Namibian margin (Kudu well) and sedimentary packages interbedded with the volcanics were dated Barremian [START_REF] Mcmillan | Foraminiferal biostratigraphy of the Barremian to Miocene rocks of the Kudu 9A-1 , 9A-2 and 9A-3 boreholes[END_REF]. Faults grouped in FS3 are subparallel to the SDR wedges bounding reflectors and the COB and are restricted to the outer 100-200 km wide fringe of the continental crust domain (Fig. 4.7c). We interpret FS3 as genetically linked to the Early Cretaceous rifting stage, and their development in a narrow fringe as due to a concentration of strain around the incipient ridge. FS4 faults also developed as part of the Early Cretaceous rifting event, but associated with margin segmentation during SDR emplacement (see [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF].

However, the main rifting event for the area of study is older and is associated with FS2 faults forming the ECol and CCol depocenters in Colorado, and the adjacent Salado basins (Fig.

4.7b).

From the presence of a thick postrift unit preserved in ECol (between TSR2 and BU, Fig. 4.2), we infer that thermal subsidence had already started before the Early Cretaceous breakup, confirming at least two independent rifting settings. We interpret Early-to-Mid Jurassic, largely oriented N-S extension for this event and correlate it with the Karoo rifting. The understanding of the complex rifting history of the southern South Atlantic segment is crucial to better model the conjugate margins. Most 2D models consider the Colorado main rifting even (Early-Mid Jurassic) as synchronous with SDR emplacement and the South Atlantic opening. We showed that it is not the case. Crustal thinning in the Colorado basin is oriented E-W, as a consequence of the Early-Mid Jurassic rifting related to N-S extension.

Models attempting to explain this 3D complexity with a single event on 2D sections oversimplify the Gondwana breakup history along the Argentinean margin.

Conclusions

The 

Abstract

The Malvinas basin, emplaced in southern South America, is an asymmetrical extensional basin affected by NNW-striking faults. In this contribution we present a review and updated structural framework for the Malvinas basin, as well as two new U-Pb zircon ages for the prerift and synrift series. A volcanic breccia within the prerift section, in the Río Chico High area, yielded a Late Triassic crystallization age (215 Ma, U-Pb in zircon), which is the first Triassic age in the basin and was correlated with the El Tranquilo basin in the Deseado Massif.

The synrift Serie Tobífera unit had been correlated to the Middle Jurassic Chon Aike large igneous province. We present the first U-Pb zircon age for Serie Tobífera in the Malvinas basin that confirms this interpretation. A tuff level within this unit yielded a crystallization age of 169 Ma (U-Pb in zircon). The synextensional emplacement of the retroarc Chon Aike Magmatic Province is associated with trenchward migration of the coetaneous volcanic arc [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF][START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF]. We propose the existence of a vertical slab tear towards the south of the Malvinas basin, and between the South American and Antarctic blocks to explain the rotational extension observed in the Chon Aike structural fabric at continental plate-scale. This slab tear would have initiated in the latest Triassic and it is believed to be active during the Early-Mid Jurassic. Differential slab roll-back of the subducting plate below Patagonia [START_REF] Mpodozis | Tectónica Jurásica en Argentina y Chile: Extensión, subducción oblicua, rifting, deriva y colisiones?[END_REF][START_REF] Echaurren | Early Andean tectonomagmatic stages in North Patagonia: Insights from field and geochemical data[END_REF] would have been produced by this tear, inducing the rotational extension observed for the Chon Aike Magmatic Province and related volcanism. The slab tear model is a new alternative explanation to the origin of Weddell Sea.

Once Eastern Antarctica was detached from Africa with the opening of the Mozambique channel, the thermal anomaly produced by an asthenospheric window opened by the slab tear would have triggered the opening of an oceanic basin between Eastern and Western Gondwana.

Introduction

The Malvinas basin originated as an extensional basin located at the southern edge of the South American plate, offshore southern Patagonia, on the Argentinean shelf [START_REF] Ludwig | Structure of Argentine Continental Margin[END_REF]. The basin displays a triangular shape, extending for about 500 km along the NNWoriented basin axis, and approximately 400 km in the E-W direction in the widest segment towards the south (Fig. 5.1). The basin is bounded to the northwest by the Río Chico high (Dungeness arch) that separates the Malvinas from the Austral (Magallanes) basin to the west.

To the east, the basin is limited by the Malvinas (Falkland) Islands High. An active margin is the natural basin boundary towards the south, characterized by the development of a submerged fold-and-thrust belt formed by N-S oriented compression since the Latest Cretaceous, and Neogene left-lateral strike-slip between the South American and Scotia plates [START_REF] Galeazzi | Structural and Stratigraphic Evolution of the Western Malvinas Basin, Argentina[END_REF]Raggio et al., 2011b). Austral basin (after [START_REF] Echaurren | Early Andean tectonomagmatic stages in North Patagonia: Insights from field and geochemical data[END_REF][START_REF] Figari | Estratigrafía y evolución geológica de la Cuenca de Cañadón Asfalto , provincia del Chubut[END_REF][START_REF] Galeazzi | Structural and Stratigraphic Evolution of the Western Malvinas Basin, Argentina[END_REF][START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF][START_REF] Malkowski | Unzipping the Patagonian Andes -Longlived influence of rifting history on foreland basin evolution 1-7[END_REF]Micucci et al., 2011;[START_REF] Panza | El volcanismo Jurásico[END_REF][START_REF] Ramos | Evolucion Tectonica[END_REF].

The Malvinas basin evolution is known from seismic data interpretation and hydrocarbon exploration drilling. The basin evolved through three main tectonic phases: rift, sag and foredeep [START_REF] Galeazzi | Structural and Stratigraphic Evolution of the Western Malvinas Basin, Argentina[END_REF]. Rifting chronology is poorly constrained. The basin's main depocenter, a half-graben formed by a NNW-striking westerly-dipping fault, located towards the southeast of the basin (Fig. 5.1), remains undrilled. In the past, the age of rifting has been inferred from correlation with the neighboring Austral (Magallanes) basin. In both basins synrift infill is referred to as Serie Tobífera [START_REF] Thomas | Geology and Petroleum Exploration in Magallanes Province, Chile[END_REF], a subsurface equivalent of the Chon Aike Magmatic province [START_REF] Kay | Late Paleozoic to Jurassic silicic magmatism at the Gondwana margin: Analogy to the Middle Proterozoic in North America?[END_REF][START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF] and assigned to the Middle Jurassic. Hydrocarbon exploration was carried out in the basin since the late 1970's.

Most wells were drilled at shallow water depths, on structural highs on the platform towards the Río Chico High. The synrift intervals investigated by those wells are very limited, and represented by volcanic facies. In this contribution we present a regional structural framework for the Malvinas basin's depocenters, seismic characterization of their infill, the first absolute U-Pb zircon ages to constrain a new rifting evolution model.

Geological Framework

The amalgamation of Gondwana ended in the Late Paleozoic with the accretion of Patagonia on the SW-margin [START_REF] Ramos | Patagonia: A paleozoic continent adrift?[END_REF]. The SW margin experienced intermittent subduction as evidenced by the presence of a Late Triassic, Early Jurassic, and Cretaceous migrating volcanic arc [START_REF] Echaurren | Early Andean tectonomagmatic stages in North Patagonia: Insights from field and geochemical data[END_REF]. Throughout the Mesozoic, the margin also went through generalized extension probably related to the western subduction dynamics, a process that ended with the breakup of the Gondwana supercontinent in the Early Cretaceous [START_REF] Macdonald | Mesozoic break-up of SW Gondwana: Implications for regional hydrocarbon potential of the southern South Atlantic[END_REF][START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF].

The prerift units were described in the periphery of the basin. The oldest basement rocks in the area crop out in the Malvinas (Falkland) islands. The Cape Meredith Complex [START_REF] Adie | Representatives of the Gondwana System in the Falkland Islands[END_REF][START_REF] Cingolani | Investigaciones geologicas y geocronologicas en el extremo sur de la isla Gran Malvina, sector Cabo Belgrano (Cabo Meredith), Islas Malvinas[END_REF]) is composed of Grenvillian granitic gneisses and amphibolites with ages of 1067±9 Ma (U-Pb in zircon; [START_REF] Jacobs | Age and thermal evolution of the Mesoproterozoic Cape Meredith Complex, West Falkland[END_REF]. The complex is intruded by Neoproterozoic to Cambrian lamprophyre dykes [START_REF] Thomas | Pre-lamprophyre mafic dykes of the Cape Meredith Complex, West Falkland[END_REF]. A Paleozoic cover composed of Siluro-Devonian to Permian siliciclastic rocks is overlying the basement present exposed in the Malvinas islands. The sedimentary section starts with a basal conglomerate followed by a cross-bedded, coarse-grained, sandy succession of the Port

Stephens Fm, followed by a marine transgression recorded by the Fox Bay Fm and the sandy units assigned to the Port Philomel and Port Stanley Fms, that yielded Late Devonian palynomorphs (Marshall, 1994a). The Devonian succession is overlaid by the Permian Lafonia Group, that records the Gondwanan glaciation in a glacio-marine environment. The Paleozoic cover is intruded by at least two sets of Mesozoic igneous dykes (Fig. 5.1). A first set of WNWoriented dykes, abundant in the southern Gran Malvina Island (West Falkland) yielded Early Jurassic ages [START_REF] Cingolani | Investigaciones geologicas y geocronologicas en el extremo sur de la isla Gran Malvina, sector Cabo Belgrano (Cabo Meredith), Islas Malvinas[END_REF]. A second set of dykes, oriented N-S and more sparsely distributed, was described in northern Gran Malvina (West Falkland) and in Soledad (East Falkland) islands. Early Cretaceous (Valanginian-Hauterivian) ages have been determined for N-S oriented dykes [START_REF] Hole | Gondwana break-up related magmatism in the Falkland Islands[END_REF][START_REF] Richards | Mesozoic magmatism in the Falkland Islands (South Atlantic) and their offshore sedimentary basins[END_REF][START_REF] Stone | Cretaceous dykes discovered in the Falkland Islands: implications for regional tectonics in the South Atlantic[END_REF].

These two main directions of dykes of different age, were interpreted by [START_REF] Ramos | The Malvinas (Falkland) Islands revisited: The tectonic evolution of southern Gondwana based on U-Pb and Lu-Hf detrital zircon isotopes in the Paleozoic cover[END_REF] to indicate a change in the regional stress field and were correlated to the two rifting stages identified in the North Malvinas basin (N. Falkland, [START_REF] Brandsen | Evidence for multi-phase rifting in the North Falklands Basin[END_REF]. In the North Malvinas basin, a first set of WNW-oriented faults forming half-grabens in the southern rift are transected by the N-S oriented faults related to the Early Cretaceous half-grabens of the northern rift [START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF].

The Río Chico High (also known as Dungeness Arch) is the southern extension of the Deseado Massif and forms a southerly-plunging structural ridge that separates Malvinas from the Austral basin to the west (Fig. 5.1). The Río Chico high has been the locus of hydrocarbon exploration since the 1980's, with several discoveries on its western flank in the Austral basin [START_REF] Arbe | Los reservorios de la Fm Springhill en el Area costa afuera[END_REF]. Many of these wells penetrated granitic rocks forming the basement, but absolute ages for basement on the ridge were not available. Onshore, the basement of the southern Austral basin is given by the Tierra del Fuego Igneous and Metamorphic Complex. [START_REF] Hervé | SHRIMP chronology of the Magallanes Basin basement, Tierra del Fuego: Cambrian plutonism and Permian high-grade metamorphism[END_REF] obtained Cambrian crystallization ages (525-540

Ma, U-Pb SHRIMP on zircon) for the gneisses-granites within the basement rocks. These rocks also display high-grade metamorphism, which has been dated Permian (~270 Ma, Hervé et al., 2010).

The Deseado Massif displays a Neoproterozoic to Cambrian igneous-metamorphic basement. Two units were differentiated [START_REF] Giacosa | Basamento Paleozoico Inferior del Macizo del Deseado[END_REF]: the Río Deseado Complex [START_REF] Viera | Presencia de sedimentitas Pérmicas en contacto con rocas del "Complejo Metamórfico" de la Patagonia Extrandina, estancia Dos Hermanos, provincia de Santa Cruz[END_REF] with low-to-medium grade metamorphic rocks intruded by Devonian granites [START_REF] Chebli | Estratigrafía y magmatismo en la zona de la Estancia La Juanita y alrededores (departamento Deseado, prov. de Santa Cruz)[END_REF][START_REF] Pankhurst | Chronological study of the pre-Permian basement rocks of southern Patagonia[END_REF] and Early Jurassic dykes; and the low-grade metamorphic rocks of La Modesta Fm, with a maximum Early Silurian age of sedimentation (446 ± 6 Ma; U-Pb detrital zircon; [START_REF] Moreira | Detrital zircons U-Pb SHRIMP ages and provenance of La Modesta Formation, Patagonia Argentina[END_REF].

Overlying the basement, the fluvial deposits of La Golondrina Fm represent a rift basin infill [START_REF] Ramos | Tectónica del Pérmico de Argentina[END_REF]. Although [START_REF] Bellosi | Cuencas Neopaleozoicas de la Patagonia Extraandina e Islas Malvinas[END_REF] interpreted La Golondrina basin in an intra-arc setting, the retroarc basin setting proposed by [START_REF] Uliana | Significado del vulcanimso y extensión Mesojurasicos en el extremo meridional de Sudamérica[END_REF] is Depocenters filled with volcanic and volcaniclastic rocks of the Chon Aike province are usually related to NNW-trending faults [START_REF] Gust | Associated Middle to Late Jurassic Volcanism and Extension in Southern South America[END_REF]. Another observation of [START_REF] Uliana | Significado del vulcanimso y extensión Mesojurasicos en el extremo meridional de Sudamérica[END_REF] was the trench-ward migration of the Mid-Late Jurassic magmatic province, a process that ended with the opening of the Rocas Verdes back-arc in the Late Jurassic [START_REF] Dalziel | Back-arc extension in the southern Andes: a review and critial reapprisal[END_REF]. [START_REF] Uliana | Significado del vulcanimso y extensión Mesojurasicos en el extremo meridional de Sudamérica[END_REF] linked this extension with subducting slab-deepening during the Jurassic. Figure 5.2: Jurassic Large Igneous Provinces of SW Gondwana (after [START_REF] Kay | Late Paleozoic to Jurassic silicic magmatism at the Gondwana margin: Analogy to the Middle Proterozoic in North America?[END_REF][START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF][START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF][START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF][START_REF] Uliana | Significado del vulcanimso y extensión Mesojurasicos en el extremo meridional de Sudamérica[END_REF][START_REF] Vergani | Tectonic Evolution and Paleogeography of the Neuquén Basin, Argentina. Pet. basins South Am[END_REF][START_REF] Jourdan | Karoo large igneous province: Brevity , origin , and relation to mass extinction questioned by new 40Ar/39Ar age data[END_REF][START_REF] Storey | Role of subductionplate boundary forces during the initial stages of Gondwana break-up: evidence from the proto-Pacific margin of Antarctica, in: Magmatism and the Causes of Continental Breakup[END_REF]. Note the occurrence of the Karoo LIP in southern Africa (Af) and East Antarctica (EA), the approximately synchronous Ferrar LIP in Antarctica, and the Chon Aike silicic Magmatic Province in southern South America (SAm) and the Antarctic territories (Antarctic Peninsula: AP; Ellsworth-Whitmore mountains, EWM;

and Thurston island, THU). Note the trenchward diachronism of the Chon Aike volcanism from Early to Late Jurassic indicated by the dotted lines. The location of the chart presented in Fig. 5.3 is indicated.

The Serie Tobífera represents the subsurface equivalent of the Large Igneous Chon Aike Magmatic Province (MP; [START_REF] Kay | Late Paleozoic to Jurassic silicic magmatism at the Gondwana margin: Analogy to the Middle Proterozoic in North America?[END_REF]. Serie Tobífera particularly corresponds to the main synrift infill (penetrated so far by hydrocarbon exploration wells) for the Malvinas and Austral/Magallanes basins. In Malvinas it has not been dated. But some absolute ages of Serie Tobífera and equivalents have been presented by [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF] for the Austral basin and for Chon Aike outcrops in Patagonia. An Early Jurassic U-Pb age (SHRIMP) of 178.4±1.4

Ma (Toarcian; [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF] was obtained for the Serie Tobífera in the La Gaviota borehole (Fig. 5.2). A Late Jurassic U-PB age (SHRIMP) of 154.5 ± 1.4 Ma [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF], was obtained for outcrop rocks of El Quemado Complex (a late Chon Aike representative from the Southern Patagonian Cordillera). Late Jurassic rifting seems to be restricted to the western sector of the Austral basin and crops out in the Southern Patagonia Cordillera. Within the western Austral basin, rifting and volcanism display a south-to-north diachronous behavior. [START_REF] Malkowski | Unzipping the Patagonian Andes -Longlived influence of rifting history on foreland basin evolution 1-7[END_REF] present an acknowledgeable review of the rifting diachronism, with initiation of rift volcanism earlier in the south, successive onset of bimodal volcanism and finally opening of the Rocas Verdes marginal basin [START_REF] Dalziel | Back-arc extension in the southern Andes: a review and critial reapprisal[END_REF] in the Late Jurassic. The Malvinas basin seems to have already been in a thermal sag phase during the Late Jurassic, while the lack of deposits in the eastern Austral basin (western flank of the Río Chico High) are interpreted as a product of uplift and erosion. The Springhill [START_REF] Thomas | Geology and Petroleum Exploration in Magallanes Province, Chile[END_REF] records a major transgression that flooded the Austral and the Malvinas basins during the sag phase. The Springhill Fm marks the base of the sag phase, as it usually overlies the synrift Serie Tobífera or the igneous-metamorphic basement.

The transgression took place in several pulses, which are recorded in the Austral/Magallanes and Malvinas basins as several sedimentary cycles.

In the Malvinas basin, the Springhill flooding seems to have started in the Late Jurassic [START_REF] Galeazzi | Structural and Stratigraphic Evolution of the Western Malvinas Basin, Argentina[END_REF], but as the main depocenters (where the oldest post-rift transgressive units are expected) remain underexplored, the onset of the thermal sag phase in the Malvinas basin could be as old as Mid-Jurassic (Fig. 5.3). The marine flooding that deposited the Springhill Fm entered the Malvinas basin from the south (main depocenter) and progressively transgressed over the Río Chico High to the NW and the Malvinas (Falkland) islands high to the NE.

In the Austral basin, particularly, the paleogeography associated with the Springhill Fm, typically of Early Cretaceous age, is characterized by structurally-controlled paleovalleys and depositional paleohighs [START_REF] Schwarz | The transgressive infill of an inherited-valley system: The Springhill Formation (lower Cretaceous) in southern Austral Basin, Argentina[END_REF]. The older fluvio-estuarine cycles of the Springhill Fm (the Early Cretaceous Hydra cycle, [START_REF] Arbe | Los reservorios de la Fm Springhill en el Area costa afuera[END_REF] are preserved only in the paleovalleys and are absent on the paleohighs. The synrift depocenters seem to have exerted some control on the paleovalley distribution. The later Springhill cycles progressively cover the paleorelief (Fig. 5.3). The Rio Chico High was also progressively flooded, and by the Aptian it was almost fully covered.

Since at least the Cenomanian, the Austral basin entered in a Foreland tectonic phase, associated with subduction from the west, while the Malvinas basin continued under a thermal sag until the latest Cretaceous, when compression from the south produced tilting of the basin and the onset of a foreland tectonic phase. 

Materials and Methods

Results

Seismic characterization

A structural map for the Top Prerift is presented in figure 5.6. This surface corresponds to the unconformity at the base of the synrift unit, also referred to as ROU (Rift Onset Unconformity, sensu [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF] The main direction of faults-strike associated with rifting is NNW, similarly to other Jurassic depocenters in Patagonia [START_REF] Uliana | Significado del vulcanimso y extensión Mesojurasicos en el extremo meridional de Sudamérica[END_REF]. Half-grabens bracket both flanks of the Río Chico High (Fig. 5.6). As detected in several exploration wells and interpreted in seismic data, the Río Chico High itself is structured by NNW-trending faults, and presents a high degree of exhumation. Basement or relict Serie Tobífera deposits are preserved below the synrift to postrift unconformity and the transgressive Springhill Fm [START_REF] Galeazzi | Structural and Stratigraphic Evolution of the Western Malvinas Basin, Argentina[END_REF]. The southern flank of the Río Chico High is characterized by the development of E-W trending normal faults, associated with the flexural bending of the south American plate due to the onset of compression from the south (sensu [START_REF] Bry | Anatomy and formation of oblique continental collision: South Falkland basin[END_REF]. 

U-Pb geochronology

In sample M-06, a total the 149 concordant ages were obtained in a range between ca. Several authors have observed the diachronous development of the Chon Aike MP [START_REF] Uliana | Significado del vulcanimso y extensión Mesojurasicos en el extremo meridional de Sudamérica[END_REF][START_REF] Gust | Associated Middle to Late Jurassic Volcanism and Extension in Southern South America[END_REF][START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF]. 

Conclusions

In this contribution we presented new U-Pb zircon ages for Late Triassic and Middle Jurassic units in the Malvinas basin. The Late Triassic age (215 Ma, U-Pb in zircon) corresponds to a volcanic breccia that has been related to volcanic activity that correlates with the Central Patagonian Batholith and the La Leona granites. Although a possible synextensional character is attributed to this unit by correlation with the El Tranquilo basin in the Deseado Massif, this unit is interpreted within the prerift of the Malvinas basin, as its development is interpreted to correspond to a different stage of that of the Malvinas basin rifting. A crystallization age of 169 Ma (U-Pb in zircon) was obtained for a tuff level within Serie Tobífera, which confirms the Middle Jurassic age of this unit, as part of the Chon Aike MP.

The Malvinas basin is an asymmetrical basin, affected by NNW-striking faults. The main depocenter located towards the SE end of the basin, is a half-graben bounded by a major NNW-striking, SW-dipping, normal fault. Rotational extension is observed for the retroarc Chon Aike MP, associated with trenchward volcanic arc migration [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF][START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF]. By reviewing the regional basin dynamics and related magmatic events, we propose the existence of a slab tear towards the south of the Malvinas basin, and between the South American and Antarctic blocks, that initiated in the Latest Triassic and that was active This chapter includes new insights in the Mesozoic rifting evolution of Gondwana, a complex process occurring in several stages that ended with opening of the South Atlantic Ocean in the Early Cretaceous. Mesozoic rifting in southern South America seems strongly related to retroarc extension. The content of this chapter has been submitted for publication in Basin Research (Authors: Lovecchio, J.P.; Rohais, S.; Ramos, V.A.; Joseph, P.; Bolatti, N.D.).

Highlights:

• Mesozoic rifting of Gondwana was a complex process occurring in several stages, and strongly related to retroarc extension.

• The Colorado and Salado basins are part of the Karoo Rift system.

• The South Atlantic Rift initiated in the southernmost segment, an area that was affected by a previous crustal thinning phase since the Late Jurassic, with rifting in the Rawson/Valdés and Outeniqua basins. main phase of volcanism. Rifting and successive breakup of supercontinents is a process that has proved to be much more complex. Breakup of a supercontinent such as Pangea occurred in not one but several stages (Moulin et al., 2010, Fig. 6.1). Regarding the process, the thermal insulation and thus landmass instability expected to be produced by supercontinents on the underlying mantle is not enough to produce overheat mantle, volcanism and active rifting [START_REF] Heron | The effects of supercontinent size and thermal insulation on the formation of mantle plumes[END_REF]. [START_REF] Bercovici | Slab rollback instability and supercontinent dispersal 1-8[END_REF] suggest that it is subduction-related slab rollback instability which produces continental landmass dispersal. And indeed, a recent review of the Pangea breakup by Frizon De [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF] proposes a combination of active and passive rifting to produce, in successive stages, the breakup of large continental masses. Active rifting is caused by the impact of a mantle plumes, producing doming, volcanism and extension (see [START_REF] Sengör | Relative timing of rifting and volcanism on Earth and its tectonic implications[END_REF]. Passive rifting is related to lithospheric far-field forces pulling the lithosphere apart, notably related to subduction zones. Supercontinents are intrinsically complex collages of cratons and shields bounded by metamorphic mobile belts (former orogens produced during craton amalgamation). The structural grain of mobile belts introduce heterogeneities that, under extension, can guide fault emplacement and eventually breakup [START_REF] Buiter | A review of Wilson Cycle plate margins: A role for mantle plumes in continental break-up along sutures?[END_REF]. The supercontinent of Pangea is no exception (Fig. 6.1). It took more than 100 Ma to break Pangea apart. This process initiated in the Triassic, with rifting between Laurentia (North America) and Western Gondwana (Fig. 6.1), and the successive opening of the Central Atlantic [START_REF] Withjack | Diachronus rifting, drifting, and inversion on the passive margin of eastern North America: An analog for other passive margins[END_REF][START_REF] Withjack | Development of the passive margin of Eastern North America: Mesozoic rifting, igneous activity, and breakup, Regional Geology and Tectonics: Phanerozoic Rift Systems and Sedimentary Basins[END_REF][START_REF] Leleu | Structural, stratigraphic and sedimentological characterisation of a wide rift system: The Triassic rift system of the Central Atlantic Domain[END_REF]. The emplacement of a Central Atlantic Magmatic Province (CAMP) would have occurred after the main phase of rifting [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF] and would not be plume-related [START_REF] Mchone | Non-plume magmatism and rifting during the opening of the central Atlantic Ocean[END_REF]. Triassic basins were not restricted to the Central Atlantic realm, rift basins developed across Gondwana [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF][START_REF] Zerfass | Sequence stratigraphy of continental Triassic strata of Southernmost Brazil: A contribution to Southwestern Gondwana palaeogeography and palaeoclimate[END_REF] and on the paleo-Pacific convergent margin [START_REF] Ramos | Triassic rifting and associated basalts in the Cuyo basin, central Argentina 79-92[END_REF][START_REF] Spikings | Characterisation of Triassic rifting in Peru and implications for the early disassembly of western[END_REF].

On the other hand, the impact of the Karoo plume on East Africa in the Early Jurassic produced active rifting, with doming, volcanism and caused eventually continental breakup of Western from Eastern Gondwana [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF]. The continent dispersal process continued in the Early Cretaceous with the opening of the South Atlantic Ocean between South America and Africa and several other oceanic basins produced by the dispersal of Eastern Gondwana cratons (Fig. 6.1). As recently discussed by Frizon De Lamotte et al.

(2015) and Will and Frimmel (2016), the South Atlantic is another case of passive rifting, triggered by far-field forces pulling the lithosphere apart, that was affected by massive volcanism, the Paraná-Etendeka LIP. In this scenario the opening would not have been triggered by a plume but the volcanism came when rifting was already established. In this perspective, the South Atlantic opening was only the final stage of the long and complex Gondwana breakup. (1981) and [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF], later complemented by the contributions of [START_REF] Franzese | Tectonic and paleoenvironmental evolution of Mesozoic sedimentary basins along the Andean foothills of Argentina (32°-54°S)[END_REF][START_REF] Macdonald | Mesozoic break-up of SW Gondwana: Implications for regional hydrocarbon potential of the southern South Atlantic[END_REF]. We also incorporate recent absolute ages published by different authors, and present a new model that illustrated the different stages of SW Gondwana Mesozoic rifting.

Geological Framework: Pre-rifting configuration

Southwestern Gondwana is a collage of cratons limited by mobile belts and accreted terranes formed as a result of almost continuous subduction since the beginning of the Phanerozoic (Fig. 6.2). In the Neoproterozoic, the Panafrican orogeny welded the Rio de la Plata and African shields through the Dom Feliciano belt. Since the Cambrian, and throughout the Paleozoic subduction from the west produced the accretion of different allochthonous terranes: Pampia, Cuyania, Chilenia [START_REF] Ramos | Rasgos estructurales del territorio argentino[END_REF]Victor A Ramos, 2010). Subduction was intermittently active throughout the Paleozoic. The terrane of Patagonia was the last to accrete, in this case from the SW, producing a Carboniferous-to-Permian volcanic arc in Northern

Patagonia and a Permian-to-Early Triassic fold-and-thrust belt (Fig. 6.2) largely oriented E-W.

This fold belt is recognized in South America: the Ventania System (see Ramos, 2008 and references therein), in Africa: the Cape fold belt [START_REF] Hansma | The timing of the Cape Orogeny : New 40 Ar / 39 Ar age constraints on deformation and cooling of the Cape Fold Belt , South Africa[END_REF], and in the Ellswoth-Withmore Mountains in Antarctica [START_REF] Curtis | Tectonic history of the Ellsworth Mountains, West Antarctica: Reconciling a Gondwana enigma[END_REF]. In the Mesozoic, under an extensional stress regime, negative inversion of this fold belt occurred. This process has been described on the Argentinean shelf in the Colorado basin by [START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF], and more recently by [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF]. On the African conjugate margin, structures at high angles with the margin orientation, and affecting older series have been described by [START_REF] Paton | The missing piece of the South Atlantic jigsaw -when continental break-up ignores crustal heterogeneity[END_REF] and interpreted as an extension of the Cape fold belt in the prerift of the Orange basin.

At the end of the Paleozoic, with the accretion of Patagonia from the SW [START_REF] Ramos | Patagonia: A paleozoic continent adrift?[END_REF][START_REF] Miller | New Structural Data and U/Pb Dates from the Gamtoos Complex and Lowermost Cape Supergroup of the Eastern Cape Fold Belt, in Support of a Southward Paleo-Subduction Polarity[END_REF] the amalgamation of Pangea was completed. But supercontinents are unstable, and soon after the final supercontinent configuration was achieved, different instabilities induced the onset of rifting since the beginning of the Mesozoic era. 

Materials and Methods

After performing seismic interpretation in the Colorado basin area, and identifying three independent Mesozoic rifting events [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF], in this contribution we correlate and integrate these and other rifting stages into a comprehensive scheme of rifting forming the main Mesozoic basins around the South Atlantic realm, with special interest in the evolution of the Argentinean Mesozoic basins. We prepared structural maps, where we compiled published and newly generated data on fault-bounded depocenters and the main structures related to basin formation. We generated chronologic tectonic charts summarizing rifting stages for Mesozoic basins in southern South America and southern Africa. Absolute ages that constrain synrift infill age were obtained either from interbedded volcanics (e.g. lavas, ash beds), from paleontological content, and from detrital zircon data. However, age determinations from the synrift series are usually scarce. Depocenters are deeply buried and hydrocarbon exploration wells have commonly been drilled on structural closures out of the main troughs. Moreover, synrift series many times consist of red beds, which makes difficult the application of paleontological or biostratigraphic methods. Thermochronological methods allow the interpretation of exhumation events, which might be linked to rifting in the appropriate tectonic framework.

Besides these difficulties, we present a synthesis of the main rifting episodes observed in the basins of the study area and surroundings.

Finally, we generated paleotectonic maps for the main rifting events, we color-coded faults according to the period of active rifting, and propose a model to explain the formation and evolution of the main basins in the study area throughout the Mesozoic finishing with the opening of the South Atlantic.

Mesozoic basins across the South Atlantic

Mesozoic basins in southern South America

South America is bounded to the west by the active margin resulting from the subduction of the oceanic Pacific plate from the west, under the continental South American plate (Fig. 6.3). Subduction has been intermittently active since the Cambrian and is associated with terrane accretion across the Paleozoic (Fig. 6.2;[START_REF] Ramos | Rasgos estructurales del territorio argentino[END_REF]. This process is responsible for the largely oriented N-S structural fabric, which explains the abundance of N-S strikingstructures in most of the Mesozoic basins to the west. The stress regime, related to subducting slab dynamics, had an impact on structures generation and reactivation throughout basin evolution. This process, observed in the Neuquén basin by [START_REF] Vergani | Tectonic Evolution and Paleogeography of the Neuquén Basin, Argentina. Pet. basins South Am[END_REF] can be extrapolated to other Subandean basins. The eastern limit of the South American plate is given by the Atlantic passive margin, with several rift basins emplaced on the continental shelf, notably at high angles with the Early Cretaceous Continent-Ocean Transition zone (COT).

Figure 6.3 depicts the main Mesozoic basins in southern South America, following the pioneer integration presented by [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF]. Additional references were used to established the map presented in Figure 6.3 [START_REF] Urien | The basins of Southestern South America (Southern Brazil, Uruguay and Eastern Argentina) including the Malvinas Plateau and Southern South Atlantic Paleogeographic Evolution[END_REF][START_REF] Caminos | Geologia Argentina[END_REF][START_REF] Chebli | Cuencas Sedimentarias Argentinas[END_REF]Turner, 1979[START_REF] Turner | Geologia Regional Argentina[END_REF][START_REF] Turic | Geologia y recursos naturales de la plataforma continental[END_REF], Chebli et al., 2005;[START_REF] Kozlowsky | Simposio Cuencas Argentinas, Visión Actual[END_REF].

In this contribution the chronology of rifting was summarized in a chart presented in Figure 6.4. Hereafter, the rifting history is presented in a chronological order. The Cuyo and the Bermejo basins record synrift sedimentation in the Triassic. We gather in these two basins several aligned depocenters with a common rifting history. The Cuyo basin includes the Río Blanco, Santa Clara, Tupungato, La Esperanza-Divisadero and the General Alvear sub-basins.

The Bermejo basin gathers the Ischigualasto, Marayes, Guayagas, Las Salinas and Beazley subbasins (see [START_REF] Barredo | Tectono-sequence stratigraphy and U-Pb zircon ages of the Rincón Blanco Depocenter, northern Cuyo Rift, Argentina[END_REF]. Vertebrate fossils and radiogenic ages of intruded subvolcanic rocks places rifting in the Early Triassic in the Bermejo and Middle Triassic in the Cuyo basin [START_REF] Barredo | Tectono-sequence stratigraphy and U-Pb zircon ages of the Rincón Blanco Depocenter, northern Cuyo Rift, Argentina[END_REF][START_REF] Stipanicic | Antecedentes geológicos y paleontológicos[END_REF]. The Triassic stratigraphy of southern South America was reviewed by [START_REF] Jenchen | Continental Triassic in Argentina: Response to tectonic activity[END_REF][START_REF] Jenchen | Continental Triassic in Argentina: Response to tectonic activity[END_REF][START_REF] Zerfass | Tectonics and sedimentation in Southern South America during Triassic[END_REF]. For the Triassic basins, these authors highlight influence of previous structural fabric of the basement, with enechelon depocenters produced by NNW trending faults associated to low-to-moderate angle detachment surfaces. [START_REF] Ramos | Triassic rifting and associated basalts in the Cuyo basin, central Argentina 79-92[END_REF] linked the main detachments of the listric faults to the former suture between Pampia and Cuyania, two terranes accreted to the SW margin of Gondwana in the Early Paleozoic (Fig. 6.2).

