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Cette thèse, par son approche multidisciplinaire et l'interprétation d'une quantité importante de données industrielles, apporte de nouveaux éléments dans la compréhension des systèmes de bassin d'avant-pays, en particulier dans le domaine andino-amazonien du nord-Pérou. Elle propose un nouveau modèle stratigraphique et structural de cette région, et reconstitue l'histoire de la déformation et de la sédimentation tout en les quantifiant, données indispensables pour modéliser les systèmes pétroliers et réduire les risques en exploration. Les résultats montrent que l'architecture structurale du bassin d'avant-pays de MarañónMarañón, le plus grand des Andes centrales, évolue latéralement d'une zone de wedgetop au SE à une zone de foredeep au NW. Au SE, il forme un prisme de chevauchements en partie érodé, connecté aux bassins wedgetop de Huallaga et Moyabamba. Cet ensemble constitue un seul système de bassin d'avant-pays, déformé par l'interférence d'une tectonique de couverture à vergence Est et d'une tectonique de socle en grande partie à vergence Ouest. Le raccourcissement horizontal total varie entre 70 et 76 km. La vergence Ouest de cette tectonique de socle est contrôlée par l'héritage de l'orogénèse Gondwanide (Permien moyen). Nous montrons qu'elle est à l'origine des importants séismes crustaux et destructeurs dans le bassin de Moyabamba. La tectonique de couverture, à vergence Est, présente un fort raccourcissement et est limitée aux bassins wedgetop de Huallaga et Moyabamba, où elle est contrôlée par la distribution géographique d'un important niveau d'évaporites d'âge permien terminal scellant les structures de l'orogénèse Gondwanide. Vers le NW, la déformation du bassin Marañón s'amortit progressivement, ce qui se manifeste par la transition vers une zone de dépôt de type « foredeep ». La déformation, bien que peu importante, y est toujours active et responsable de séismes de faible profondeur. D'un point de vue sédimentaire, cette thèse a permis de différencier quatre mégaséquences d'avant-pays dans le bassin de MarañónMarañón, définies à partir de corrélations stratigraphiques de puits et des discontinuités régionales identifiées en sismique. Une coupe structurale traversant le système MarañónMarañón-Huallaga a été restaurée en trois étapes depuis l'Eocène moyen pour reconstituer et quantifier la propagation du système de bassin d'avant-pays. Les quatre mégaséquences d'avant-pays et la restauration séquentielle montrent que le système MarañónMarañón-Huallaga s'est développé depuis l'Albien en deux étapes séparées par une importante période d'érosion durant l'Eocène moyen. Elles ont enregistrées successivement les soulèvements des cordillères occidentale et orientale des Andes du nord-Pérou, et celui de l'Arche de Fitzcarrald. D'un point de vue quantitatif, les taux de sédimentation calculés montrent une augmentation progressive depuis l'Albien, interrompue par l'érosion de l'Eocène moyen. Les modélisations pétrolières 2D, réalisées à partir d'une révision des systèmes pétroliers et de la restauration séquentielle du système Huallaga-MarañónMarañón, valorisent une grande partie des résultats obtenus dans cette thèse en simulant l'expulsion des hydrocarbures aux différentes étapes de la déformation du système Huallaga-MarañónMarañón et en montrant ses zones de piégeage potentielles.

Resumen

Esta tesis por su alcance multidisciplinario y la interpretación de una cantidad importante de información de la industria del petróleo aporta nuevos elementos en la comprensión del sistema de cuenca de ante-país, en particular en el dominio andino amazónico del norte de Perú. Este trabajo propone un nuevo modelo estratigráfico y estructural de esta región, reconstruye y cuantifica la historia de la deformación y de la sedimentación, información indispensable para modelizar los sistemas petroleros y reducir los riesgos de exploración. Los resultados muestran que la arquitectura estructural de la cuenca de ante-país de Marañón, la cuenca más grande de los Andes centrales, evoluciona lateralmente de una zona de wedgetop al sureste a una zona de foredeep al noroeste. Al suroeste, forma un prisma de cabalgamientos en parte erosionado, conectado a las cuencas wedgetop de Huallaga y Moyobamba. Este ensamble constituye un solo sistema de cuenca de ante-país, deformado por la interferencia de una tectónica de cobertura con vergencia Este y de una tectónica de basamento en gran parte con vergencia Oeste. El acortamiento horizontal total varía entre 70 y 76 km. La vergencia Oeste de esta tectónica de basamento está controlada por la herencia de la orogenia Gondwanide (Pérmico Medio). Nosotros mostramos que esta es el origen de importantes sismos crustales y destructores en la cuenca Moyobamba. La tectónica de cobertura, con vergencia Este, presenta un fuerte acortamiento y está limitada a las cuencas wedgetop de Huallaga y Moyobamba, donde está controlada por la distribución geográfica de un importante nivel de evaporitas de edad pérmico terminal sellando las estructuras de la orogenia Gondwaniana. Hacia el Noroeste, la deformación de la cuenca Marañón se amortiza progresivamente, la cual se manifiesta por la transición hacia una zona de depositación de tipo foredeep. La deformación, aunque poco importante, ha sido siempre activa y responsable de los sismos de baja profundidad. Desde un punto de vista sedimentario, esta tesis ha permitido diferenciar cuatro megasecuencias de ante-país en la cuenca Marañón, definidas a partir de la correlación estratigráfica de pozos y de discontinuidades regionales identificadas en la sísmica. Un corte estructural atravesando el sistema Marañón -Huallaga ha sido restaurado en tres etapas desde el Eoceno medio para reconstituir y cuantificar la propagación del sistema de cuenca ante-país. Las cuatro megasecuencas de ante-país y la restauración secuencial muestran que el sistema Marañón-Huallaga se ha desarrollado desde el Albiano en dos etapas separadas por un importante periodo de erosión durante el Eoceno medio. Estos han registrado sucesivamente los levantamientos de la cordillera occidental y oriental de los Andes del norte de Perú, y el del Arco de Fitzcarrald. Desde un punto de vista cuantitativo, las tasas de sedimentación calculadas muestran un aumento progresivo desde el Albiano, interrumpido por la erosión del Eoceno medio. Las modelizaciones petroleras 2D, realizadas a partir de una revisión de los sistemas petroleros y de la restauración secuencia del sistema Huallaga-Marañón, valorizan una gran parte de los resultados obtenidos en esta tesis simulando la expulsión de los hidrocarburos a diferentes etapas de la deformación del sistema Huallaga-Marañón y mostrando las zonas de potenciales entrampamiento. viii ix Moyabamba-Marañón FBS. The orogenic cycles names are those that are more commonly used in the Andes (see Ramos, 1988;Caputo, 2014;[START_REF] Chew | Proto-Andean evolution of the Eastern Cordillera of Peru[END_REF] FBS. The orogenic cycles names are those that are more commonly used in the Andes (see Ramos, 1988;Caputo, 2014;[START_REF] Chew | Proto-Andean evolution of the Eastern Cordillera of Peru[END_REF] 4.1); ages correspond to youngest cooling events. TRU70 has been published by Eude et al. (2015); the AFT age corresponds to the Central Age. [START_REF] Oil | SIGMA-2D Basin Modeling Study for the Evaluation of Oil and Gas Generation, Migration and Accumulation in the Sub-Andean Basins, Peru, Perupetro´s catalog[END_REF]. 133 (Espurt et al., 2007(Espurt et al., , 2011;;Roddaz et al., 2010).

List of figures

Ils constituent des bassins pétroliers à potentiel reconnu et en cours d'exploration (Mathalone and Motaya, 1995;[START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF]. La présence d'abondantes données de sous-sol permet d'y réaliser une analyse rigoureuse de l'architecture structurale et stratigraphique. La question du contrôle de la déformation subandine par des paléostructures telles que le rift triasique (Rosas et al., 2007;[START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF] et/ou les orogénèses paléozoïques (Laubacher et al., 1985;Dalmayrac et al., 1988;Bump et al., 2008;[START_REF] Espurt | Paleozoic structural controls on shortening transfer in the Subandean foreland thrust sytem, Ene and southern Ucayali basins[END_REF] 

Les bassins

Les bassins subandins du nord-Pérou : généralités

Les bassins subandins du Huallaga,Moyabamba,et Santiago;cf. Figures 1.1 et 1.2) appartiennent à ce que nous appellerons le système de bassin d'avantpays (FBS : Foreland Basin System) andino-amazonien, qui occupe une part relativement importante dans le dispositif structural de la chaîne andine comme le montre la coupe de la Figure 1.2. La déformation de ces bassins, pouvant présenter de forts taux de raccourcissement (Hermoza et al., 2005), est associée à la propagation du front orogénique d'arrière-arc et au soulèvement de la Cordillère Orientale qui a commencé entre 30 et 24 Ma (Eude et al., 2015). (Rosas et al., 2007;[START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF] et à l'héritage des orogénèses de la fin du Jurassique et du Paléozoique (Laubacher et al., 1985;Dalmayrac et al., 1988;Ramos, 1988;Bump et al., 2008;[START_REF] Espurt | Paleozoic structural controls on shortening transfer in the Subandean foreland thrust sytem, Ene and southern Ucayali basins[END_REF]Caputo, 2014).