The Neuquén basin, records two rifting events [START_REF] Legarreta | The Jurassic succession in west-central Argentina: stratal patterns, sequences and paleogeographic evolution[END_REF]Vergani et al., 1995 and references therein). The Precuyano cycle, aged Late Triassic -Early Lias (early Hettangian), is associated with isolated half-grabens filled with volcanic rocks and continental sediments. Rifting diachronism was determined for the basin, with younger deposits towards the south [START_REF] D'elia | Early evolution of the southern margin of the Neuquén Basin, Argentina: Tectono-stratigraphic implications for rift evolution and exploration of hydrocarbon plays[END_REF]. Later on, throughout the Lias, extension resumes with reactivation of older structures, and the later coalescence of depocenters. The sedimentary infill is formed of continental-to-marine sequences (Los Molles Fm), rich in paleontological and detrital zircon content, covered by the prograding deltaic sediments of the Lajas Fm (see [START_REF] Naipauer | A Provenance Analysis from the Lower Jurassic Units of the Neuqu é n Basin. Volcanic Arc or Intraplate Magmatic Input?[END_REF].

Further south, the Cañadón Asfalto records back-arc rifting in a continental environment during the Early Jurassic (see [START_REF] Cuneo | High-precision U-Pb geochronology and a new chronostratigraphy for the Canadon Asfalto Basin, Chubut, central Patagonia: Implications for terrestrial faunal and floral evolution in Jurassic[END_REF][START_REF] Figari | Estratigrafía y evolución geológica de la Cuenca de Cañadón Asfalto , provincia del Chubut[END_REF]. The westward migration of the arc, triggered the opening of the Liassic Chubut basin and the development of the marine systems of the Toarcian Osta Arena Fm (see [START_REF] Suárez | A Toarcian retro-arc basin of Central Patagonia (Chubut), Argentina: Middle Jurassic closure, arc migration and tectonic setting[END_REF] references therein).

In the San Jorge Gulf basin three rifting stages have been identified by [START_REF] Fitzgerald | Evolution of the San Jorge Basin, Argentina[END_REF]. A first rifting event poorly constrained was assigned to the Triassic-Early Jurassic by extrapolation from deposits in the Deseado Massif. These deposits are difficult to distinguish from the Middle Jurassic Volcano-Sedimentary Complex [START_REF] Clavijo | Estratigrafia del cretacico inferior en el sector occidental de la cuenca Golfo San Jorge[END_REF], part of the acidic to intermediate Chon Aike Magmatic Province [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF]. In the Early Cretaceous, the Neocomian rifting stage is responsible for the development of half-grabens under continental-to-marine conditions [START_REF] Figari | Modelos de hemigrabenes en el neocomiamo del sector occidental de la cuenca del Golfo San Jorge, Argentina: sistemas petroleros, origen e inversión tectónica[END_REF]. To the west, several NW-striking depocenters developed in the Rio Mayo embayment (see [START_REF] Iannizzotto | Control tectónico de las secuencias volcaniclásticas neocomianas y paleogeografía en la zona del Lago La Plata (45°S). Sector interno de la faja plegada y corrida de los lagos La Plata y Fontana[END_REF] filled with marine deposits, rich in paleontological content [START_REF] Nürnberg | Cefalopodos y bivalvos Titonianos y Hauterivianos de la Formación Lago La Plata, Chubut[END_REF][START_REF] Olivero | Sucesion de amonoideos de la Formacion Katterfeld (Valanginiano-Hauteriviano) en su area tipo[END_REF]. Finally, a third rifting stage in the Late Cretaceous is recorded by E-W trending faults on the eastern part of the basin. These faults might have reactivated previous normal faults (affecting the basement) or detached within the sedimentary cover [START_REF] Fitzgerald | Evolution of the San Jorge Basin, Argentina[END_REF].

The San Julián basin's rifting chronology is yet poorly constrained, and its evolution is interpreted to be in close relation with the Deseado Massif basins. However the extension of the Deseado Massif deposits towards the depocenters of the San Julián basin has not been confirmed, as these beds have not been reached by hydrocarbon exploration wells (Micucci et al., 2011b). Various tectonic settings have been interpreted for the Permo-Triassic continental deposits of La Golondrina and La Juanita formations and El Tranquilo Group in the Deseado Massif. [START_REF] Bellosi | Cuencas Neopaleozoicas de la Patagonia Extraandina e Islas Malvinas[END_REF] support an intra-arc basin interpretation, while [START_REF] Ramos | Tectónica del Pérmico de Argentina[END_REF] interpret an intracratonic rift. An Early-to-Middle Jurassic rifting event is confirmed across the area, with volcanic rocks and continental deposits rich in volcaniclastic content [START_REF] Figueiredo | Cuenca de San Julián[END_REF].

Further south, the Austral (Magallanes) and the Malvinas basins record a main phase of rifting in the Early-to-Middle Jurassic, with half-grabens largely oriented NNW (Fig. 6.3). The presence of Triassic rocks below the Malvinas basin was proposed by [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF]. The synrift was dated Mid-Jurassic in an exploration well in the Tierra del Fuego island [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF]. This age is consistent with the Early Jurassic ages for NW-striking igneous dykes in the Malvinas (Falkland) islands (see recent review of [START_REF] Ramos | The Malvinas (Falkland) Islands revisited: The tectonic evolution of southern Gondwana based on U-Pb and Lu-Hf detrital zircon isotopes in the Paleozoic cover[END_REF] and thermochronological data [START_REF] Thomson | Thermal and tectonic evolution of the Falkland Islands: Implications for hydrocarbon exploration in the adjacent offshore region[END_REF]. The central graben of the Malvinas basin remains undrilled. Towards the west, extension produced in Late Jurassic the opening of the Rocas Verdes back-arc basin. This rifting is recorded by the bi-modal volcanism of El Quemado complex in Argentina [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF] and the onset of oceanic crust accretion, evidenced by the presence of ophiolite complexes (Fig. 6. 3;[START_REF] Calderón | Petrological vestiges of the Late Jurassic-Early Cretaceous transition from rift to back-arc basin in southernmost Chile: New age and geochemical data from the Capitán Aracena, Carlos III, and Tortuga ophiolitic complexes[END_REF][START_REF] Malkowski | Unzipping the Patagonian Andes -Longlived influence of rifting history on foreland basin evolution 1-7[END_REF]. Colorado, Sal: Salado, PdE: Punta del Este basin, SL: Santa Lucía, Pel: Pelotas. Other features: MI: Malvinas (Falkland) islands, VB: Volunteer basin, FRB: Fits Roy basin, MP: Malvinas (Falkland) Plateau, MEB: Maurice Ewing Bank, SG: South Georgia, VS: Ventania system, TS: Tandilia system. FZ: Fracture Zone. Faults and depocenters after [START_REF] Uliana | Inversion structures and hydrocarbon occurence in Argentina[END_REF][START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF]; [START_REF] Veroslavsky | Geologia da Bacia de Santa Lucia -Uruguai[END_REF]; [START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF]; Micucci et al. (2011);[START_REF] Starck | Cuenca Cretácica-Paleógena del Noroeste Argentino[END_REF] ; [START_REF] Becker | The crustal structure of the southern Argentine margin[END_REF]; [START_REF] Bechis | Transtensional tectonics induced by oblique reactivation of previous lithospheric anisotropies during the Late Triassic to Early Jurassic rifting in the Neuquén basin: Insights from analog models[END_REF]; [START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF]; [START_REF] Figari | Estratigrafía y evolución geológica de la Cuenca de Cañadón Asfalto , provincia del Chubut[END_REF]; [START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF]; Gianni et al. (2015) and [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF]. Background topography from Etopo 1 [START_REF] Amante | ETOPO1 1 Arc-Minute Global Relief Model: Procedures, Data Sources and Analysis[END_REF].

Further east, in the North Malvinas (Falkland) basin (Fig. 6.3), two intersecting rift systems are observed [START_REF] Brandsen | Evidence for multi-phase rifting in the North Falklands Basin[END_REF]. The Neocomian, N-S striking faults forming the Northern branch, intersect the NW-striking faults forming the older Southern rift system. The Southern rift system remains underexplored. A Late Jurassic rifting age was assigned by [START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF]. However, an Early to Middle Jurassic age seems more consistent with regional data, as suggested by Ramos et al. (2017a). The presence of two transecting rift basins has been used to support a rotation of the Malvinas microplate during the Jurassic [START_REF] Adie | Representatives of the Gondwana System in the Falkland Islands[END_REF]Marshall, 1994b). More recently, this has been reinterpreted as a record of the change in the orientation of the stress regime between the Jurassic and the Early Cretaceous [START_REF] Ramos | The Malvinas (Falkland) Islands revisited: The tectonic evolution of southern Gondwana based on U-Pb and Lu-Hf detrital zircon isotopes in the Paleozoic cover[END_REF].

The Malvinas (Falkland) Plateau is a projection to the east of the Argentinean continental shelf that extends between the Malvinas islands and the Maurice Ewing Bank (J. I. Ewing et al., 1971). The plateau limits to the south with the Scotia plate (via a transpressive margin) and is bounded to the north by the Agulhas-Malvinas (Falkland) Fracture Zone (FZ).

The geology of the Malvinas Plateau is poorly constrained due to the lack of public seismic data. [START_REF] Biddle | Plateau de Malvinas[END_REF] published a map with the main interpreted faults and suggest a Jurassic rifting stage. Marine sedimentation since at least the Mid-to-Late Jurassic boundary is recorded in DSDP-511 well on the Maurice Ewing Bank [START_REF] Price | Strontium-isotope stratigraphy and oxygen-and carbonisotope variation during the Middle Jurassic-Early Cretaceous of the Falkland Plateau, South Atlantic[END_REF]. [START_REF] Barker | Evidence for a volcanic rifted margin and oceanic crustal structure for the Falkland Plateau Basin[END_REF] proposed the presence of oceanic crust under the plateau, but recent works point towards highlyextended continental crust [START_REF] Chemale | Age of basement rocks from the Maurice Ewing Bank and the Falkland/Malvinas Plateau[END_REF][START_REF] Kimbell | The three-dimensional lithospheric structure of the Falkland Plateau region based on gravity modelling[END_REF]. [START_REF] Fraticelli | Rift basin characteristics derived from antecedents tectonic events: intricacies of the Falkland plateau[END_REF] mention the development of two main sedimentary troughs: The Fitzroy and Volunteer basins (Fig. 6.3).

North of the Agulhas-Malvinas Fracture Zone (AMFZ) develops the Austral segment of the South Atlantic, that extends between the AMFZ and the Río Grande FZ north of the Pelotas basin (Moulin et al., 2010). This segment is characterized by the overall presence of Seaward Deeping Reflectors (SDR) on the Continent-Ocean Transition zone (COT, sensu [START_REF] Blaich | Crustal breakup and continent-ocean transition at South Atlantic conjugate margins[END_REF]. SDRs are volcanic wedges with interbedded continental sediments deposited in subaerial environments, emplaced during breakup on both conjugate margins (Hinz, 1981b). SDR development characterize volcanic or magma-rich passive margins such as the Southern South Atlantic. A general review of the Argentinean volcanic margin is presented by [START_REF] Hinz | The Argentine continental margin north of 48°S:sedimentary successions, volcanic activity during breakup[END_REF] and [START_REF] Franke | Birth of a volcanic margin off Argentina, South Atlantic[END_REF][START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF]. Obliquity was explained either by aulacogenic basins [START_REF] Introcaso | La cuenca de Salado_un modelo de evolucion aulacogenica[END_REF][START_REF] Yrigoyen | Geologia del subsuelo y la plataforma continental[END_REF], transtensional basins associated with NW-SE dextral shear systems [START_REF] Franke | Crustal structure across the Colorado Basin, offshore Argentina[END_REF][START_REF] Keeley | Basin Evolution and Prospectivity of the Argentine Continental Margin[END_REF][START_REF] Tankard | Structural and tectonic controls of basin evolution in southwestern Gondwana during the Phanerozoic[END_REF], or as due to structural inheritance [START_REF] Dominguez | Caracterizacion de Dominios Estructurales e Influencia de Estructuras Preexistentes en Hemigrábenes de Rift en el Sector Centro-Norte de la Plataforma Contiental Argentina[END_REF][START_REF] Gebhard | Aspectos exploratorios de la Cuenca del Colorado[END_REF][START_REF] Ramos | Evolucion tectonica de la plataforma continental[END_REF][START_REF] Urien | Petroleum basins in southern South America: an overview[END_REF].

Later, two superimposed rifting stages were used to explain the obliquity: a first Jurassic event with extension oriented NE-SW, forming the Colorado and Salado basins, and a second E-W oriented extensional event forming the South Atlantic rift in the Early Cretaceous [START_REF] Macdonald | Mesozoic break-up of SW Gondwana: Implications for regional hydrocarbon potential of the southern South Atlantic[END_REF]Gerster et al., 2011;[START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF][START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF]Autin et al., 2013). [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF] postulated the existence of not two but three overprinted rifting stages in the Colorado area, with an older, previously unknown rifting event associated with the extensional reactivation of Permian thrusts of the Ventania-Cape foldbelt. This reactivation is interpreted to have taken place in the Late Triassic-Early Jurassic. The system was transected in the Early-to-Mid Jurassic by the main rifting event, responsible for the opening of the main depocenters in the Colorado and the adjacent Salado basin. Finally, in the Early Cretaceous, extension associated with the opening of the South Atlantic generated normal faults in a 100-km wide stripe of the outer continental crust, oriented parallel or slightly oblique to the COB, and with a main dipping towards the continent (inboard).

The Salado/Punta del Este and the Santa Lucía basin (onshore Uruguay) developed on of the Rio de la Plata Craton. The Santa Lucía basin has been interpreted as a pull-apart basin, initiated in the Late Jurassic [START_REF] Veroslavsky | Geologia da Bacia de Santa Lucia -Uruguai[END_REF], but no absolute ages are available.

The Pelotas basins spans offshore Uruguay and southern Brazil. Rifting in this basin is intimately related to the South Atlantic opening [START_REF] Abreu | Geologic evolution of conjugate volcanic pasive margins. Pelotas basin (Brazil) and Offshore Namibia (Africa); Implications for global sea-level changes[END_REF]. Rifting chronology is not only constrained by magnetic anomalies. The Paraná LIP (137-127 Ma) is part of the prerift and sets a maximum age for rifting [START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF]. Faults are oriented largely parallel to the COB and tend to dip inboard, which is consistent with the Early Cretaceous rifting in the Colorado-Salado segment [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF].

Onshore, in central Argentina a N-S directed branch of Early Cretaceous rift basins is present along the western margin of the Rio de la Plata craton. From south to north, the Macachín basin (undrilled and only known from gravimetric and refraction seismic data, de Elorriaga, 2010; [START_REF] Kostadinoff | Cuencas sedimentarias en el subsuelo de la Provincia de La Pampa, in: 5 Congreso de Exploración y Desarrollo de Hidrocarburos[END_REF] displays a strong NNW direction. To the North, the General Levalle basin [START_REF] Webster | General Levalle basin , Argentina : A frontier Lower Cretaceous rift basin[END_REF]) is oriented N-S and a high-angle dipping master fault to the West, associated with reactivated basement structures. The Sierras Chicas basin in Córdoba is formed of different depocenters along the Córdoba hills. Similarly, to the General Levalle basin, is formed by the extensional reactivation of an east-dipping basement fault. The Sierras Chicas fault was then inverted in the Miocene with the Andean orogeny (see [START_REF] Schmidt | Cretaceous rifting, alluvial fan sedimentation, and Neogene inversion , Southern Sierras Pampeanas, Argentina[END_REF]. These basins are filled with red beds, interbedded with Early Cretaceous volcanic rocks [START_REF] Lagorio | Early Cretaceous Volcanism in Central and Eastern Argentina During Gondwana Break-Up[END_REF].

In northern Argentina, the Northwestern Argentina Cretaceous basin (NOA in Fig. 6.3 and 6.4) is formed of three depocenters: Metán-Alemanía and Tres Cruces depocenters form a N-S directed branch, while the Lomas de Olmedo depocenter is oriented E-W (for general reference see Starck, 2011, and references therein). Synrift is composed of red beds interbedded volcanic rocks. [START_REF] Galliski | The Cretaceous paleorift in northwestern Argentina : A petrologic approach[END_REF] report Early Cretaceous ages for the synrift Pirgua Group. 2013) and [START_REF] Figari | Estratigrafía y evolución geológica de la Cuenca de Cañadón Asfalto , provincia del Chubut[END_REF]. Chubut Liassic basin after [START_REF] Suárez | A Toarcian retro-arc basin of Central Patagonia (Chubut), Argentina: Middle Jurassic closure, arc migration and tectonic setting[END_REF] and references therein, San Jorge Gulf basin (SJo) after [START_REF] Fitzgerald | Evolution of the San Jorge Basin, Argentina[END_REF][START_REF] Iannizzotto | Control tectónico de las secuencias volcaniclásticas neocomianas y paleogeografía en la zona del Lago La Plata (45°S). Sector interno de la faja plegada y corrida de los lagos La Plata y Fontana[END_REF]. Deseado (De) and San Julián (SJu) basins after [START_REF] Figueiredo | Cuenca de San Julián[END_REF]. Austral/Magallanes (Au) includes the Late Jurassic Rocas Verdes basin, ages after [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF] and [START_REF] Calderón | Petrological vestiges of the Late Jurassic-Early Cretaceous transition from rift to back-arc basin in southernmost Chile: New age and geochemical data from the Capitán Aracena, Carlos III, and Tortuga ophiolitic complexes[END_REF]. Malvinas (Ma) and North Malvinas (North Falkland) basins after [START_REF] Galeazzi | Structural and Stratigraphic Evolution of the Western Malvinas Basin, Argentina[END_REF]; [START_REF] Ramos | The Malvinas (Falkland) Islands revisited: The tectonic evolution of southern Gondwana based on U-Pb and Lu-Hf detrital zircon isotopes in the Paleozoic cover[END_REF][START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF]). Rawson/Valdés basin (Ra/Va) after [START_REF] Continanzia | Cuencas de Rawson y Valdés: Síntesis del conocimiento exploratorio -Visión Actual[END_REF]. Macachín basin (Mac) is undrilled, thus rifting age is poorly constrained. Sierras Chicas and General Levalle basins in Córdoba (SCh/GL) after [START_REF] Lagorio | Early Cretaceous Volcanism in Central and Eastern Argentina During Gondwana Break-Up[END_REF]; [START_REF] Schmidt | Cretaceous rifting, alluvial fan sedimentation, and Neogene inversion , Southern Sierras Pampeanas, Argentina[END_REF][START_REF] Webster | General Levalle basin , Argentina : A frontier Lower Cretaceous rift basin[END_REF]. Northwestern Argentina Cretaceous basin (Salta, NOA) after [START_REF] Starck | Cuenca Cretácica-Paleógena del Noroeste Argentino[END_REF] and references therein, age after [START_REF] Galliski | The Cretaceous paleorift in northwestern Argentina : A petrologic approach[END_REF]. Colorado (Col), Salado (Sal), and Punta del Este (PdE) basins after [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF]Gerster et al. (2011);and Loegering et al. (2013). Santa Lucía basin (SL) after [START_REF] Veroslavsky | Geologia da Bacia de Santa Lucia -Uruguai[END_REF]. Pelotas (Pel) after [START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF] and references therein.

Mesozoic basins in southern Africa

Although the African basins are not the focus of this study, we summarize their rifting chronology to better illustrate the framework for the evolution of the South American basins.

The collision of Patagonia against the SW margin of Gondwana in the Late Paleozoic, produced the Ventania-Cape foldbelt and changed the subsidence regime of the neighboring Main Karoo basin of South Africa from intracratonic sag to a foreland configuration (see [START_REF] Veevers | Permian-Triassic Pangean Basins and Foldbelts Along the Panthalassan Margin of Gondwanaland[END_REF][START_REF] Catuneanu | The Karoo basins of south-central Africa[END_REF][START_REF] Linol | Origin and Evolution of the Cape Mountains and Karoo Basin[END_REF]. 'Karoo' is also used for all the coeval basins that developed across Africa since the Late Carboniferous regardless of the tectonic regime (see the discussion of [START_REF] Guillocheau | Les rifts Karoo en Afrique: Leur signification à l'échelle du Gondwana et de la subduction de la Panthalassa[END_REF]. These basins record continental deposits interbedded with volcanic rocks and lack datable marine fossils. Thus the chronostratigraphic framework for these basins remains poorly understood. Lebombo monocline [START_REF] Klausen | The Lebombo monocline and associated feeder dyke swarm: Diagnostic of a successful and highly volcanic rifted margin?[END_REF] and its eastern extension in the Zululand basin [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF], of Early Jurassic age (Karoo II); and 2) a group of grabens to the East of Early Cretaceous age in the area of Beira (Mozambique).

The southeast coast of Africa is an abrupt margin largely characterized by the dextral movement of Africa along the Agulhas-Malvinas FZ. However, the synrift of the Durban basin (Fig. 6.5), drilled offshore, produced Late Jurassic to Late Valanginian ages and was correlated to the red beds described in the Zululand basin by [START_REF] Visser | The Geotectonic Evolution of South Africa and Offshore Areas[END_REF].

In southern South Africa, extensional reactivation of the Cape foldbelt throughout the Mesozoic has been described by De Wit and Ransome (1992); [START_REF] Paton | Influence of crustal heterogeneity on normal fault dimensions and evolution : southern South Africa extensional system[END_REF] and [START_REF] Paton | The missing piece of the South Atlantic jigsaw -when continental break-up ignores crustal heterogeneity[END_REF]. These reactivations are interpreted to have taken place intermittently during the different extensional events that Africa experienced in the Mesozoic, but so far, they are poorly constrained in age as many other Karoo basins.

Offshore, the Outeniqua basin is formed of several WNW-trending half-grabens, named from east to west: Algoa, Gamtoos, Pletmos and Bredasdorp sub-basins (Fig. 6.5). These halfgrabens are bounded by SW-dipping, en echelon listric faults, coherent with the extensivelyreactivated thrusts of the Cape foldbelt further north [START_REF] Fourché | Plate tectonic setting of the Mesozoic Basins, southern offshore, South Atlantic: A review[END_REF][START_REF] Paton | Role of crustal anisotropy in modifying the structural and sedimentological evolution of extensional basins: the Gamtoos Basin, South Africa[END_REF]. These faults display an arcuate shape, changing strike from WNW to NNW towards the east as they approach the AMFZ (Fig. 6.5). It had been suggested that the arcuate shape is inherited from the Cape foldbelt [START_REF] De Swardt | Petroleum exploration in the South African offshore: the geological framework and hydrocarbon potential[END_REF], however, it seems more probably an effect of strike-slip along the AMFZ [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF]. For the chronology of rifting, we follow here the review of [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF] and the references therein. (1993). Etjó also records the Etendeca Zululand (Zu) and Durban (Du) after [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF]. Etjó basin (Etj)

after [START_REF] Renne | Age of Etendeka flood volcanism and associated intrusions in southwestern Africa[END_REF].

Two synrift units are identified across the different Outeniqua sub-basins. The first synrift package starts with fluvial sediments, overlaid by a shallow marine succession (dated Kimmeridgian/Tithonian), topped by a fluvial section. The unconformity between synrift I and II is a regional unconformity of intra-Valanginian age, named 1At1 offshore South Africa [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF][START_REF] Jungslager | Geological evaluation of the remaining prospectivity for oil and gas of the pre-1At1 "synrift" succession in Block 9, Republic of South Africa[END_REF], that was interpreted to mark the onset of strike-slip movement along the AMFZ [START_REF] Du Toit | The Mesozoic history of the Agulhas Bank in terms of the plate-tectonic theory[END_REF]. The synrift II varies considerably across the Outeniqua basin: shallow marine Valanginian-Hauterivian beds deposited in the Algoa sub-basin [START_REF] Valicenti | Ostracodes from the Upper Valanginian and Upper Hauterivian of the Sundays River Formation, Algoa Basin, South Africa[END_REF], while deep-water Hauterivian shales are present in the Bredasdorp sub-basin [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF].

The structure of the western Atlantic margin of Africa, is marked by development of

Early Cretaceous basins oriented NNW, parallel to the present-day coastline and a volcanic margin with abundant SDRs, conjugate to the Argentinean margin. The Orange basin is the most prominent basin of the margin, occupying the eastern coast of South Africa and southern Namibia. Several half-grabens developed on continental crust, three of which have been drilled.

The oldest dated sediments are Hauterivian lacustrine shales [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF]. Several SDR wedges develop to the west, on the continent-ocean transition. Absolute ages have not been published, but SDRs were interpreted to emplace in the Hauterivian [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF]. A Barremian biostratigraphic age is reported for some sedimentary packages interbedded with volcanics in the Kudu well [START_REF] Mcmillan | Foraminiferally defined biostratigraphic episodes and sedimentation pattern of the Cretaceous drift succession (Early Barremian to Late Maastrichtian) in seven basins on the South African and southern Namibian continental margin[END_REF]. The breakup unconformity (named 6At1) is dated late Hauterivian and deeply erodes the more proximal eastern depocenters [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF].

A complete review of the Atlantic volcanic margin was presented by [START_REF] Gladczenko | Namibia volcanic margin[END_REF] and [START_REF] Jungslager | Petroleum habitats of the Atlantic margin of South Africa[END_REF], and more recently by Koopmann et al. (2014). The margin is transected by several E-W oriented fracture zones (FZ, Fig. 6.5) which, similarly to what is observed on the Argentinean shelf, affect the COT and the outer continental crust domain. The formation of FZ is a process interpreted to be deeply related to breakup in volcanic segmented margins and SDR emplacement.

The distribution of SDRs, however, is not the same along the margin. Similarly to what is observed on the conjugate Argentinean margin, the southernmost segment of the African Atlantic margin, between the AMFZ and the Cape FZ seems to be lacking SDRs (Koopmann et al., 2014b), this segment is referred to as the Cape basin. The southernmost segment corresponds to the Outeniqua basin developed on continental crust, but the crustal structure of the COT remains poorly constrained. To the north, the different FZ segmenting the margin present a dextral component. The oldest magnetic anomalies (M9 to M7, according to Koopmann et al., 2014) were determined in the southernmost segment with SDRs (just north of the Cape FZ) and disappear to the north, illustrating diachronism in the South Atlantic opening as it was demonstrated in the Pelotas basin by [START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF].

To the north of the Orange basin, two other basins are described on the Namibian margin south of the Walvis Ridge, these are the Luderitz and Walvis basins (Fig. 6.5), which are also characterized by faults largely oriented parallel to the COT and to the present-day coastline [START_REF] Clemson | Structural segmentation and the influence of basement structure on the Namibian passive margin[END_REF]. These basins are also interpreted to be of Neocomian age and conjugate with the Pelotas basin (see [START_REF] Cartwright | Conjugate margins of the South Atlantic: Namibia-Pelotas[END_REF]. A thick pre-rift unit is interpreted on seismic data and correlated with Karoo-age sediments of the Namib rift and volcanics of the Etendeka Group [START_REF] Clemson | The Namib Rift: a rift system of possible Karoo age, offshore Namibia[END_REF]. The Etendeka basalts are equivalent to the Serra Geral basalts (onshore South America) and form part of the Paraná-Etendeka LIP [START_REF] Milner | Trans-Atlantic correlation of eruptive sequences and individual silicic volcanic units within the Paran??-Etendeka igneous province[END_REF]. A 132 Ma age, close to the Valanginian-Hauterivian boundary, was produced by [START_REF] Renne | Age of Etendeka flood volcanism and associated intrusions in southwestern Africa[END_REF].

MESOZOIC RIFTING IN SW GONDWANA

Mesozoic was an era of continental dispersion following the amalgamation of Pangea, which ended in the Permian with the collision of Patagonia against the southwestern margin of Gondwana. In this section we present, in a set of four paleo-tectonic maps, the rifting evolution of the different Mesozoic basins of SW Gondwana (Figs. 6.7 to 6.10). Besides the Early Cretaceous South Atlantic breakup, we intend to illustrate the different rifting stages that occurred since the Early Mesozoic. We refer to Frizon De Lamotte et al. ( 2015) for a review of the initial Pangea breakup and the Late Paleozoic rifting which remains out of the scope of this study.

Triassic-Early Jurassic Rifting

In this first stage we have put together all rifting taking place throughout the Triassic Because of changes in subduction dynamics, the SW margin of Gondwana experienced different stages of extension throughout the Mesozoic. Following a period of flat slab subduction that lasted between the Late Carboniferous and the Early Permian [START_REF] Ramos | Andean flat-slab subduction through time[END_REF], slab steepening and possibly slab detachment produced the rhyolitic flare of the Choiyoi Magmatic Province, widely distributed in Central Chile and Argentina [START_REF] Llambias | The Choiyoi Group from central Argentina: a subalkaline transitional to alkaline association in the craton adjacent to the active margin of the Gondwana continent[END_REF]. Subduction was probably continuous since the Triassic. In central Chile, the volcanic arc was established since the Early-Middle Triassic in the Domeyko Range (Fig. 6.7), and migrated to the west (towards the trench) to the Coastal Cordillera in the Early Jurassic [START_REF] Oliveros | The Early Stages of the Magmatic Arc in the Southern Central Andes[END_REF]Fig. 6.8). In northern Chile, the Triassic arc is present in the Coastal Cordillera [START_REF] Maksaev | Timing of the magmatism of the paleo-Pacific border of Gondwana: U-Pb geochronology of Late Paleozoic to Early Mesozoic igneous rocks of the north Chilean Andes between 20° and 31°[END_REF]. The presence of a Triassic arc and its trench-ward migration until the Early Jurassic was also observed in the Antarctic Peninsula (Fig. 6.7) by [START_REF] Storey | Role of subductionplate boundary forces during the initial stages of Gondwana break-up: evidence from the proto-Pacific margin of Antarctica, in: Magmatism and the Causes of Continental Breakup[END_REF], who linked these observations to a steepening of the subducting plate and highlighted the importance of subduction-plate boundary forces in the initial stages of Gondwana breakup.

A series of extensional basins developed in the retroarc, product of slab-steepening. The Bermejo and the Cuyo basins in western Argentina have been related to the evolution of the Gondwanide active margin [START_REF] Zerfass | Tectonics and sedimentation in Southern South America during Triassic[END_REF]. U-Pb zircon ages for the Cuyo basin and indicate several pulses of rifting throughout the Middle Triassic [START_REF] Spalletti | Dating the Triassic continental rift in the southern Andes : the Potrerillos Formation, Cuyo Basin, Argentina[END_REF][START_REF] Barredo | Tectono-sequence stratigraphy and U-Pb zircon ages of the Rincón Blanco Depocenter, northern Cuyo Rift, Argentina[END_REF]). An Early Triassic age is suggested for rift initiation in the Bemejo basin [START_REF] Stipanicic | Cuenca Triasica de Ischigualasto-Villa Unión (Provincias de La Rioja y San Juan)[END_REF]. Recent U-Pb zircon ages from tuffs interbedded in the late synrift units (sensu [START_REF] Milana | Modelo tectosedimentario de la cuenca triásica de Ischigualasto (San Juan, Argentina)[END_REF] indicate Middle to Late Triassic ages of 236-234 Ma [START_REF] Marsicano | The precise temporal calibration of dinosaur origins[END_REF]. The location and the orientation of these basins is a consequence of crustal heterogeneities as they were emplaced in the hanging wall of the sutures between Paleozoic terranes [START_REF] Ramos | Triassic rifting and associated basalts in the Cuyo basin, central Argentina 79-92[END_REF]. Triassic depocenters develop as well in central and northern Chile (see [START_REF] Mpodozis | Tectónica Jurásica en Argentina y Chile: Extensión, subducción oblicua, rifting, deriva y colisiones?[END_REF]and Espinoza et al., 2018) In Patagonia, the Central Patagonia Batholith [START_REF] Rapela | El Batolito de la Patagonia Central: Evidencias de un magmatismo Triásico-Jurásico asociado a fallas transcurrentes[END_REF], and the Chonos Metamorphic Complex of Late Triassic-Early Jurassic age [START_REF] Hervé | Late Triassic detrital zircons in meta-turbidites of the Chonos Metamorphic Complex, southern Chile[END_REF][START_REF] Willner | Mineral Chemistry and Pressure -Temperature Evolution of Two Contrasting High-pressure -Low-temperature Belts in the Chonos Archipielago[END_REF] were associated with active subduction along this segment (Fig. 6.1; [START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF][START_REF] Zaffarana | The Late Triassic Central Patagonian Batholith: Magma hybridization , 40Ar/39Ar ages and thermobarometry[END_REF]. However, [START_REF] Kay | Late Paleozoic tectonics in Southern South America: a global perspective[END_REF] interpreted the Central Patagonian Batholith as extension-related, and there is still debate on the batholith arc nature. Further east, in the Deseado massif, the Mid-Late Triassic El Tranquilo basin was a NNW-oriented rift filled with fossil-rich continental deposits interbedded with volcanic rocks [START_REF] Haller | La Cuenca Triásica de El Tranquilo[END_REF]. The El Tranquilo basin probably developed as a late stage of the Permian extension recorded in the Deseado massif by the La Golondrina rifting [START_REF] Homovc | Hydrocarbon exploration potential within intraplate shearrelated depocenters: Deseado and San Julián basins, southern Argentina[END_REF]. Offshore, the San Julián and Malvinas basins might record a similar stratigraphy. Depocenters of both basins remain unexplored.

Moving to the intracratonic area, [START_REF] Zerfass | Tectonic control of the Triassic Santa Maria supersequence of the Paraná Basin, southernmost Brazil, and its correlation to the Waterberg Basin, Namibia[END_REF] proposed the correlation of the Triassic Santa Maria with the Waterberg and Mid-Zambezi Karoo I basins in Africa. [START_REF] Guillocheau | Les rifts Karoo en Afrique: Leur signification à l'échelle du Gondwana et de la subduction de la Panthalassa[END_REF] extended this correlation for other basins in Eastern Africa, India and Australia. There seems to be a relationship between these Karoo I depocenters and the rifting and successive breakup in the Central Atlantic between NW Africa and eastern North America, both because of the geometrical sub-parallel relationship and the synchronicity (see Fig. 6.1).

Following the end-of-compression in the Cape fold belt in the Early Triassic, negative inversion of the compressive structures has been identified in Africa by De Wit and Ransome (1992) both onshore on the Cape fold belt itself, and towards the south, in the Outeniqua basin.

The chronology of this extensional reactivation is poorly constrained. Offshore in Outeniqua, the oldest datable marine sediments are of Late Jurassic age, but onshore the sedimentary infill indicates more proximal environments, the Enon Fm. conglomerates of largely Late Triassic-Jurassic age [START_REF] Dingle | Mesozoic Paleogeography of the Southern Cape, South Africa[END_REF]. Reactivation took place probably in several pulses (Fig. 6.6).