Elles seront décrites et discutées dans le Chapitre II.

Méthodologie

Une approche pluridisciplinaire a été nécessaire pour intégrer et interpréter l'ensemble des données. Les études structurales, l'analyse des données thermochronologiques et des remplissages sédimentaires ont été menées de front, afin de proposer un modèle de propagation du système de chevauchements et des zones de dépôts associées. Nous avons pour cela utilisé le concept de système de bassin d'avant-pays de DeCelles & Gilles (1996). Enfin, des flux sédimentaires ont été calculés en volume pour l'ensemble du bassin Marañón à partir de cartes isopaques construites grâce à l'information sismique, qui ont été ensuite transformées en profondeur.

Restauration séquentielle

La coupe structurale régionale R1 (voir Figure 1.6) englobant le système Huallaga-Marañón a été équilibrée et restaurée en plusieurs étapes, avec le logiciel MOVE de Middland Valley, pour mieux comprendre la propagation des systèmes de chevauchements et des zones de dépôt d'avant-pays. Ces différentes étapes ont été reconstituées à partir 1) de données thermochronologiques nouvelles et antérieures, 2) de la surface d'érosion de l'Eocène moyen connue régionalement (Christophoul et al., 2002), qui a servi de niveau repère et qu'il a été possible d'identifier en sismique et sur le terrain, et 3) de l'analyse de strates de croissance apparaissant en sismique. Au total, trois étapes de déformation ont pu être reconstituées. L'ensemble des données utilisées sont décrites en détails dans les chapitres 3 et 4.

Modélisation pétrolière

La restauration séquentielle obtenue pour la coupe régionale Huallaga-Marañón (R1) a été utilisée afin de réaliser pour la première fois une modélisation 2D des systèmes pétroliers and1.2) are located in the Andes-Amazon transition zone and are part of the Northern Amazonian retroforeland basin (Espurt et al., 2007(Espurt et al., , 2011;;Roddaz et al., 2010).

They constitute petroleum basins with proven potential and still under exploration (Mathalone and Motaya, 1995;[START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF]. The presence of abundant sub-surface data allows for a rigorous analysis of the structural and stratigraphic architecture.

The Marañón and Huallaga basins (Figure 1.2) are the most important of these basins and cannot be dissociated to understand the structure and evolution of the wedgetopforedeep system of the Northern Amazon retroforeland basin. These basins, deformed by fold and thrust systems, exhibit complex structural partitioning controlled by a Mesozoic and/or Paleozoic inheritance. The question of the control of subandean deformation by paleostructures such as the Triassic rift (Rosas et al., 2007[START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF] and/or Paleozoic orogenies (Laubacher et al., 1985;Dalmayrac et al. 1988;Bump et al., 2008;[START_REF] Espurt | Paleozoic structural controls on shortening transfer in the Subandean foreland thrust sytem, Ene and southern Ucayali basins[END_REF] remains relevant. The syntheses proposed so far are incomplete and do not respond satisfactorily to this question. In this thesis, the first objective is to take advantage of the access to the sub-surface and surface database of PERUPETRO (National Hydrocarbons Agency of Peru) to revise the structural architecture of the Marañón and Huallaga basins, in order to propose a new geometric and kinematic analysis. Less important subandean basins as Moyabamba and Santiago will also be considered to understand the whole system. This first objective will also permit to better identify the structural risks that currently hinder the petroleum exploration in the subandean basins of northern Peru.

In a foreland basin system, the timing of the thrust propagation can be deciphered from thermochronological ages and stratigraphic records of syn-orogenic deposits. In the Huallaga and Marañón basins, the definition of this timing allows to better understand the propagation of the orogenic front of the central Andes and the development of the associated Andean-Amazonian foreland basin. This calendar also helps to define critical moments in oil systems [START_REF] Magoon | The petroleum system[END_REF]. The second objective is therefore to integrate new thermochronological data and a sedimentary record analysis in our structural models, proposing when possible a sequential restoration of the deformation. Sedimentary budgets associated to the propagation of foreland basin systems are relatively rare at the geological scale. They can only be obtained from subsurface data giving the sedimentary thicknesses and a relatively well constrained stratigraphy. The third objective of this thesis is to quantify the sedimentation rates and their evolution throughout the history of the Huallaga and Marañón foreland basins. The calculations were made after a revision of the stratigraphy and the architecture of the syn-orogenic sedimentary infills reported on the new regional structural cross-sections constructed for this thesis.

Finally, the last objective is to exploit the achieved results in a 2D petroleum modeling of the most complex and attractive part of the Andean-Amazonian foreland basin system of northern Peru: the Huallaga-Marañón system. This modeling integrates the revision and definition of new petroleum systems and uses the sequential restorations of the deformation obtained previously.

The subandean basins of northern Peru: generalities

The subandean basins of Northern Peru (Marañón, Huallaga, Moyabamba, and Santiago; see Figures 1.1 and 1.2) belong to what we will call the Andean-Amazonian Foreland Basin System (FBS), which represents an important part in the structure of the Andean mountain chain as shown in the cross-section of Figure 1.2. The deformation of these basins, which may present high rates of shortening (Hermoza et al., 2005), is associated to the propagation of the orogenic front and the uplift of the Eastern Cordillera that began between 30 and 24 Ma (Eude et al., 2015). During the upper Cretaceous and Paleogene, subandean basins were much more distal in the foreland basin system and much less deformed. The initiation of this foreland basin system is marked by a BFU (Basal Foreland Unconformity), located at the base of the late Cretaceous transgressive sequence, and overlaying deformed and eroded Mesozoic, Paleozoic or Precambrian series that reflect a complex pre-Andean history. All of these sedimentary and metamorphic series are shown in Figure 1.3. (Rosas et al., 2007;[START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF] and to the inheritance of late Jurassic and Paleozoic orogenies (Laubacher et al., 1985;Dalmayrac et al. 1988;Ramos, 1988;Bump et al., 2008;[START_REF] Espurt | Paleozoic structural controls on shortening transfer in the Subandean foreland thrust sytem, Ene and southern Ucayali basins[END_REF]Caputo 2014). They will be described and discussed in Chapter II

Methodology

A multidisciplinary approach was needed to integrate and interpret the dataset. Structural studies, analysis of thermochronological data and sediment infills were conducted simultaneously in the study in order to propose a propagation model of the thrust system and associated depozones. For this study, we used the concept of foreland basin system by DeCelles & Gilles (1996). 

Structural Analysis

The structural analysis was based on 2D seismic interpretation, calibrated from the deepest exploration wells, field data and stratigraphic revision ( Surface data were obtained from our field surveys and 1: 100,000 geological maps of INGEMMET (Instituto Geológico Minero Metalurgico del Peru). 

Lithostratigraphic analysis and sedimentation rates

In order to study the sedimentary infills of the Huallaga and Marañón basins in terms of propagation of foreland depozones (see Figure 1.5), (long-term) regional sedimentary sequences have been defined and characterized from wells lithostratigraphic correlations and the characterization of major discontinuities recognized in 2D seismic and in the porosity logs. Wells and seismic data were provided by PERUPETRO S.A. Stratigraphic datings come from academic publications and industrial reports available in the PERUPETRO S.A.

database.

The foreland basin sedimentary sequences thus identified were then mapped in the regional structural cross-sections, before being used to calculate sedimentation rates for each cross-section.

Finally, sedimentary flows were calculated in volume for the entire Marañón basin from isopach maps constructed using seismic information, which were then transformed in depth.

Sequential Restoration

The regional structural section R1 (see Figure 1.6) encompassing the Huallaga-Marañón system has been balanced and restored in several stages, with the MOVE software from Middland Valley, to better understand the propagation of the thrust systems and the foreland basin depozones. These different stages were reconstructed from 1) new and previous thermochronological data, 2) the middle Eocene erosion surface known regionally (Christophoul et al., 2002), which served as key horizon in the initial stage, and that it was possible to identify in seismic and in the field, and 3) the analysis of growth strata that appears in seismic. In total, three deformation stages could be reconstructed.

All the data used are described in detail in Chapters 3 and 4.

Petroleum System Modeling

The sequential restoration obtained for the Huallaga-Marañón regional cross-section (R1) was used to carry out for the first time a 2D petroleum system modeling of this region. These petroleum systems have been previously revised and partially redefined based on new source rock analyzes and existing data from PERUPETRO S.A.

The modeling was done with the Schlumberger's Petromod software. The data used for source rocks, reservoirs, charge and geohistory are described in detail in Chapter 4.

Structure of the thesis

After a general introduction (Chapter 1) summarizing objectives and methodology, the thesis comprises three chapters.

Chapter 2 presents a synthetic structural analysis of the Huallaga and Marañón basins, and the bordering basins (Moyabamba and Santiago), based on subsurface data provided by PERUPETRO S.A. and field observations. Regional structural cross-sections were constructed from seismic interpretations calibrated by drilling and surface data. These structural cross-sections distributed over the whole of the studied region allow to illustrate a complex structural architecture inherited from Paleozoic and Mesozoic paleostructures. This structural study was the subject of an article published in Marine and Petroleum Geology in 2017, which also analyzes the seismic activity of some thrusts faults highlighted in this work.

Chapter 3 looks at the deposits of the Huallaga and Marañón foreland basins, and defines the main sedimentary sequences from regional stratigraphic well correlations, and interpretation of 2D seismic and porosity logs. A sequential restoration of the thrust system propagation and associated depozones, constrained by thermochronological data and the analysis of growth strata, is proposed. Finally, sedimentation rates are calculated for each major sedimentary sequence and discussed on 3 regional structural cross-sections, and then on the scale of the whole Marañón basin.

Chapter 4 presents 2D petroleum system modeling based on the restoration of the Huallaga-Marañón foreland basin system, after reviewing the regional petroleum systems, and integrating new data. This type of 2D modeling, rare in foreland basin systems, brings added value to the hydrocarbon exploration in the region. It has been published (2017) in

AAPG Memoir 114 (Petroleum Systems Analysis -Case studies).

The thesis also includes 5 annexes: the first concerns the biostratigraphic data used in Chapter 3; the second presents the methodologies used for porosity calculations, time-depth transformation of seismic sections and compaction correction; the third presents source rock vitrinite reflectance data used for PETROMOD 1D modeling to evaluate eroded sediment thicknesses; the fourth presents isopach maps of the Marañón basin constructed from seismic data to calculate the sediment volumes deposited in the foreland basin system; the fifth is an article in press presenting a synthesis on the Peruvian basins.
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Chapter 2: Structural architecture of the retro-foreland basin system of northern Peru

Introduction

In this chapter, the structural architecture of the retro-foreland basin system of northern Peru is presented from south to north in two distinct parts.

The southern part corresponds to the Huallaga-Marañón and Moyabamba-Marañón foreland basin systems that are described in an article published in Marine and Petroleum Geology (2017). It is illustrated by two regional balanced cross-sections (R1 and R2 in Figure A NNW-SSE regional cross-section (R6 in Figure 2.1) has been also constructed to illustrate the lateral geometric and stratigraphic evolution of the Marañón Basin. Some regional cross-sections presented in this chapter will be used in the Chapter 3 to describe the Cenozoic stratigraphic architecture of the Marañón foreland basin system and calculate foreland sedimentation rates associated to Andean orogeny. Geological map of the Marañón foreland basin system with location of the regional cross-sections presented in this chapter (R1 to R6), wells and seismic sections used for their construction. 

Thrust tectonics in the

Introduction

Importance of thin-skinned tectonics vs thick-skinned tectonics in fold and thrust belts has been largely debated [START_REF] Coward | Thrust tectonics, thin skinned or thick skinned, and the continuation of thrusts to deep in the crust[END_REF][START_REF] Tozer | Comparing thin-and thick-skinned thrust tectonic models of the Central Apennines, Italy[END_REF][START_REF] Calabro | Thin skinned vs. thick-skinned tectonics in the Matese Massif, Central-Southern Apennines (Italy)[END_REF]. Thrusts propagation is controlled by parameters as structural inheritance, lithostratigraphy and erosion and/or sedimentation rates, which determine the style of deformation [START_REF] Buchanan | Sandbox experiments of inverted listric and planar fault systems[END_REF][START_REF] Sassi | Modelling of structural complexity in sedimentary basins: the role of pre-existing faults in thrust tectonics[END_REF]Mugnier et al., 1997;[START_REF] Leturmy | Piggyback basin development above a thin-skinned thrust belt with two detachment levels as a function of interactions between tectonic and superficial mass transfer: the case of the Subandean Zone (Bolivia)[END_REF][START_REF] Teixell | Experimental and field study of the effects of lithological contrasts on thrust-related deformation[END_REF][START_REF] Poblet | Kinematic Evolution and Structural Styles of Fold-and-Thrust Belts[END_REF]. Thin-skinned tectonics requires the presence of regional detachment as shales or evaporites expanded in the sedimentary cover [START_REF] Dan | The role of salt in fold-and-thrust belts[END_REF][START_REF] Costa | Experimental insights on the geometry and kinematics of foldand-thrust belt above weak, viscous evaporitic decollement[END_REF] while thick-skinned tectonics is generally attributed to tectonic inversion [START_REF] Mcclay | Analogue models of inversion tectonics[END_REF][START_REF] Buchanan | Sandbox experiments of inverted listric and planar fault systems[END_REF]Colletta et al., 1996;[START_REF] Kley | Along strike segmentation of the Andean foreland: causes and consequences[END_REF]Baby et al., 2013). In some cases, thick-skinned deformation can also be related to the reactivation of old fossilized fold and thrust belts [START_REF] Giambiagi | Reactivation of Paleozoic structures during Cenozoic deformation in the Cordon del Plata and Southern Precordillera ranges (Mendoza, Argentina)[END_REF]. In Central Andes, the eastern fold and thrust belt, commonly known as Subandean zone, presents a latitudinal structural variation ranging from pure thin-skinned tectonics in the south to complex interference of both thick and thin-skinned tectonics in the north [START_REF] Kley | Along strike segmentation of the Andean foreland: causes and consequences[END_REF][START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF][START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF]. Our aim is to discriminate these two styles of thrust deformation in the northern Central Andes of Peru, and identify their structural inheritance.

The study area corresponds to the Huallaga, Moyabamba and southern Marañón subandean foreland basin system (Figure 2.2.1), named in this paper Huallaga-Moyabamba-Marañón FBS. The eastward thrusts propagation of this FBS is controlled by thinned and thick-skinned tectonics (Eude et al., 2015;Calderon et al., 2017). The Moyabamba zone is characterized by crustal earthquakes constrained to shallow depths and related to reverse basement faults with westward vergence (Delvin et al., 2012). The geometry and origin of these faults have been poor investigated.

The purpose of this paper is a revision of the present day structural architecture of the Huallaga-Moyabamba-Marañón FBS and its relationship with pre-Cretaceous structures.

Although our structural revision is based on the interpretation of an exhaustive compilation of seismic data, here just a few examples of seismic cross-sections are presented. They clearly show the main tectonic Andean and pre-Andean features of the study area. Two regional balanced cross-sections have been constructed to investigate the relationships between thick and thin-skinned tectonics, and to better understand the petroleum potential of the region. We show how seismic interpretation and stratigraphic revision from wells and field information allowed us to evidence the roles of a Permian fold and thrust belt sealed by a regional salt level in the deformation of the Huallaga-Moyabamba-Marañón FBS. The extension, significance and petroleum implications of these Permian features are discussed. 

Geologic background

The northern Central Andes of Peru are characterized by the absence of Altiplano, the flat slab subduction of the Nazca oceanic plate (Gutcher et al., 2000;Espurt et al., 2007) and an extensive deformation of the eastern Andean orogenic wedge with an amount of shortening greater than 140 km (Eude et al., 2015). As a result, this region shows the easternmost propagation of the Subandean orogenic front (Figure 2.2.1).