Extensional reactivation of previously compressive structures has been identified offshore Argentina, in the Colorado basin, by [START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF] and [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF] and below the Orange basin by [START_REF] Paton | The missing piece of the South Atlantic jigsaw -when continental break-up ignores crustal heterogeneity[END_REF].

In the Neuquén basin, Late Triassic to Early Jurassic rifting is recorded by the Precuyano cycle. Depocenters filling seems diachronous, older in the north, becoming younger towards the south (Fig. 6.4;[START_REF] D'elia | Early evolution of the southern margin of the Neuquén Basin, Argentina: Tectono-stratigraphic implications for rift evolution and exploration of hydrocarbon plays[END_REF]. In the southern Neuquén basin extension reactivates E-W-oriented Late Paleozoic structures (Fig. 6.7), associated with the Patagonia collision, in the Huincul ridge area [START_REF] Mosquera | Intraplate deformation in the Neuquén Embayment[END_REF]. This Late Triassic-Early Jurassic rifting event was correlated with the extensional reactivation of the offshore extension of the Ventania-Cape fold belt in the Colorado basin by [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF]. 2018), Central Patagonian Batholith (CPB, age after [START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF]. Volcanic arc in the Antarctic Peninsula after [START_REF] Storey | Role of subductionplate boundary forces during the initial stages of Gondwana break-up: evidence from the proto-Pacific margin of Antarctica, in: Magmatism and the Causes of Continental Breakup[END_REF] Basins develop in a backarc: Cuyo (Cu), Bermejo (Be), faults after [START_REF] Uliana | Inversion structures and hydrocarbon occurence in Argentina[END_REF]; or intracratonic setting: Santa Maria (SM), Waterberg (Wa), Zambezi (Za), after [START_REF] Zerfass | Tectonics and sedimentation in Southern South America during Triassic[END_REF], San Julián (SJ, after Micucci et al., 2011a). Late Triassic-Early Jurassic basins: Neuquén (Nq, Precuyano cycle, faults after [START_REF] Bechis | Transtensional tectonics induced by oblique reactivation of previous lithospheric anisotropies during the Late Triassic to Early Jurassic rifting in the Neuquén basin: Insights from analog models[END_REF], Deseado (De) and Malvinas (Ma) basins after [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF]. The previously compressive faults of the Ventania (VS) -Cape Permian-Early Triassic fold and thrust belt (FTB, in blue) have been extensionally reactivated in the Colorado (Col) and Cape (Cap) area [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF][START_REF] Mosquera | La estructura de la Dorsal de Huincul[END_REF][START_REF] Mosquera | Intraplate deformation in the Neuquén Embayment[END_REF][START_REF] Paton | Influence of crustal heterogeneity on normal fault dimensions and evolution : southern South Africa extensional system[END_REF]. MKB: Main Karoo basin. Tectonic blocks: South America (Sam), Patagonia (Pat), Africa (Af), Maurice Ewing Bank (MEB), Eastern Antarctica (EA), Ellsworth-Whitmore Mountains (EWM), Antarctic Peninsula (AP), Thurston Island-Eights Coast (THU). 1, 2 and 3 are different groups of basins referred in the text.

Early -Middle Jurassic Rifting

In the second stage represented in figure 6.8, we put together two key events: the Karoo II rifting (sensu Frizon De [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF], consequence of the impact of the Karoo mantle plume in East Africa, and the effect of the Chon Aike magmatic province in the SW Gondwana margin retroarc (sensu [START_REF] Pankhurst | The Chon Aike province of Patagonia and related rocks in West Antarctica: a silicic large igneous province[END_REF].

We have mapped the maximum extension of the Karoo volcanics (Fig. 6.8) and obtained a diameter of influence of the mantle plume of about 2,000 km, consistent with suggestions of [START_REF] White | Magmatism at rift zones: The generation of volcanic continental margins and flood basalts[END_REF]. According to Frizon De Lamotte et al. ( 2015), various evidences such as regional doming and volcanism preceding rifting, are evidence of an active rifting process, with plume impingement being the triggering mechanism for the Karoo II event. The presence of a potential triple junction in East Africa (Fig. 6.8) has increased the debate. [START_REF] Jourdan | The Karoo triple junction questioned : evidence from Jurassic and Proterozoic 40 Ar / 39 Ar ages and geochemistry of the giant Okavango dyke swarm ( Botswana )[END_REF] suggests that the Jurassic Karoo igneous dykes were emplaced along reactivated Proterozoic mobile belts between cratons, and thus the variety of dykes' orientations would not be due to a triple junction, but conditioned by the basement fabric. Anyhow, the Limpopo area remains the geographic center of volcanic activity and ENE seems to be the predominant orientation of rifts. Some authors relate the Karoo rifting to subduction process, a rifting that would have been accentuated, but not triggered by the Karoo plume [START_REF] Storey | Role of subductionplate boundary forces during the initial stages of Gondwana break-up: evidence from the proto-Pacific margin of Antarctica, in: Magmatism and the Causes of Continental Breakup[END_REF].

In the Mozambique basin area (Fig. 6.8), rifting evolved and succeeded throughout the Early -Middle Jurassic, with SDR emplacement in the Bathonian and normal oceanic crust accretion since the Callovian [START_REF] Mueller | Geophysical evidence for the crustal variation and distribution of magmatism along the central coast of Mozambique[END_REF].

On the southwestern margin of Gondwana, a new phase of extension is recorded in the Neuquén basin during the Early Jurassic: the Cuyano cycle. This extension is associated with larger depocenters formed by reactivation of some Precuyano structures [START_REF] Vergani | Tectonic Evolution and Paleogeography of the Neuquén Basin, Argentina. Pet. basins South Am[END_REF].

The Neuquén basin and the Chubut basin, further south, developed behind the same Early Jurassic magmatic arc, represented by the Subcordilleran Batholith (Fig. 6.8).

Huge magmatic volumes where extruded during the Early to Middle Jurassic in Patagonia and form the Chon Aike magmatic province (Fig. 6. 8;[START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF]. For the Early Jurassic, acidic volcanism is coeval with arc volcanism in the Subcordilleran Batholith [START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF], which is emplaced westward from the Triassic Central Patagonian Batholith (see Fig. 6.7). This implies arc migration towards the paleo-pacific trench, which is consistent with slab retreat [START_REF] Mpodozis | Tectónica Jurásica en Argentina y Chile: Extensión, subducción oblicua, rifting, deriva y colisiones?[END_REF]. [START_REF] Suárez | A Toarcian retro-arc basin of Central Patagonia (Chubut), Argentina: Middle Jurassic closure, arc migration and tectonic setting[END_REF] Slab retreat is also coherent with the extensional regime in the retroarc observed in other extensional basins of this age that developed further south. If we interpret the orientation of the mafic dykes in the Malvinas (Falkland) Islands as indicators of stress orientation (sigma 3) for the Early Jurassic. We observe a diachronism between these structures and the Middle Jurassic synrift infill, dated in the Austral (Magallanes) basin [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF].

Thermochronological data from the Malvinas (Falkland) islands [START_REF] Thomson | Thermal and tectonic evolution of the Falkland Islands: Implications for hydrocarbon exploration in the adjacent offshore region[END_REF] indicate exhumation in the Early-Middle Jurassic, consistent with shoulder uplift, respect to the Malvinas basin. Further west, in the Austral (Magallanes) basin, [START_REF] Malkowski | Unzipping the Patagonian Andes -Longlived influence of rifting history on foreland basin evolution 1-7[END_REF] highlight diachronism of rifting initiation and bimodal volcanism towards the northwest, as well as diachronism of oceanic crust accretion in the Late Jurassic for the Rocas Verdes back-arc basin, which also becomes younger towards the north (see Fig. 6.9).

Figure 6.8: Paleo-tectonic reconstruction of SW Gondwana in the Early-Mid Jurassic. Gondwana fit after [START_REF] Dalziel | The Scotia Arc: Genesis, Evolution, Global Significance[END_REF]. Eastern Africa and Eastern Antarctica are impacted by the Karoo mantle plume (purple), coeval with the Ferrar LIP (red) and Chon Aike LIP (pink, [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF]. Karoo rifts: Kalahari (Ka), Botswana (Bo), Limpopo (Li), Lebombo (Le), Stormberg (Sto), Mozambique (MOZB), ages from [START_REF] Jourdan | Karoo large igneous province: Brevity , origin , and relation to mass extinction questioned by new 40Ar/39Ar age data[END_REF], and [START_REF] Mueller | Geophysical evidence for the crustal variation and distribution of magmatism along the central coast of Mozambique[END_REF]. In South America, this is a period of intense rifting in the Colorado (Col), Salado (Sal) and Neuquén basins (Nq, Cuyano cycle). Also in the Cañadón Asfalto (CA) and San Jorge (SJ) basins. The Liassic Chubut basin (Ch) is a back-arc basin for the arcrelated Subcordilleran Batholith (SB, age after [START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF]. Dikes of this age reported in the Malvinas islands (MI; [START_REF] Ramos | The Malvinas (Falkland) Islands revisited: The tectonic evolution of southern Gondwana based on U-Pb and Lu-Hf detrital zircon isotopes in the Paleozoic cover[END_REF]. The Tobífera Series in the Malvinas (Ma) and Austral (Au) basins also developed at this time [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF][START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF].

For the Antarctic Peninsula, [START_REF] Storey | Role of subductionplate boundary forces during the initial stages of Gondwana break-up: evidence from the proto-Pacific margin of Antarctica, in: Magmatism and the Causes of Continental Breakup[END_REF] observe a westward migration of the Jurassic arc compared to the Triassic arc (see Fig. 6.7 and 6.8 for comparison) and development of back-arc extension and magmatism. The Early Jurassic magmatism in the Antarctic Figure 6.9 (previous page): Paleo-tectonic reconstruction of SW Gondwana in the Late Jurassic. Gondwana fit after [START_REF] König | The Mesozoic breakup of the Weddell Sea[END_REF]. The Mozambique channel opens as Antarctica moves south. Wrenching along the South America-Antarctica limit ends with seafloor spreading and the origin of the Weddell sea. Mozambique ridge (MOZR) age after [START_REF] Mueller | Geophysical evidence for the crustal variation and distribution of magmatism along the central coast of Mozambique[END_REF]. The Rocas Verdes (RV) back-arc basin develops to the west of the Austral basin. Schematic Patagonian Batholith (OB) after [START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF]. Oceanic crust ages after [START_REF] Mukasa | Southernmost Andes and South Georgia Island, North Scotia Ridge : Zircon U-Pb and muscovite 40Ar / 39Ar age constraints on tectonic evolution of Southwestern Gondwanaland[END_REF] and [START_REF] Stern | Age and petrogenesis of the Sarmiento ophiolite complex of southern Chile[END_REF]. Oblique rifting produced the formation of the Rawson/Valdés (Ra/Va) and Outeniqua (Ou) basins in the core of the Late Paleozoic Gondwanides orogen. Wrenching along the future Agulhas-Malvinas fracture zone (AMFZ) will release South America from Africa and produce the breakup along the Neoproterozoic orogenic belt.

On the Pacific margin, arc migration to the west continued in central Patagonia, with the establishment of the Andean Patagonian batholith in the Late Jurassic (Fig. 6.9). It involves westerly migration and clockwise rotation of the arc, suggesting differential rollback of the subducted slab [START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF].

Rifting associated with opening of the Rocas Verdes back-arc basin in the Late Jurassic is represented by bi-modal magmatism, and the successive onset of oceanic crust accretion [START_REF] Calderon | Tectonic Evolution of Paleozoic and Mesozoic Andean Metamorphic Complexes and the Rocas Verdes Ophiolites in Southern Patagonia[END_REF]. The Rocas Verdes was probably a N-S elongated basin (possibly not originally curved, see [START_REF] Vérard | Geodynamic reconstructions of the South America-Antarctica plate system[END_REF]. The marine connection between this back-arc basin and the Weddell Sea seems possible, however, tectonically these basins are related to two independent mechanisms. Opposite to [START_REF] Diraison | Cenozoic crustal thickening , wrenching and rifting in the foothills of the southernmost Andes[END_REF], who suggested a connection of the mid-oceanic ridges of the Rocas Verdes basin and the Weddell Sea via a system of transform faults, we favor a solution as the one proposed by [START_REF] Vérard | Geodynamic reconstructions of the South America-Antarctica plate system[END_REF], by having two independent oceanic basins: the Rocas Verdes back-arc basin produced by negative roll-over of the subducting plate, and the Weddell Sea generated by normal oceanic accretion on both sides of an active oceanic ridge. However, we disagree with some aspects of the reconstructions presented by [START_REF] Vérard | Geodynamic reconstructions of the South America-Antarctica plate system[END_REF], especially regarding the N-S extent of the Rocas Verdes backarc basin, the amount of extension (final width) and shape (they favor a N-S elongated backarc basin all along the margin). Rocas Verdes was an asymmetric basin, where rifting started earlier in the south [START_REF] Malkowski | Unzipping the Patagonian Andes -Longlived influence of rifting history on foreland basin evolution 1-7[END_REF], thus producing more cumulative extension than in the north, generating an asymmetric, triangular shaped basin (also consistent with clock-wise rotation of the arc). The northernmost obducted oceanic crust outcrops south of 51°S (Sarmiento Complex), suggesting that the back-arc basin could not have reached the 48°S latitude (Fig. 6.3 and 6.9). The impact of the Patagonian orocline in curving the remnants of the Rocas Verdes basin in the south, plays an important role and remains a matter of discussion out of the scope of this study [START_REF] Ghiglione | Have the southernmost Andes been curved since Late Cretaceous time? An analog test for the Patagonian Orocline[END_REF][START_REF] Torres Carbonell | Tectonic models for the Patagonian orogenic curve (southernmost Andes): An appraisal based on analog experiments from the Fuegian thrustfold belt[END_REF]. In our reconstruction (Fig. 6.9) we present the Patagonian orocline and the Fuegian Andes in their present-day position.

In Africa, Late Jurassic marine sediments are recorded in the Outeniqua basin. In a paleo-tectonic perspective (Fig. 6.9), regardless the continental fit used, fault orientation in the Outeniqua and in the Rawson/Valdés basins in South America seem rather parallel, consistent with largely present-day N-S extension for Africa (ENE extension for present-day South America). As suggested by [START_REF] Continanzia | Cuencas de Rawson y Valdés: Síntesis del conocimiento exploratorio -Visión Actual[END_REF], we associate both basins with a single oblique rifting event initiated in the Late Jurassic. The extensional faults observed around the Maurice Ewing Bank (MEB in Fig. 6.9), and the faults associated with the Malvinas (Falkland)

Plateau possibly belong to the same rifting event.

Early Cretaceous

The main tectonic event taking place in the Early Cretaceous is the opening of the South Atlantic Ocean, related to E-W extension between Africa and South America. This process has been interpreted to be diachronous, initiating in the south and progressively propagating northwards [START_REF] Nürnberg | Cefalopodos y bivalvos Titonianos y Hauterivianos de la Formación Lago La Plata, Chubut[END_REF]. The southern South Atlantic is a volcanic (or magmarich) margin. These margins are characterized by the presence of SDRs on the continentaloceanic transition domain (COT), an area where normal continental crust passes to oceanic crust, with a gradient in crustal thickness and composition. Volcanic margins have been related to high extension rates [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF]. The northwards migration of rifting and ocean spreading took place in segments. Both conjugate margins, South American and African, present a strong segmentation. The structures limiting the different segments are fracture zones (FZ), which have been interpreted to be active at least since SDR emplacement [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF][START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF]. For reference on the segmentation of the South Atlantic margin, we refer to [START_REF] Clemson | Structural segmentation and the influence of basement structure on the Namibian passive margin[END_REF], [START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF], and [START_REF] Blaich | Crustal-scale architecture and segmentation of the Argentine margin and its conjugate off South Africa[END_REF]. Several models have been published regarding the origin of SDR and possible mechanisms of emplacement (Hinz, 1981;[START_REF] Planke | Seismic volcanostratigraphy of large-volume basaltic extrusive complexes on rifted margins[END_REF][START_REF] Talwani | Inferences regarding initiation of oceanic crust formation from the U.S. east coast margin and conjugate South Atlantic margins[END_REF][START_REF] Pindell | Rapid outer marginal collapse at the rift to drift transition of passive margin evolution, with a Gulf of Mexico case study[END_REF][START_REF] Quirk | A mechanism for construction of volcanic rifted margins during continental breakup[END_REF][START_REF] Paton | Evolution of seaward-dipping reflectors at the onset of oceanic crust formation at volcanic passive margins : Insights from the South Atlantic[END_REF][START_REF] Clerc | Rifted margins: Ductile deformation , boudinage , continentward-dipping normal faults and the role of the weak lower crust[END_REF]; among others) and remain out of the scope of this study. We intend to characterize however the architecture of the margin to better understand the rifting evolution.

It is interesting to note the apparent absence of SDR in the southernmost segment of the southern South Atlantic, where the Argentina and Cape basins develop, an area bracketed between the Agulhas-Malvinas (Falkland) FZ and the Colorado-Cape FZ (Fig. 6.3 and 6.5). For the South American margin, the lack of SDRs in the southernmost segment had been interpreted, considering the influence of the Agulhas-Malvinas FZ, as part of a transform margin offshore Argentina [START_REF] Becker | The crustal structure of the southern Argentine margin[END_REF]. Another characteristic to analyze is the difference in length (N-S) of the magma-poor segment on both sides of the South Atlantic (see Fig. 6.10): 380 km north of the AMFZ offshore South America [START_REF] Franke | Birth of a volcanic margin off Argentina, South Atlantic[END_REF] and approximately 460 km between the AMFZ and the first occurrence of SDRs offshore South Africa. This difference was interpreted by Koopmann et al. (2014) as a product of a pre-breakup extensional regime. Following [START_REF] Heine | Kinematics of the South Atlantic rift[END_REF], they suggest that extension started initiated in the Late Jurassic, with N-S extension that produced the Outeniqua and Rawson and successively turned clockwise towards an E-W direction. 2011), Antarctica blocks after [START_REF] König | The Mesozoic breakup of the Weddell Sea[END_REF]. Antarctica continues to drift south. Wrenching along the AMFZ allows the opening of the South Atlantic Ocean. The southernmost segment lacking SDRs, probably due to lower velocities. Southwards, the North Malvinas graben is an extension of the Atlantic rift [START_REF] Becker | The crustal structure of the southern Argentine margin[END_REF]. Faults after [START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF]. Dykes in the Malvinas Islands indicate an Early Cretaceous age (see [START_REF] Ramos | The Malvinas (Falkland) Islands revisited: The tectonic evolution of southern Gondwana based on U-Pb and Lu-Hf detrital zircon isotopes in the Paleozoic cover[END_REF]. Extension is recorded on both margins in a narrow rift on both sides of the present-day COTs. SDRs develop on the other segments norths of Rawson. South American basins: Punta del Este (PDE); Santa Lucía (SL), Pelotas (Pel). African basins: Outeniqua (Ou), Orange (Or, age from biostratigraphy in the Kudu well, [START_REF] Erlank | Preliminary note on the geochemistry of basalt samples from the Kudu boreholes[END_REF], Luderitz (Lu) and Walvis (Wa). Ancient basement structures are extensionally reactivated producing the Macachín (Mac), Sierras Chicas (SCh, ages from [START_REF] Lagorio | Early Cretaceous alkaline volcanism of the Sierra Chica de Córdoba (Argentina): Mineralogy, geochemistry and petrogenesis[END_REF], Las Salinas (LS) and Beazley basins of San Luis, Metán-Alemanía (MA) and Lomas de Olmedo basins (LDO, age after [START_REF] Galliski | The Cretaceous paleorift in northwestern Argentina : A petrologic approach[END_REF]. The Paraná-Etendeka LIP extrudes during this period [START_REF] Pinto | Zircon U-Pb geochronology from the Paraná bimodal volcanic province support a brief eruptive cycle at ~135Ma[END_REF]. Structures and depocenters after [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF][START_REF] Ramos | Geología y Recursos Naturales de la Plataforma Continental Argentina[END_REF][START_REF] Gladczenko | South Atlantic volcanic margins[END_REF][START_REF] Jungslager | Petroleum habitats of the Atlantic margin of South Africa[END_REF][START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF][START_REF] Starck | Cuenca Cretácica-Paleógena del Noroeste Argentino[END_REF][START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF][START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF]Koopmann et al., 2014;[START_REF] Figari | Estratigrafía y evolución geológica de la Cuenca de Cañadón Asfalto , provincia del Chubut[END_REF][START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF]and Lovecchio et al. (2018).

E-W oriented rifting might have started in the Berriasian-Valanginian (undetermined as the southernmost segments remains underexplored and the magnetic anomalies mapping available at the time of preparation of this work do not include much detail). Breakup (first oceanic crust) initiated in the south possibly in the Valanginian. The unconformity between synrift I and II in the Outeniqua basin is dated mid-Valanginian and is related to strike-slip movement along the Agulhas-Malvinas (Falkland) FZ due to E-W extension. Breakup progressively advanced north [START_REF] Nürnberg | Cefalopodos y bivalvos Titonianos y Hauterivianos de la Formación Lago La Plata, Chubut[END_REF]. Plate kinematic models indicate a top Hauterivian age for the initiation of normal oceanic crust accretion at the Colorado/South

Orange segment, and Aptian in the northern Pelotas/Walvis segment [START_REF] Heine | Kinematics of the South Atlantic rift[END_REF].

Rifting and successive breakup were thus diachronous from source to north and evolved in segments bounded by fracture zones that accommodated the relative displacement.

Onshore Argentina, a series of aligned Cretaceous basins developed on the western edge of the Rio de la Plata craton (Macachín, General Levalle, Sierras Chicas, etc.) and another trend to the west of that one (Las Salinas, Beazley, etc.; [START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF]. The Santa Lucia basin develops within the Rio de la Plata craton, possibly associated with strike-slip as suggested by [START_REF] Veroslavsky | Geologia da Bacia de Santa Lucia -Uruguai[END_REF]. In the San Jorge Gulf basin, a Neocomian phase of extension is responsible for a series of depocenters across the basin and extending to the west into the Rio Senguerr, Rio Mayo, and Rio Guenguel sub-basins [START_REF] Iannizzotto | Control tectónico de las secuencias volcaniclásticas neocomianas y paleogeografía en la zona del Lago La Plata (45°S). Sector interno de la faja plegada y corrida de los lagos La Plata y Fontana[END_REF][START_REF] Mpodozis | Tectónica Jurásica en Argentina y Chile: Extensión, subducción oblicua, rifting, deriva y colisiones?[END_REF]. In northern Argentina, the three-branched NW Argentina basin opened at this stage, with the N-S oriented Metán/Alemanía and Tres Cruces sub-basins, and the E-W directed Lomas de Olmedo sub-basin.

Discussion

We have shown in our reconstructions a model that explains the occurrence and timing of Mesozoic rifting in SW Gondwana. Basement structural inheritance played a key role in conditioning faults and depocenters emplacement across the Mesozoic. In the Triassic, for instance, the Cuyo basin developed on a the hanging wall of an extensionally reactivated suture between terranes accreted to the SW margin of Gondwana during the Paleozoic [START_REF] Ramos | Triassic rifting and associated basalts in the Cuyo basin, central Argentina 79-92[END_REF]. In the Cretaceous, a series of N-S oriented basins developed along the boundary of the Río de la Plata craton and the Pampia cratonic block (Macachín, General Levalle, Sierras Chicas, etc.).

Regarding the mechanisms triggering rifting, we follow the rationale of Frizon De [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF]. Besides the active rifting process produced by plume inception [START_REF] Dewey | Hot Spots and Continental Break-up : Implications for Collisional Orogeny[END_REF], recent studies suggest that in some cases rifting precedes volcanism [START_REF] Buiter | A review of Wilson Cycle plate margins: A role for mantle plumes in continental break-up along sutures?[END_REF] and subduction-related slab rollback instability is presumed to be a major trigger of continent dispersal [START_REF] Bercovici | Slab rollback instability and supercontinent dispersal 1-8[END_REF]. We have highlighted this effect since the Triassic for SW Gondwana (Cuyo, Bermejo, Neuquén basins). In addition, [START_REF] Riel | Permian-Triassic Tethyan realm reorganization: Implications for the outward Pangea margin[END_REF] suggest a counter-clockwise rotation of Pangea between 260 and 230 Ma as the cause for initiation of extension in the SW Gondwana margin. On the other hand, the presence of intracratonic rifts associated with the Karoo I event in central Gondwana (Santa Maria, Waterberg, etc.) could be related to far-field stresses associated with the Central Atlantic rifting.

The Early Jurassic Karoo event (Karoo II) is an exception. Regional doming and volcanic activity prior to rifting confirm an active rifting mechanism [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF], that triggered the opening of the Mozambique channel and the breakup of Eastern from Western Gondwana. We associate the Karoo II event with the formation of the Colorado and Salado basins, offshore Argentina. Even if these basins surround the area of influence of the plume-related volcanic activity, in their paleo-tectonic position (Fig. 6.8) they are aligned with other Karoo II depocenters in Africa and could then be coeval with the Cuyo Group rifting in the Neuquén basin [START_REF] Vergani | Tectonic Evolution and Paleogeography of the Neuquén Basin, Argentina. Pet. basins South Am[END_REF].

Out of the area of influence of the Karoo plume, towards the SW Gondwana margin, the Chon Aike magmatic province, one of the silicic igneous provinces known, played a major role, as it is intrinsically related to diachronic extension in Patagonia, the Antarctic Peninsula and other Antarctic territories [START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF]. [START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF] propose the development of the Subcordilleran Batholith volcanic arc, coeval with the Chon Aike LIP, emplaced under crustal extension. The southwestward clockwise migration of the arc between the Late Triassic Central Patagonian Batholith and the Early Jurassic Subcordilleran Batholith has been associated with differential slab rollback [START_REF] Echaurren | Early Andean tectonomagmatic stages in North Patagonia: Insights from field and geochemical data[END_REF]. Extension related to the Chon Aike LIP has been linked to the formation of the Cañadón Asfalto, Malvinas and Austral basins [START_REF] Uliana | Significado del vulcanimso y extensión Mesojurasicos en el extremo meridional de Sudamérica[END_REF], to which we add, following [START_REF] Ramos | The Malvinas (Falkland) Islands revisited: The tectonic evolution of southern Gondwana based on U-Pb and Lu-Hf detrital zircon isotopes in the Paleozoic cover[END_REF], the South Rift of the North Malvinas (Falkland) basin.

Rifting in the Mozambique basin since the Early-Mid Jurassic (Karoo II rifting), and the successive opening of the Mozambique channel, could not have been accomplished without lateral slip along the proto-Weddell fracture zone that mechanically released Eastern from Western Gondwana (as suggested by [START_REF] König | The Mesozoic breakup of the Weddell Sea[END_REF]. The separation between both semi-continents of Gondwana was a no-turning-back-point in the Gondwana dispersal process.

Moreover, it allowed the acceleration of retro-arc extension on Western Gondwana, with the progressive formation of the Malvinas and Austral basins in the Middle Jurassic, a process that culminated in the Late Jurassic with the opening of the Rocas Verdes back-arc basin. Slab steepening was suggested by [START_REF] Mpodozis | Tectónica Jurásica en Argentina y Chile: Extensión, subducción oblicua, rifting, deriva y colisiones?[END_REF] and [START_REF] Echaurren | Early Andean tectonomagmatic stages in North Patagonia: Insights from field and geochemical data[END_REF] as the triggering mechanism of retroarc extension in the Late Jurassic. Moreover, we relate this extension to rifting in the Outeniqua and Rawson Valdés basins, a rifting that is presumed to have been oblique to the future South Atlantic COB, but that seems rather parallel to the paleotectonic orientation of the northern Rocas Verdes basin (Fig. 6.9). The area affected by the Outeniqua-Rawson/Valdés rifting is presumably the core of the Gondwanides orogen (Fig. 6.2), an area subjected to compression in the Late Paleozoic collision of Patagonia but that remains poorly studied. A good analog to better understand the Rawson/Valdés -Outeniqua segment could be the Gulf of Aden [START_REF] Leroy | From rifting to oceanic spreading in the Gulf of Aden: A synthesis[END_REF][START_REF] Leroy | Contrasted styles of rifting in the eastern Gulf of Aden: A combined wide-angle, multichannel seismic, and heat flow survey[END_REF][START_REF] Mohriak | Architecture of rifted continental margins and break-up evolution: insights from the South Atlantic, North Atlantic and Red Sea-Gulf of Aden conjugate margins[END_REF]. Both settings seem to be related with oblique rifting and evolve through a lateral third branch at almost 90° (the South Atlantic Ocean, and the Red Sea respectively). There is a difference, however, regarding the rift-to-drift transition. In the case of the Gulf of Aden, the system evolved to an oceanic basin as the stress regime remained oblique to the structural grain. In the case of the South Atlantic, the oblique rifting was aborted, as the stress regime presumably changed from N-S to almost E-W in a short period of time [START_REF] Heine | Kinematics of the South Atlantic rift[END_REF]. The Agulhas-Malvinas (Falkland) lineation evolved, under the new stress regime, as a dextral shear zone at least since the Valanginian [START_REF] Baby | Uplift history of a transform continental margin revealed by the stratigraphic record : The case of the Agulhas transform margin along the Southern African Plateau[END_REF]. The Agulhas-Malvinas FZ could be another case of structural inheritance, as it could be related to the subduction zone between the Deseado Massif and Northern Patagonia [START_REF] Pankhurst | Gondwanide continental collision and the origin of Patagonia[END_REF]. Although there are differences regarding plume impingement in the Afar, in our understanding the Afar triple junction could work as a good analog for the early evolution of the AMFZ/South Atlantic 'elbow', originating the Argentina and Cape basins. As it has recently been suggested from numerical modeling, oblique rifting seems to facilitate continental breakup, as it requires less force to reach the plastic yield limit as compared to rift-perpendicular extension (Brune et al., 2012a). In our study case, we propose that a first phase of oblique rifting in the Rawson/Valdés -Outeniqua segment, might have been effective in thinning the lithosphere since the Late Jurassic (Fig. 6.11a). Thus, in the Early Cretaceous, lithosphere had already been thinned in the southernmost segment of the South Atlantic and when subjected to E-W extension, was the first segment to break-up, without large volumes of volcanics forming SDRs (Fig. 6.11b). The southernmost segment behaves in our opinion, and until new data is available, as a magma-poor margin.

The breakup along the Atlantic rift occurred in segments delimited by fracture zones (FZ). Mechanics of rift propagation across the different segments have been postulated by several authors, notably [START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF], [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF], [START_REF] Blaich | Crustal-scale architecture and segmentation of the South Atlantic volcanic margin[END_REF], and The South Atlantic Rift followed basement weakness zones, formed in the Neoproterozoic Brasiliano-Panafrican Orogeny. These weakness zones could have been either

sutures [START_REF] Hartnady | Proterozoic crustal evolution in southwestern Africa[END_REF] or, as recently suggested by [START_REF] Will | Where does a continent prefer to break up ? Some lessons from the South Atlantic margins[END_REF] The North Branch of the North Malvinas (Falkland) basin and some minor rifts seem to connect the land-locked rifts to the South Atlantic Rift to the north [START_REF] Becker | The crustal structure of the southern Argentine margin[END_REF][START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF]. For some reason, probably related to plate rotation, breakup favored wrenching along the Agulhas-Malvinas FZ instead of continuing propagation to the south (through the nowadays aborted North Malvinas graben).

Conclusions

The opening of the South Atlantic in the Early Cretaceous was only the final stage of the complex rifting process of SW Gondwana. The Central Atlantic was the locus of the Triassic rifting, however intracontinental rifts also developed in Africa and South America at this stage (Karoo I). Triassic-Earliest Jurassic depocenters are also found on the SW Gondwana margin 

Introduction

In this Chapter, the Argentinean passive margin dynamics are assessed, especially in the Colorado basin where a complete dataset allowed a detailed extraction of subsidence maps using the stratigraphic architecture ("surface approach"). These results are then compared with previously published data produced with a different methodology ("deep approach", [START_REF] Dressel | Backward modelling of the subsidence evolution of the Colorado Basin, offshore Argentina and its relation to the evolution of the conjugate Orange Basin, offshore SW Africa[END_REF].

A general summary of factors conditioning subsidence in passive margin is presented in Chapter 1, section 1.5.

An introduction to the Colorado basin stratigraphy is presented in Chapter 3, sections 3.2.2 and 3.2.3. The Colorado basin's post-breakup stratigraphy is better constrained than the synrift infill, both from well data and seismic facies. Marine sediments form the Campanian to recent sedimentary deposits and are suitable for dating with biostratigraphic methods. A recent biostratigraphic and paleoenvironmental review of the Colorado and Salado/Punta del Este basins was carried out during the development of this thesis, in collaboration between YPF and Y-TEC (YPF Laboratories;[START_REF] Pérez Panera | Synthesis of the Colorado basin, Argentine Offshore integrated Biostrarigraphic and Paleoenvironmental Analysis[END_REF][START_REF] Ronchi | Synthesis of the Salado and Punta del Este basins, Argentine Offshore integrated Biostrarigraphic and Paleoenvironmental Analysis[END_REF]. The results of these studies were incorporated in the present thesis as biostratigraphic markers used for seismic interpretation calibration.

The pre-Campanian section has poor age constrain. This section is composed of redbeds interpreted as fluvial deposits from the cutting and electric log data of hydrocarbon exploration wells (e.g. Pejerrey, Cruz del Sur, Puelche, Ranquel). Moreover, the recovered rock samples were barren for biostratigraphic material.

Post-breakup seismic stratigraphy of the Colorado basin

Lithosphere breakup for the Colorado basin segment, understood as end of SDR emplacement and onset of oceanic crust accretion, is interpreted to occur near the Hauterivian-Barremian boundary [START_REF] Franke | Rifting, lithosphere breakup and volcanism: Comparison of magma-poor and volcanic rifted margins[END_REF]. The breakup unconformity (BU) develops between the time of breakup and the onset of sediment deposition in the drift or passive margin stage. With the onset of oceanic crust accretion and the development of an incipient mid-ocean ridge, the first marine transgression occurs. Sediments will tend to deposit where accommodation creation allows. For the Colorado basin, the first marine transgression is interpreted to be of Aptian age, but has not been drilled. Source rock deposition is interpreted at this stage, as sedimentary supply tends to be low at the early drift, allowing concentration of organic matter in condensed sections. Potential marine source rocks of good quality have been described at this age in the conjugate African margin [START_REF] Bralower | Timing and paleoceanography of oceanic dysoxia/anoxia in the late Barremian to early Aptian (early Cretaceous)[END_REF][START_REF] Hartwig | Source rock characteristics and compositional kinetic models of Cretaceous organic rich black shales offshore southwestern Africa[END_REF]. Where it has been drilled, the Late Cretaceous usually displays sand-rich red beds, that have been interpreted as fluvial deposits of the Colorado Fm (Gerster et al., 2011;Juan et al., 1996;Lesta et al., 1978). Discontinuous seismic facies, continentward from the shelf-break, support this interpretation. The overall aggradational stacking pattern observed for the Late Cretaceous drift indicated a relative balance between accommodation and sediment supply throughout this stage. In the continent-ocean transition (COT), the lower drift reflectors clearly onlap the steep BU. Marine onlap of deepwater facies is interpreted in seismic data. This flooding even reached the Neuquén basin (Fig. 3.12; [START_REF] Aguirre-Urreta | Malargüe Group (Maastrichtian-Danian) deposits in the Neuquén Andes, Argentina: Implications for the onset of the first Atlantic transgression related to Western Gondwana break-up[END_REF][START_REF] Camacho | Las Transgresiones del Cretacico Superior y Terciario de la Argentina[END_REF]. A regional unconformity marks the top of the marine shales deposited during this transgression and is referred to as the NTK (Near Top Cretaceous) horizon.