The Marañón, Huallaga and Moyabamba Subandean sub-basins are located in the Andean-Amazonian transitional area (Figures 2.2.1 and 2.2.2), the so-called Northern Amazonian Foreland Basin (Espurt et al., 2007(Espurt et al., , 2011)). They are classically interpreted as the components of a wide retro-foreland basin system, where the Huallaga and Moyabamba

Subandean areas are conventionally correlated to the wedge-top depozone and the Marañón area to the foredeep depozone (Hermoza et al., 2005;Roddaz et al., 2005;Calderon et al., 2017). Thermochronological dating shows that the North Amazonian Foreland Basin started to acquire its modern configuration between 30 and 24 Ma (Eude et al., 2015) with the development of the Huallaga syn-orogenic wedge-top basin (Hermoza et al., 2005). The Huallaga thrusts system is characterized by a strong horizontal shortening. To the west, the Andean Eastern Cordillera, which acted as the deformable backstop, corresponds to the tectonic inversion of the pre-Andean Triassic rift (Rosas et al., 2007;Eude et al., 2015;Calderon et al., 2017). The Moyabamba thrusts system is much more unknown and is analysed in this paper. Several versions of balanced cross-section have already been constructed in the Huallaga-Marañón foreland basin system [START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF]Hermoza et al., 2005;Eude et al., 2015;Calderon et al., 2017). They show the importance of thin-skinned tectonics controlled by a regional evaporitic layer whose age is discussed below. A total horizontal shortening around 70-90 km has been calculated by these authors. To the east of the Huallaga thrust front, the southern Marañón basin is deformed by a modern and still active thick-skinned tectonics, and should therefore be seen as the contemporaneous wedge-top rather than the foredeep of the foreland basin system. Seismic sections show east and westverging basement thrusts, which branch on a deep detachment (Eude et al., 2015). This basement thrusts system plunges to the west below the Huallaga and Moyabamba piggyback basins and interferes with thin-skinned deformation of the sedimentary cover. The Cushabatay High, in the Huallaga-Marañón transition zone, is the geomorphologic expression of such structures. The Moyabamba basin structural geometry is much less known and is described for the first time in this paper. It is characterized by crustal shallow depths earthquakes (Tavera et al., 2001;Delvin et al., 2012), used in this work to constrain the thrusts geometry. North of the studied area, the Marañón basin is progressively deepening and deformation is weaker (Figure 2.2.3). It constitutes a foredeep depozone limited in the west by the Santiago Subandean fold and thrust belt [START_REF] Parsep | Final Report on the Huallaga basin and adjacent area. The hydrocarbon potential of NE Peru Huallaga, Santiago and Marañón Basins Study: Perupetro report[END_REF], and in the east by the Iquitos forebulge (Roddaz et al., 2005). To the north, it extends with the Oriente basin of Ecuador (Balkwill et al., 1995;Baby et al., 2013).

Stratigraphy

The sedimentary cover involved in the deformation of the Huallaga-Moyabamba-Marañón FBS consists of a pre-Andean series, unconformably overlain by a marine to continental late The pre-Andean series comprises remnants of Ordovician, Devonian, Carboniferous and Permian clastic and carbonated marine deposits, overlain in the Subandean zone by a regional layer of evaporite, long regarded as Jurassic in age despite the absence of real dating [START_REF] Parsep | Final Report on the Huallaga basin and adjacent area. The hydrocarbon potential of NE Peru Huallaga, Santiago and Marañón Basins Study: Perupetro report[END_REF]Moretti et al., 2013). Recent revisions of regional stratigraphy based on subsurface correlations, thanks to new seismic information (Perupetro S.A. database) and new field observations, allowed us to reconsider the stratigraphic position of this important regional layer of salt, which acted as the mean detachment of the Huallaga and Moyabamba thrusts system [START_REF] Hurtado | Arquitectura estratigráfica y estructural con un nuevo sistema petrolero en la zona noroccidental de la cuenca Ucayali: VIII INGEPET[END_REF][START_REF] Baby | Thrusts propagation and new geochronologic constraints in the Peruvian Subandean fold and thrust belt: VIII INGEPET 2014[END_REF], Calderon et al., 2017). It outcrops on the Callanayacu Diapir, east of the Chazuta thrust (Huallaga thrust front; see Figure 2.2.2)

along the Huallaga river, where evaporites are covered by marine black shales, limestones and dolomites. These marine deposits could never be dated. However, north-south seismic correlations from the South Marañón basin to the Ucayali basin show that they correspond to the Shinai Formation [START_REF] Hurtado | Arquitectura estratigráfica y estructural con un nuevo sistema petrolero en la zona noroccidental de la cuenca Ucayali: VIII INGEPET[END_REF][START_REF] Baby | Thrusts propagation and new geochronologic constraints in the Peruvian Subandean fold and thrust belt: VIII INGEPET 2014[END_REF] defined and dated from the Late Permian in the Camisea area (Seminario et al., 2005 and reference therein). Therefore, we consider the regional salt layer as Late Permian. This salt age has previously been proposed in the Huallaga basin by [START_REF] Roddaz | Cenozoic sedimentary evolution of the Amazonian foreland basin system, in Amazonia, Landscape and Species Evolution: A look into the Past, 1st edition[END_REF]. The regional salt layer extends to the north in the Santiago basin where [START_REF] Aleman | Structural styles in the Santiago fold and thrust belt, Peru: a salt related orogenic belt[END_REF] also mentioned the possibility of a Late Permian age. Along the Huallaga River, the Shinai Formation is overlain by approximately 2000 meters of aeolian and fluvial sandstones and silts, which can be correlated with the Lower Nia reservoir of the Camisea area (Seminario et al., 2005) and the overlaying Sarayaquillo Formation. These continental series are considered as Triassic and Jurassic in age [START_REF] Parsep | Final Report on the Huallaga basin and adjacent area. The hydrocarbon potential of NE Peru Huallaga, Santiago and Marañón Basins Study: Perupetro report[END_REF]Seminario et al., 2005). They overlay a weak unconformity identified in the Marañón basin by seismic and wells (Figure 2.2.5) that marked the onset of a long period of rifting and post-rift regional sag (Rosas et al., 2007). To the west, the aeolian sandstones laterally pass to the continental Mitu rift and marine Pucara post-rift deposits outcropping in the Eastern Cordillera, where they overlay directly the basement known as Marañón Complex (Wilson, 1985). Stratigraphic diagram and petroleum systems along the Huallaga-Moyabamba-Marañón FBS. The orogenic cycles names are those that are more commonly used in the Andes (see Ramos, 1988;Caputo, 2014;[START_REF] Chew | Proto-Andean evolution of the Eastern Cordillera of Peru[END_REF]. ). These eastward-thinning sequences were deposited in the Andean-proto-Amazonian retro-foreland basin controlled by the tectonic loading of the incipient Andean orogenic wedge. They constitute today the main petroleum systems of the Oriente-Marañón prolific oil province [START_REF] Marksteiner | Petroleum systems along the fold belt associated to the Marañón Oriente -Putumayo (MOP) Foreland Basins: 6 th Simposio Bolivariano Exploracion Petrolera en las Cuencas Subandinas, Tomo II[END_REF]Barragan et al., 2008). Reservoirs corresponds to fluvio-deltaic and tide-dominated estuarine deposits of the Cushabatay, Agua

Caliente and Vivian formations, and source rocks are constituted by shales and limestones of the Raya and Chonta formations (Mathalone & Montoya, 1995;[START_REF] Parsep | Final Report on the Huallaga basin and adjacent area. The hydrocarbon potential of NE Peru Huallaga, Santiago and Marañón Basins Study: Perupetro report[END_REF].

The Cenozoic foreland infill presents important lateral variations from the Huallaga-Moyabamba hinterland to the Marañón foreland. It has been well described in terms of foreland system depositional environments controlled by thrusts propagation by Hermoza et al. (2005) and Roddaz et al. (2010). The Paleocene-Early Eocene sequence starts with the fluvial and tidal sandstones of the Casa Blanca Formation [START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF] and references therein), comparable to the Vivian reservoir. It passes gradually to red siltstones and mudstones forming distal fluvial deposits (Yahuarango Fm.). The Middle Eocene-Oligocene sequence overlies a regional erosional unconformity, which extends to the north in Ecuador and Colombia. This erosion has been interpreted as an unloading orogenic period (Christophoul et al., 2002;Roddaz et al., 2010). The Middle-Upper Pozo Formation developed in shallow marine environment and recorded a new orogenic loading period. It is overlaid by the Oligocene silts and sandstones of the Chambira Formation. The Neogene sequence recorded the development of the modern Huallaga-Moyabamba wedge-top depozone and a strong subsidence in a deltaic environment evolving progressively to an alluvial system (Hermoza et al., 2005). This thick Neogene sequence corresponds to the main charge of the petroleum systems.

In the southern Marañón basin, thicknesses and stratigraphy of pre-Cretaceous series are primarily constrained by the Shanusi 2X, Loreto 1X, and Santa Lucia 2X wells (location in The two balanced regional cross-sections have been constructed using the Midland Valley

Move 2015 software on the basis of the flexural-slip algorithm, assuming constant bed length and thickness and constant area for salt units and Neogene infill. Their orientation is orthogonal to the arcuate shape of the Subandean thrust front (Figure 2.2.2) and is consistent with the thrust movement direction (bow-and-arrow rule). The cross-sections were restored at the base of the Pozo Formation, which sealed a regional erosive planar unconformity (Christophoul et al., 2002). Therefore, this east-verging fold and thrust belt can be easily correlated with the Permian fold and thrust belt observed on the AH-3, DX-21 and AH-13 seismic sections.

Regional seismicity

The Moyabamba and Huallaga basins are located on the most seismically active segment of the Peruvian Subandean zone (Tavera et al., 2001;Delvin et al., 2012). According to these authors, Subandean crustal earthquakes occur from the surface to near the Moho Three of these earthquakes have been projected along the Huallaga-Marañón crosssection between 33 and 24 km of depth (Figure 2.2.10). They have permitted to better constrain the lower crust detachment level depth of the basement thrusts system imaged by seismic reflection profiles (Figures 2.2.6 to 2.2.9).

In the Moyabamba-Marañón structural cross-section, four earthquakes between 24 and 14 km depth have been projected. 

Thrusts regional distribution and shortening

The Huallaga balanced cross-section (Figure 2.2.10) has been updated from previous versions [START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF]Hermoza et al., 2005;Eude et al., 2015;Calderon et al., 2017), while the reached the Iquitos Andean forebulge (Roddaz et al., 2005). Total horizontal shortenings are 70 km in the Huallaga cross-section and 76 km in the Moyabamba cross-section.

Basement deformation

Both balanced cross-sections show two types of basement deformation. The deformation is active as shown by the present crustal seismicity of the region [START_REF] Tavera | Mapa sísmico del Perú, periodo 1960-2011[END_REF].

To the east, in the Marañón foreland, the orogenic deformation propagated normally towards the east with relatively deep thrust faults branched on an intra-basement detachment. The depth of this detachment (Figure decreases rapidly to the south in the Ucayali basin, where it is clearly identified and described thanks to the Camisea wells (Seminario et al., 2005), and increases to the north, in the Santiago basin, where a complex salt tectonics has been described [START_REF] Aleman | Structural styles in the Santiago fold and thrust belt, Peru: a salt related orogenic belt[END_REF]Mathalone & Montaya, 1995;[START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF]. The salt level disappears abruptly to the east in the Marañón basin, which explains the absence of thin-skinned tectonics in this part of the foreland basin system. Our stratigraphic revision proposed in the section 3 suggests a Late Permian age of this salt. It overlay the erosional unconformity that sealed the Permian west-verging fold and thrust belt described above. The salt deposits extension over the pre-Late Permian thrust system is well illustrated in the palinspastic restorations of the two balanced cross-sections (Figure 2.2.10). The eastern and western disappearance of the salt and the increase of its thickness to the north imply a marine transgression entering from the north, which agrees with published Permian paleogeographic maps [START_REF] Williams | Tectonic subsidence analysis and Paleozoic paleogeography of Gondwana[END_REF][START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF]. 2012) have been projected on the section.

Discussion

Permian orogeny

The seismic sections and balanced cross-sections presented in this study show that the Huallaga-Moyabamba-Marañón foreland thrusts system forms actually a complex wedge-top depozone characterized by active west-verging basement thrusts. Some seismic sections [START_REF] Roddaz | Cenozoic sedimentary evolution of the Amazonian foreland basin system, in Amazonia, Landscape and Species Evolution: A look into the Past, 1st edition[END_REF]. These authors have proposed a tectonic uplift at the end of the Middle Permian in the eastern part of the Huallaga basin to explain the lack and probable erosion of the Copacabana Formation. They considered this tectonic uplift as the result of the Hercynian orogeny. In Southern Peru, Laubacher and Mégard (1985) showed an "early Hercynian belt partially reactivated by the late Hercynian pulse of deformation". They identified in the Eastern Cordillera and the Altiplano a late Hercynian folding in the Carboniferous and early Permian strata, subsequently eroded and unconformably overlain by late Permian sedimentary series. As in the Huallaga-Moyabamba-Marañón thrust system, these Permian structures are westverging and N-S oriented. They have been also suggested in northwestern Peru by Dalmayrac et al. (1988) and evidenced by subsurface data in the offshore forearc basins of northern Peru [START_REF] Timoteo | Posible existencia de la Faja Alleghanide? en el Noroeste del Perú: Recientes dataciones Ar/Ar y U-Pb, e implicancias en un Sistema Petrolero de la Cuenca Talara[END_REF] at the same latitude as our balanced cross-sections.

(
Apparently, the structural mapping published by these authors shows the same N-S trend orientation. Recently, [START_REF] Chew | Proto-Andean evolution of the Eastern Cordillera of Peru[END_REF] have demonstrated that the Eastern Cordillera of Peru has experienced a high-grade orogenic event in the latest Middle Permian.

Andean reactivation of late Carboniferous to Middle Permian west-verging thrusts have been also described in the Southern Central Andes [START_REF] Giambiagi | Reactivation of Paleozoic structures during Cenozoic deformation in the Cordon del Plata and Southern Precordillera ranges (Mendoza, Argentina)[END_REF]. Therefore, it appears that the Middle Permian orogen fabric -known as Late Hercynian orogen in Peru (Laubacher and Mégard, 1985) o San Rafael orogen in Argentina (Ramos, 1988) -has a strong influence on the propagation of the Andean deformation. It was part of a long fold and thrust belt developed along the southern margin of Gondwana, and now preserved in South America, South Africa, Antartica and Australia (Catuneanu, 2004). For this raison, we prefer to use "Gondwanide orogeny" to describe this deformation (see Figure 2.2.4). This name is more commonly used in the Andes (Ramos, 1988;[START_REF] Chew | Proto-Andean evolution of the Eastern Cordillera of Peru[END_REF]. In the Huallaga-Moyabamba-Marañón thrusts system, the middle Permian west-verging thrusts are nowadays reactivated and constitute origin structures for the earthquakes. In our balanced cross-sections, the abnormal deep detachment of the lower crust constructed in base of the regional seismicity results probably from the Middle Permian orogen inheritance. (Seminario et al., 2005), fluvial and aeolian sandstones of the Ene and Lower Nia formations can constitute good reservoirs for these structural traps. Most of these potential hydrocarbon structures are preserved in the unexplored Chazuta thrust foot-wall, making the Huallaga-Moyabamba-Marañón foreland system as one of the most sub-trap attractiveness of Peru.

Oil and gas discoveries have been made in the last decade in Paleozoic fractured reservoirs of offshore structures in the "Sechure Bahia" in the other side of the Andes at the same latitude as the Moyabamba basin [START_REF] Alarcon | Evolución Tectónica de la Bahía de Sechura y su implicancia en la acumulación de hidrocarburos[END_REF]. This petroleum play corresponds to reactivated Late Paleozoic compressive structures and is comparable to that we suggest in the Huallaga-Moyabamba-Marañon FBS. This augurs good prospects for future explorations.

Conclusions

Geophysical data and balanced cross-sections show that the Huallaga-Moyabamba- However, the late Permian salt regional level is still present and well developed in the Santiago Basin and in the western part of the Marañón Basin [START_REF] Aleman | Structural styles in the Santiago fold and thrust belt, Peru: a salt related orogenic belt[END_REF]Mathalone and Montoya, 1995;[START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF][START_REF] Witte | Regional structural styles in the Santiago and Marañón basins of northern peru : new implications for hydrocarbon trapping from interplay of thick-skin, thin-skin and salt tectonics[END_REF].

The method of interpretation and construction is the same that we used in the section 2.2.;

it is described in the paper published in Marine and Petroleum Geology. Seismic sections and wells data were also provided by PERUPETRO S.A., and surface data were obtained Stratigraphic diagram and petroleum systems along the Santiago-Marañón FBS. The orogenic cycles names are those that are more commonly used in the Andes (see Ramos, 1988;Caputo, 2014;[START_REF] Chew | Proto-Andean evolution of the Eastern Cordillera of Peru[END_REF].