The Paleogene Megasequence develops between the NTK unconformity and the Top Oligocene (Pal horizon). It is a rather thin section on the shelf (Fig. scarce data from this region was finally available. It was not considered for the mapping presented in this section, but seismic lines were used to established referenced cross-sections.

Results

The Salado basin is an extensional basin emplaced north of Colorado, on the Río de la Plata craton. The main depocenter of the Salado basin is placed onshore (Fig. described [START_REF] Abreu | Geologic evolution of conjugate volcanic pasive margins. Pelotas basin (Brazil) and Offshore Namibia (Africa); Implications for global sea-level changes[END_REF][START_REF] Contreras | Seismic stratigraphy and subsidence analysis of the southern Brazilian margin (Campos, Santos and Pelotas basins)[END_REF][START_REF] Morales | Tectonic and stratigraphic evolution of the Punta del Este and Pelotas basins (offshore Uruguay)[END_REF].

For a more complete assessment of the passive margin evolution of the northern Argentinean Atlantic margin, thickness maps were built for the main stages of evolution. The grids that originated these maps could not be converted to depth because the 3D velocity model Colorado from Salado basin. The southern Rawson and San Jorge Gulf basin were also included in the paleogeographic map (see Fig. 7.5). Fluvial systems are also interpreted to drain the Rawson basin. The NNE-striking normal faults might have exerted some structural control on the drainage system (this is an interpretation that remains to be tested with more seismic data).

The San Jorge Gulf basin is endorreic during the Late Cretaceous, with some influence of the Andes uplift towards the west (not included in Fig. 7.9). Sediment transfer into the deepwater basin was important during the Late Cretaceous. The shelf-edge in the Colorado and Salado basins stacks near the step produced at the outer limit of the oceanic crust. Figures 7. 2 and 7.3 show thick packages of post-breakup Cretaceous drift deposits in the deepwater basin.

Sedimentary supply would have exceeded accommodation during this stage, transferring large amounts of sediments to the basin, with the development of turbidite systems (Figure 7.9).

Besides the Late Cretaceous fluvial deposits, the isochron map of Fig. 7.8 comprehends as well the shaly deposits of the marine transgression that started in the Campanian in the Colorado basin, and in the Maastrichtian in the Salado basin [START_REF] Ottone | A new dinoflagellate form the Late Cretaceous of the Colorado basin, Offshore Argentina[END_REF][START_REF] Pérez Panera | Synthesis of the Colorado basin, Argentine Offshore integrated Biostrarigraphic and Paleoenvironmental Analysis[END_REF][START_REF] Ronchi | Synthesis of the Salado and Punta del Este basins, Argentine Offshore integrated Biostrarigraphic and Paleoenvironmental Analysis[END_REF] and finished in the Danian (early Paleocene). The horizon that defines the top of this Megasequence is named NTK (Near Top Cretaceous). It is here considered at the top of the transgression that ended in the Danian as it would be difficult to interpret the real top Cretaceous horizon, with the scarce well data available within the overall transgressive package. This Campanian-Danian marine transgression occurred synchronously with the extrusion of the Ranquel volcanic field south of the Colorado basin, on the Rawson high, under subaqueous conditions (Lesta et al., 1978;Lovecchio et al., 2017, Appendix 2). Malargüe Gr [START_REF] Aguirre-Urreta | Malargüe Group (Maastrichtian-Danian) deposits in the Neuquén Andes, Argentina: Implications for the onset of the first Atlantic transgression related to Western Gondwana break-up[END_REF][START_REF] Camacho | Las Transgresiones del Cretacico Superior y Terciario de la Argentina[END_REF]. Further south, the San Jorge Gulf basin records its first Atlantic transgression (it had been previously flooded from the Pacific during the Early Cretaceous, [START_REF] Fitzgerald | Evolution of the San Jorge Basin, Argentina[END_REF][START_REF] Sylwan | Geology of the Golfo San Jorge Basin[END_REF].

Figure 7.10: Paleogeographic reconstruction of the Argentinean margin during the Campanian-Danian transgression (submerged area after [START_REF] Camacho | Las Transgresiones del Cretacico Superior y Terciario de la Argentina[END_REF]volcanic field after Lovecchio et al., 2017). See keys in Fig. 7.9. In the map presented in Fig. 7.12, the paleogeography is less constrained towards the south, although the Paleogene seems absent in the Rawson area (no Paleogene could be determined in the only exploration well drilled so far [START_REF] Continanzia | Cuencas de Rawson y Valdés: Síntesis del conocimiento exploratorio -Visión Actual[END_REF].

The isochron map of the Neogene Megasequence is presented in figure 7.13. Continuous deposits are observed all over the shelf. The ancient Tandilia and Rawson highs (especially the area of the Ranquel volcanic field, RVF) display however lower thicknesses. The thicker depocenters seem to be influenced by the E-W oriented Colorado basin axis, although the fingerprint of the individual synrift depocenters is not further detectable. Similarly, a depocenter is inferred in the SE end of the Salado basin.

A sharp NNE-striking shelf-edge in the Colorado basin, associated with a rapid decrease in thickness is observed on the slope of the Neogene Megasequence. In the Salado segment, the shelf-break seems to display a different strike, it is oriented NE, while in Colorado is NNE.

This shift in the shelf-break direction occurs in the transition between the Tandilia High and the Salado basin (Fig. 7.13), which is however an area with scarce seismic coverage. In the Salado area, the shelf-break seems to be preserved landward compared to the Colorado basin. An additional increase in thickness on the slope corresponds to a plastered drift, produced by bottom contour currents (see Fig. 

Discussion

The post-breakup evolution of the Argentinean Atlantic margin has been divided in three main stages that display a variable behavior. The synrift depocenters, formed during the Mesozoic breakup of Gondwana in the Jurassic to Early Cretaceous, were grouped in a unique map of pre-breakup deposits and were displayed in this chapter (Fig. Second, the bottom contour currents, known to be very important since the Eocene opening of the Drake passage, continuously redistributed the sediments and shaped the platform, not allowing its maximum development.

The Argentinean margin shows a changing character throughout its post-breakup evolution. Accommodation creation during the Cretaceous seems to be controlled by thermal subsidence above the main synrift depocenters. At the end of the Cretaceous, the volcanism observed in the Rawson area could have produced uplift that continued during the Paleogene.

The Salado/Punta del Este area displays accommodation during the Paleogene. It is not clear if this could be related to a flexural effect potentially associated with the Rawson uplift, but whatever the origin, subsidence was probably enhanced by an exceeding sediment supply (which at the same time could be related to drainage catchment of the drainage systems that previously supplied the now uplifted Colorado area). Oppositely, during the Neogene the margin shows a more cylindrical behavior, with accommodation being created all along the shelf (although increased in the Colorado and Salado basins axis). The explanation for the accommodation creation remains uncertain, however this period coincides with a pulse of the Andean orogeny (Alicia Folguera et al., 2015), that could have also produced additional dynamic subsidence in the study area (as suggested by [START_REF] Dávila | Dynamic topography in South America[END_REF].

Stratigraphic modeling

Introduction

With the objective of quantifying the subsidence evolution of the Colorado basin, a forward stratigraphic model was carried out for the study area (Fig. 7.16) using the DionisosFlow software [START_REF] Granjeon | Modelisation stratigraphique deterministeconception et applications d'un modele diffusif 3D multilithologique[END_REF][START_REF] Granjeon | Concepts and applications of a 3-D multiple lithology, diffusive model in stratigraphic modeling[END_REF]. DionisosFlow had previously been used in the Colorado basin back in 2001, over a smaller area near the shelfbreak (Fig. 7.16). At that time, the objective was to assess facies distribution regarding potential source rocks and reservoirs, to perform afterwards petroleum system modelling [START_REF] Beicip | Petroleum system analysis of the Colorado basin[END_REF][START_REF] Mancilla | Exploration of a Frontier Area Using Numerical Stratigraphical Modeling , Application to the Offshore Colorado Basin of Argentina[END_REF]. In the approach presented in this PhD study, the objective was to evaluate the postbreakup subsidence history of the Colorado basin, from a seismic stratigraphic approach. The model is limited to the Colorado basin (and does not cover the whole northern Argentinean margin) because the velocity model (see Chapter 3) is restricted to this area of 270,000 km 2 (Area of Interest, AOI: 900 x 300 km). Depth-converted grids are used to produce thickness maps that will be incorporated in the subsidence estimations.

A previous subsidence history analysis for the Colorado basin has recently been produced by [START_REF] Dressel | Backward modelling of the subsidence evolution of the Colorado Basin, offshore Argentina and its relation to the evolution of the conjugate Orange Basin, offshore SW Africa[END_REF], from a set of structural grids published by Autin et al. (2013). [START_REF] Dressel | Backward modelling of the subsidence evolution of the Colorado Basin, offshore Argentina and its relation to the evolution of the conjugate Orange Basin, offshore SW Africa[END_REF] divided the post-breakup succession in seven layers, and carried out backward modelling by calculating the amount of sediment load subsidence produced by each layer. From a crustal thickness map, the authors calculated a stretching (β) factor map and were able to predict thermal subsidence for each post-breakup phase. They used the obtained thermal subsidence maps to correct the backstripped surfaces and produced paleobathymetry maps for seven time-steps (25,40,55,70,90,98,and 125 Ma). However, these paleobathymetry maps are not consistent with the sedimentary environments observed in well and seismic data. The In this study, the subsidence history was approached from a completely different approach. Paleobathymetry maps were produced, respecting lithologies and sedimentary environments determined in the exploration wells (e.g. red-beds, marine shales), seismic facies (e.g. discontinuous fluvial facies, transgressive coastal ridges), the shelf-break position, bathymetry inferred from biostratigraphic data (available for the Campanian-recent section;

Pérez Panera et al., 2018).

Paleobathymetry maps, together with thickness maps for the modeled units, were used to estimate subsidence for each stage of passive margin evolution. The model was adjusted until it calibrated the sedimentary thickness and respected the stratigraphic architectures. New subsidence rate maps were produced for each stage and are compared in the following sections.

The approach can be defined as a "surface approach" when compared to the "deep approach" used by [START_REF] Dressel | Backward modelling of the subsidence evolution of the Colorado Basin, offshore Argentina and its relation to the evolution of the conjugate Orange Basin, offshore SW Africa[END_REF].

Model setup

A six-layer forward stratigraphic model was generated using DionisosFlow (version The DionisosFlow software is an advecto-diffusive model where the sediment transport is function of the ground slope and the water discharge [START_REF] Granjeon | Concepts and applications of a 3-D multiple lithology, diffusive model in stratigraphic modeling[END_REF]. Transport coefficients were established according the mean expected slope and are presented in Table 7.2.

95% water driven transport (5% gravity driven). The sea level variations were estimated from [START_REF] Haq | Mesozoic and Cenozoic chronostratigraphy and cycles of sea-level change, in: Sea-Level Changes: And Integrated Approach[END_REF]. The red curve on the right is the resulting composite eustatic curve used by the model.

Results

With the input presented in the previous section, a DionisosFlow model was generated, honoring some key stratigraphic observations in the Colorado basin. 

Conclusions and Perspectives

Passive margins were, and are still nowadays, the locus of major scientific and industrial interest. Historically, studies of passive margins have focused on characterization of the crustal structure, their breakup history (e.g. kinematic reconstructions, analog and numerical modeling), or their stratigraphic evolution (using sequence stratigraphy techniques to understand the relationship between accommodation creation and sediment supply). The discovery of important hydrocarbon resources in deep and ultra-deep waters has brought the interest of the industry leading to a better imaging of the passive margin's structure and basin fill. The South Atlantic Ocean is an ideal laboratory for understanding the evolution of passive margins, as it provides the full spectrum of phenomena related to continental breakup and passive margin formation (i.e. magma-poor, magma-rich, transform margins), and because of the huge petroleum resources that draw the world's attention (e.g. the pre-salt plays along the Brazilian and African margins, stratigraphic plays along the equatorial margins of Ghana and Guyana). To the south, the Argentinean margin, and the conjugate Namibian and South African margins remain as an exploration frontier still poorly characterized but with enormous potential.

In the last few years, the South Atlantic has been the target of both scientific projects and hydrocarbon exploration strategies, extending frontiers with growing datasets and challenging paradigms.

The complex rifting history that preceded the extensional event leading to the opening of the new ocean, in this case the South Atlantic, has so far been disregarded. Precursor rifting history is important not only due to its impact on structural inheritance, but it also influences the passive margin evolution. This problematic has been explored in this thesis, with a focus on the effect of rifting history on passive margin development, in both inducing structural heterogeneities for the successive breakup, and in conditioning the stratigraphic response.

Three main findings should be highlighted from this study. Batholith [START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF]. Retroarc extension, due to differential slab rollback [START_REF] Echaurren | Early Andean tectonomagmatic stages in North Patagonia: Insights from field and geochemical data[END_REF][START_REF] Mpodozis | Tectónica Jurásica en Argentina y Chile: Extensión, subducción oblicua, rifting, deriva y colisiones?[END_REF], is responsible for the formation of the Cañadón to facilitate continental breakup (Brune et al., 2012b). In this thesis, we suggest that the lack of SDRs in this southernmost sub-segment could be explained by the existence of a relatively ductile lithospheric mantle (remnant of the Gondwanides orogen) that was subjected to extension and thinning during the Late Jurassic Rawson/Valdés-Outeniqua basins rifting and that, at the time of breakup in the Latest Jurassic-Early Cretaceous, when the stress field rotated to E-W [START_REF] Koopmann | The late rifting phase and continental break-up of the southern South Atlantic: the mode and timing of volcanic rifting and formation of earliest oceanic crust[END_REF], extended in a magma-poor style.

It is still a matter of debate, if the Early Cretaceous South Atlantic rift took advantage of older crustal weakness zones (e.g. Precambrian mobile belts, [START_REF] Buiter | A review of Wilson Cycle plate margins: A role for mantle plumes in continental break-up along sutures?[END_REF][START_REF] Will | Where does a continent prefer to break up ? Some lessons from the South Atlantic margins[END_REF]. After opening occurred in the magma-poor though abrupt southernmost sub-segment, north of the Colorado-Cape fracture zones rifting and SDR emplacement occurred The previous crustal structure (i.e. rift basins presence inboard from the COT) will also play a key role in the successive passive margin dynamics. This is the case of the Colorado-Orange conjugate margins, that so far have been studied using 2D cross sections across the margin (e.g. [START_REF] Blaich | Crustal-scale architecture and segmentation of the South Atlantic volcanic margin[END_REF][START_REF] Marcano | Major controlling factors on hydrocarbon generation and leakage in South Atlantic conjugate margins: A comparative study of Colorado, Orange, Campos and Lower Congo basins[END_REF]. The 3D perspective and the multistage evolution needs to be considered to properly evaluate the factors conditioning passive margin evolution.

Finally, another major contribution from this thesis is the supra-regional evaluation of the SW Gondwana rifting. This study highlights the major controlling role of subduction-related processes in triggering retroarc extension in relatively wide domains throughout the Mesozoic.

Far field forces, related to sub-horizontal stress originating in plate borders (i.e. roll-back, ridgepush, etc.) have been called to be the more common origin of extensional forces producing rifting. Plume impingement, a process that seems less common than originally proposed by [START_REF] Sengör | Relative timing of rifting and volcanism on Earth and its tectonic implications[END_REF], could have, nevertheless, played an important role in Gondwana breakup [START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF]. The supercontinent dispersal, that initiated in the Triassic, was definitely accentuated by the Karoo rifting, which has been attributed to the impingement of the Karoo plume in the Early Jurassic. The opening of the Mozambique channel, between East Africa and East Antarctica, was followed by the opening of the Weddell Sea in the Late Jurassic, and was a point of not-return in the supercontinent dispersal process. A non-cylindrical behavior of the margin is observed, subsiding in the north (Salado/Punta del Este) and being uplifted in the south (Rawson). The uplift of the Rawson High was interpreted in part as an effect of thermal uplift produced by the Campanian-Danian volcanism observed in the area to the south of the Colorado basin (Lovecchio et al., 2017;Appendix 2). In the Colorado basin, the subsidence rates for the Paleogene interval (61- 33 Ma), that were inverted from the forward stratigraphic model, are the lowest subsidence rate values observed in the whole post-breakup evolution. When taking a more regional perspective, a similar trend was identified in the Pelotas basin [START_REF] Contreras | Seismic stratigraphy and subsidence analysis of the southern Brazilian margin (Campos, Santos and Pelotas basins)[END_REF], pointing to a more regional, plate-scale phenomenon.

The Neogene Megasequence is present all along the study area. The thickness map for this unit shows increased thickness along the Colorado basin axis In this thesis, we have studied the large regional scale dynamics of the Argentinean passive margin and assessed the accommodation of large stratigraphic envelops. The next step is to go into higher detail, perform high resolution sequence stratigraphy to better calibrate the models. The Colorado and Salado basins have a dataset that allows this higher resolution interpretation. The observations made in this study, and the results that were obtained, should be integrated in a source-to-sink study of the whole Argentinean and Southern South Atlantic margin. This source-to-sink study should take into account sediment provenance characterization, sediment routing systems, thermochronology of both the provenance areas and main structures of the margin (e.g. Ventania, Tandilia, the North Patagonian Massif), and a detailed set of depth-converted grids for the shelf and deepwater basin. Forward stratigraphic modeling of the full Argentinean passive margin, should be a tool to assess passive margin dynamics, and hydrocarbon play fairways. 
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  l'établissement d'une cotutelle entre les universités de UPMC -Paris 6 (désormais Sorbonne Université) et de Buenos Aires UBA. Cette thèse s'intitule « Stratigraphie sismique des bassins offshore de l'Argentine: caractérisation et modélisation de la dynamique des marges passives dans l'Atlantique Sud » et a été réalisée entre 2014 et 2018 par Juan Pablo Lovecchio. Contexte industriel, scientifique et problématique Les marges passives ont été, et sont toujours de nos jours le centre d'intérêt de très nombreux travaux scientifiques et industriels. Historiquement, les études sur les marges passives se sont concentrées sur la caractérisation de la structure de la croûte terrestre, leur historique de rupture (reconstructions cinématiques, modélisation analogique et numérique) ou leur évolution stratigraphique (en utilisant des techniques de stratigraphie séquentielle où d'ailleurs les principaux concepts ont été établis). La découverte d'importantes ressources d'hydrocarbures dans les eaux profondes et ultra profondes a suscité l'intérêt de l'industrie pétrolière. Les techniques d'acquisition sismique ont alors fait un bon technologique, ce qui a permis de mieux visualiser la structure de la marge passive et le remplissage des bassins associés.

Figure I :

 I Figure I: Carte de localisation des bassins sédimentaires le long de la marge d'Argentine. Pelotas (Pel), Punta del Este (PdE), Salado (Sal), Colorado (Col), Valdés (Va), Rawson (Ra), Bassin du Golfe de San Jorge (SJo), San Julián (SJu), Bassin Austral (Au, Magallanes), Malvinas (Ma), Bassin de Malouines Nord (NM, North Falkland), Bassin Argentin (Arg).Voir le texte complet de la thèse pour un détail complet. Les principaux résultats de cette thèse sont présentés de manière géographique avec les rectangles rouges (Chapitres 3, 4, 5, 6 et 7).

  générations de failles avec des relations de recoupement. Trois étapes d'extension successives ont été identifiées dans la région du bassin du Colorado. L'événement d'extension le plus ancien correspond à une réactivation des structures permo-triassiques précédemment liées à la phase compressive de Ventania-Cape. Un deuxième événement est représenté par des failles recoupant les précédentes, et contrôlant des dépocentres orientés E-W à NW-SE. Nous avons corrélé ce deuxième et principal événement de rifting dans le bassin de Colorado au cycle du Jurassique inferieur-moyen « Cuyano » du bassin de Neuquén, et au rifting Karoo en Afrique.

Figure 1 . 1 :

 11 Figure 1.1: Schematic map of explored versus underexplored passive margins (after Shirley, 2010 and references therein).

Figure 1 . 2 :

 12 Figure 1.2: Schematic representation of a) Active; and b) Passive rifting end-members (after Allen and Allen, 2005; and Merle, 2011).

Figure 1 . 3 :

 13 Figure 1.3: Models of strain geometry in rifts: a) symmetric rifts formed by pure shear and; b) asymmetric rifts produced by simple shear (from Allen and Allen, 2013, after references therein).

  Figure 1.7: Contrasting models of subduction zones under (a) compression and (b) extension (from Ramos, 2010, after references therein). Subduction along a convergent plate margin is not homogenous and uniform. Plates might have different shapes, the stress regime can rotate, and thus the absolute convergence can vary from one region to another. Slab tearing plays a major role in segmented subduction zones, particularly separating segments with different convergence regimes (e.g. retroarc extension, stagnation or compression, Fig. 1.8). Slab tear faults are likely to link two adjacent segments of the subduction zone and to accommodate horizontal movements if different roll-back velocitiesoperate in the two segments[START_REF] Rosenbaum | Kinematics of slab tear faults during subduction segmentation and implication for Italian magmatism[END_REF]. Slab tearing is also a way to explain the lateral passage from normal to flat-slab subduction. Slab tearing is expected to produce an asthenosphere window and volcanism.

Figure 1 . 8 :

 18 Figure 1.8: Schematic representation of the slab tearing mechanism, with a vertical tear separating segments of flat-slab and normal subduction.

Figure 1 .

 1 Figure 1.9: Age-area distribution of oceanic crust in the World (from Müller et al., 2008). PO: Pacific Ocean, NAO: North Atlantic Ocean, CAO: Central Atlantic Ocean, SAO: South Atlantic Ocean, IO: Indian Ocean

Figure 1 .

 1 Figure 1.10: Pangea reconstruction at the end of the Paleozoic after Gray et al. (2008), showing the main breakup events modified from Moulin and Aslanian (2010) and Will and Frimmel (2018). Cratons: RdP: Río de la Plata, Pp: Paraná-Panema block, SF: Sao Francisco, WA: West Australia, SA: South Australia.

Figure 1 .

 1 Figure 1.11: Simplified cartoon representing the main potential forces for supercontinent breakup (Zhang et al., 2018). In a recent contribution, Dal Zilio et al. (2018) highlight the effects of subduction in inducing mantle flow near the subduction zone. As subducting slabs sink in the upper mantle, the counter flow of the mantle localizes divergent tractions at the base of the upper plate, and produce retro-arc rifting and eventually a back-arc basin. Following some of the ideas presented by Vaughan and Storey (2007), they use numerical models to simulate the effects of shallow and deep subduction on the upper plate. The basal drag and suction forces due to roll-back have commonly been invoked as responsible for the opening on back-arc basins (e.g. the Japan Sea, Jolivet et al., 1994). Marginal basins (Fig. 1.12a) are consistently located 250 km-500 km away from the trench while authors intended to understand how more distal basins can be produced by the same trench-ward tractions generated in the mantle by return flow associated with subduction. Dal Zilio et al. (2018) suggest that large-scale flow due to deep subduction (Fig. 1.12b) may have led to the long-lived extensional regime that experienced Western Pangea and

Figure 1 .

 1 Figure 1.12: Two models for subduction-induced mantle flow and the effects on continental breakup (Dal Zilio et al., 2018): a) Upper mantle confined subduction model: large trench suction forces (yellow arrow) act on the upper plate within 500 km from the trench and generate a marginal back-arc basin; b) Whole mantle subduction model: the continental plate is subjected to compressional deformation and lithospheric thickening near the trench. The models show the formation of a distal basin, some 3000 km from the trench, produced by a subduction induced mantle convention cell.

Figure 1 .

 1 Figure 1.13: Schematic representation of symmetric and asymmetric passive margins: a) Symmetric passive margins derived from pure-shear rifting with a thermal anomaly placed below the area of maximum crustal thinning; b) Asymmetric conjugate margins derived from simple shear models, with the thermal anomaly displaced from the area with maximum crustal thinning. COB indicated the continent-ocean boundary, indicating the onset of the first truly oceanic crust (from Allen and Allen, 2013)

Figure 1 . 14 :

 114 Figure 1.14: Examples of magma-poor and magma-rich rifted margins: a) Magma-poor SE Indian rifted margin; b) Magma-rich Uruguay South Atlantic margin (modified from Tugend et al., 2018). COT: Continent-Ocean Transition, SDR: Seaward Dipping Reflectors, COB: continent-oceanic boundary Several authors such as Franke (2013), Nemčok (2016) and Tugend et al. (2018) make

Figure 1 . 15 :

 115 Figure 1.15: Schematic cross-section of the East Greenland-Mid Norway margin at the time of breakup. Magma-rich breakup was preceded by magma-poor rifting (modified from Doran and Manatschal, 2017).

Figure 1 .

 1 Figure 1.16: Schematic dip-section of a magma-rich passive margin, with the main features observed in different magma-rich margins (modified from Geoffroy, 2005). SDR wedges are formed of subaerial to shallow subaqueous basalts, interbedded with usually continental (fluvial, aeolian) sedimentary packages. Their emplacement is interpreted to occur in a sustained environment near the sea level, and over a very short period of time. In

Figure 1 . 17 :

 117 Figure 1.17: Generalized representation of two end-members emplacement mechanisms of SDRs: a) Normal fault model (after Eldholm et al., 1995, and Geoffroy, 2001); b) Volcanic flexure model, in this case with jumps (from Buck, 2017). The increased resolution of the deep crustal levels in industrial seismic profiles of the last decade acquired along some rifted margins lead to the unraveling of an unexpected variety of structures and processes. Stica et al. (2014) highlighted, in the Pelotas basin (Brazilian South Atlantic margin), the sharp seaward SDR wedge-boundaries that they interpreted as syntectonic normal faults. Pindell et al. (2014) recognized in deep seismic lines not only the existence in many basins of fault-controlled SDRs (Fig. 1.18a), but also the occurrence of SDRs as long trains of convex-up SDRs (Fig. 1.18b), that seem to be welded with a magmatic lithosphere. This reflects that SDRs differ in the different basins and probably not one single mechanism should be used to explain all kinds of SDRs.

Figure 1 .

 1 Figure 1.18: Models of (a) fault-controlled SDRs, and (b) trains of convex-up SDRs, have been identified in different basins (from Pindell et al., 2014). Pindell et al. (2014) also introduced a model of outer marginal collapse for the evolution of rifted margins, where landward dipping shear zones at the base of a previously thinned crust,

  noticed that the lower crust appears much more intensely deformed in rifted margins than usually represented. They observed clear indications of ductile deformation of the deep continental crust along large-scale shallow dipping shear zones (similar to the one presented by[START_REF] Pindell | Rapid outer marginal collapse at the rift to drift transition of passive margin evolution, with a Gulf of Mexico case study[END_REF], that sometimes define an anastomosed pattern, and that act as a decoupling surface for the deformation in the brittle upper crust and the more ductile lower crust and mantle. These shear zones generally show a top-to-the-continent sense of shear consistent with the activity of continentward dipping normal faults observed in the upper crust (Fig.1.19).

Figure 1 . 19 :

 119 Figure 1.19: Schematic representation of magma-rich conjugate margins (from Clerc et al., 2018). For the northern Argentinean margin, Paton et al. (2017) analyzed the gravimetric signature of the COT and interpreted a progressive increase of magmatic crust below the SDRs (similar to the oceanic crust) in the oceanward direction. Also, they did not observed faults at the wedges terminations (Fig. 1.20), but a diffuse termination off the SDRs oceanward. Their model (Fig. 1.21) invokes progressive rotation of originally horizontal volcanic flows with subsidence driven by isostasy in the center of the evolving SDR complex.

Figure 1 .

 1 Figure 1.20: Sketch interpretation of the volcanic passive margin in the Salado segment, offshore Argentina (from Paton et al., 2017).

Figure 1 .

 1 Figure 1.21: Model of the evolution of SDRs proposed by Paton et al. (2017): a) Mechanicalprocesses dominate crustal stretching with lithospheric thinning resulting in magma generation in the center of the rift system; b) Strain is accommodated through diking. The dikes feed the subaerial magmatic flows on the surface. New magmatic crust is generated at the incipient spreading center; c) Breakup occurs and oceanic crust processes dominate the system.

Figure 1 .

 1 Figure 1.22: Selected models proposed for the opening mechanisms of the South Atlantic Ocean: a) Expected evolution of a rift that evolves in conjunction with a plume head (as the plume head triggers the rift evolution by a circular uplift, the earliest and widest rift is expected close to the plume head), but the contrary is observed in the southern South Atlantic (the rift started in the south, at the most distal point from the Paraná-Etendeka plume and rifting migrated towards the plume, from Franke, 2013); b) Diachronous breakup model presented by Lundin et al. (2014) after references therein, showing the V-shaped nature of each rift segment with more evolved facies away from the 'rotation' opening pole; c) Diachronous map patterns formed during 'unzipping' of the ocean, under stepwise pole propagation (Lundin et al., 2014).

Figure 1 .

 1 Figure 1.23: Summary sketch representing the main interacting processes determining the post-breakup evolution of a passive margin. Thermal subsidence, flexural isostasy and the load/unload effect of surface transfer are the main mechanism controlling the basin deformation (from Guillocheau et al., 2012).

  The 'rift onset unconformity' (ROU) marks the top of the pre-rift unit and the base of the synrift (Fig.1.25a). The synrift unit deposits during extension in fault-bounded prism usually presenting growth-strata (Fig.1.25b). In aborted rift basins, cessation of mechanical extensional activity and the onset of the thermal sag phase of the basin is indicated by the synrift-postrift unconformity. In the case of successful rifting the formation of an oceanic basin enclosed by conjugate passive margins, the 'breakup unconformity' (BU) marks the onset of oceanic crust accretion (Fig.1.25d). The BU separates the synrift strata from the drift phase strata. If magmarich breakup occurs, SDRs are emplaced in an actively extensive area that will become the continent-ocean transition (COT). SDR emplacement occurs in the transition between the rifting of continental crust, and the onset of oceanic crust accretion (Fig.1.25c). As 'normal' oceanic crust forms after the emplacement of SDRs, the BU can be tracked at the top of the SDR wedges and continued continentalward. It represented a diachronous hiatus, with a larger span of non-deposition towards the continent. The development of the BU can also be associated with rift-flank uplift.

Figure 1 .

 1 Figure 1.25: Formation of the main unconformities in rift-to-passive margin settings (drawings no to scale, modified after Franke, 2013). The Rift Onset Unconformity (ROU) marks the top of the pre-rift unit. ROU may form during doming preceding rifting (a). During rifting (b) grabens and half-grabens fill with sediments typically under continental conditions.In magma-rich margins, SDR emplacement occurs in the transition to breakup (c) under subaerial conditions. During SDR emplacement, the system shows a rapid seaward migration of the locus of extension, with a progressively thinner and more intruded continental crust (in 'transition' to full oceanic conditions). Just after breakup and the onset of oceanic crust accretion (d) the margin experienced erosion (possibly subaerial to lag-transgressive). The Breakup Unconformity (BU), tracked at the top of the SDRs and extended continentward, is a diachronic surface that marks the onset of the first post-breakup marine transgression.

Figure 1 .

 1 Figure 1.26: Formation of continental rim basins (from Allen and Allen, 2013, after Veevers, 1981): a) Rifting stage; b) 20 Myr after the onset of rifting the model predicts the flooding of rim basins under restricted ocean circulation, adjacent to a new ocean; c) 40 Myr after start of rifting, rim basins become fully connected to the oceanic trough. Fully developed passive margins are characterized by sedimentary prisms including from proximal to distal: continental, transitional and fully marine environments (shallow and deepwater). Helland-Hansen et al. (2012) review the different typologies and genesis of marine shelve prisms and highlights that transgression is a pre-requisite for the formation of a shelf.

Figure 1 .

 1 Figure 1.28: Sketch representing shelf and platform morphologies (modified from Helland-Hansen et al., 2012).

  distinguishes between fluvial (landward shift of the upstream end), coastal (shoreface onlap on a ravinement or complex surface) and marine onlap (usually on the slope or abyssal plains and generally related to fine sediments). Downlap refers to the downdip termination of an inclined reflector towards a less inclined or horizontal surface downdip. Regarding the terminations against surfaces at the top of the sequence, offlap, toplap or truncation may occur (Fig. 1.29). Offlap is the depositional profile characterized by seaward down-stepping migration of the break, is a depositional angularity, not enhanced by erosion. Toplaps are terminations of strata (or the associated reflectors) against an overlying surface, representing the result of non-deposition and/or minor erosion. Truncation are related to deeper erosion of the underlying dipping strata along an unconformity.

Figure 1 .

 1 Figure 1.29: Main reflector terminations (from Catuneanu, 2002).

1 .

 1 30c) the facies, thicknesses, and sandstone to mudstone ratios do not change significantly in a vertical profile and the shelfbreak remains approximately in the same position. Aggradation has been link with an equilibrium between accommodation and sedimentary supply, while progradation indicates sediment supply larger that generation of accommodation (sediment accumulation forces the system to migrate basinward), and retrogradation indicate larger generation of accommodation than sedimentary supply.

Figure 1 .

 1 Figure 1.30: Main stacking patterns as illustrated by Van Wagoner et al. (1990): a) Progradation, b) Retrogradation, c) Aggradation After the breakup unconformity, a marine transgression is necessary to initiate the nucleation of the continental shelf (Helland-Hansen et al., 2012). The deposition of organic rich transgressive shales is common at this stage. In the sequence stratigraphy approach, the stratigraphic record is divided into sequences (Fig. 1.31), separated by unconformities

  , SB) and their correlative conformities. Each sequence records a cycle of increase and decrease of accommodation relatively to sedimentary influx. With an increase in accommodation, sediments prograde and aggrade, coastal onlap occurs at the continentalward end of strata. A Lowstand Systems Tract (LST, Fig. 1.319) is bounded by the SB at the base and a transgressive surface TS at the top. The TS marks a peak in the velocity of accommodation creation. A Transgressive Systems Tract develops on top of the TS, with a retrogradational stacking pattern, until the maximum level of accommodation is reached, the Maximum flooding surface (mfs, Fig. 1.31). After maximum flooding, accommodation starts to decrease relative to supply and the system will first aggrade and prograde during the Highstand Systems Tract (HST, Fig. 1.31). Strata of the HST displays downlap terminations towards the mfs.