The hinge zone: regional structural cross-section R3

This part of the Marañón Basin is located in the hinge zone between the Central and Northern Andes, traditionally known as Huancabamba deflection [START_REF] Mitouard | Post-Oligocene rotation in southern Ecuador and northern Peru and the formation of the Huancabamba deflection in the Andean Cordillera: Earth and Plan[END_REF], where Andean structures orientation changes from NNE-SSW in the south to N-S in the north. The TWT Base Cretaceous structural map of To the east, the orogenic deformation propagated in sequence towards the east, and merges currently east of the Pucaruro well on the western flank of the Iquitos forebulge (Roddaz et al., 2005). This part of the Marañón Basin is poor deformed. It presents some weak structures as the Capirona-Pavayacu pop-up, but active deformation is proved by intrabasement seismicity as the recent M 5.9 earthquake (2017-04-18) at 14+-1.7 km depth (https://earthquake.usgs.gov/earthquakes/eventpage/us10008iq5#executive) (see Figure 2.3.1). This earthquake is located in the cross-section R3 ( 

2.3.3.

The Santiago-Marañón foreland basin system: regional structural cross-section R4

The regional cross-section R4 (Figure 2 The Santiago wedge-top Basin is well known for its salt tectonics, which is attested by diapiric structures and salt pillows evidenced in seismic [START_REF] Aleman | Structural styles in the Santiago fold and thrust belt, Peru: a salt related orogenic belt[END_REF]Mathalone and Montoya, 1995;[START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF][START_REF] Witte | Regional structural styles in the Santiago and Marañón basins of northern peru : new implications for hydrocarbon trapping from interplay of thick-skin, thin-skin and salt tectonics[END_REF]. The evaporites layer has been reached by the Putuime well (Figure 2.3.5), where it is directly overlaid by the Cushabatay late Cretaceous sandstones. As in the Huallaga Basin (see section 2.2.), seismic data (Figure 2.3.4) show that the evaporites thickness is important and can reach several thousands of meters. The age the evaporites are considerate as Late Permian as suggested by our stratigraphic revision of section 2. As shown by the cross-section R4 (Figure 2.3.4), the Santiago wedge-top basin is also deformed by interference of thin and thick-skinned tectonics. To the east, beneath the saltcore anticline of the Campanquiz Cordillera, a west-verging basement thrust is evidenced by the seismic. It is probably due, as in the Huallaga basin, to the reactivation of a Late Permian thrust. To the west, the Putuime structure is interpreted as an east-verging basement structure. Shortening of this basement thrusts system is accommodated by thin-skinned and salt tectonics in the Late Permian evaporites layer and its Mesozoic and Cenozoic cover. The best expression of this deformation is the box-fold anticline of the Campanquiz Cordillera.

Basement thrusts are branched on the intra-basement detachment already evidenced in the southern regional cross-sections (R., R2, R3 and R4). 
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Thermochronologic studies show that the Campanquiz anticline uplift separating the Santiago wedge-top from the Marañón foredeep is Late Miocene in age [START_REF] Aleman | Structural styles in the Santiago fold and thrust belt, Peru: a salt related orogenic belt[END_REF][START_REF] Kennan | Fission track ages and sedimentary provenance studies in Peru, and their implications for Andean paleogeographic evolution, stratigraphy and hydrocarbon systems[END_REF]. However, growth strata in the late Cretaceous infill (see seismic section of R4; Figure 2.3.4.) recorded a first stage of salt and basement tectonics.

The seismic section shows that the Putuime basement thrust uplift started at the beginning of the late Cretaceous sedimentation (Cushabatay Fm.) and was progressively sealed by the late Cretaceous to early Eocene deposits. The Basal Pozo erosion marks the end of this first stage of Andean deformation and the beginning of a relative tectonic quiescence (Christophoul et al., 2002) before the late Miocene deformation, which will be discussed in the next chapters. 

Summary and conclusion

The structural map (Figure 2.3.1) and the N-S cross-section R6 (Figure 2.3.9) illustrate the south-north "wedgetop-foredeep" transition of the Marañón foreland basin. In the south, the Marañón basin is still deformed and uplifted by the Subandean thick-skinned tectonics. To the north, this deformation progressively dies and the Marañón basin converts into foredeep depozone with two depocenters, where more than 4000 m of Cenozoic sediments have been passed by exploratory wells (4500 m in Situche wells). This deep part of the Marañón Basin corresponds to the zone of maximal hydrocarbon generation (see "Situche kitchen" of Barragan et al., 2008).

As in the southern Huallaga and Moyabamba basins, deformation is linked to an intrabasement detachment with active deformation, probably also inherited from the middle Permian west-verging Gondwanide orogeny. Giant southern structure as the Loreto Hight (see R6; Chapter 3: Marañón foreland basin system -the stratigraphic record

Introduction

Quantification of sedimentary basin is one of the numerous steps to understand the interaction and resulting product of the solid earth with the external envelopes of the Earth (Sediment Routing Systems; e.g. [START_REF] Allen | Sediment Routing Systems: The Fate of Sediment from Source to Sink[END_REF]. Foreland basins represent one of the repositories of the mountain building history and its evolution [START_REF] Pelletier | Erosion-rate determination from foreland basin geometry[END_REF].

Vertical movements and horizontal shortening of the sedimentary wedge (Vergès et al., 1998) is the main topics of interest of foreland basin studies whereas the movements of mass and flux associated to sedimentary signal represent of least studied aspect of these geological structures [START_REF] Allen | The Qs problem: Sediment volumetric balance of proximal foreland basin systems[END_REF]. Due to the focus of interest on the uplifted structures at the transition between the main relief and sedimentary basin, efforts have been made towards the qualification and quantification of erosion in the hinterland (e.g. [START_REF] Pelletier | Erosion-rate determination from foreland basin geometry[END_REF][START_REF] Bayona | An integrated analysis of an orogen-sedimentary basin pair: Latest Cretaceous-Cenozoic evolution of the linked Eastern Cordillera orogen and the Llanos foreland basin of Colombia[END_REF].

The aim of this study is (1) to obtain a regional knowledge of the Marañón Basin sedimentary infill in terms of foreland basin evolution, (2) constrain the chronostratigraphic framework to establish this evolution, (3) estimate the sedimentary rates for each long-term sequence in the foreland basin system.

Major long-term sequences are defined from wells stratigraphic correlations and reported in three of the six regional structural cross-sections (see Figure 3.1.1. for location). Wedge-top eroded thicknesses are estimated from seismic reflection and vitrinite reflectance data. Sedimentation rates are calculated for each structural crosssection and each long-term sequence, and then in 3D at the scale of the Marañón Basin.

The geologic framework of the Marañón foreland basin system has already been detailed in the Chapter 2. 

Sequential restauration of the southern Marañón foreland basin system

The southern Marañón FBS is deformed by thrust tectonics and cannot be dissociated from the Huallaga basin. Both basins belong to a wedge-top depozone (see Chapter 2). In this section, the Huallaga-Marañón FBS evolution is reconstructed and described in terms of foreland basin depozones (sensu [START_REF] Decelles | Foreland basin systems[END_REF] (see Figure 1.5).

The sequential restauration has been done (Figure 3. show a decrease towards the east. We interpret this phenomenon as a classic insequence propagation and exhumation of the thrusts system. The sample collected on the Chazuta thrust gave a youngest exhumation event of 16.4 Ma, which is consistent with the AFT age of one other Jurassic sample collected in the Biabo anticline (TRU70, see Eude et al. 2015). This cooling event age has been also interpreted as thrust related uplift.

In the sequential restoration of Figure 3.2, the initial stage of the balanced crosssection corresponds to the Middle Eocene configuration during the Pozo deposits, which sealed a regional planar unconformity (Christophoul et al., 2002). It shows that the Biabo anticline and the Cushabatay High were weakly developed at this period.

Growth strata observable on the seismic (see Figure 2 In the present stage, the Huallaga basin as the Marañón basin constitute a wedgetop depozone. Main studies in the Marañón Basin have been focused in Cretaceous hydrocarbon reservoirs and source rocks, and conducted by the hydrocarbon industry. The stratigraphy in the Cretaceous sequences is therefore well defined in numerous and updated works (PARSEP, 2003;Conoco, 2008;Talisman, 2011). For the ages of the Cretaceous main sequences, we used the PARSEP synthesis updated by the biostratigraphic zones defined by Conoco (2008) and Talisman (2011) (see Annex 1).