Figure 1 .

 1 Figure 1.31: Depositional Sequence III approach to Sequence Stratigraphy (after Van Wagoner et al., 1990).

  2.1); b) the South Segment between the AMFZ and the Florianópolis FZ (FFZ, Fig. 2.1); c) the Central Segment, extends form the FFZ to the Romanche FZ (RFZ, Fig. 2.1); and d) the Equatorial segment, North of the RFZ, with a tectonic history signed by strike-slip processes between northeastern South America and Equatorial Africa.

Figure 2 . 1 :

 21 Figure 2.1: The South Atlantic Ocean and its segments (after Torsvik et al., 2009). Fracture Zones (FZ): RFZ (Romanche FZ), FFZ (Florianópolis FZ), AMFZ (Agulhas-Malvinas FZ). Large Igneous Provinces (LIP): P (Paraná), E (Etendeka). Dyke swarms: PA (Paraguay), PG (Ponta Grossa). Hotspots: F (Fernando), C (Cameroon), Tr (Trinidade), Sh (Saint Helena), T (Tristan da Cunha), V (Vema), B (Bouvet).

  , Antobreh et al. (2009), and more recently Becker et al. (2012), Koopmann et al. (2014), Stica et al. (2014) and Arecco et al. (2016) among others. The most recent kinematic models were introduced by Heine et al. (2013) and Pérez-Díaz and Eagles (

  2.1) is the southernmost segment of the South Atlantic. It develops south of the Agulhas/Malvinas (Falkland) fracture zone. Lorenzo and Wessel (1997) investigated the Agulhas / Malvinas fracture zone along the Malvinas Plateau, focusing on flexural coupling through the continent-ocean fracture zone. At the same time Ben-Avraham et al. (1997) described the structure and tectonics of the Agulhas / Malvinas fracture zone in the southeast margin of Africa and divided it into four segments. Parsiegla et al. (2009) identified two rifting events in South Africa: one at 169 -155 Ma (associated with the breakup between Africa and Antarctica) and a second since 136 Ma linked to the deformation along the Agulhas/Malvinas shear zone. Recently, Baby et al. (2018) assessed the evolution and uplift history of the African transform margin.

  [START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF] divided the Argentinean/Uruguayan margin into four subsegments separated by fracture zones (Fig.2.5).Except for subsegment I (the southernmost), subsegments II to IV (north of the Colorado transfer zone) are characterized by the presence of large and thick wedges of SDRs.

  2.5), and possibly M10, which has been recently reinterpreted by Hall et al. (2018) as M11. Subsegment III is comprehended between the Ventania FZ and the Salado FZ (Fig. 2.5), is also characterized by SDRs developed outboard the Colorado basin. In the Río de la Plata area, Soto et al., (2011) describe an area without clear indications of SDRs, possibly related to the development of the Río de la Plata FZ (Fig. 2.5).

(

  134-132 Ma, Paraná LIP, Fig. 2.5), preserved bellow the SDRs indicating a prerift character (Fig. 2.7). Stica et al. (2014) discuss that the SDRs in the southern subsegments are older and/or coeval with the Serra Geral volcanism, and that when breakup (that was advancing north) reaches the Pelotas latitudes, the SDRs postdate the Serra Geral flows.

Figure 2 . 7 :

 27 Figure 2.7: Interpretation of the regional dip seismic section of the North Pelotas basin (from Stica et al., 2014). See location in Fig. 2.5.

  references therein), following the mapping criteria of Franke et al. (2007) for the South American margin, Koopmann et al. (2014) divided the Namibian/South African margin into four subsegments. Similarly to what happens in subsegment I offshore Argentina,

Figure 2 . 8 :

 28 Figure 2.8: Structural map of the South African passive margin between the Agulhas-Malvinas (Falkland) FZ and the Florianópolis / Río Grande FZ (afterKoopmann et al., 2014;[START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF][START_REF] Hall | New constraints on the age of the opening of the South Atlantic basin[END_REF]. Note the distribution of SDR and magnetic anomalies.

Figure 2 .

 2 Figure 2.11: Conjugate transects along segments of the southern South Atlantic (from Blaich et al., 2013): a) Pelotas Basin (Brazil) -Walvis basin (Namibia); b) Colorado Basin (Argentina) -Orange Basin (South Africa); and (c) South of Colorado Basin (Argentina) -Orange Basin (South Africa).

Figure 2 .

 2 Figure 2.13: Paleotectonic reconstruction of the South Atlantic Central segment basins for the pre-breakup Berriasian configuration (from Chaboureau et al., 2013; after Moulin et al., 2010). Note the location of the transects presented in Fig. 2.14. The transitional domain (COT) is characterized by failed and rotated blocks and synrift sedimentary wedges. The end of the transitional crust zone (the continent-ocean boundary, COB) is located approximately in the eastern limit of the saline basin, where a salt tongue is observed advancing towards the oceanic crust (Fig. 2.14a). In the Angolan margin (Kwanza basin, Fig. 2.13c) it has not been possible to identify the Moho with a high degree of certainty from seismic data. However, Blaich et al. (2011) propose a somerization of the Moho from the craton to the west (from 30 to 14 km deep in a range of 220 km). In the Angolan margin, inversion structures were also reported, for which Hudec and Jackson (2012) interpret a ridgepush effect, with plate reorganization and exhumation of the African continent as a result of

Figure 2 .

 2 Figure 2.17 presents a model for the early evolution of the southern South Atlantic, presented by Franke in 2013. In this model, extension coincident with subsequent seafloor spreading following oblique and magma-poor rifting in the southernmost segment initiated in the late Valanginian or early Hauterivian (Fig. 2.17a).

Figure 2 . 17 :

 217 Figure 2.17: Sketches illustrating the early evolution of the southern South Atlantic at: a) circa 137 Ma; b) c. 133 Ma; and c) c. 128 Ma. (from Franke, 2013). Sedimentary basins: Pelotas basin (PB), Punta del Este basin (PdE), Salado basin (SB), Colorado basin (CB), Rawson basin (RB), San Jorge Gulf basin (SJB), North Malvinas (Falkland) basin (NFB), Outeniqua basin (OTB), Orange basin (OOB), Lüderitz basin (LB), Walvis basin (WB).AMFFZ: Agulhas-Malvinas (Falkland) Fracture Zone.

  2.4) separates fromthe Agulhas platform at 106Ma (Pérez-Díaz and Eagles, 2014). However, the development of the Southern Ocean Large Igneous Province (SOLIP) in Albian/Cenomanian times, related to Bouvet's hot spot (Fig. 2.1), and possibly in subaerial conditions, could have produced semiconfined water circulation in the South Atlantic (Pérez-Díaz and Eagles, 2014). On the northern end, in the Equatorial Segment, Pérez-Díaz and Eagles (2014) propose that the breakup in this segment between the Cenomanian and the Turonian could have already allowed the communication of the Central and South Atlantic by deep sea currents. Wagner and Petsh (1999) suggest that only between the Turonian and the Danian (62-94 Ma), open marine conditions would have been established in the Equatorial Segment. Another important point to understand the beginning of the circulation of deep marine currents is the behavior of the Rio Grande High/Walvis ridge. According to Robinson et al. (2010) the subsidence of this region would have produced the exchange of deep waters towards only by the Campanian (83 Ma), and according to Voigt et al. (2013) only in the Paleocene (65-58 Ma).

  and not the South Atlantic Ocean. The San Jorge Gulf basin hosts continental environments in a land-locked basin (occasionally open to the Pacific in the Neocomian, not represented). The San Julián and Rawson/Valdés basins present a hiatus for most of the Cretaceous, while the Colorado and Salado basins display continental to marine conditions developed during the drift phase after the Late Hauterivian/Barremian diachronous South Atlantic breakup. These basins are then open to the South Atlantic Ocean.

Figure 3 . 1 :

 31 Figure 3.1: The Colorado basin on the Argentinean shelf. Colors correspond to total sedimentary thickness (meters) outlined by the extension of the Cretaceous basin. Hydrocarbon exploration wells are displayed. Projection UTM20S.

Figure 3 . 2 :

 32 Figure 3.2: Main tectonic features limiting the Colorado basin. Shear Zones after (Franke et al., 2007; Gerster et al., 2011). The color scale in the Colorado basin indicate total sedimentary thickness, see Fig. 3.1. Hydrocarbon exploration wells are depicted.

  3.3). All depocenters are disposed on a stripe between 39° and 41° S. The Eastern Colorado depocenter (ECol) is located between 55° and 58° W. It has a strong SE-NW orientation, extending 200 km in that direction and approximately 30 km in the SW-NE direction (Fig.3.3). It is also the deepest depocenter of the basin, reaching more than 12 km of total sedimentary thickness (Fig.3.3). The Central Colorado depocenter (CCol) extends between 58° and 60°30' W. It is oriented E-W, 80 km long and 30 km wide, and is placed on the southern portion of the basin, not centered with respect to the total thickness map. Sedimentary thickness reaches 7 km in the axis of the depocenter (Fig. 3.3). The Western Colorado depocenter (WCol) is located between 60°30' and 63°30' W. It has a more irregular shape, gently oriented SE-NW, 160 km long by 80 km in the SW-NE direction. It has a maximum sedimentary thickness of approximately 5 km.

Figure 3 . 3 :

 33 Figure 3.3: Total sedimentary thickness map (in meters) of the Colorado basin. The three main depocenters are depicted. WCol: Western Colorado, CCol: Central Colorado, ECol: Eastern Colorado.

  . The Ventana Gr has been interpreted as an open marine environment in a passive margin setting, with a complete transgressive-regressive cycle recorded. Ramos et al. (2014) dated the whole Ventana Gr as Silurian-Devonian, as containing Cambrian and Ordovician zircons of Pampean age, which indicate paleosedimentary sourcing from the W-NW, indicating a provenance area from the Eastern and Western Sierras

  The Piedra Azul, Bonete and Tunas succession has been correlated with the base of the Ecca Gr of the Karoo basin (South Africa, Fig.3.5c): Prince Albert, Whitehill and Collingham Fms respectively.

Figure 3 .

 3 Figure 3.5: SW Gondwana upper Paleozoic to Lower Triassic correlation chart (modified from Pángaro et al., 2016). The interpretation of the sequences in Cruz del Sur x-1 is debated. The drilling of exploration wells in the Claromecó basin (Fig. 3.4), confirmed the extension of the Paleozoic basin to the North of the Ventania system with similar facies. A major unconformity tops the Paleozoic, above which Tertiary sediments overlie. Schiuma (2012) reports an average vitrinite reflectance (Ro) of 1.58% average (min: 1.34; max: 1.857; n: 80) for a coal seam sample taken from one exploration well (named PANG) at approximately 700 m MD (measured depth). Schiuma's calculations indicate that with a normal thermal

Figure 3 .

 3 Figure 3.6: Regional schematic section of the Western depocenter of the Colorado basin, with interpretation of the folded Paleozoic series bellow the Mesozoic strata (after Lesta et al., 1978). The extension of the Claromecó basin to the SE in the prerift of the Colorado basin (Fig. 3.4) has been addressed by Pángaro and Ramos (2012), Pángaro (2013) and Pángaro et al.

  Figure 3.7. The area of influence of the Gondwanides orogen is illustrated, covering the Northern volcanic arc and an area in central Argentina with Paleozoic rocks including San Rafael and Carapacha basins (Pángaro et al., 2016). The extension of the Claromecó basin under the Colorado basin is also illustrated.

Figure 3 .

 3 Figure 3.7: Distribution of upper Paleozoic to Lower Triassic basins of southern South America (from Pángaro et al., 2016, after references mentioned therein).A reconstruction of the Ventania fold-and-thrust belt and its continuation, under the Colorado basin, with the Cape fold-and-thrust belt is shown in Figure3.8. Their existence has been interpreted to be a consequence of a buttressing effect of the Río de la Plata and Kalahari cratonic blocks applied to the more 'ductile' Dom Feliciano metamorphic belt[START_REF] Pángaro | Paleozoic crustal blocks of onshore and offshore central Argentina: New pieces of the southwestern Gondwana collage and their role in the accretion of Patagonia and the evolution of Mesozoic south Atlantic sedimentary basins[END_REF] Fig. 3.8). The red and blue lineaments were deducted by the authors from

Figure 3 . 8 :

 38 Figure 3.8: Paleogeographic restoration of the Permian orogen at a pre-breakup geometry (from Pángaro and Ramos, 2012).

Figure 3 .

 3 Figure 3.10: Generalized chronostratigraphic chart of the Colorado basin, showing stratigraphy, constraining ages, and main regional tectonic events. It is a zoom of Fig. 2.19 (from Welsink, 2010).

Figure 3 .

 3 Figure 3.11: Paleogeographic reconstruction of the South Atlantic for the Albian (~105 Ma).Most of the margins are now in the thermal sag phase and have been transgressed (from[START_REF] Macdonald | Mesozoic break-up of SW Gondwana: Implications for regional hydrocarbon potential of the southern South Atlantic[END_REF].

Figure 3 .

 3 Figure 3.12: Paleogeographic reconstruction for the Late Cretaceous (from Aguirre-Urreta et al., 2011). A major erosional event is detected on seismic data close of the top of the Cretaceous in the Colorado and Salado basins (the NTK marker, Near Top Cretaceous, in YPF internal

(

  2015) identified two main Neogene foreland basins in the central Pampas, that developed across several morphostructural blocks and basins. To the north of the Colorado river, a late Miocene depocenter records low-energy sedimentary environments in a gentle slope paleorelief, which suggest uniform accommodation in a distal foreland. Evidence point to the presence of a forebulge of a broken foreland that remained until these days (Fig. 3.13).

Figure 3 .

 3 Figure 3.13: Main geomorphologic elements of the Central pampas west of the Colorado basin, showing supply areas and drainage systems to the Colorado river (from Nivière et al., 2013). Note the white contours in meters showing their interpreted Andean forebulge. South of the Colorado river, the foreland basin units show a progradation from the orogenic front towards the east. The characteristics of the deposits and the thickness of the successions suggest that the foredeep depocenter might have been located to the west of 65°W (towards the Colorado basin), the forebulge was interpreted as the 'La Pampa High'

  3.10). The investigated play was the Colorado continental to littoral sandstones in fault-related structural closures. Some of the deepest wells also detected a sequence with more shaly intercalations, sometimes grey-colored, named the Fortín Fm, interpreted at that time as synrift.Offshore exploration in the basin then start again at the end of the sixties, with Phillips drilling 9 wells back-to-back in shallow waters on the northern flank of the western depocenter (Fig.3.14). They were chasing the stratigraphic pinch-out of the Colorado Fm on the basin margin, between the basement and the transgressive Pedro Luro shales. Hydrocarbon shows were detected only in the deepest well A.x-1[START_REF] Gebhard | Aspectos exploratorios de la Cuenca del Colorado[END_REF]. During the same period, Hunt Oil Co. drilled 3 more wells in the central and southern part of WCol. 'La Ballena well (HUN.PC.LBa,x.1) was proposed to test the synrift section of the Western depocenter in a deeper position, while 'El Delfín' (HUN.PC.Ede.x-1) and 'El Pingüino' (HUN.Epi.x-1) wells targeted the top of the Colorado Fm.The Central depocenter (CCol) was only explored since 1977. YPF drilled the Puelche (YPF.PC.Pu.x-1) and Ranquel (YPF.PC.Ra.x-1) wellsback-to-back in 1977 (Fig. 3.14) to test seismic anomalies in the early Tertiary, that were interpreted at the time as possible carbonate buildups and turned out to be volcanic rocks forming a large volcanic field on the southern Consequently, lateral migration from the source rock depocenter to the prospect location (further north) was necessary to charge the trap. The well presented no hydrocarbon shows and was plugged and abandoned.
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 315 Figure 3.15: Map of the exploration wells used in the present study. Between 1999 and 2001, YPF acquired 2D seismic data and later on in 2004-2005 a 3D survey in the shelf edge location. Also the BGR (German Bureau of Geology) acquired 2D

  3.16) of several vintages and varied seismic quality. The old seismic data acquired during the early stages of basin exploration (before the 1990's) is usually or rather bad quality, although interpretation of major surfaces is possible. The newer seismic surveys (of acceptable seismic quality) were acquired since the 1990's on the eastern part of the shelf and slope.

Figure 3 .

 3 Figure 3.16: Map of the Colorado, Salado and Punta del Este basins with the 2D seismic surveys and exploration wells used un the present study. Study area depicted in yellow is for the Colorado Basin.

Figure 3 .

 3 Figure 3.17: Example of seismic line (TWT) across the Colorado basin (ECol and slope),showing some of the main seismic horizons interpreted.

Figure 3 .

 3 18 shows the depth (Z) versus Average velocity for the 7 wells used to build the velocity model. TDR (Time-Depth Ratios) were obtained and then gridded in the study area.

Figure 3 .

 3 Figure 3.18: Time-Depth Ratios (TDR) for the wells used to build the velocity model.

Figure 3 . 19 :

 319 Figure 3.19: Sketch showing the layers used to build the velocity model.As pointed out above, velocities for Layers 1 and 5 were constant. In order to grid velocity maps to reflect changes in interval velocities across the basin, a first automated velocity gridding was carried out with Petrel, extracting interval velocities from the well TDRs (Time/Depth Ratios). Even if there are only seven wells available, they are rather welldistributed in the study area, which allowed obtaining rather simple initial velocity grids.Velocity grids were then adjusted using layer time thickness maps to show higher interval

Figure 3 .

 3 Figure 3.20: Layer 2 Interval Velocity: Sea floor -NTK. Note higher velocities in the trough axis.

Figure 3 .

 3 Figure 3.21: Layer 3 Interval Velocity: NTK to BUU. Note higher interval velocities in the depocenters, and a strong anomaly in the central southern sector, corresponding to a Late Cretaceous volcanic field.

Figure 3 .

 3 Figure 3.22: Layer 4 Interval Velocity: BUU to Top prerift. This map corresponds to the velocities of the synrift sequences. Note higher average velocities in the depocenters, where units are thicker and bases reach deeper levels.

Figure 3 .

 3 Figure 3.23: Bathymetry of the study area as derived from seismic interpretation (sea bottom horizon, depth in meters). Contour interval (C.I.): 250 m.

Figure 3 .

 3 Figure 3.24: Depth structural map of the NTK horizon (near top Cretaceous). C.I.: 250 m Figure 3.24 shows the structural map corresponding to the NTK horizon (near top Cretaceous). The Colorado basin depocenter is illustrated with depths higher than 2000m. The isopach map between the Sea Bottom and NTK horizons, corresponding to the total Cenozoic thickness, is presented in Fig. 3.25. The Cenozoic depocenter extends E-W along the Colorado basin axis. There is a sharp N30°-directed border that corresponds to the shelf break (see Fig.

Figure 3 .

 3 Figure 3.25: Cenozoic Isopach (thickness) Map, computed between sea bottom and NTK. C.I.: 100 m Figure 3.26 presents a structural map for the breakup unconformity (BU horizon). The three main depocenters of the Colorado Basin can now be identified, the most prominent being the Eastern Colorado (ECol). The BUU horizon is a complex unconformity that corresponds to the exposed surface at the time of the first normal oceanic crust accretion followed by marine transgression. It can be correlated from the top of the oceanic crust, to the top of the SDR wedges, and then landward, the BUU passes to the top of the prerift (basement) or top synrift (in the depocenters). The isopach map shown on Fig. 3.27 corresponds to the thickness of the first drift sequence that started depositing from the breakup and lasted until the NTK unconformity. In the isopach map, the Cretaceous Drift deposition is restricted to the Colorado trough. This meaning that sedimentation took place along the Colorado basin axis and the northern and southern margins, Tandilia and Rawson highs respectively, were subaerially exposed. The highs were completely flooded by the latest Cretaceous, during the Campanian-Maastrichtian-Danian transgression, and since then sedimentation took place along and across the whole Argentinean shelf (Colorado, Salado, Rawson, etc.).

Figure 3 .

 3 Figure 3.26: Depth structural map of the BUU horizon (breakup unconformity). C.I.: 500 mThe thickness of the Cretaceous Drift megasequence reaches 3,000 m in Western Colorado (WCol) and more than 5,000 m in Eastern Colorado (ECol). In Central Colorado (CCol), the depocenter is less defined, but thickness reaches at least 2,500 m (Fig.3.27).

Figure 3 .

 3 Figure 3.27: Cretaceous Drift Thickness Map, computed between NTK and BUU. C.I.: 250 m Figure 3.28 is a depth structure map of the Top Prerift (being basement or Paleozoic prerift accordingly). Oceanward, the Top Prerift has been interpreted at the top basement on continental crust. In the COT transition, this horizon follow the Top SDRs, thus the BU. The three Colorado basin depocenters can be identified. ECol, NW-oriented, is the deepest depocenter exceeding 12 km of total depth. ECol is controlled by a master fault dipping to the NE. CCol is oriented E-W, controlled by a master fault dipping to the south, and exceeds 7,500m of total depth. WCol is largely oriented NNW, it does not seem to be bounded by faults, it reaches 5,000 m depth. It is worth to note that seismic quality in the WCol area is rather bad,

Figure 3 .

 3 Figure 3.28: Depth structural map of the Top Prerift horizon (Top prerift: ROU). C.I.: 500 m.

Figure 3 .

 3 Figure 3.29: Total Synrift thickness Map, between BUU and Top Prerift. CI: 400 m.

Figure 3 .

 3 Figure 3.30: Depth structural map of the seismic Moho. C.I.: 1000 m

Figure 3 .

 3 Figure 3.32: 3D view of the Top Prerift horizon in the Colorado basin. The three main depocenters and the External high block are depicted.

Figure 3 . 33 :

 333 Figure 3.33: Depth structure map of the Top Prerift, with all faults affecting the prerift unit.

  3.3). It is bounded on the SW, by a NE-dipping normal fault that extends more than 130 km in the strike direction(fECol, Fig. 3.34).ECol is depocenter formed by two main fault-bounded depocenters separated by a saddle. The NW depocenter is the deepest, reaching a total depth to the Top Prerift of more than 12,000 m. The NW depocenter is bounded to the SW by fECol, and to the NE by an antithetic fault here named a1 (Fig.3.34 and 3.35a). This depozone extends 60 km in the NW-SE direction and 20 km in the SW-NE direction. Two main synrift units were interpreted: Top Synrift (SR) and a Top Late Synrift (LSR, Fig.3.35a). Top SR (interpreted in orange in Fig.3.35) is an unconformity bounding the synrift unit. Top LSR (dark green in Fig.3.35) is another unconformity at the top of the late synrift unit, still displaying some active fault controls.

Figure 3 .

 3 Figure 3.34: Depth structural map for the Top Prerift in the ECol depocenter. Note the two depocenters separated by a saddle structure Above Top LSR, a thermal sag phase was identified, topped by the BUU (breakup unconformity). The BUU horizon was interpreted from the top of the SDRs on the COT, passing by the external high and finally into the ECol depocenter (see figure 3.17). The preservation of a sag phase bellow the BU indicates that the rifting phase responsible for the formation of ECol has already stopped. A previous rifting stage is then interpreted for the creation of ECol, since in a normal rift-to-drift transition, the BU marks the synrift-postrift unconformity.

Figure 3 .

 3 Figure 3.35: Seismic sections across the ECol depocenter (PSTM, TWT): a) Line c023-96 across the NW depocenter; b) C047-96 across the central saddle; c) Line ycc99-09ab across the SE depocenter of ECol.

Figure 3 .

 3 Figure 3.36 shows a thickness map for units SR3a + SR3b. The two depocenters are clearly identified, separated by the saddle.

Figure 3 .

 3 Figure 3.36: Thickness map of the Synrift + Late Synrift units in the ECol depocenter.

Figure 3 .

 3 Figure 3.37: Evolution sketch for the ECol depocenter: a) Early rift stage, two independent grabens; b) Faults fECol1 and fECol2 link and the ECol depocenters becomes a half-graben with a controlling master-fault to the SW (fECol).

Figure 3 .

 3 Figure 3.38: Depth structural map for the Top Prerift in the CCol depocenter area.

Figure 3 .

 3 Figure 3.39: Seismic line as19200 (PSTM) across the CCol depocenter.

Figure 3 .

 3 Figure 3.40: Zoom of sesimic line as19200 (PSTM, TWT) across the CCol depocenter: a) Uninterpreted line; b) Interpreted line with main geologic bodies.

Figure 3 .

 3 Figure 3.41 shows a paleoenvironmental reconstruction for the sedimentary environments in the synrift stage of the CCol depocenter. The reconstruction comes from an analog, the Early Jurassic Cañadón Asfalfo Fm of the homologous basin (located in northern Patagonia). The Cañadón Asfalto Fm represents a mixed environment with development of palustrine environments and deposition of black shales, black mudstones and evaporates, surrounded by littoral sequences. In the marginal environment, a wide biohermal buildup belt developed (laminated and stromatolithic carbonates).

Figure 3 .

 3 Figure 3.41: Analog depositional model for the CCol depocenter (modified from Volkheimer et al., 2015).

  has a more irregular shape, gently oriented SE-NW (160 km long by 80km in the SW-NE direction). It has a maximum sedimentary thickness of approximately 5 km.

Figure 3 .

 3 Figure 3.42: Depth Structure map at the Top Prerift horizon in the WCol depocenter. 2D seismic data available are indicated and the location of Fig. 3.44 is highlighted. Present day coastline is shown in blue. WCol develops partly onshore. Wells Colorado, Pedro Luro, Los Gauchos, Ombucta and Blanqueada drilled the Cretaceous section (Fortín and Colorado Fm). The wells drilled onshore on the SW border (Lagunas Dulces, O'Connor, Oyola) found Cenozoic on top of basement (Fig. 3.43). There is not seismic data available for the onshore part of the basin. The contours for the Top Prerift horizon have been drown respecting the TDs of the wells, although none reached the basement, then Top Prerift values larger than TD were used to 'close' the contours with geological criterion following also the trends indicated in the maps presented by Kaasschieter (1963).

Figure 3 .

 3 Figure 3.43: Well cross section across WCol (from Kaasschieter, 1963).

Figure 3 .

 3 Figure 3.44: Seismic transect across WCol (several vintages, TWT). See location in Fig.3.42.Some aspects about this depocenter remain unclear. The contours for the Top Prerift seem to follow a NNW-direction (Fig.3.42) as some of the interpreted faults (Fig.3.33). This alignment is independent from the artificial closing of the contours in the onshore area. Pángaro

Figure 3 .

 3 Figure 3.45: Free Air Anomaly Map for the Argentinean Offshore (from Arecco et al., 2016). On top of the basement, two drift units were interpreted on the seismic data (Fig. 3.44), with clear onlap and pinch-out terminations towards the southern and northern shoulders. The lack of synrift deposits (fault-bounded) and the thick sag-related drift, is a point which remains to be explained. The lack, bad quality and short recording times of seismic data could be the reason why we are not being able to interpret the synrift. Another possibility is that the synrift depozones are located onshore (around Pedro Luro and Colorado wells) and are not covered with seismic data. The recent publication of gravimetric data seems to indicate an alignment

  well Cruz del Sur (UTA.PC.CDS.x-1) was drilled in 1994. The operator Union Texas was targeting a hanging graben on the southern shoulder of ECol. It is a small depocenter (25 km in the NW direction by 15 km in the SW direction) bounded by faults (Fig. 3.46), and affected by many smaller faults that create an antiform structure at the 'synrift' level.

Figure 3 .

 3 Figure 3.46: Depth Structure Map for the Top Prerift horizon at the Cruz del Sur (CDS) depocenter: a) Location map to the south of ECol; b) Detail map of the CDS depocenter.

  3.47). At 3,500 m MD a sharp surface marks the base of a fine-to very finegrained sandstones body on top of grey shales. The sedimentary body between 3,400 m and 3,500 m MD has an overall blocky GR pattern and was the reservoir where oil was tested. Between 3,300 m and 3,350 m MD another sand body was detected, and consists of mediumto-coarse grained sandstones, also interbedded with shales. Grey shales become dominant above 3,225 m MD, and are described as occasionally silty. A limestone bed was drilled at 3,010-20 m MD and traces of oil stain are described in the mudlog. White tuff layers have been described at 2,980-90 m MD and 2,810-20 m MD. At 2,790 m MD a new sharp sequence boundary puts medium-to-coarse and conglomeratic sandstones (Mesozoic) in contact with underlying grey-to-green claystones.The well Corona Austral (UTA.PC.CA.x-1) drilled 15 km to the NE of CDS.x-1 did not find this section (it was drilled on a basement high bounding the Cruz del Sur depocenter).In CDS.x-1, the operator used seismic interpretation, biostratigraphic data and mudlog to provide a Permian age for the bottom section (4,288-3,994 m MD), Late Jurassic to the Lower Synrift section[START_REF] Moulin | A new starting point for the South and Equatorial Atlantic Ocean[END_REF]225 m MD), Berriasian-Valanginian to the Mid-Synrift section(3,225- 3,010 m MD), Hauterivian-Aptian for a 'Top Synrift Formation'[START_REF] Moulin | A new starting point for the South and Equatorial Atlantic Ocean[END_REF]850 m MD).

Figure 3 .

 3 Figure 3.47: Bottom section of well Cruz del Sur (UTA.PC.CDS.x-1) between 2750 to 4250 m MD. A palynological review carried out by Balarino (2012) from the prepared samples obtained from SWC (Side Wall Cores) pointed to a Cisularian to Early Guadalupian age (Early-Middle Permian) for the section below 3,995 m MD.

Figure 3 .

 3 Figure 3.48: Seismic line as19400 across the CDS depocenter. See Fig. 48 for a larger view of the depocenter location. See Fig. 3.46b for seismic line location on the map.

Figure 3 .

 3 Figure 3.49: Zoom of seismic section as19400 on the CDS structure: a) Uninterpreted seismic line; b) Interpreted seismic line; c) Interpreted seismic line flattened at Top SRa; d) Interpreted seismic line flattened at Top SRb.

  3.32) is the easternmost region of the Colorado basin before passing eastward to the SDRs and oceanic crust. It is located to the east of ECol (Fig.3.50) and is characterized by the presence of largely NE-oriented changing in strike from E-W closer to the ECol depocenter, to NNE towards the east.A seismic section across the external high is shown in Fig.3.51. Part of a the ECol depocenter and the fault fECol is shown on the NW end. In the center of the figure, the External High is affected by normal faults. Further east, the SDRs are emplaced on the COT. The horizon interpreted in orange in Fig.3.51 is the Base SDR. Several wedges of SDRs were identified (Fig.3.52). The horizon interpreted as the base of the SDRs (orange in Figs.3.51 and 3.52) is a composite horizon which (following[START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF] that connects the bases of different SDR wedges through 'faults' or discontinuities (poorly imaged). A thickness map of SDRs was prepared for the unit between the base of the SDRs horizon and the breakup unconformity (BU), using a constant interval velocity of 5,000 m/s. This isopach of the SDRs is presented in Figure3.53. According to this interpretation, SDR can reach maximum thickness of around 6 km in the study area.

Figure 3 .

 3 Figure 3.50: Depth structure map for eastern ECol and the External High area.

Figure 3 .

 3 Figure 3.51: Seismic line as13000 (PSTM, TWT) across the ECol depocenter, the external high and the SDRs (cc: continental crust; cot: continent-ocean transition, oc: oceanic crust).

Figure 3 .

 3 Figure 3.52: Zoom-in of seismic line as13000 (PSTM, TWT) across the SDRs wedges east from the Colorado basin: a) Uninterpreted seismic section; b) Interpreted seismic section.

Figure 3 .

 3 Figure 3.53: Total Thickness map of the SDR wedges (depth converted using a constant interval velocity of 5,000 m/s).

  with the opening of the South Atlantic Ocean. A first rifting event, associated with the extensional reactivation of previously compressive thrusts of the Ventania-Cape fold belt, is transected by faults forming the main depocenters of the Colorado and possibly the adjacent Salado basin. The second and main rifting stage is correlated with the Early Jurassic Karoo rifting. In the Early Cretaceous WNW-ESE extension produced NNE-trending landwarddipping faults, concentrated in the outer 100-200 km of the continental crust domain, possibly coeval with SDR emplacement. This is the first identification of three superimposed rifting settings in the southern South Atlantic realm and is key to understanding the complex Mesozoic breakup history of SW Gondwana.

  Fig 4.1) are troughs oriented largely E-W, at high angle with the NNE-oriented continent-ocean boundary (COB). Magma-rich rifted margins as the southern South Atlantic are characterized by the presence of SDRs (Seaward Dipping

Figure 4 . 1 :

 41 Figure 4.1: Structural map of the Colorado and Salado basins (offshore Argentina) and the Punta del Este basin (offshore Uruguay). A: Map showing the location of the study area. B: Total sedimentary thickness on the continental crust domain (CCD). Colorado basin depocenters: WCol (western), CCol (central), ECol (eastern). Faults have been gathered into four fault sets (FS) according to their relative chronology. SDR wedges (mapped after Franke et al., 2007; and Soto et al., 2011). COT: continent-ocean transition, COB: cont.-ocean boundary, OCD: Oceanic crust domain, FZ: fracture zone, EH: External High. The black dots show the location of the exploration wells. Yellow lines indicate the location of seismic transects presented in this contribution.

Figure 4 . 2 :

 42 Figure 4.2: Schematic chronostratigraphic chart depicting chronology of rifting events and the main horizons used in seismic interpretation. TSR1: Top Synrift 1, TSA1: Top Sag 1, TSR2: Top Synrift 2, TSA2: Top Sag 2, BU: Breakup Unconformity, TC: Top Cretaceous. Arrows indicate the main direction of extension for each rifting stage (respect to present day South America). Late Triassic-Early Jurassic rifting (FS1): SW-NE extension; Early-Mid Jurassic rifting (FS2): N-S extension; Early Cretaceous rifging (FS3) and SDR emplacement: WNW-ESE extension.

  structural map of the Colorado and Salado basins is presented in figure 4.1. The deepest Eastern Colorado (ECol) depocenter is a half-graben controlled by a NW-striking, NEdipping master fault(Figs. 4.3, 4.5 and 4.6). In a structural section across ECol (Fig.4.3) two sets of faults were identified. Tilted blocks on the northern flank of ECol are associated with a first set of faults (FS1), dipping to the S-SW and detaching at a level within the crust (at depths of approximately 10-15 km. Paleozoic strata are preserved in the tilted blocks but the synrift deposits associated with the rotation of these blocks are mostly eroded(Fig. 4.4, Pángaro and Ramos, 2012).

Figure 4 . 4 :

 44 Figure 4.4: Depth converted seismic line on the northern flank of the ECol depocenter. A: uninterpreted and, B: interpreted section. Tilted blocks associated with FS1 faults are shown in detail. Note that most of the synrift associated with this rifting has not been preserved. The location of the Pejerrey (Pe) well is shown. A second set of faults (FS2), including the master fault forming ECol and conjugates, intersects FS1 faults. FS2 faults are steeper and more deeply rooted, with the master fault possibly detaching at deep crustal levels close to the Moho (at a depth of about 30 km, Fig. 4.3). By extrapolating these observations across the study area, we classified the observed faults into four fault sets according to their relative chronology. Besides FS1 and FS2 already presented, FS3 faults are largely oriented NNE parallel to the SDRs and continent-ocean boundary and restricted to the outer 100-200 km of the continental crust domain and COT (Fig. 4.1 and 4.6). Finally, FS4 faults were interpreted in the areas affected by fracture zones. Although the fracture zones appear to have an impact on the shelf structure and onshore geology, FS4 faults are restricted to the COT affecting SDRs wedges (Fig. 4.1).
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 45 Figure 4.5: Depth converted seismic transect across the ECol depocenter. A: uninterpreted and, B: interpreted transect. Note preserved half-grabens of rifting stage 1 on the southern flank of ECol and transection of FS1 and FS2 faults. On another seismic transect across ECol, tilted blocks were identified both on the northern and the southern flank of the depocenter, forming relict half-grabens 'hanging' on the footwall of the ECol master fault (Fig. 4.5). Some FS2 faults show reactivation reaching the top Cretaceous horizon, probably associated with strike-slip movement during the drifting phase. FS1 faults do not present Late Cretaceous reactivation.

  Cross cutting of FS1 faults by FS2 faults identified in the ECol and CCol depocenters point to the presence of a previously unknown rifting stage. We associate the NW-striking, S-SW dipping listric faults with the extensional reactivation of thrusts of the Permian to Early Triassic Ventania-Cape fold belt. Seven of these former thrusts were identified in the study area(Fig. 4.7a). Figure4.8 is a seismic transect across the former Ventania-Cape fold belt in the Colorado basin area, formed by a combination of the seismic lines presented in figures 4.6 and 4.3. The detachment for FS1 faults follows the detachment of the former thrusts and shallows towards the NE, away from the Gondwanides orogen[START_REF] Mosquera | La estructura de la Dorsal de Huincul[END_REF]. Note the transection of the extensionally reactivated thrusts (FS1) with the master fault forming ECol (FS2) in the central area. A Late Triassic-Early Jurassic age for this initial rifting stage is interpreted by association with the Precuyano rifting event in the Neuquén basin[START_REF] D'elia | Early evolution of the southern margin of the Neuquén Basin, Argentina: Tectono-stratigraphic implications for rift evolution and exploration of hydrocarbon plays[END_REF] that has also been related to reactivation of Late Paleozoic structures[START_REF] Mosquera | Intraplate deformation in the Neuquén Embayment[END_REF]. FS1 faults do not seem to be present in the Salado basin area as this region was north of the area of influence or the Permian-Early Triassic Ventania-Cape fold belt.

Figure 4 . 7 :

 47 Figure 4.7: Tectonic evolution of the Colorado basin: a) Late Triassic-Early Jurassic rifting stage associated with FS1 faults, extensionally reactivated thrusts of the Late Permian-Early Triassic Ventania-Cape fold belt. Main reactivated thrusts are drawn in black; b) Main rifting stage (Early-Mid Jurassic) responsible for FS2 faults and the formation of the Colorado and Salado basins' main depocenters; c) Final rifting stage (Early Cretaceous) related to the South Atlantic breakup and emplacement of SDRs. FS3 faults are largely oriented NNE, parallel to the SDRs and COB; d) Location map for Fig. 4.7c; e) Location map for Fig. 4.7a and b.

  identification of three rifting stages in the Colorado basin is key to understanding the complexity of long term continental breakup processes that affected the Paleozoic supercontinents. A previously unknown rifting stage was identified. Extensional reactivation of Late Paleozoic-Early Triassic thrusts of the Ventania-Cape Fold Belt was produced in Late Triassic-Early Jurassic times. A second rifting stage was responsible for the main depocenters of the Colorado and Salado basins. Faults associated with this stage cross cut older faults and are largely oriented E-W to SE-NW. An Early-Mid Jurassic age was assigned to this stage, in agreement with the Karoo rifting and the N-S extension responsible that ended with the opening of the Weddell Sea. The area went into a final rifting stage in the Latest Jurassic-Early Cretaceous. With extension oriented WNW-ESE, faults developed in the outer 100-200 km wide fringe parallel to the NNE-striking COB. This final rifting stage involved the emplacement of SDRs and produced the opening of the South Atlantic Ocean. new insights in the understanding of the rifting in the Malvinas basin that have been obtained from seismic interpretation in collaboration with my colleagues at YPF SA. Moreover, two U-Pb zircon ages for the synrift and prerift units are presented, obtained in collaboration with M. Naipauer (UBA) and V.A. Valencia (Washington State University). The content of this chapter has been submitted for publication in the Journal of South American Earth Sciences, in a special number on Patagonian basins (Authors: Lovecchio, J.P.; Naipauer, M.; Cayo, E.; Rohais, S.; Ramos, V.A.; Giunta, D.; Gerster, R.; Bolatti, N.; Joseph, P.; Valencia, V.A.).
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 51 Figure 5.1: Mesozoic basins of Patagonia. Note the emplacement of the Malvinas basin bounded by the Río Chico High (RCH) to the northwest, the Malvinas High to the northeast and the transform plate boundary to the south. Other Mesozoic basins are illustrated: Austral/Magallanes basin (Au), North Malvinas (Falkland) basin, San Julián (SJu), San Jorge Gulf basin (SJo), Liassic Chubut basin (Ch), Cañadón Asfalto (CA), Valdés (Va). In northern Patagonia, the North Patagonian Massif (NPM) hosts Paleozoic rocks and a Mesozoic volcanic cover, with Mesozoic batholiths to west related to ancient volcanic arcs. Further south, the Deseado Massif (DM) hosts Permian and Triassic deposits and a Jurassic volcanic cover. Note the development of the ophiolitic complexes of the Rocas Verdes basin in the SWAustral basin (after[START_REF] Echaurren | Early Andean tectonomagmatic stages in North Patagonia: Insights from field and geochemical data[END_REF][START_REF] Figari | Estratigrafía y evolución geológica de la Cuenca de Cañadón Asfalto , provincia del Chubut[END_REF][START_REF] Galeazzi | Structural and Stratigraphic Evolution of the Western Malvinas Basin, Argentina[END_REF][START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF][START_REF] Malkowski | Unzipping the Patagonian Andes -Longlived influence of rifting history on foreland basin evolution 1-7[END_REF] Micucci et al., 2011;[START_REF] Panza | El volcanismo Jurásico[END_REF][START_REF] Ramos | Evolucion Tectonica[END_REF].

  followed in this work due to the geodynamic framework and the lack of Triassic volcanism to the east of this location. A Late Triassic cycle of alluvial plain sands and shales rich in palaeoflora(El Tranquilo Gr, Haller, 2002), was interpreted as a reactivation of the Late Permian rift. According to[START_REF] Giacosa | Hoja Geológica 4766-III-IV Puerto Deseado[END_REF], brownish crystalline tuffs are interbedded with conglomerates towards the base of the sequence, but these rocks have not been dated. The Permo-Triassic succession is intruded by the La Leona Fm granite dated Latest Triassic (203±2 Ma and 202±2 Ma; Rb-Sr by[START_REF] Pankhurst | Geocronologia y petrogenesis de los granitoides jurasicos del noreste del Macizo del Deseado[END_REF] to Early Jurassic (198±3 Ma, Rb-Sr by[START_REF] Varela | Dataciones en el Jurásico inferior de rocas magmáticas del noroeste del Macizo del Deseado, Santa Cruz[END_REF]; 191±10 Ma, K-Ar in biotite;[START_REF] Chebli | Estratigrafía y magmatismo en la zona de la Estancia La Juanita y alrededores (departamento Deseado, prov. de Santa Cruz)[END_REF]. Outcrops of Permian and Triassic rocks are scarce and only a few outcrops are known across the area (Fig.5.1). Most of the Deseado Massif is covered by a Middle-Late Jurassic volcanic field (Fig.5.1), referred to as the Bahía Laura Group (and equivalents), forming the Chon Aike Magmatic Province[START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF][START_REF] Panza | El volcanismo Jurásico[END_REF] Fig. 5.2). The synextensional emplacement of the bimodal volcanism of the Chon Aike province in a retroarc setting was suggested by[START_REF] Uliana | Significado del vulcanimso y extensión Mesojurasicos en el extremo meridional de Sudamérica[END_REF].[START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF] confirmed the coeval development of the Chon Aike magmatism with arc activity to the west, represented by the Subcordilleran Batholith, an elongated batholith oriented NNW cropping out in the North Patagonian Massif (Fig. 5.1).

  [START_REF] Mpodozis | Tectónica Jurásica en Argentina y Chile: Extensión, subducción oblicua, rifting, deriva y colisiones?[END_REF], and more recently[START_REF] Echaurren | Early Andean tectonomagmatic stages in North Patagonia: Insights from field and geochemical data[END_REF], related the trenchward arc migration from the Early Jurassic Subcordilleran Batholoith position to differential slab rollback (a non-cylindrical slab rollback, accentuated towards the southern end). This mechanism also explains the development of the Cañadón Asfalto and Liassic Chubut basins in a migrating retroarc setting (seeFig. 5.1, Suárez and Márquez, 2007).[START_REF] Echaurren | Early Andean tectonomagmatic stages in North Patagonia: Insights from field and geochemical data[END_REF] suggest slab steepening in the Late Jurassic as the process responsible for continuous trenchward migration of the locus of volcanism in northern Patagonia to the north-south oriented Patagonian Batholith (Fig.5.1). An older batholith is also present in the Northern Patagonian Massif, the Central Patagonian Batholith(CPB, Fig. 5.1;[START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF]. The CPB was emplaced in the Late Triassic(200-224 Ma, Rapela et al., 2005), in a NW direction and has been associated with an extensional setting[START_REF] Kay | Late Paleozoic tectonics in Southern South America: a global perspective[END_REF].

  Figure 5.3 presents a chronostratigraphic chart to illustrate the diachronous rifting evolution from east to west in the Malvinas and Austral basins, and in the Rocas Verdes Late Jurassic Marginal basin.

A

  dataset for the Malvinas basin, composed of 2D TWT multi-channel seismic data and 20 hydrocarbon exploration wells, was made available by YPF SA. Seismic transects were prepared by connecting several seismic lines of different surveys. The main horizons associated with seismic stratigraphic surfaces were interpreted on the transects. A blend of amplitude and tecVA attribute[START_REF] Bulhoes | Princípio da SismoCamada Elementar e sua aplicação à Técnica Volume de Amplitudes (tecVA)[END_REF] was generated to highlight structural features. Structural maps for the main horizons were prepared. We had access to well data, such as well reports, electric logs, mud logs, etc. and prepared well correlations.Two rock samples were recovered from exploration well cores, one from the Erizo.x-1 well and one from the Calamar.x-1 well (Fig.5.6). The Erizo.x-1 sample (M-06, Fig.5.4a) is a volcanic breccia recovered from the prerift unit(1971,[START_REF] Paton | Evolution of seaward-dipping reflectors at the onset of oceanic crust formation at volcanic passive margins : Insights from the South Atlantic[END_REF] m MD, measured depth). A thin-section microphotography is presented in Fig. 5.5. The sample from the Calamar.x-1 well (M-03), was obtained from a tuff level at the top of the synrift unit (1779,6 m MD, just below the synrift-postrift unconformity, Fig. 5.4b) and was used to constrain the crystallization age of the Serie Tobífera. Core samples weighted 2.280 Kg (M-06) and 1.779 Kg. (M-03). Zircon grains were concentrated and separated using standard preparation methods at the La.Te.Andes laboratory (Salta, Argentina). Final grains selection of the zircon populations for U-Pb analysis was undertaken by hand-picking using a binocular microscope at the laboratory of IDEAN (UBA-CONICET). Zircons in this study were analyzed for their U-Pb age at the Radiogenic Isotope and Geochronology Lab (RIGL) at Washington State University. Analytical methods and U-Pb (LA-MC-ICP-MS) age measurements of zircons are available in the Supplementary Material.
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 54 Figure 5.4: Core photos of the samples analyzed in the study: a) Sample M-06: a volcanic breccia sampled from the Erizo.x-1 well; b) Basal contact of the Springhill Fm (post-rift) overlying the Serie Tobífera, from which Sample M-03 was recovered.
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 55 Figure 5.5: Thin section microphotography of the volcanic breccia of sample M-06. Note the large sub-rounded tuff clasts and the smaller sub-angular Quartz in a partially dissolved cemented tuffaceous matrix. Pink indicates Calcite, while light blue indicates porosity.

  . It represents the top of either the Precambrian/Paleozoic igneous-metamorphic basement, or any other unit deposited in the study area before the onset of rifting (e.g. Paleozoic series of the Malvinas Islands). The synrift units are detected on seismic data as wedges of fault-bounded sedimentary or volcano-sedimentary sequences. The map presented in figure 5.6 shows the development of the main depocenter asymmetrically displaced towards the southeast of the Malvinas basin. Baristeas et al. (2013) obtained a similar structural map for the top basement but did not map the faults. The main depocenter, known as Central Graben is in fact a half-graben extensional basin bounded to the NE, by a SW-dipping master normal fault (Figs. 5.6, and 5.7). Minor NE-dipping faults on the SW-flank give the apparent configuration of a graben and thus its name.
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 56 Figure 5.6: Depth structure map at the Top Prerift for the Malvinas basin, Río Chico High and the eastern Austral basin. The main depocenter of the Malvinas basin, the Central Graben, is displaced to the southeast. The main rifting-related faults are oriented NNW. Towards the south, the presence of near E-W oriented faults is due to deformation related to the Latest Cretaceous-Cenozoic compression from the south. Note the location of the present-day orogenic front (northern limit of the fold-and-thrust belt). The location of the studied wells and the transects of Figs. 5.7 and 5.8 are indicated.

The

  Cenozoic deposits correspond to the N-S oriented foreland basin (near orthogonal to the rifting direction and to the orientation of Transects A-A' and B-B'. Horizons: H20, H15, H10, H7 and Sea Bottom indicate different markers across the Cenozoic succession. Some polygonal extensional faults can be interpreted affecting the Tertiary cover, mainly the BTc-H15 sequence in the basin center (Fig. 5.7). Morphological analysis of zircon grains was conducted under binocular and cathodoluminescence images. Morphological populations were identified based on color, size, shape, habit, and elongation; the presence of internal cores, fractures, and inclusions was also recorded. Representative grains from the main morphological groups are shown in figures 5.9a and 5.9b. In sample M-06 most of the separated zircons, approximately 300, are characterized by prismatic habit with elongations between 3 and 4 and idiomorphic form. They are mostly transparent or pink in color. Pyramidal faces are preserved and abundant inclusions were observed. A subordinate population of crystals presented long prismatic habit with elongation > 5 and idiomorphic shape indicating a volcanic origin (Figure 5.9a). Most of the grains from sample M-06 have, in the cathodoluminescence (CL) images, oscillatory zoning typical of plutonic and/or volcanic zircons. Two hundred and fifty (250) zircon grains were separated from the sample M-03. Crystals present a long prismatic habit (elongation > 5) and idiomorphic form. Zircon grains are transparent, have many long inclusions and some of them present bi-pyramidal crystal face that indicate a possible volcanic origin. A minor amount of crystals presented short prismatic habit (elongation 2-3) and idiomorphic form (Figure 5.9b). The CL images show crystal with internal textures characterized by oscillatory zonation indicating a magmatic origin (Fig. 5.9b).
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 59 Figure 5.9: Microscope and cathodoluminescence images of the studied samples: a) Zircon grains from the M-06 sample (Prerift, Erizo.x-1 well); b) Long prismatic zircons recovered from sample M-03 (Serie Tobífera, Calamar.x-1 well).

203 Ma and 1 ,

 1 013 Ma (figures 5.10a and 5.10b). The distribution of the ages is bimodal with two maximum peaks at 215 Ma and 296 Ma. The most representative group has Triassic ages (63%) while the second group has Permian to Late Carboniferous ages (35%). Considering the morphological analysis of the crystals from sample M-06, with zircons of volcanic origin without evidence of transport, the maximum peak at 215 Ma (Late Triassic) is interpreted as the better age for the crystallization of the volcanic breccia in the prerift unit drilled by the Erizo.x-1 well. The older ages are interpreted as inherited zircons, probably from previous Late Paleozoic igneous rocks, very well represented in Patagonia[START_REF] Pankhurst | Gondwanide continental collision and the origin of Patagonia[END_REF][START_REF] Hervé | SHRIMP chronology of the Magallanes Basin basement, Tierra del Fuego: Cambrian plutonism and Permian high-grade metamorphism[END_REF].

  The oldest Chon Aike ages are observed in towards present-day eastern Patagonia and the Malvinas (Falkland) Islands. The Middle Jurassic silicic volcanism characteristic of the Chon Aike MP is rather widespread in the North Patagonian Massif, the Deseado Massif, in the Cañadón Asfalto and San Jorge Gulf basins, and as the main synrift infill of the Austral and possibly the Malvinas basin. The Late Jurassic volcanism (El Quemado Complex and equivalents), however, is restricted to the present-day Andean foothills to the west. This Late Jurassic volcanism has been interpreted as preceding the opening of the Rocas Verdes marginal basin, and displays a diachronous behavior from south to north (see the compilation by Malkowski et al., 2015). The diachronism of the retroarc volcanic activity is also reflected in volcanic arc migration. Several authors have noticed and highlighted the trenchward arc migration throughout the Jurassic. Echaurren et al. (2017) suggest a non-cylindrical arc migration to be produced by differential slab rollback. This rotational arc migration implies a clockwise rotation of the stress field of ~20° between the Early Jurassic Subcordilleran Batholith and Late Jurassicto-Neogene, N-S-striking, Patagonian Batholith (PB, Fig. 5.1). When observing the structural fabric of the Early-Middle Jurassic faults and structures across Patagonia (Fig. 5.1) a certain 'fanning' can be interpreted. WNWto NW-oriented faults are observed on the east with the WNW-striking faults of the Southern Rift of the North Malvinas (North Falkland) basin, the WNW-oriented dolerite dykes in the islands, the NWoriented Central Patagonian Batholith, the NW-striking structures of the Deseado Massif. The Malvinas and Austral basins are related to NNW-directed faults, while towards the west, structures display a more N-S strike, parallel to the Andean margin trench. If the migration of the volcanic arc in northern Patagonia is considered, the apex of this 'fanning' structures would be placed near the northern limit of Patagonia (present-day 40° LS). We attribute this 'fanning' character of structures associated with the synextensional Chon Aike MP to a clockwise rotation produced by the influence of a vertical slab tear towards the south of present-day Patagonia, between South America and Antarctica (Fig. 5.11a), active since the latest Triassic.

Figure 5 .

 5 Figure 5.11: Rifting evolution of the Chon Aike MP: a) Early-Middle Jurassic rifting coeval with the Chon Aike MP emplacement; b) Late Jurassic extension is focalized in western Patagonia and produced the opening of the Rocas Verdes marginal basin (RV). The Weddell Sea opened in the Late Jurassic between Eastern and Western Gondwana (blue representd oceanic crust). Note the Late Triassic Central Patagonian Batholith (CPB), and arc migration (indicated by a curved black arrow) between the Early Jurassic Subcordilleran Batholith (SB, Fig. 5.11a) and the Late Jurassic Patagonian Batholith (Fig. 5.11b).
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 5 Figure 5.12: 3D sketch of the Jurassic vertical slab tear model for southern Patagonia, that explains the synextensional emplacement of the Chon Aike MP in Patagonia, associated with clockwise asymmetric extension and trenchward volcanic arc migration. The upper plate is indicated in the bluish color and coastlines of Present day Patagonia and the Antarctic territories are displayed. The North arrow indicates the present-day North for Patagonia.

  throughout the Early-Mid Jurassic. It could have produced the differential slab roll-back of the subducting plate below Patagonia noticed by Mpodozis and Ramos (2008) and Echaurren et al. (2017) that seems to have controlled the rotational extension observed for the Chon Aike MP and related basins. The slab tear model would also explain a thermal anomaly that might have triggered the opening of Weddell Sea.
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 61 Figure 6.1. Gondwana view in a Pangea reconstruction at the end of the Paleozoic after Gray et al. (2008), showing the main breakup events modified from Moulin and Aslanian (2010) and Will and Frimmel (2018). Cratons: RdP: Río de la Plata, Pp: Paraná-Panema block, SF: Sao Francisco, WA: West Australia, SA: South Australia.
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 62 Figure 6.2: Simplified structural scheme of SW Gondwana at the end of the Paleozoic, with a detail of cratons, terranes and mobile belts, after Gray et al. (2008); Ramos (2010); Pankhurst et al. (2006); Pángaro and Ramos (2012); and Lovecchio et al. (2018). Main Precambrian mobile belts: Dom Feliciano (DF), Gariep (GB), Namaqua-Natal (Nam-Nat), Mozambique (Moz). Main Paleozoic accreted terranes: Pampia (Pam), Cuyania (Cu), Arequipa-Antofalla (AA), Chilenia (Chi). Other Tectonic blocks: Paraná-Panema (Pp), Sao Francisco (SF), North Patagonian Massif (NPM), Deseado Massif (DM), Eastern Antarctica (EA). Permian-Triassic mobile belt (in purple): Ventania system (VS), Prerift of the Colorado basin (CB), Cape Fold Belt (CFB), Ellsworth-Whitmore Mountains (EW). Projection UTM. Undeformed plates, continental fit modified after Dalziel et al. (2013).

Figure 6 . 3 (

 63 Figure 6.3 (next page): Map of the main Mesozoic basins of SE South America (SAm). NOA: Northwest Argentina Cretaceous basin, SCh: Sierras Chicas, GL: General Levalle, Mac: Macachín, Be: Bermejo, Cu: Cuyo basin, Nq: Neuquén, Ch: Liassic Chubut basin, CA: Cañadón Asfalto, SJo: San Jorge Gulf basin, Au: Austral/Magallanes basin, Ma: Malvinas basin, NM: North Malvinas (Falkland) basin, SJu; San Julián, Va: Valdés, Ra: Rawson, Col:Colorado, Sal: Salado, PdE: Punta del Este basin, SL: Santa Lucía, Pel: Pelotas. Other features: MI: Malvinas (Falkland) islands, VB: Volunteer basin, FRB: Fits Roy basin, MP: Malvinas (Falkland) Plateau, MEB: Maurice Ewing Bank, SG: South Georgia, VS: Ventania system, TS: Tandilia system. FZ: Fracture Zone. Faults and depocenters after[START_REF] Uliana | Inversion structures and hydrocarbon occurence in Argentina[END_REF][START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF];[START_REF] Veroslavsky | Geologia da Bacia de Santa Lucia -Uruguai[END_REF];[START_REF] Franke | Margin segmentation and volcano-tectonic architecture along the volcanic margin off Argentina/Uruguay, South Atlantic[END_REF];Micucci et al. (2011);[START_REF] Starck | Cuenca Cretácica-Paleógena del Noroeste Argentino[END_REF] ;[START_REF] Becker | The crustal structure of the southern Argentine margin[END_REF];[START_REF] Bechis | Transtensional tectonics induced by oblique reactivation of previous lithospheric anisotropies during the Late Triassic to Early Jurassic rifting in the Neuquén basin: Insights from analog models[END_REF];[START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF];[START_REF] Figari | Estratigrafía y evolución geológica de la Cuenca de Cañadón Asfalto , provincia del Chubut[END_REF];[START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF];Gianni et al. (2015) and[START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF]. Background topography from Etopo 1[START_REF] Amante | ETOPO1 1 Arc-Minute Global Relief Model: Procedures, Data Sources and Analysis[END_REF].
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 64 Figure 6.4: Rifting chronology chart for the main Mesozoic basins of SE South America. Black bars indicate perionds of active rifting, grey bars indicate postrift sedimentation. Santa María (SM), Bermejo (Be), and Cuyo basin (Cu) after Kokogian and Mancilla (1989); Zerfass et al. (2004); Barredo et al. (2012) and Colombi et al. (2015). Neuquén basin (Nq) after D'Elia et al. (2015) and references therein. Cañadón Asfalto (CA) after Cúneo et al. (2013) and Figari et al. (2015). Chubut Liassic basin after Suárez and Márquez (2007) and references therein, San Jorge Gulf basin (SJo) after Fitzgerald et al. (1990), and Iannizzotto et al. (2004). Deseado (De) and San Julián (SJu) basins after Figueiredo et al. (1996). Austral/Magallanes (Au) includes the Late Jurassic Rocas Verdes basin, ages after Pankhurst et al. (2000) and Calderón et al. (2013). Malvinas (Ma) and North Malvinas (North Falkland) basins after Galeazzi (1998); Ramos et al. (2017); and Lohr and Underhill (2015;). Rawson/Valdés basin (Ra/Va) after Continanzia et al. (2011). Macachín basin (Mac) is undrilled, thus rifting age is poorly constrained. Sierras Chicas and General Levalle basins in Córdoba (SCh/GL) after Lagorio et al. (2016); Schmidt et al. (1995); and Webster et al. (2004). Northwestern Argentina Cretaceous basin (Salta, NOA) after Starck (2011) and references therein, age after Galliski and Viramonte (1988). Colorado (Col), Salado (Sal), and Punta del Este (PdE) basins after Lovecchio et al. (2018); Gerster et al. (2011); and Loegering et al. (2013). Santa Lucía basin (SL) after Veroslavsky, (1999). Pelotas (Pel) after (Stica et al., 2014) and references therein.

  Frizon De Lamotte et al. (2015) suggest a two-step scenario, by splitting all the Karoo basins in two groups. The Karoo I basins gathers the Late Carboniferous to Triassic poly-phased depocenters, overall trending NE-SW; and the Karoo II basins the Jurassic depocenters associated with extension due to the impact of the Karoo plume (Bouvet hotspot) and breakup of East Africa from Madagascar and East Antarctica. In this study, to characterize the chronology of the Karoo rifting, we follow the rationale of Frizon De Lamotte et al. (2015) and compliment it with the work of Nairn et al. (1991), Smith et al. (1993), Zerfass et al. (2005), Mahanjane (2012), Mueller and Jokat (2017), Guillocheau et al. (2018), and the recent review for the East Africa region by Davison and Steel (2018). We present in figure 6.5 a map of the Mesozoic basins in southern Africa. Onshore, besides the Main Karoo Basin (MKB) the other Karoo depocenters are distributed along two axes oriented ENE: 1) the Waterberg-Zambezi axis (Karoo I sensu Frizon De Lamotte et al., 2015); and 2) the Kalahari-Botswana-Limpopo axis (Karoo II). In East Africa, a group of N-S oriented grabens are observed, but they are consequence of two different origins: 1) the

Figure 6

 6 Figure 6.5 (next page): Map of the main Mesozoic basins of southern Africa (Af). MKB: Main Karoo basin, Etj: Etjó, Wtb: Waterberg, MZa: Mid-Zambezi, Li: Limpopo, Bo: Botswana, Ka: Kalahari, MOZB: Mozambique basin, Le: Lebombo, Zu: Zululand, Du: Durban, , Wal: Walvis, Lu: Luderitz, Or: Orange, CB: Cape basin, CFB: Cape Fold Belt; Ou: Outeniqua basin. Outeniqua sub-basins: B: Bredasdorp, P: Pletmos, G: Gamtoos, A: Algoa.After[START_REF] Smith | A review of the stratigraphy and sedimentary environments of the Karoo-aged basins of Southern Africa[END_REF][START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF],[START_REF] Nairn | Geology, basin analysis, and hydrocarbon potential of Mozambique and the Mozambique Channel[END_REF],[START_REF] Mahanjane | A geotectonic history of the northern Mozambique Basin including the Beira High -A contribution for the understanding of its development[END_REF],[START_REF] Mueller | Geophysical evidence for the crustal variation and distribution of magmatism along the central coast of Mozambique[END_REF],[START_REF] Stollhofen | Tectonic and volcanic controls on Early Jurassic rift-valley lake deposition during emplacement of Karoo flood basalts, southern Namibia[END_REF],[START_REF] Davison | Geology and hydrocarbon potential of the East African continental margin: a review[END_REF],[START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF],[START_REF] Clemson | The Namib Rift: a rift system of possible Karoo age, offshore Namibia[END_REF],Koopmann et al. (2014), and[START_REF] Paton | The missing piece of the South Atlantic jigsaw -when continental break-up ignores crustal heterogeneity[END_REF]. Background topography from Etopo 1[START_REF] Amante | ETOPO1 1 Arc-Minute Global Relief Model: Procedures, Data Sources and Analysis[END_REF].
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 66 Figure 6.6: Rifting chronology chart for the main Mesozoic basins of southern Africa. Black bars indicate perionds of active rifting, grey bars indicate interpreted postrift sedimentation. Main Karoo Basin (MKB) after Catuneanu et al. (2005), and Duncan et al. (1997). Waterberg (Wtb) and Mid-Zambezi (MZa) after Zerfass et al. (2005) and references therein. Mozambique basin (MOZB) after Mueller and Jokat (2017). Limpopo (Li) and Lebombo (Le) monocline ages after Jourdan et al. (2007), and[START_REF] Klausen | The Lebombo monocline and associated feeder dyke swarm: Diagnostic of a successful and highly volcanic rifted margin?[END_REF]. Botswana (Bo), Kalahari (Ka) and Etjó (Etj) basins after[START_REF] Catuneanu | The Karoo basins of south-central Africa[END_REF] and[START_REF] Smith | A review of the stratigraphy and sedimentary environments of the Karoo-aged basins of Southern Africa[END_REF]. Etjó also records the Etendeca Zululand (Zu) and Durban (Du) after[START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF]. Etjó basin (Etj)after[START_REF] Renne | Age of Etendeka flood volcanism and associated intrusions in southwestern Africa[END_REF].

(

  indicated by purple faults in Fig. 6.7) and until the Earliest Jurassic (red faults in Fig. 6.7 indicate extensional activity in the Late Triassic-Early Jurassic). We highlight three depocenters a series of aligned depocenters in Patagonia, in the SW Gondwana retroarc and two orthogonal features. The retroarc depocenters (1 in Fig. 6.7) include the Cuyo, Bermejo, Neuquén, Deseado basin and possibly some extension into the Malvinas basin area. The other two extensional features at high angles with the margin are: the axis formed by the Santa María (Brazil) and the Waterberg and Mid-Zambezi basins extending into East Africa as part of the Karoo I system (2 in Fig. 6.7) sensu Frizon De Lamotte et al. (2015); and the Permian-Early Triassic Cape foldand thrust belt, and its extension into South America known as the Ventania system, reactivated throughout the Mesozoic (3 in Fig. 6.7).
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 6 Figure 6.7: Paleo-tectonic reconstruction of SW Gondwana at 200 Ma. Africa in its presentday position. Gondwana fit after[START_REF] Dalziel | The Scotia Arc: Genesis, Evolution, Global Significance[END_REF]. Triassic volcanic arc in Central Chile after[START_REF] Oliveros | The Early Stages of the Magmatic Arc in the Southern Central Andes[END_REF], Central Patagonian Batholith (CPB, age after[START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF]. Volcanic arc in the Antarctic Peninsula after[START_REF] Storey | Role of subductionplate boundary forces during the initial stages of Gondwana break-up: evidence from the proto-Pacific margin of Antarctica, in: Magmatism and the Causes of Continental Breakup[END_REF] Basins develop in a backarc: Cuyo (Cu), Bermejo (Be), faults after[START_REF] Uliana | Inversion structures and hydrocarbon occurence in Argentina[END_REF]; or intracratonic setting: Santa Maria (SM), Waterberg (Wa), Zambezi (Za), after[START_REF] Zerfass | Tectonics and sedimentation in Southern South America during Triassic[END_REF], San Julián (SJ, afterMicucci et al., 2011a). Late Triassic-Early Jurassic basins: Neuquén (Nq, Precuyano cycle, faults after[START_REF] Bechis | Transtensional tectonics induced by oblique reactivation of previous lithospheric anisotropies during the Late Triassic to Early Jurassic rifting in the Neuquén basin: Insights from analog models[END_REF], Deseado (De) and Malvinas (Ma) basins after[START_REF] Uliana | Mesozoic extension and the formation of Argentina sedimentary basins. Extensional tectonics Stratigr[END_REF]. The previously compressive faults of the Ventania (VS) -Cape Permian-Early Triassic fold and thrust belt (FTB, in blue) have been extensionally reactivated in the Colorado (Col) and Cape (Cap) area[START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF][START_REF] Mosquera | La estructura de la Dorsal de Huincul[END_REF][START_REF] Mosquera | Intraplate deformation in the Neuquén Embayment[END_REF][START_REF] Paton | Influence of crustal heterogeneity on normal fault dimensions and evolution : southern South Africa extensional system[END_REF]. MKB: Main Karoo basin. Tectonic blocks: South America (Sam), Patagonia (Pat), Africa (Af), Maurice Ewing Bank (MEB), Eastern Antarctica (EA), Ellsworth-Whitmore Mountains (EWM), Antarctic Peninsula (AP), Thurston Island-Eights Coast (THU). 1, 2 and 3 are different groups of basins referred in the text.

  proposed that the Toarcian Chubut basin developed in the former forearc region of the Upper Triassic magmatic arc given by the Central Patagonian Batholith, and in the retroarc of the coetaneous Early Jurassic, easterly subduction-related arc, indicated by the Subcordilleran Batholith. According to these authors, the closure of the Chubut basin in the Middle Jurassic coincides with a new westward migration of the magmatic arc, from a position in central extra-Andean Patagonia and a NNW orientation, to a location in the Patagonian Cordillera and a north-south orientation.

Figure 6 .