To define the Cenozoic long term foreland basin sequences, we used the synthesis of Roddaz et al. (2010) Overall, we chose to define and quantify 4 long term sequences (see Figure 3. Albian and Maastrichtian sandstones of this first sequence have a cratonic provenance as shown by the presence of Precambrian-inherited zircon grains [START_REF] Hurtado | Proveniência sedimentar do Mesozoico-Cenozoico da Bacia Andino-Amazônica de Huallaga, implicações geodinâmicas e paleogeográficas[END_REF]. F2 (Foreland sequence 2): Paleocene-early Eocene, 65-45 Ma; this second long term sequence is characterized by continental environment; it recorded the first siliciclastic supply from the Andean uplift, and yield the first Cretaceous zircon grains [START_REF] Hurtado | Proveniência sedimentar do Mesozoico-Cenozoico da Bacia Andino-Amazônica de Huallaga, implicações geodinâmicas e paleogeográficas[END_REF]; it corresponds probably to the distal foreland deposits of the Marañón fold and thrust belt (presently preserved in the Western Cordillera uplift; see Mégard, 1984). F3 (Foreland sequence 3): Middle Eocene-Oligocene, 45-23 Ma; this third long term sequence overlies the Basal Pozo regional erosional unconformity, interpreted as an unloading orogenic period (Christophoul et al., 2002). This stage of the FBS is represented in the sequential restauration of the Figure 3 [START_REF] Hurtado | Proveniência sedimentar do Mesozoico-Cenozoico da Bacia Andino-Amazônica de Huallaga, implicações geodinâmicas e paleogeográficas[END_REF]. This period during the Miocene is characterized by lacustrine conditions alternating with episodes of fluvial drainage and marginal marine influence (Hoorn et al., 2010;[START_REF] Jaramillo | Miocene flooding events of western Amazonia[END_REF], and finally by a complex deltaic to fluvial environment.

Wells stratigraphic correlations

The main objective of the stratigraphic correlations is to identify the boundaries of the regional sequences defined above (F1, F2, F3 and F4; Figure 3.3) that will then be carried over regional structural cross sections.

For the elaboration of the regional stratigraphic cross-sections (Figures 3.5 

Seismic and porosity logs calibration

Long term foreland basin sequences (F1 to F4, see above) boundaries need to be identified in seismic sections to be plotted in our structural regional cross-sections and then compute 2D sedimentation rates. For this purpose, we combine log porosity evolution of some key wells of the regional stratigraphic correlations (see above) with selected seismic sections. First, seismic sections were converted in depth using the process explains in method of Annex 2. Then, we calibrate seismic reflectors with log porosity discontinuities and stratigraphic boundaries of long term foreland sequence determined in the previous section 3.3.2. The porosity calculation for each well has been made using the method explains in Annex 2.

We present here some seismic examples calibrated by the more significant wells.

The seismic section DX-31 (Figure 3.9, see Figure 3.1 for location) is located in the southern part of the Marañón Basin. It shows the Loreto structure and is calibrated by the Loreto 1X well that crossed F2, F3, F4, and pre-cretaceous sequences. In the well, F4 is eroded due to the recent uplift of the Loreto basement mega-structure (wedge-top of southern Marañón Basin). Erosional unconformities of the base of F1 (Cushabatay BFU), Basal Vivian (last fluvial sequence of F1) and F3 (Basal Pozo) are clearly marked in porosity chart. The basal F4 sequence has been preserved in the Loreto flanks and can be correlated with seismic thanks to the INGEMMET geologic map. The limit between F2 and F3 is not clear in the porosity chart, but it is well defined in the stratigraphic log. The same is the case for all the seismic sections.

The seismic section Sun 16 (Figure 3.10, see Figure 3.1 for location) is located in the center part of the Marañón Basin (foredeep). It is calibrated by the Mahuaca-1X well that crossed the sequences F1, F2, F3 and F4. The Cushabatay BFU has not been reached by the well, but as in the southern part of the basin the Basal Vivian erosional unconformity in F1 is clearly evidenced in the porosity chart. The bases of F3 and F4 are also clearly evidenced both in seismic and porosity chart. Two new discontinuities appear in the porosity chart in F3 and F4. The intra-F3 discontinuity corresponds probably to the limit between the Pozo Fm. and the Chambira Fm. and can be identified in the seismic. The intra-F4 discontinuity, although strong in the porosity chart, does not appear in the seismic section and is difficult to track at regional scale due to highly discontinuous seismic facies. The inline 194 section was obtained from the 3D seismic cube of the Tucunare area in the northern part of the basin (Figure 3.11, see Figure 3.1 for location). It is calibrated by the Tucunare-1X well that crossed sequences F1, F2, F3 and F4 without reaching the Cushabatay BFU. The high seismic resolution allows highlighting the stratigraphic longterm sequence discontinuities. The porosity chart shows the Basal Vivian and Basal Pozo erosional unconformities, the limit between the Pozo Fm. and the Chambira Fm., and the intra-F4 discontinuity always identified in the Mahuaca section. The limit between F1 and F2 is not clear in the porosity chart, but it is well defined in the stratigraphic log. The Situche seismic section "Inline 173" is also extracted from a 3D seismic cube and presents high resolution (Figure 3.12, see Figure 3.1 for location). The porosity chart of the Situche C. 2X highlight the Vivian (intra-F1), Pozo (F3) and Pebas (F4) basal unconformities and the limit between the Pozo Fm. and the Chambira Fm. It also shows two intra-F4 discontinuities difficult to interpret at the stage of our study. 

Quantification of sedimentation rates in the foreland basin system

Long term foreland basin sequences in structural cross-sections

The structural framework was analyzed using regional cross-sections that were described in Chapter 2. Here, the aim is to combine regional structural cross-sections and previous stratigraphic analysis to represent 2D long-term foreland basin sequences F1, F2, F3 and F4 that let us to quantify the flux of sediments since the late Cretaceous period to nowadays. We have selected the three most representative structural cross-sections R1, R3 and R5 (see location in Figure 3.1) to represent the distribution of the long-term 92 foreland sequences and compute 2D sedimentation rates. The cross-section R1 through the Huallaga-Marañón FBS shows that both basins correspond today to wedge-top depozones and have been submitted to strong erosion (Figure 3.2). This wedge-top eroded thickness will be taking into account in our sediment budget.

The first step was to delineate the 4 foreland basin long term sequences (see Figure 3.3) in the cross-sections R1, R3 and R5 using the boundaries defined with seismic and wells in the previous section 3. 3.3. The delineation of these long-term sequences is represented in Figures 3.13 and is probably partly due to the eastwards thick-skinned deformation propagation combined with the Fitzcarrald Arch uplift (Espurt et al., 2007).

Along the cross-sections R3 and R5 (Figures 3.16 

Sedimentation rates

The sedimentation rates along the cross-section R1, R3 and R5 (Figure 3.18) and the whole Marañón Basin (Figure 3.19) have been computed using the physical properties extracted from the subsurface data exposed above. The physical properties and the computed results are summarized in Table 3.1. The methods used for time-depth conversion and compaction correction are presented in Annex 2. Foreland basin sequence areas have been computed with the software MOVE in the cross-sections. The sedimentation rates were calculated following standard methods (e.g. Métivier et al., 1999;[START_REF] Walford | Solid sediment load history of the Zambezi Delta[END_REF][START_REF] Calvès | Inferring denudation variations from the sediment record; an example of the last glacial cycle record of the Golo Basin and watershed, East Corsica, western Mediterranean Sea[END_REF].

The sedimentation rate since the early Cretaceous (Albian, 110 Ma) based on the sections R1, and R3 show a decrease at the transition with the Paleogene (Figure 3.18) followed by an increase until recent times. On section R5 the sedimentation rates have increased since the early Cretaceous (Figure 3.18). The amount of clastic deposited during the studied interval has been representing most of the fraction of the sedimentation with figure never lower than 75%. The carbonate or organics (coal, organic matter) do not represent a significant portion of the sediments that are preserved in the studied intervals (Table 3.1). Marañón Basin volumetric, physical properties of sediments and sedimentation rates computed from regional cross sections R1, R3 and R5 and isopach map. Computed sedimentation rates along regional cross sections R1, R3 and R5. MFBS: Marañón Foreland Basin System.