 6 Figure6.10: Paleo-tectonic reconstruction of SW Gondwana in the Early Cretaceous (at 121Ma). The South Atlantic opening is presented at an evolved stage. South America-Africa fit after[START_REF] Blaich | Crustal breakup and continent-ocean transition at South Atlantic conjugate margins[END_REF], Antarctica blocks after[START_REF] König | The Mesozoic breakup of the Weddell Sea[END_REF]. Antarctica continues to drift south. Wrenching along the AMFZ allows the opening of the South Atlantic Ocean. The southernmost segment lacking SDRs, probably due to lower velocities. Southwards, the North Malvinas graben is an extension of the Atlantic rift[START_REF] Becker | The crustal structure of the southern Argentine margin[END_REF]. Faults after[START_REF] Lohr | Role of rift transection and punctuated subsidence in the development of the North Falkland Basin[END_REF]. Dykes in the Malvinas Islands indicate an Early Cretaceous age (see[START_REF] Ramos | The Malvinas (Falkland) Islands revisited: The tectonic evolution of southern Gondwana based on U-Pb and Lu-Hf detrital zircon isotopes in the Paleozoic cover[END_REF]. Extension is recorded on both margins in a narrow rift on both sides of the present-day COTs. SDRs develop on the other segments norths of Rawson. South American basins: Punta del Este (PDE); Santa Lucía (SL), Pelotas (Pel). African basins: Outeniqua (Ou), Orange (Or, age from biostratigraphy in the Kudu well,[START_REF] Erlank | Preliminary note on the geochemistry of basalt samples from the Kudu boreholes[END_REF], Luderitz (Lu) and Walvis (Wa). Ancient basement structures are extensionally reactivated producing the Macachín (Mac), Sierras Chicas (SCh, ages from[START_REF] Lagorio | Early Cretaceous alkaline volcanism of the Sierra Chica de Córdoba (Argentina): Mineralogy, geochemistry and petrogenesis[END_REF], Las Salinas (LS) and Beazley basins of San Luis, Metán-Alemanía (MA) and Lomas de Olmedo basins (LDO, age after[START_REF] Galliski | The Cretaceous paleorift in northwestern Argentina : A petrologic approach[END_REF]. The Paraná-Etendeka LIP extrudes during this period[START_REF] Pinto | Zircon U-Pb geochronology from the Paraná bimodal volcanic province support a brief eruptive cycle at ~135Ma[END_REF]. Structures and depocenters after

Figure 6 .

 6 Figure 6.11: Schematic sections across the Rawson/Valdés-Outeniqua segment. a) Rifting stage (Late Jurassic), the Rawson/Valdés and Outeniqua basins evolve synchronously with a common detachment level dipping to the East. Modified after Ramos (1996), Continanzia et al. (2011) and Broad et al. (2012). b) Breakup stage in the Early Cretaceous (Valanginian), with incipient oceanic crust accretion (magma-poor segment).

Figure 6 .

 6 Figure 6.12: I: Paleo-tectonic reconstruction of the South Atlantic Rift for the Early Cretaceous, at the time of breakup in the southern Rawson/Valdés -Outeniqua segment (Early Valanginian?). North of the Colorado fracture zone (CFZ), the South Atlantic rift has an approximate width of 500 km. Faults are oriented approximately parallel to the future Atlantic COB, which indicate the paleo-stress regime (near E-W extension). II: Schematic cross sections across the South Atlantic rift. A) Rawson-Valdés/Outeniqua segment already at the breakup stage at this stage; b) Colorado/Southern Orange segment. Note the presence of the older rift infills in the Colorado basin, west of the area affected by Early Cretaceous extension; c) South Salado/Orange segment; d) Pelotas/Walvis conjugate segment.

  , the long axis of Neoproterozoic back-arc basins (the Marmora basin, Namibia). We believe that basement inheritance certainly played an important role, but what was key for the orientation of the South Atlantic rift was the rotation of the stress regime in the Early Cretaceous to a more orthogonal position with respect to this basement structural fabric. This configuration would have allowed the rapid propagation of the Rift following precursor weakness zones, north of the already rifted Rawson-Valdés/Outeniqua segment. Wrenching along the Agulhas-Malvinas fracture zone was necessary to accommodate extension to the north of it and allow continent separation. Early Cretaceous rifting is present, however, south of the Agulhas-Malvinas FZ.

(

  Cuyo, Bermejo, Precuyano of Neuquén, and the Deseado basins) and are related to retro-arc extension. In the Early Jurassic, rifting on Eastern Africa was triggered by the impact of the Karoo plume, which produced the formation of a network of Karoo II depocenters in Africa. The Colorado and Salado basins in the Argentinean shelf formed at this stage, together with the Cuyano cycle of the Neuquén basin. Rifting in East Africa ultimately produced the breakup of Eastern from Western Gondwana in the Middle Jurassic. In Patagonia, the Chon Aike silicic large igneous province occurred at this time, in the retroarc of the Subcordilleran Batholith. Retroarc extension, due to slab rollback, is responsible for the formation of the Cañadón Asfalto, Austral and Malvinas basins, and possibly the southern rift of the North Malvinas (Falkland) basin. Retro-arc extension continued and, subsequent slab steepening produced in the Late Jurassic the opening of the Rocas Verdes back-arc basin. Rifting in the Outeniqua and Rawson/Valdés basins took place at this stage, possibly oblique to the future South Atlantic COB. The Late Jurassic rifting affected the orogenic core of the Gondwanides orogen and is precursor to South Atlantic opening. The Early Cretaceous South Atlantic Rift possibly took advantage of crustal weakness zones (Precambrian mobile belts) but is related to a rotation of the stress field to a present-day E-W direction. Rifting occurred diachronically from south to north, and started during or before the Valanginian. The southernmost segment, between the Colorado-Cape and the Agulhas-Malvinas (Falkland) fracture zone, had already been affected by crustal thinning during the Late

A

  margin-dip section along the Colorado basin axis, is displayed in Fig. 7.2 (see location in basement Fig. 7.1). Four main megasequences of second order are shown. In the continental crust domain under the shelf, a package of Jurassic synrift and pre-breakup sag developed below the BU in discrete depocenters (colored in blue in Fig. 7.2). The SDR wedges, shown in purple, are emplaced during breakup and also precede the BU on the continent-ocean domain. Above the BU (interpreted of Barremian/Aptian age), a thick post-Aptian, Cretaceous Drift Megasequence develops along the line. Clinoforms associated with a shelf-break occur above the External High. These clinoforms are located nearby the abrupt step produced by the change from continental to transitional crust (Fig. 5.1). On the shelf, the Late Cretaceous reflectors display a subparallel character.

Figure 7 . 1 :

 71 Figure 7.1: Basemap of the northern Argentinean Atlantic margin. Note the location of the Colorado (Col), Salado (Sal), Punta del Este (PdE), Pelotas (Pel), Rawson (Ra), Valdés (Va), San Jorge Gulf basin (SJo) and the Argentina basin (Arg) A regional marine transgression flooded the Colorado basin in the Late Cretaceous to Early Paleocene (Campanian to Danian; Lesta et al., 1978; Ottone et al., 2018; Appendix 1).

  7.3), which thins out towards the former shelf-break. I thickens up on the slope with plastered drift contourites. It is also present in the deepwater basin with thick contouriteturbidite deposits. Shaly and carbonate facies characterize this package in the wells drilled on the shelf (see Fig. 3.10).

Figure 7 . 2 :

 72 Figure 7.2: Dip seismic line along the Colorado basin axis. Vertical scale TWT (in seconds).

Figure 7 . 3 :

 73 Figure 7.3: Srike seismic line across the Colorado basin (ECol depocenter). Vertical scale TWT (in seconds). An isopach map of the total post-breakup sedimentary cover (BU to sea bottom, SB) is presented in Figure 7.4. It sums up the thickness of the Cretaceous, Paleogene and Neogene

Figure 7

 7 Figure 7.4: Total thickness map (in meters) of the post-breakup cover (BU-SB) in the Colorado basin area. The location of figures 7.2 and 7.3 is depicted. The E-W orientation of the Colorado basin axis, at a very high angle with respect to the COT, makes difficult to establish a coastal onlap curve for the Colorado basin. This is because the reflectors usually continue subparallel to the west along the basin axis (Fig. 7.2) instead of terminating against the margin. Moreover, the western part of the basin has a low quality and poorly covered seismic database. A composite seismic transect was then prepared, using the clinoforms and deepwater section of figure 7.2, and the onlap against the Tandilia High towards the north (Fig. 7.3). This composite seismic transect is presented in figure 7.5.

Fig

  Fig. 7.2

  the 115 Ma and 101 Ma horizons (Aptian-Albian) corresponds to the nucleation phase of shelf formation, characterized by basinward progradation of the shelfbreak[START_REF] Helland-Hansen | Shelf genesis revisited[END_REF]. Between the 101 and 91 Ma horizons, rapid aggradation of the shelf is observed. The basinward progradation of the slope break is compensated slope failure processes and the erosve action of contour currents, that deposit plastered drifts as the ono observed at this interval at the toe of slope. Between the 91 and 83 Ma horizons, the shelf displays aggradation but also a seaward shift in the shelf-break position. For the sequences below the 83 Ma horizon, note the discontinuous seismic facies in the landward direction, interpreted as fluvial system deposits. The interval between 83 and 61 Ma (NTK unconformity) represents the Campanian-Danian transgression, a thick succession of continuous, high amplitude reflectors above the shelf. An internally deformed contourite deposit thickens on the slope and is sometimes referred as a 'healing phase'[START_REF] Catuneanu | Principles of Sequence Stratigraphy[END_REF]. The Paleogene Megasequence (defined between 61 and 33 Ma, the Danian is confined below the NTK horizon) shows a thickening trend in the landward direction and shows as well the development of a plastered drift contourite deposit near the shelf-break. Finally, the Neogene Megasequence (actually corresponds to the Neogene plus the Quaternary systems) shows low angle progradations and some convex-up features produced by progradation of shelf clinoforms towards the north (perpendicular to the axis of the transect, see Fig. 7.3. The variations observed in the Colorado basin along its post-breakup evolution, made necessary the extrapolation of these observations to a larger study area. The Salado and Punta del Este basins, to the north, were incorporated into the study area. The horizons bounding the megasequences of interest were extended across this region. Some observations were also made in the Rawson basin area, to the south of the Colorado basin. The main objective was to better constrain the overall stratigraphic architecture in the southern part of the Colorado basin. Only

  4.1) where no seismic data was acquired. Rifting has been interpreted in this study as Early-Mid Jurassic (see Chapter 4). Towards the east, the Punta del Este basin separated from the Salado basin by the Martín García High. The Early Cretaceous rifting, related to the South Atlantic opening, is interpreted to have influenced the eastern part of the Salado and Punta del Este basins, where faults present a NE to NNE strike (Fig.4.1). The main references regarding the Salado basin structure and stratigraphy are from[START_REF] Stoakes | Seismic stratigraphic analysis of the Punta del Este Basin, offshore Uruguay, South America[END_REF],[START_REF] Tavella | Cuenca del Salado[END_REF],Raggio et al. (2011), and[START_REF] Morales | Tectonic and stratigraphic evolution of the Punta del Este and Pelotas basins (offshore Uruguay)[END_REF].A dip seismic section across the Punta del Este basin is presented in Fig.7.6 (location displayed in Fig.7.1). The transition from continental to transitional crust (COT) in the Salado/Punta del Este segment seems more gradual compared to the Colorado basin (Fig.7.3),.Half-grabens associated with the Early Cretaceous Atlantic rifting are associated with crustal thinning along the slope.Regarding the synrift infill, it is possible to differentiate two types of depocenters.Northwestwards, towards the Río de la Plata craton, a graben is perched in the continental crust domain. This graben would be related to the Jurassic rifting. Outboard, a series of half-grabens bounded by continentward dipping normal faults are observed (at least three). The faults limiting these depocenters dip towards the continent, as the faults bounding the inner SDRs.The Cretaceous Drift Megasequence thins out towards the craton. The thickest section is associated with stacking of shelf-break clinoforms, near the outer end of continental crust and the pass to the COT. The top of this megasequence, the NTK horizon is interpreted at the top of the Maastrichtian-Danian transgression. In the Salado-Punta del Este basins, the transgression seems to have started only in the Maastrichtian (no marine Campanian deposits have been encounter on the shelf,[START_REF] Ronchi | Synthesis of the Salado and Punta del Este basins, Argentine Offshore integrated Biostrarigraphic and Paleoenvironmental Analysis[END_REF].

Figure 7

 7 Figure 7.6: Dip seismic line in the Punta del Este basin. Vertical scale TWT (in seconds)

  created in this study (Chapter 3) is only available for the Colorado basin and does not extend into the Salado/Punta del Este area. Nevertheless, the main trends in passive margin evolution can be clearly deduced from the isochron maps presented here. Maps were generated for the shelf only, because of larger uncertainties in the interpretation and the scarcity of seismic data in the basin at the time of this study. A isochron map of the synrift interval is presented in figure 7.7. This map gathers all synrift depocenters, regardless their time of formation (Late Triassic, Jurassic, Early Cretaceous) and is defined between the top prerift (ROU) and the top synrift (BU) unconformities. No synrift depocenter is depicted for the Western Colorado (WCol) depocenters because the bad seismic quality does not allow the determination of fault bounded depocenters. The Central and Eastern Colorado fault controlled depocenters are clearly observed. In the Salado basin area, the available seismic data only allowed mapping in the offshore area. No reflection seismic data has been acquired onshore the Salado basin. Some NWtrending depocenters can be interpreted (Fig. 7.7). The Martín García basement High separates the Salado and Punta del Este synrift depocenters. Towards the east, in the area affected by the Early Cretaceous rifting (see figure 4.1), several E-W and NE-oriented depocenters are interpreted from the isochron map, and are associated with normal faults (Fig. 4.1).
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 77 Figure 7.7: Isochron map of the Synrift Megasequence (ROU-BU), in the northern Argentinean margin.

Figure 7

 7 Figure 7.9: Paleogeographic reconstruction of the Argentinean margin during the Late Cretaceous. Present-day coastline is indicated in black. Basin indications as in Fig. 7.1. NPM: North Patagonian Massif, DM: Deseado Massif.

Figure 7 .

 7 Figure 7.10 is a paleogeographic reconstruction at the time of the Campanian-Danian transgression. The Colorado and Salado basins are flooded. Flooding through the Colorado basin even reached the Neuquén basin to the west, where it deposited the carbonate-rich

Figure 7 .

 7 Figure 7.11 displays the isochron map of the Paleogene Megasequence. A major change in the thickness trend is observed for this interval. The thicker depocenter is restricted to the Salado and Punta del Este basins. A thicker Paleogene section is also observed in the Salado/Punta del Este basins when comparing the seismic sections presented in figures 7.6 and 7.3. Three stacked prograding units were observed within this megasequence in the Punta del Este basin (Fig. 7.7), while this unit is rather thin in the Colorado basin (Fig. 7.3) and thins out to the south, towards the Rawson high (Fig. 7.3). Carbonate facies are described in the Eocene Elvira formation (Fig. 3.10), possibly indicating lack, or low sedimentary supply in the Colorado basin. The area where the Ranquel Volcanic Field (RVF) developed in the LatestCretaceous displays a lack of preserved thickness, which is interpreted as influence of the paleorelief inherited from the buildup of large volcanoes(Lovecchio et al., 2017).

Figure 7 .

 7 Figure 7.11: Isochron map of the Paleogene Megasequence.

Figure 7 .

 7 Figure 7.12: Paleogeographic reconstruction of the Argentinean margin during the Paleogene.

  7.6, Hernández-Molina et al., 2016).In the Colorado basin, clinoforms with a southern provenance and downlapping towards the northern flank of the basin, were observed in Fig.7.3. A seismic line along the shelf strike covering the Rawson basin, and extending into the Colorado basin was interpreted to better characterize the system responsible for the deposition of the Neogene Megasequence in the Colorado basin. The Neogene is formed of mostly shaly facies and is formally referred to as the Barranca Final and Belén Fms (Fig. 3.13) interpreted to be deposited in a marine environment on the shelf. In the interpreted seismic line presented in Figure 7.14, the depocenters of the Rawson basin are presented, perched on the continental crust and topped by a flat NTK unconformity. Within the depocenters it is difficult to identify internal surfaces, and it was impossible to differentiate a Synrift Megasequence from a Cretaceous Drift Megasequence. Towards the northern end of the line, the Central Colorado depocenter (CCol) is illustrated, with a thick Cretaceous Drift cover. The pinchout of the Paleocene Megasequence can be interpreted to the south of the Colorado basin, onto the Rawson High. Within the Neogene Megasequence, several surfaces were interpreted. Notably, above the Rawson depocenters, some convex-up bodies, with flanks dipping to the south and north respectively, were interpreted as submarine deltaic lobes for which a western provenance is interpreted. To the southern end of the line presented in Fig. 7.14, thickness decreases. The deltaic lobes or fans in the Rawson area seem to nest and prograde mainly towards the north (towards the Colorado basin).

Figure 7 .

 7 Figure 7.13: Isochron map of the Neogene Megasequence.

Figure 7 .

 7 Figure 7.15 is a paleogeographic reconstruction for the Neogene Megasequence, especially for the Miocene. The full Argentinean shelf is flooded. The Colorado and Salado basins in particular are fully flooded and operated as marine sea-ways through which the Atlantic floods the pampas. Only the Tandilia and Ventania systems, and parts of the Northern Patagonian and Deseado Massifs remain under subaerial conditions as isolated isles.

Figure 7 . 14 :

 714 Figure 7.14: Seismic line across the Rawson and Colorado basin. Vertical scale TWT (in seconds)

Figure 7 . 15 :

 715 Figure 7.15: Paleogeographic reconstruction of the Argentinean margin during the Neogene (after Camacho, 1967). Blue arrows indicate bottom contour currents.

  7.7) to highlight their influence in the successive passive margin stages. The Cretaceous Drift Megasequence corresponds to the interval between the breakup unconformity (BU) and the end of the Danian (Early Paleocene) transgression marked by the NTK unconformity. Accommodation creation during this stage is larger above the main synrift depocenters, notably Eastern Colorado, but also Central Colorado and the depocenters of the Salado and Punta del Este basin (Fig. 7.8). A combined influence of thermal subsidence and differential compaction of the synrift sedimentary column, is interpreted to play a key role in accommodation creation during this stage. During the Paleogene, the main depocenter corresponds to the Salado/Punta del Este basin, while the Colorado remained at shallow water depths, probably associated with a low subsidence over this stage. The development of the Ranquel volcanic field (interpreted as product of intra-plate volcanism, Lovecchio et al., 2017) in the Campanian-Danian could have produced a thermal anomaly responsible for uplift of the area (Rawson high and the southern flank of the Colorado basin) that may have continued during the Paleogene. Carbonate facies in the Eocene Elvira Fm of the Colorado basin, are interpreted to indicate a starved basin and a shallow water setting. A large sediment supply system is interpreted for the Salado/Punta del Este basin. Sediment supply occasionally exceeded accommodation, resulting in three stacked cycles of progradation. Some progradational packages delivered from the Salado/Punta del Este basin reached the Colorado basin along its northern edge (Fig. 7.3). For the multiple events recorded here, the margin behaved asymmetrically in the Salado/Punta del Este, Colorado and Rawson basins during the Paleogene. Subsidence is observed in the Salado/Punta del Este basin area towards the north of the study area, a phenomenon that might have been accentuated by increased sediment supply (e.g. a paleo-Paraná river system catching drainage systems sourcing in the Andean foothills). The Rawson area experienced uplift, that is interpreted to be related to a thermal anomaly associated the Late Cretaceous-Early Paleocene volcanism. Uplift in the Rawson basin is evidenced, not only through the absence of the Paleogene Megasequence (at least in the area with seismic data available to this study), but also in the strong erosive, flatlying, unconformity affecting the top of the synrift/Cretaceous undifferentiated unit. The Colorado basin is in an intermediate position during this period of time. It seems to have been characterized by a shallow water sea, with a southern exhumed flank (towards the Ranquel volcanic field) and very weak sedimentary supply from the north (Tandilia High/Salado basin). The Neogene Megasequence displays a different setting, with accommodation being created all over the shelf. Increased thickness is observed along the Colorado and Salado basins axis. The Argentinean shelf is finally a single, continuous system. A sediment entry point is determined near the Rawson basin. Although the seismic facies indicate shaly sediments, the lobate shapes are interpreted as distal deltaic systems. Sediment drift towards the north is then interpreted for the Rawson-Colorado segment, with clinoforms downlapping the northern flank of the Colorado basin (Fig. 7.[START_REF] Moulin | A new starting point for the South and Equatorial Atlantic Ocean[END_REF]. It is worth to highlight that all these systems develop on the shelf, with a shelf-break that does not reach the position of the Late Cretaceous shelf-break (previous to the transgression that initiated in the Campanian). Two possible interpretations were envisaged. First, the sediment supply could have been lower than the accommodation creation and thus the platform (sensu[START_REF] Helland-Hansen | Shelf genesis revisited[END_REF] progrades without reaching its maximum capacity (with the slope reached, sediments would be transferred to the basin).

Figure 7 .

 7 Figure 7.16: Basemap for the Colorado basin Area of Interest (AOI) defined for this study, compared with the DionisosFlow model carried out in 2001 (Beicip, 2001).

  range of error seems to be larger towards the deeper units. For example, for 98Ma Dressel et al. (2017) present a paleobathymetry map with deepwater conditions all along the Colorado basin axis (Fig.7.17), while well and seismic data indicate that the Colorado basin was under subaerial conditions during the Late Cretaceous, with fluvial systems occupying the basin axis and a coastline near the shelf-break, towards the east of the basin (Fig.7.9).

Figure 7 . 17 :

 717 Figure 7.17: Estimated Paleobathymetry at 98 Ma in the Colorado basin (from Dressel et al., 2017).

  Figure 7.18: Structural evolution diagram for the Colorado basin model as defined in DionisosFlow. The paleobathymetry maps are loaded on the horizontal (time) axis, while the thickness maps for each unit are loaded on the vertical (depth) axis.

Figure 7 . 19 :

 719 Figure 7.19: Paleobathymetry maps used in the stratigraphic model: a) Paleobathymetry at 125 Ma, b) Paleobathymetry at 101 Ma, c) Paleobathymetry at 91 Ma, d) Paleobathymetry at 83 Ma, e) Paleobathymetry at 61 Ma, f) Paleobathymetry at 33 Ma, g) Paleobathymetry at present-day (0 Ma).

Five

  sediment sources were defined to supply the necessary sediment to fill the accommodation created. Their locations were established using the paleogeographic maps previously presented in this chapter. One main sediment source (S1) was defined in the west, interpreted as a major axial fluvial system draining into the basin. Two sediment sources were distributed on each flank of the basin to reproduce the lateral sediment input from the Tandilia high to the north and the Rawson high to the south (S2 and S3 in the north, and S4 and S5 in the south, Fig.7.20). Two sediment classes were defined to restore the grain size distribution known at wells: sand and shale. Table7.1 displays the sedimentary fluxes and water discharges used at each time step in the model.

Figure 7 .

 7 Figure 7.20: Sediment sources defined for the Colorado basin DionisosFlow model.

  . (1988) and adapted to calibrate the model using as a guideline the corrections of the[START_REF] Beicip | Petroleum system analysis of the Colorado basin[END_REF] report (Fig. 7.21). Simulation was carried out step by step, iterating and calibrating each stage, before moving forward to the next stage. A two million years-time step was used for the modelling in DionisosFlow (version 2017.5).Table 7.2: Transport coefficients used for the Colorado basin DionisosFlow model.

Figure 7 .

 7 Figure 7.21: Eustatic curve obtained after editing the Long and Short Term Haq sea level curve[START_REF] Haq | Mesozoic and Cenozoic chronostratigraphy and cycles of sea-level change, in: Sea-Level Changes: And Integrated Approach[END_REF]. The red curve on the right is the resulting composite eustatic curve used by the model.

  Figure 7.22 displays a 3D view of the Colorado basin model, at 73 Ma. Note that the basin is flooded, during the Campanian-Danian transgression developing at this time. Just below this level, the Late Cretaceous fluvial systems can be identified (orange and yellow colors represent subaerial environments, highlighted with negative bathymetries). The Cretaceous Drift presents a mostly aggrading stacking pattern, although with onlaps against the BU in the marine domain (Fig. 7.22). The cross-section on the edge of the 3D block presented in Fig. 7.22 is at a similar position as the seismic line presented in Fig. 7.3. Towards the east (right of the image), the fluvial systems pass to marine conditions and clinoforms develop above and downlap on the External High (Fig. 7.22). Near the base of the system, just above the breakup unconformity (interpreted here as the 125 Ma horizon), the first marine transgression occurred and flooded the Eastern Colorado depocenter, as it has been proposed by Mancilla et al. (2002) and Gerster et al. (2011). A bathymetry map recovered from the model at the time of the Aptian transgression is presented in Fig. 7.23.

Figure 7 .

 7 Figure 7.22: 3D perspective of the Colorado basin DionisosFlow model at 73 Ma during the Campanian-Danian transgression. Color scale indicates bathymetry at the time of deposition.

Figure 7 .

 7 Figure 7.23: Modeled bathymetry at 123 Ma (Aptian), most of the ECol depocenter is flooded. After maximum flooding is achieved, the system begins to prograde and the shelf nucleation process (sensu Helland-Hansen et al., 2012) initiates. The first progradations are characterized by low slope angles (indicated in Fig. 7.22 as "Albian" progradations, althoughno age control is available for these sequences). The later progradations display a more aggradational stacking pattern. The system progrades until reaching the structural slope, on the COT, that defines an abrupt slope. The equivalent early drift sequences in the basin, display marine onlaps against the BU (on the slope).

Fig. 7 .

 7 Fig. 7.24 presents the sand-to-shale ratio distribution along a key section. The Cretaceous Drift Megasequence is sandier in the lower section (typically fluvial in the position of this section, similar to the seismic line presented in Fig. 7.3). Sand content of the basal units increases towards the basin flanks, where lower accommodation favors sand body amalgamation. The Campanian-Danian transgression appears here as a shale-rich unit, thicker in the center above the depocenter and thinner towards the flanks. The thin Paleogene Megasequence is representing as a low angle wedge, subtly prograding towards the south (downlap is indicated with arrows). The Neogene Megasequence, on the other hand, appears as a thick package of prograding clinoforms migrating towards the NNE. The overall stratigraphic architecture identified from the seismic data is well represented by the numerical model.

Figure 7 .

 7 Figure 7.25d displays the subsidence rate for the Campanian-Danian transgression at the top of the Cretaceous Drift Megasequence. The maximum (but smaller) subsidence rate seems to be located along the Colorado basin axis.

Figure 7 .

 7 Figure 7.24: NNE-SSW cross-section across the ECol depocenter (equivalent to the seismic line presented in Fig. 7.3). Color scale represents the relative proportion in sand (yellow) and shale (grey).

Figure 7 .

 7 Figure7.26 displays the histograms of subsidence rate frequency for each time interval and the statistic mean and standard deviation σ, that were computed with Petrel. Note that the horizontal (subsidence rate) scales vary from one histogram to the other. The mean values suggest of the acceleration in subsidence rate observed between 125 and 83 Ma, and a deceleration observed in the Campanian-Danian interval (83-61 Ma), with minimum mean subsidence during the Paleogene and renewed subsidence in the Neogene. Note also that for the Paleogene, for example, two populations can be identified (Fig.7.26e). We interpret these two populations as one representing the low subsidence in the Colorado basin, and the other, the higher subsidence observed to the northeast, towards the Salado depocenter (Fig.7.25e). In general terms, these values are in the same order of magnitude than on the shelf of the Pelotas basin as computed by[START_REF] Contreras | Seismic stratigraphy and subsidence analysis of the southern Brazilian margin (Campos, Santos and Pelotas basins)[END_REF]. The same trend with a major decrease in subsidence rate towards the Cretaceous / Paleogene transition is documented in the Pelotas, Santos and Campos basins to the north of our studied area[START_REF] Contreras | Seismic stratigraphy and subsidence analysis of the southern Brazilian margin (Campos, Santos and Pelotas basins)[END_REF], suggesting that the volcanism and potential related uplift documented in the Rawson area during the Paleogene is part of a larger, probably plate-scale process.

1 .

 1 Passive margin initiation: complex superimposed extensional events evidenced in the Colorado basin. The first question addressed in this PhD was dedicated to the initiation of passive margin. Many controversies were still debated regarding the integration of the Argentinean basins in the dynamic of the south Atlantic opening. The Argentinean passive margin, in particular, displays a unique complexity. Several aborted rift basins developed on the presentday shelf, throughout the Mesozoic extensional evolution of the supercontinent of Gondwana. The multistage rifting history observed in the Colorado basin and in the Argentinean margin, has proved to influence its stratigraphic development, both during extension and after, in the passive margin stage. Different synrift depocenters, produced by different rifting events, host sedimentary infill of different ages, deposited under different climatic settings. This explains why some depocenters may host source rock intervals and others may not. Multistage rifting has also played a key role regarding the post-breakup stratigraphic evolution during the passive margin stage. The interpretation of a large seismic dataset from the Colorado basin area, leads to the identification of several generations of faults with cross-cutting relationships, superimposed in a complex area marked by the development of a late Paleozoic to Early Triassic fold-and-thrust belt between Patagonia and the Gondwana cratonic core, as part of the Gondwanides orogen. Three independent rifting settings were identified in the Colorado basin area. The oldest extensional event was related to the negative inversion of the Ventania-Cape fold-and-thrust belt, with an extensional reactivation of the Late Paleozoic thrusts, originating a system of tilted blocks over a listric detachment, as clearly seen in the northern flank of the Colorado basin, and the half-grabens north of the Central Colorado depocenter. By correlation with the Precuyano cycle of the neighboring Neuquén basin (to the west, also coincident with the northern boundary of Patagonia) the negative inversion of the fold-and-thrust belt was interpreted to have occurred in the Late Triassic-Early Jurassic. A second rifting event is represented by faults that intersect the later and form the main depocenters of the Colorado basin (Eastern and Central Colorado), and possibly the adjacent Salado basin. Deep industrial seismic lines, allowed the interpretation of these steeper faults down to deep crustal levels near the Moho. This second rifting event, associated with the E-W to SE-NW oriented depocenters (highly oblique with respect to the NNE-trending South Atlantic COB), had been previously recognized in the area, and largely interpreted as Jurassic. We have correlated this second and main rifting event in the Colorado basin to the Early-Middle Jurassic Cuyano cycle of the Neuquén basin, and to the coeval Karoo rifting in Africa. Moreover, we were able to discriminate the faults directly associated with the South Atlantic opening in this part of the margin for the first time. Faults related to the Early Cretaceous South Atlantic rifting and breakup are restricted to a 200-km wide strip inboard of the SDRs that develop on the continent-ocean transition. Most of these faults are subparallel to the SDR wedges-bounding faults and tend to dip towards the continent. By classifying and mapping these faults, we have constrained the width of the South Atlantic rift system (at least on its western side) that evolved to lithosphere breakup, with SDR emplacement, and the successive opening of the ocean. 2. Multistage rifting in the Colorado basin. A local peculiarity or a Rosetta stone for the complex SW Gondwana Mesozoic rifting jigsaw?Polyphase rifting is common in the evolution of sedimentary basins, but the identification for the first time of three superimposed rifting setting in a single area in the South Atlantic, motivated the extrapolation of these results to other basins in SW Gondwana.The second main point addressed in this PhD was then, to extrapolate the Colorado basin results throughout the Southern South Atlantic realm, by considering the onshore Mesozoic basins in South America (Argentina, Uruguay, Brazil, and southern Africa). The objective was to assess the effect of the large-scale triggers of rifting (e.g. plume impingement, retroarc subduction-related extension).In the southernmost end of South America, the opening of the Malvinas basin (offshore southern Patagonia) in the Early-Middle Jurassic rifting event was partially coeval with the second and main rifting stage in the Colorado basin area. Patagonia experienced intense volcanism during the Jurassic with the emplacement of the Chon Aike silicic Magmatic Province[START_REF] Kay | Late Paleozoic to Jurassic silicic magmatism at the Gondwana margin: Analogy to the Middle Proterozoic in North America?[END_REF][START_REF] Pankhurst | Episodic silicic volcanism in Patagonia and the Antarctic Peninsula: Chronology of magmatism associated with the break-up of Gondwana[END_REF], and particularly profuse rhyolitic volcanism during the Mid-Jurassic. The Chon Aike Magmatic Province has been related to retroarc synextensional volcanism along NW-to NNW-trending structures. The first two U-Pb on zircon ages for the Malvinas basin were presented in this thesis, which permitted dating the prerift and the top of the synrift units. A Late Triassic age is reported for the first time in the Malvinas basin. A crystallization age of 215 Ma (U-Pb in zircon) was obtained from a volcanic breccia that was correlated with the Central Patagonian Batholith (in the North Patagonian Massif) and[START_REF] De Lamotte | Style of rifting and the stages of Pangea breakup[END_REF]. The Colorado and Salado basins in the Argentinean shelf formed at this stage, coetaneous with a reactivation of extension in the Neuquén basin, recorded by the Cuyano cycle. In Patagonia, the Chon Aike silicic large igneous province occurred simultaneously, behind the volcanic arc represented by the Early Jurassic Subcordilleran

  Asfalto, Austral and Malvinas basins, in the Early-Middle Jurassic. The slab tear model introduced in this thesis would have played a major role in explaining the clockwise rotation extension observed in Patagonia. Rifting in East Africa ultimately produced the breakup between East Antarctica and Africa along the Mozambique channel, and the connection to the Weddell Sea. The slab tear model is a new way to explain the origin of the thermal anomaly that triggered the Weddell Sea opening between East and West Gondwana in the Late Jurassic. In the Gondwana margin, the Late Jurassic retroarc extension and volcanism is concentrated towards the west, in the present-day Andean foothills, and ultimately produced the opening of the Rocas Verdes back-arc basin. Rifting in the Outeniqua and Rawson/Valdés basins is interpreted to have initiated in the Late Jurassic in the orogenic core of the Late Paleozoic Gondwanides orogen. In the Late Jurassic paleotectonic reconstruction, the orientation of the Rawson/Valdés faults, and those of the different Outeniqua depocenters is rather parallel. However, these structures are oriented at a certain angle with respect to the South Atlantic COB. The southernmost South Atlantic subsegment, that corresponds to the Rawson/Valdés and Outeniqua basins, hosts the oldest South Atlantic magnetic anomalies and is interpreted to be first to open. Oblique rifting is suggested

  in a deeply segmented margin. The other source of crustal heterogeneities, previous rift basins, seems not to have played a key role in the South Atlantic emplacement. The Salado and Colorado basins, that we have correlated to the Karoo rifting in this thesis, remained perched on the South American plate. The near E-W Early Cretaceous direction of extension may have played a role in favoring reactivation of certain structures. The Colorado and Salado basins are oriented subparallel to this extension and this may be the reason why they were not reactivated. Another group of basins are certainly Atlantic and formed during the Early Cretaceous rifting. The conjugate Cape and Argentina basins in the southernmost sub-segment, or the Pelotas and the conjugate Luderitz and Walvis basins in the northernmost sub-segment of the Southern South Atlantic, are examples. This aspect should be considered when studying the asymmetry of the conjugate margins in the future. Asymmetry in breakup and passive margin evolution is not only conditioned by the asymmetric emplacement of SDRs on either margin.

3 .

 3 The factors triggering the opening of the South Atlantic Ocean are still under debate. Very recently Dal[START_REF] Dal Zilio | The role of deep subduction in supercontinent breakup[END_REF] has suggested that once again, it could be subduction-related mechanisms that triggered rifting in the interior of Western Gondwana. We have demonstrated in this thesis, that the area where the South Atlantic Ocean emplaced, was the core of the Late Paleozoic Gondwanides orogen, and was deeply affected by Late Triassic and Jurassic extension. After the continental breakup, how was the passive margin evolution along the Argentinean Atlantic margin? Did the margin behave cylindrically?The third main point addressed in this PhD was the characterization of basin evolution after the Atlantic breakup. Related to previous Jurassic rifting, the Colorado and Salado basin are oriented at a high angle regarding the NNE-striking Atlantic COB. The question is then, what was the influence of the Jurassic rift basins in the passive margin evolution. To address this question, the post-breakup stratigraphy of the Colorado basin (provided with a complete dataset) was first characterized and then modeled to assess subsidence dynamics, and the potential influence of previous rifting. Stratigraphic forward modeling (DionisosFlow), was carried out to calibrate the subsidence history in the Colorado basin. The model reproduced key stratigraphic observations made in the characterization of the post-breakup stratigraphic evolution of the basin. These results were also integrated in a larger perspective, into the passive margin evolution of the Rawson-to-Punta del Este basin basins segment. Three main Megasequences were determined in the characterization of the Colorado basin post-breakup evolution. These three Megasequences, that roughly coincide with Cretaceous, Paleogene and Neogene systems, display striking differences that illustrate the changing nature of passive margin evolution. While the Cretaceous Megasequence development was restricted to the individual basins (i.e. Colorado, Salado), the basement highs that separate these basins (i.e. Tandilia, Rawson) continued to act as watersheds, bounding the depocenters. The Cretaceous drift Megasequence is characterized by the development of continental systems, mostly fluvial, throughout the Colorado and Salado basins, with a coastline and shelf-break towards the east, near the outer end of the continental crust domain and the continent-ocean transition (COT). Marine onlap against the breakup unconformity (BU) is interpreted as an abrupt basement slope, occurring on the COT domain, and probably induced by the continuous subsidence of the newly generated oceanic crust immediately to the east. On the shelf, we focused on the Colorado and Salado basins, which developed entirely on the continental crust domain. The Cretaceous Drift Megasequence is restricted to the Colorado and Salado basins axis with its depocenters roughly coinciding with the synrift depocenters. The depocenters were independent, and an exceeding sediment supply compared to accommodation pushed the shelf-break seaward and was effective in transferring sediments to the deep-water basin. In the forward stratigraphic model, carried out to quantify the subsidence necessary to explain the Colorado basin preserved thickness, the Cretaceous Drift Megasequence was divided into four layers: 121-101 Ma, 101-91 Ma, 91-83 Ma, and 83-61 Ma, the latter representing the Campanian-Danian transgression deposits. The Colorado basin shows increasing subsidence rates between 125 and 91 Ma. The preservation of the Cretaceous Drift Megasequence along the Colorado and Salado basin axis seems to have been controlled by thermal induced subsidence and eventual compaction of the synrift infill continuouslydeveloping through the Cretaceous. The influence of lower crustal high-density bodies in inducing part of this subsidence is not discarded[START_REF] Dressel | Backward modelling of the subsidence evolution of the Colorado Basin, offshore Argentina and its relation to the evolution of the conjugate Orange Basin, offshore SW Africa[END_REF].[START_REF] Davila | Mantle-driven dynamic subsidence and formation of post-rift sequences: an example from mesozoic basins of Argentina[END_REF] have suggested that subduction-related dynamic subsidence could play a key part, as an Andean compressive event occurred in the Late Cretaceous[START_REF] Folguera | Repeated eastward shifts of arc magmatism in the Southern Andes: A revision to the long-term pattern of Andean uplift and magmatism[END_REF].The Paleogene Megasequence shows a depocenter in the Salado basin, while in the Colorado basin it thins out towards the south (Rawson High) and records carbonate facies, usually indicative or low sediment supply. The Tandilia High was probably fully flooded since Maastrichtian and thus, the Salado and Colorado basins were connected during the Paleocene.

  , and a sharp limit to the southeast, indicative of the shelf-break. It is worth to mention that the Neogene shelf-break is retracted landward compared to the Cretaceous most-seaward shelf-break. Two cases are envisaged to explain this situation, either accommodation creation rate exceeds sedimentary supply, or an erosive effect of bottom contour currents. The subsidence rate obtained from forward stratigraphic modeling indicates a new pulse of increasing subsidence after the Paleogene quiescence. The margin seems to cylindrically subside during the Neogene. The ancient basin-bounding highs are completely flooded (although show less subsidence) and the Argentinean shelf is fully integrated. Sediment entry points were determined south of Colorado in the Rawson area. Sediment is redistributed in the shelf by bottom contour currents that, in the area of study, show a northward flow. It has been demonstrated that passive margins do not necessarily display cylindrical dynamics throughout their post-breakup evolution. In the study area, the pre-Atlantic rift basins played a key role during the Cretaceous. The margin shows clear asymmetric subsidence during the Paleogene and renewed cylindrical behavior during the Neogene. The influence of the Andean orogenic events and their effects on dynamic subsidence must be considered in future studies in the Argentinean margin. We would highlight also the importance of using the geological and geophysical surface data to constrain geophysical models, even if they focus in the deep crustal structure of the margin. The intrinsic differences in crustal structure and rifting evolution between the Argentinean and the conjugate Namibian margin must be considered when comparing the conjugate passive margin evolution. Subsidence history in the Colorado area has proved to be strongly different from the Orange basin evolution, especially because the Colorado rift basin is perched in the continental crust domain, and evolved in a different way comparatively to the oceanic crust domain. This work has produced three congress presentations, one published paper (Multistage rifting evolution of the Colorado basin, Terra Nova, October 2018) and two submitted papers (Rifting evolution of the Malvinas basin, Offshore Argentina, submitted to the Journal of South American Earth Sciences; and Mesozoic breakup of SW Gondwana and basin formation along the Argentinean Atlantic margin, submitted to Basin Research). One other paper, carried out in collaboration with biostratigraphers of Y-TEC Laboratories and the University of Buenos Aires has been published (A new dinoflagellate form the Late Cretaceous of the Colorado basin, Offshore Argentina, Ameghiniana, Appendix 1). Finally, the results on the post-breakup evolution of the Argentinean margin will be integrated to produce a publication. Several collaborations were also established during the development of is PhD. The biostratigraphic review of the Colorado and Salado Punta del Este with the team of the Biostratigraphy Lab at Y-TEC, and G. Ottone (palynologist at the University of Buenos Aires, UBA). Core and thin sections descriptions of the Ranquel volcanic rocks were performed by Elisabeth Rodríguez (Y-TEC). Seismic interpretation in the Malvinas basin was carried out by my colleagues at the Offshore Team at YPF. The zircon dating was carried out in collaboration with M. Naipauer (UBA) and V. Valencia (Washington State University) Perspectives Amongst the results summarized in the conclusions, several observations open new research lines. Future studies should address: 1. Higher resolution and subsidence quantification
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  .14. YPF did pioneering studies with the drilling of Pedro Luro and Ombucta wells in 1945 and '46. Shell

Production Company of Argentina followed in the onshore exploration through 1958 to '61, when they acquired 2684 km of 2D seismic and drilled a total of 7 wells (5 shallow and 2 "deep" tests). Concluding remarks of the onshore exploration and the results of the Shell campaign were summarized by

Table 3 .

 3 

		Name	Age
	000_sea_bottom	Sea bottom	~0 Ma
	NTK	Near Top Cretaceous	~61 Ma
	100_intracret2	Intra-Cretaceous SB	~100 Ma?
	112_Top Aptian	Top Aptian (source rock)	~112 Ma?
	125_BUU	Breakup unconformity	~125 Ma?
	135_base SDR	Base of SDRs	~135 Ma?
	Top SR 3b	Top synrift 3	~Late Jurassic?
	Top SR 3a	Intra synrift 3 unc.	~Late Jurassic?
	Top SR 2b	Top synrift 2	~Mid Jurassic?
	Top SR 2a	Intra synrift 2 unc.	~Mid Jurassic?
	Top SR 1	Top synrift 1	~Triassic?
	250_TopPreRift	ROU	~Top Paleozoic
	Moho	Seismic Moho	

1: Main seismic horizons interpreted for the Colorado basin

Table 3 .

 3 The Cruz del Sur well is important in the Colorado Basin because it is the only well to date to test oil. The results of two RFT tests are shown in Table3.2. 2: RFT results. Cruz del Sur well. Run 2 (June

	Depth (MD)	Fm Pressure	Fm Temperature °F (°C)	Fluid Recovery
		(PSIG)		
	3,438.54 m	5205.58	262°F (127.8°C)	15% oil / 85% Fm fluid
				(2 gallon chamber)
	3,489 m	5280	261°F (127.2°C)	5% oil / 95% Fm fluid
				(1/2 pint recovered)

  3.46b), and seismic interpretation is arguable. Figure3.48 shows, at a first glance, that the light blue marker (Top SRa) is largely parallel to the Top Prerift (ROU horizon). It would be possible to interpret the SRa unit as part of the prerift in the CDS depocenter, because it is deformed consistently with the underlying prerift. The Top SRb (orange horizon) is more clearly interpreted as a top synrift, as it defines a wedge-shaped package beneath it (between Top SRa and Top SRb) in all depocenters.A recent biostratigraphic review conducted by specialists from YPF Laboratories Y-TEC[START_REF] Ottone | Informe Palinológico Pozo Cruz del Sur x-1, Cuenca del Colorado[END_REF] on the prepared samples from SWC that had been preserved in the MACN (Argentinean Museum of Natural Sciences, Buenos Aires) highlighted that presence of Classopollis spores in the SWC, pointing to a Mesozoic age. The biochron of Classopollis is (Late Triassic to Paleocene). Moreover, the lack of angiosperms pollen would point to a Jurassic/Early Cretaceous age for this sequence (at least between 2,900 and 3,636 m

  The Argentinean shelf is one of the widest platforms in the world. It extends for up to 500 km and is characterized by the presence of several sedimentary basins perched on continental crust, notably the Rawson/Valdés, Colorado and Salado/Punta del Este basins. The Rawson/Valdés basins are two rift basins oriented NNW, and composed of several half-grabens formed mainly by western-dipping faults. The main depocenters remain undrilled. Otis and Schneidermann (2000) proposed a Mid-Jurassic age for the rifting, while Continanzia et al. (2011) suggest a Late Jurassic-Neocomian age. Further North, the Colorado and Salado/Punta del Este basins display a general E-W to NW strike at high angles with the NNE-oriented COB. Several hypotheses were proposed to explain this obliquity. At first, studies interpreted the development of both basins synchronously leading to the opening of the South Atlantic in a single and continuous rifting event.
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1: Sediment supply summary chart.
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PART II: RIFTING EVOLUTION OF THE ARGENTINEAN MARGIN

Two seismic sections were selected to illustrate the rifting structure of the Malvinas basin. Figure 5.7 is a seismic transect (transect A-A') located in the southern part of the basin (see Fig. 5.6), showing the deepest depocenter, known as the Central Graben. Figure 5.8 displays seismic transect B-B', located to the north of transect A-A', where the entire succession can be described, across the Central graben and the second deepest depocenter, these two main depocenters being separated by the Bouchard structural high.

The lowermost section is interpreted as the acoustic basement, represented by chaotic reflectors together with reflection-free zones, affected by normal faulting during rifting.

Occasional continuous reflectors below Top Prerift (e.g. under the main depocenter) are interpreted as prerift Paleozoic sedimentary layers. The evolution of the Central Graben is controlled by a major normal fault to the northeast, and numerous minor faults affecting the synrift unit, defined between the ROU horizon (Top pre-rift/basement) and the TSR horizon (Top Synrift). The filling of this interval is recognized by weak and discontinuous reflectors, changing abruptly in the middle-upper section to a more continuous pattern, characterized by high amplitude, parallel and occasionally oblique reflections. Although the Central Graben remains undrilled, this section is interpreted to be formed of principally of sedimentary deposits.

The TSR horizon marks the synrift to postrift unconformity and the onset of the thermal sag phase. The unit between TSR and the H150 horizon is referred to as the Early sag. This unit is characterized by continuous and high-amplitude reflectors, filling the depocenters and progressively onlapping the lateral paleohighs towards the borders of the basin. The sequence is interpreted as a lacustrine succession (possibly containing marine flooding events), interbedded with eventual tuffaceous layers.

The H140 horizon (near Top Jurassic) is a strong and continuous positive reflector. This event it is mainly an unconformity that becomes sub-conformable towards to the depocenters.

On the Río Chico High, this horizon coincides with the synrift-postrift unconformity between Serie Tobífera and the Springhill Fm (e.g. well Calamar,Fig. 5.4b). Strong and continuous reflectors follow the H140 horizon, mostly parallel to subparallel in character, and occasionally progradational. The Aptian maximum flooding surface can be recognized and interpreted on seismic data (H112 horizon). This horizon marks the flooding of the Río Chico High (Fig. 5.3).

The basin remains under marine conditions and thermal subsidence until the near top Cretaceous, marked by the BTc horizon (Base Tertiary). The main extensional faults affecting the Jurassic-Cretaceous succession usually end below the BTc horizon.

In sample M-03, long prismatic zircons were analyzed and 109 concordant ages were obtained (Figures 5.10c and 5.10d). The analyzed zircons yielded a unimodal distribution of ages with a maximum peak at 169 Ma. Most of the zircons are between ca. 163 Ma and 186 Ma (93%). Single ages appear at 244,250,430,479,501,504,507,514 Ma (Figure 5.10c). The age of the peak at 169 Ma (Bathonian) is interpreting as the crystallization age of the tuff sample M-03, obtained from the top of Serie Tobífera (synrift unit) from the Calamar.x-1 well. 

Discussion

The Patagonian Batholith [START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF][START_REF] Zaffarana | The Late Triassic Central Patagonian Batholith: Magma hybridization , 40Ar/39Ar ages and thermobarometry[END_REF], the La Leona granites [START_REF] Pankhurst | Geocronologia y petrogenesis de los granitoides jurasicos del noreste del Macizo del Deseado[END_REF] Jurassic Chon Aike event. The Chon Aike MP has been associated with synextensional emplacement [START_REF] Uliana | Significado del vulcanimso y extensión Mesojurasicos en el extremo meridional de Sudamérica[END_REF][START_REF] Gust | Associated Middle to Late Jurassic Volcanism and Extension in Southern South America[END_REF]. This extension has been related to a retroarc setting (at least for the Early Jurassic), by developing synchronously with the Subcordilleran Batholith that represented the arc at that time [START_REF] Rapela | Pacific subduction coeval with the Karoo mantle plume : the early Jurassic subcordilleran belt of northwestern Patagonia[END_REF]Fig. 5.2).

The WNW-directed Early Jurassic dykes in the Malvinas (Falkland) Islands [START_REF] Cingolani | Investigaciones geologicas y geocronologicas en el extremo sur de la isla Gran Malvina, sector Cabo Belgrano (Cabo Meredith), Islas Malvinas[END_REF] have been correlated to the WNW-striking normal faults of the southern rift of the North Malvinas (North Falkland) basin [START_REF] Ramos | The Malvinas (Falkland) Islands revisited: The tectonic evolution of southern Gondwana based on U-Pb and Lu-Hf detrital zircon isotopes in the Paleozoic cover[END_REF]and references therein). [START_REF] Thomson | Thermal and tectonic evolution of the Falkland Islands: Implications for hydrocarbon exploration in the adjacent offshore region[END_REF] observed extensive cooling and uplift of the islands, which are part of the Malvinas High (Fig. 5.1), starting just before the Early Jurassic and synchronous with the emplacement of the dolerite dykes. Influenced by the paleogeographic models that placed this tectonic block, named Lafonia, west of South Africa [START_REF] Adie | Representatives of the Gondwana System in the Falkland Islands[END_REF], the authors attributed this uplift to the impingement of the Karoo plume. Adie's paleogeographic model has been challenged by new paleomagnetic data from the islands and an Early Mesozoic paleogeographic position with respect to the South American plate similar to present-day seems more reasonable (see the discussion in [START_REF] Ramos | The Malvinas (Falkland) Islands revisited: The tectonic evolution of southern Gondwana based on U-Pb and Lu-Hf detrital zircon isotopes in the Paleozoic cover[END_REF]. This Early Jurassic uplift could be related, however, to shoulder uplift of the Malvinas basin. The Malvinas basin is largely asymmetrical, with a fault-bounded end to the NE, towards the Malvinas High. This fault-bounded border will produce a more abrupt flank to the NE that will condition the stratigraphic architecture Fig.

5.3).

In our interpretation, the slab tear allows the rotational extension produced by the differential slab rollback suggested by [START_REF] Mpodozis | Tectónica Jurásica en Argentina y Chile: Extensión, subducción oblicua, rifting, deriva y colisiones?[END_REF] and [START_REF] Echaurren | Early Andean tectonomagmatic stages in North Patagonia: Insights from field and geochemical data[END_REF] and is necessary to explain the non-cylindrical behavior of the plate subduction below Patagonia. The rotational extension in Patagonia would have produced not only the change in the orientation of structures from present-day WNW to N-S in Patagonia, but also the rotational arc migration between the Early Jurassic (SB) and the Late Jurassic positions (PB), bracketing the time of emplacement of the Chon Aike MP.

A Neogene slab tear observed in the Mediterranean region, under the Aegean sea [START_REF] Jolivet | The geological signature of a slab tear below the Aegean Laurent[END_REF] could be considered a good recent analog to explain the geodynamic context. In the case of the Aegean, the slab tear is interpreted to being responsible for producing clockwise block rotation in the Hellenides [START_REF] Van Hinsbergen | Revision of the timing , magnitude and distribution of Neogene rotations in the western Aegean region[END_REF] and the counterclockwise rotation of blocks located across the tear. For SW Gondwana we interpret a maximum clockwise extensional rotation of ~40° for the Jurassic Chon Aike MP (Fig. 5.11a, 5.12). In this way, maximum extension, and thus maximum crustal attenuation are observed in southernmost Patagonia (Austral-Malvinas basins), an area heavily affected by the Gondwanides orogeny. Counterclockwise rotation is referred to having affected the Ellsworth-Whitmore Mountains (EWM) and other Antarctic blocks throughout the Mesozoic [START_REF] Dalziel | The Scotia Arc: Genesis, Evolution, Global Significance[END_REF] which, in the slab tear model, is consistent with emplacement across the tear (Fig.
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.11a, Fig. 5.12).

It is interesting to note as well, the relation between this proposed slab tear and the Late Jurassic opening of the Weddell Sea [START_REF] Ghidella | Revised tectonic implications for the magnetic anomalies of the western Weddell Sea[END_REF][START_REF] König | The Mesozoic breakup of the Weddell Sea[END_REF] 

Abstract

The opening of the South Atlantic in the Early Cretaceous was only the final stage of a complex rifting process of SW Gondwana. In this contribution we review and reassess the producing strongly asymmetric conjugate margins.

Introduction

What triggers the breakup of supercontinents? This question has long been discussed

since the proposal of the Wilson cycle theory. Internal Earth's heat has been proposed to motorize plate tectonics. In this way it would also be a trigger for the opening of new oceans, with supercontinents causing the insulation of the underlying mantle, producing abnormal heat concentrations and hot spots. A new ocean was born from the connection of more-or-less aligned hotspots [START_REF] Dewey | Hot Spots and Continental Break-up : Implications for Collisional Orogeny[END_REF]. The coincidence of new oceans and the presence of large igneous provinces (LIP) also supported this theory. [START_REF] Buiter | A review of Wilson Cycle plate margins: A role for mantle plumes in continental break-up along sutures?[END_REF] reviewed the role of mantle plumes in continental breakup and note that although there is a relation, in many margins such as the Central or the South Atlantic, rifting had initiated long before the Peninsula has been also correlated with the subduction-related Subcordilleran Batholith in Patagonia by [START_REF] Riley | Early Jurassic magmatism on the Antarctic Peninsula and potential correlation with the Subcordilleran plutonic belt of Patagonia[END_REF].

The Colorado and Salado basins are located between, but presumably outside, the areas affected by magmatism of the Karoo and the Chon Aike LIPs (Fig. 6.8). This Early-Middle Jurassic rifting stage has been interpreted responsible for the formation of the main depocenters of the Colorado and Salado rifts [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF]. This event is associated with SW-NE to N-S extension in present-day South America. In a paleo-tectonic perspective (Fig. 

Late Jurassic

In the Late Jurassic, oceanic crust accretion was already occurring in the Mozambique channel in East Africa. In order to accommodate relative displacement of Antarctica (East Gondwana) with respect to South America and Africa (West Gondwana) during the opening of the channel, [START_REF] König | The Mesozoic breakup of the Weddell Sea[END_REF] propose firstly the establishment of a dextral strike-slip deformation zone, precursor of the Weddell Sea (here represented at its early stage in Fig. 6.8).

Once East and West Gondwana became completely detached, continental dispersal initiated and the deeply-rooted strike-slip zone started acting as an oceanic ridge, giving birth to the Weddell Sea (Fig. 6.9). There are multiple possible scenarios regarding the origin and evolution of the Weddell Sea, mainly due to the lack of geological information [START_REF] Ghidella | Revised tectonic implications for the magnetic anomalies of the western Weddell Sea[END_REF].

One of the conjugate margins, on Western Gondwana (present-day southern South America) was consumed by subduction under the Scotia plate during the Cenozoic. The other conjugate, on Eastern Gondwana, is covered by ice most of the year in the Antarctic territories, and difficult to access and study. Magnetic data from the present-day Weddell Sea were documented by [START_REF] Ghidella | Revised tectonic implications for the magnetic anomalies of the western Weddell Sea[END_REF] and [START_REF] König | The Mesozoic breakup of the Weddell Sea[END_REF]. A possible SDR wedge associated with the Gondwana breakup is also illustrated (Explora wedge, Hinz, 1981;[START_REF] Kristoffersen | Reassembling Gondwana: A new high quality constraint from vibroseis exploration of the sub-ice shelf geology of the East Antarctic continental margin[END_REF].

Besides the SDRs, directly related to continental breakup, we present in Fig. 6.10 the Atlantic basins on the African margin and the main depocenter-bounding faults. Most of these structures are oriented parallel to the African present-day coastline and the COB. In the Orange basin, some half-grabens developed on continental crust, most of them bounded by seawarddipping faults (as the AJ; see [START_REF] Broad | South Africa's offshore Mesozoic basins[END_REF]. On the South American conjugate margin, [START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF] presented a series of continentalward-dipping faults as bounding both synrift depocenters and SDR wedges. The nature of the SDRs bounding surfaces, either SDR-bounding faults (sensu [START_REF] Stica | The evolution of rifting on the volcanic margin of the Pelotas Basin and the contextualization of the Paraná-Etendeka LIP in the separation of Gondwana in the South Atlantic[END_REF] or feeder dykes for the SDR volcanic layers [START_REF] Quirk | A mechanism for construction of volcanic rifted margins during continental breakup[END_REF], remains under debate. We propose that even if they might not behave as standard normal faults, their strike is directly associated with the stress regime at the time of SDR emplacement.

In The COT in the segments between the Colorado/Cape FZ and the Salado/Orange FZ are characterized by along-strike asymmetry in width of the SDR wedges. The COT on the Argentinean margin is narrower and decreases in width northward towards the Salado FZ, while on the African margin the COT is wider and underwent significant thinning [START_REF] Blaich | Crustal breakup and continent-ocean transition at South Atlantic conjugate margins[END_REF]. Koopmann et al. (2014). Regarding the E-W oriented extension since at least the Mid-Valanginian, we agree with the model presented by [START_REF] Blaich | Crustal breakup and continent-ocean transition at South Atlantic conjugate margins[END_REF] who introduced a twophase breakup process, with first a continental rifting phase (crustal thinning) forming a 500km wide Atlantic rift system [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF], followed by the breakup phase itself with SDR emplacement and successive oceanic crust accretion. Both phases could take place as part of a continuum process. We present in figure 6.12-I a paleo-tectonic reconstruction at the time of active rifting in the South Atlantic (presumable Early Valanginian). At this stage, oceanization had already started in the southernmost Rawson/Valdés -Outeniqua segment (Fig.
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.12-IIa). The Colorado FZ is a major feature at this stage, accommodating oceanic crust accretion to the south, and continental rifting to the north. In the Colorado-Orange segment (Fig. 6.12-IIb), the areas affected by older rifting stages (Late Triassic to Early-Mid Jurassic)

remain out of the area of active rifting (in a thermal subsidence phase, [START_REF] Lovecchio | Multistage rifting evolution of the Colorado basin (offshore Argentina): Evidence for extensional settings prior to the South Atlantic opening[END_REF].

We believe this is an important observation to be considered in future thermo-mechanical modeling of the South Atlantic breakup at the Colorado segment, the older rifts forming the Central and Eastern Colorado depocenters should not be modelled as part of the same Early Cretaceous South Atlantic opening. Figures 6.12-IIc and 6.12-IId are schematic transects across the South Atlantic Rift in the Salado/Orange and Pelotas/Walvis segments. For all segments, following [START_REF] Ramos | Evolucion tectonica de la plataforma continental[END_REF] we interpret an east-dipping detachment, which is consistent with the no-reactivation of structures in the Colorado basin at this stage and the wider development of

Early Cretaceous rifts and SDRs on the African conjugate margin.

Jurassic oblique rifting. This could explain the lack of SDRs in this segment. North of the Colorado-Cape fracture zones, rifting and SDR emplacement took place in segments bounded by fracture zones. We presented a schematic cross-section across the margin showing a westward-dipping detachment fault associated with depocenter formation on both margins, followed by SDR emplacement asymmetrically on both margins and eventually oceanic crust inception diachronically along the margin, between Hauterivian and Aptian times.

PART III: POST-BREAKUP EVOLUTION OF THE ARGENTINEAN MARGIN

Only the Martín García High, between the Salado and Punta del Este basins, seems to display a Cretaceous cover as it plunges to the SE. To cite this article: Eduardo G. Ottone, Juan P. Lovecchio, Juan P. Pérez-Panera, and Diana Ronchi (2018).
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A new species of Neoglyptatelus, a close relative to Glyptodontia, and the evolution of the cingulatan carpace.

Ostracods from Tambolar Formation suggest an external platform environment and a faunal link with Laurentia.

Leaf damage-types provide evidence for a rapid recovery of plant-insect associations after the boundary. 

GEOLOGICAL BACKGROUND

The Colorado Basin, as other Southwest Atlantic basins (e.g., Punta del Este, Salado and Rawson basins), was originated in relation to the breakup of Gondwana during the Jurassic-Early Cretaceous (Fryklund et al., 1996;Juan et al., 1996;Gerster et al., 2011). The breakup unconformity (dated Barremian-Aptian) marks the onset of the passive margin stage, with some thermal subsidence that was accentuated in a west-east oriented trough, which was, in turn, controlled by synrift depocenters (Fig. 1). In the areas known by means of hydrocarbon exploration drilling, the sedimentation throughout the Late Cretaceous took place in fluvial to coastal and marine-shelf environments (sandstones from the Colorado Formation). A major marine transgression is recorded in the overlying marine shales of the Pedro Luro Formation, interbedded with volcanic rocks of the Ranquel Formation on the southern margin of the basin (Lesta et al., 1978;Lovecchio et al., 2017).

BIOSTRATIGRAPHIC SETTING

The biostratigraphy (dinocysts and calcareous nannofossils) of the YPF.BB-I-B.x-1, Bahía Blanca well and YPF.CCMI.Ra.x-1, Ranquel well are shown in Fig. 2.

The main previously published palynological contributions dealing with Cenozoic dinoflagellate cysts assemblages from the Colorado Basin include: [START_REF] Gamerro | Palinozonas neocretácicas y terciarias de la plataforma continental argentina en la Cuenca del Colorado[END_REF], Guerstein (1990, a, b), [START_REF] Archangelsky | Palinoestratigrafía de la plataforma continental[END_REF], [START_REF] Quattrocchio | Early Palaeocene (Danian) dinoflagellates from the Colorado Basin Argentina[END_REF], [START_REF] Guerstein | Bioestratigrafía basada en quistes de dinoflagelados del Eoceno-Mioceno del pozo (YPF) Ombucta x-1, Cuenca del Colorado, Argentina[END_REF], [START_REF] Guerstein | Quistes de dinoflagelados del Cenozoico de la Cuenca del Colorado, Argentina[END_REF], Guerstein et al. (2001) and [START_REF] Daners | Dinoflagelados del Eoceno medio a tardío de las cuencas Punta del Este y Colorado, latitudes medias del atlántico sudoccidental[END_REF].

Late Cretaceous-Paleocene dinoflagellate cysts from the Pedro Luro Formation have been documented in the papers by [START_REF] Gamerro | Palinozonas neocretácicas y terciarias de la plataforma continental argentina en la Cuenca del Colorado[END_REF], [START_REF] Archangelsky | Palinoestratigrafía de la plataforma continental[END_REF], [START_REF] Quattrocchio | Early Palaeocene (Danian) dinoflagellates from the Colorado Basin Argentina[END_REF], [START_REF] Guerstein | Quistes de dinoflagelados del Cenozoico de la Cuenca del Colorado, Argentina[END_REF] and [START_REF] Guerstein | Diconodinium lurense sp. nov., a late Maastrichtian to Danian dinoflagellate cyst from southwest Atlantic basisn[END_REF].

No palynological publications dealing with the Colorado Formation are known.

MATERIALS AND METHODS

This paper is based on the analysis of cutting and core samples recovered from the YPF.BB-I-B.x-1, Bahía Blanca well, and the YPF.CCMI.Ra.x-1, Ranquel well, both drilled on the Argentine continental shelf (Fig. 1).

The herein studied material from the Colorado Forma- by [START_REF] Evitt | Sporopollenin dinoflagellate cysts: their morphology and interpretation[END_REF].

SYSTEMATIC PALEONTOLOGY

Division DINOFLAGELLATA [START_REF] Bütschli | 's Klassen und Ordnungen des Their-Reichs, wissenschafaftlich dargestellt in Wort und Bild[END_REF][START_REF] Fensome | A classification of living and fossil dinoflagellates[END_REF]Subdivision DINOkARYOTA Fensome et al., 1993 Class DINOPHYCEAE Pascher, 1914 Subclass PERIDINIPHYCIDAE Fensome et al., 1993 Order PERIDINIALES Haeckel, 1894 Suborder PERIDINIINEAE Autonym

Family PERIDINIACEAE Ehrenberg, 1831 Subfamily DEFLANDREOIDEAE [START_REF] Bujak | Modern and fossil Peridiniieae[END_REF] Genus Andalusiella [START_REF] Riegel | New forms of organic-walled microplankton from an Upper Cretaceous assemblage in southern Spain[END_REF]emend. Masure et al., 1996 Type species. Andalusiella mauthei [START_REF] Riegel | New forms of organic-walled microplankton from an Upper Cretaceous assemblage in southern Spain[END_REF].

Andalusiella guersteiniae sp. nov. Comparisons. Andalusiella guersteiniae sp. nov. is distin-guishable from most species that have two or divided antapical horns as described by [START_REF] Masure | The dinoflagellate Andalusiella: emendation of the genus, revision of species, A. ivoriensis Masure, Tea and Yao, sp. nov[END_REF] and [START_REF] Srivastava | Dinocyst biostratigraphy of Santonian-Maastrichtian formations of the Western Gulf Coastal Plain, southern United States[END_REF] 

BIOSTRATIGRAPHICAL RESULTS

In the YPF.BB-I-B.x-1, Bahía Blanca well and YPF.CCMI. tonian-Early Maastrichtian: [START_REF] Costa | Dinoflagellate cysts of the Cretaceous System[END_REF], O.

operculata (Aptian-Early Maastrichtian: [START_REF] Helby | A palynological zonation of the Australian Mesozoic[END_REF][START_REF] Roncaglia | Dinoflagellate biostratigraphy of Piripauan-Hamurian (Upper Cretaceous) sections from northeast South Island, New Zealand[END_REF], O. spinosa (Santonian-Early Maastrichtian: Wilson, 1984;[START_REF] Roncaglia | Dinoflagellate biostratigraphy of Piripauan-Hamurian (Upper Cretaceous) sections from northeast South Island, New Zealand[END_REF]; Senegalinium bicavatum (Campanian-Danian: [START_REF] Jain | Cretaceous microplankton from Senegal Basin, N.W. Africa. I. Some new genera species and combinations of dinoflagellates[END_REF][START_REF] Slimani | Dinoflagellate cysts from the Cretaceous-Paleogene boundary at Ouled Haddou, southeastern Rif, Morocco: biostratigraphy, paleoenvironments and paleobiogeography[END_REF] nov.

-bearing horizons at the Bahía Blanca.B.x.1 well (Fig. 2).

Other microfossils recovered from the same stratigraphic levels include a diverse assemblage of agglutinated foraminifers that are typical of the early Maastrichtian of the Salado, the Colorado and the eastern Austral basins [START_REF] Malumián | Foraminíferos de la Formación Cabeza de León (Cretácico Superior, Tierra del Fuego, Rep. Argentina)[END_REF]Malumián andNáñez, 1990, 1996;[START_REF] Náñez | Paleobiogeografía y paleogeografía del Maastrichtiense marino de la Patagonia, Tierra del Fuego y la Plataforma Continental Argentina, según sus foraminíferos bentónicos[END_REF][START_REF] Pérez-Panera | Nanofósiles calcáreos y bioestratigrafía del Cretácico del sudeste de la Cuenca Austral, Patagonia, Argentina[END_REF].

At the Ranquel.x-1 well, the core sample 2156-2162 m (Lovecchio et al., 2017), lacks A. guersteiniae sp. nov., but yields Diconodinium lurense, an index species from the Late Maastrichtian-Early Danian in southern South America [START_REF] Guerstein | Diconodinium lurense sp. nov., a late Maastrichtian to Danian dinoflagellate cyst from southwest Atlantic basisn[END_REF]. The last occurrence of A. guersteiniae sp. nov., O. operculata and O. spinosa stand at 2165-2168 m (Fig. 2).

CONCLUSION

Andalusiella guersteiniae sp. nov. is a new species from the Upper Cretaceous of the Colorado Formation, at the Colorado Basin. In account of the restricted, Middle Campanian to Early Maastrichtian, stratigraphic range of key species of palynomorphs, foraminifers and nannofossils associated to A. guersteiniae sp. nov., a Middle Campanian-Early Maastrichtian age is suggested for the new species. A 40 k/ 40 Ar study from the volcanic intercalations of the Ranquel Formation suggests an age of 66 ± 3 Ma. On the other hand, from the same horizons, at the Puelche.x-1 well, a 40 Ar/ 39 Ar age of 74 ± 0.3 Ma was obtained from a core sample of a trachyandesitic composition (Lovecchio et al., 2017, figs. 1, 2). Therefore, a Late Campanian-Maastrichtian age (66-74 APPENDIX 2