To the South of the Marañón Basin (R1, Figure 3.18), the computed sedimentation rates show a slight decrease less than two times from the late Cretaceous to the Paleogene. This is followed by an increase higher than twice from the middle Eocene to the late Oligocene for solid sediment and clastic rates of sedimentation. The highest figure of sedimentation, higher by two to three folds, is occurring from the late Oligocene to the Neogene to recent sequence. This despite the erosion observed in the section R1 (See Figure 3.15). Section R3

shows a stronger sedimentation rate during the Neogene. To the North of Marañón Basin, section R5 (Figure 3.18) and section R3 (Figure 3.18) mark a change with lower sedimentation rates compared to the section R1. Sedimentation rates trend and variation for R3 are equivalent to section R1, whereas section R5 show a progressive increase of sedimentation rates and no decrease during the Paleocene to middle Eocene sequence F2 (Figure 3.18). In the sections R1 and R3, the sedimentation rate calculation of F2 is probably biased by the Basal Pozo (base of F3) erosion that increases to the north as shown by the NW-SE wells stratigraphic correlation S4 (Figure 3.8). This may explain the sedimentation rates trend variation from R1 to R5 observed for the Paleogene.

Once these results on regional cross section are transferred to the whole Marañón Basin 

Summary and conclusions

The Marañón FBS corresponds today to a transition zone, which evolves from a wedgetop depozone in the SE to a foredeep depozone towards the NW. In the south, the Huallaga and Marañón basins belong to the same FBS that could be studied in detail (see cross-section R1).

The Marañón FBS deposits can be divided into four foreland long term sequences (F1 to F4) defined from previous studies, wells stratigraphic correlations and regional unconformities identified on seismic data.

The first foreland sequence F1 is Albian and late Cretaceous in age and overlies the Andean basal foreland unconformity (Cushabatay BFU). It consists of three fluvial to shallow marine cyclic transgressive sequences that are probably deposited in a backbulge depozone.

Albian and Maastrichtian sandstones have cratonic provenance [START_REF] Hurtado | Proveniência sedimentar do Mesozoico-Cenozoico da Bacia Andino-Amazônica de Huallaga, implicações geodinâmicas e paleogeográficas[END_REF]. During the Neogene, the F4 sequence recorded the uplift of the Eastern Cordillera and an evolution of the Marañón Basin from distal to proximal foredeep depozone with increasing rate of sedimentation (Figure 3.18), contemporaneous with the formation of the Iquitos forebulge. The early and middle Miocene period is characterized by a complex environment alternating between marginal marine and fluvial environments (Hoorn et al., 2010;[START_REF] Jaramillo | Miocene flooding events of western Amazonia[END_REF], due probably to global high sea level and fast subsidence. The transcontinental Amazon River drainage occurred in the late Miocene and provoked a radical change in the Marañón foredeep sedimentation that became exclusively fluvial (Roddaz et al., 2010).

During the Pliocene, the eastward propagation of thrust tectonics combined the Fitzcarrald Arch uplift (Espurt et al., 2007) led to the uplift and erosion of the southern part of the Marañón Basin. The strongest Neogene sedimentation rate is represented in the foredeep depozone of the section R3.

In the northern Marañón Basin, sedimentation rates computed from the regional crosssection R5 show a progressive increase from the Albian to the present that seems to represent a classic evolution of the FBS. To the south (sections R3 and R1), the sedimentation rate shows a decrease during the Paleocene to middle Eocene sequence due to the middle Eocene erosional basal surface of F3 (Basal Pozo) that recorded a period of orogenic unloading interrupting the foreland basin sedimentation. A second Marañón foreland basin system started in the late Eocene-Oligocene. Sedimentation rates significantly increase during the Neogene due to a fast subsidence associated to the orogenic loading of the uplifting Eastern Cordillera.

The sedimentation rates calculated for the Neogene is 18 times lower than the modern sedimentation rates measured in the Ucayali Basin (Figure 3.19B). This difference of values is probably due to the complex evolution of the Marañón FBS that we have not completely deciphered. The identified potential erosion and unconformities in the porosity and the thermal history (Ro) of the Marañón Basin show that numerous events have occurred with non-preserved sedimentary archive at the location of study area. Part of this record could have been displaced outside or recycled within the study area. It shows that it remains important periods of erosion and no sedimentation to be found. 

Introduction

Among the 55 fold and thrust belts of the world [START_REF] Cooper | Structural style and hydrocarbon prospectivity in fold and thrust belts: a global review[END_REF], only a few examples have been subject of 2D petroleum modeling. Such modeling needs well-constrained balanced cross-section, thrusts propagation dating and good information of the regional petroleum system. These conditions are met in the Subandean basins of Peru, in particular in the Huallaga-Marañón retro-foreland basin system (Figure 4.1), where the hydrocarbon potential is proven but poorly evaluated. The Huallaga-Marañón fold and thrust foreland basin contains Paleozoic and Mesozoic source rocks, Mesozoic reservoirs, sub-thrust traps, but remains in an immature exploration stage. From west to east, thick syn-orogenic Cenozoic sedimentation and thrust sheets propagation have controlled a complex burial and erosion history, which can be deciphered from an integrated geological study.

The object of this study is to present for the first time a 2D petroleum system modeling from an updated regional balanced cross-section through the Huallaga-Marañón retroforeland basin system. A sequential restoration of the deformation, calibrated by thermochronological dating and thickness variations in Cenozoic synorogenic sediments, has been reconstituted and then used for the 2D petroleum systems modeling. Main structural results, kinematic and petroleum history evolution are presented. The oil and gas potential is re-assessed with a new vision of the stratigraphic and structural context.

Tectonic background

The Marañón and Huallaga Subandean sub-basins are located in the Andean-Amazonian transitional area, the so-called Northern Amazonian Foreland Basin (Espurt et al., 2007(Espurt et al., , 2011)). They are classically interpreted as the components of a wide retro-foreland basin system, where the Huallaga Subandean area is conventionally correlated to the wedge-top depozone and the Marañón area to the foredeep depozone (Hermoza et al., 2005;Roddaz et al., 2005). Thermochronological dating shows that the North Amazonian Foreland Basin started to acquire its modern configuration between 30 and 24 Ma (Eude et al., 2015) with the development of the Huallaga syn-orogenic wedge-top basin (Hermoza et al., 2005). The Huallaga thrusts system is characterized by a strong horizontal shortening. To the west, the Andean Eastern Cordillera, which acted as the deformable backstop, corresponds to the tectonic inversion of the pre-Andean Triassic rift (Rosas et al., 2007;Eude et al., 2015).

Several versions of balanced cross-sections have already been constructed in the Huallaga-111 Marañón foreland basin system [START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF]Hermoza et al., 2005 andEude et al., 2015).

They show the importance of thin-skinned tectonics controlled by a regional evaporitic layer whose age is discussed below. A total horizontal shortening around 80-90 km has been calculated by these authors. 
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To the east of the Huallaga thrust front, the southern Marañón basin is deformed by a modern and still active thick-skinned tectonic, and should then be seen as the contemporaneous wedge-top rather than the foredeep of the foreland basin system. Seismic sections show east and west-verging basement thrusts, which branch on a deep detachment (Devlin et al., 2012;Eude et al., 2015). West verging thrusts are inherited from Permian thrusts of the Pan Gondwanian orogeny [START_REF] Calderon | Pre-cretaceous structures in the Marañón and Huallaga basins and their petroleum implications: VIII INGEPET[END_REF]. This basement thrusts system plunges to the west below the Huallaga piggyback basin and interferes with thinskinned deformation of the sedimentary cover. The Cushabatay High, in the Huallaga-Marañón transition zone, is the geomorphologic expression of such structures (Figura 4.2).

The complex Huallaga-Marañón orogenic wedge is illustrated and described later in our updated balanced cross-section.

North of the studied regional cross-section (Figure 4.1), the Marañón basin is progressively deepening and deformation is weaker. It constitutes a foredeep depozone limited in the west by the Santiago Subandean fold and thrust belt [START_REF] Parsep | Final Report on the Huallaga basin and adjacent area. The hydrocarbon potential of NE Peru Huallaga, Santiago and Marañón Basins Study: Perupetro report[END_REF], and in the east by the Iquitos forebulge (Roddaz et al., 2005). To the north, it extends with the Oriente basin of Ecuador (Balkwill et al., 1995;Baby et al., 2013). 

Stratigraphy

The sedimentary cover involved in the deformation of the Huallaga-Marañón foreland basin system consists of a pre-Andean series, unconformably overlain by a marine to continental late Cretaceous sedimentary wedge thinning to the NE, and by a Cenozoic The pre-Andean series comprises remnants of Ordovician, Devonian, Carboniferous and Permian clastic and carbonated marine deposits, partly eroded below a Late Permian unconformity that marked the onset of a long period of rifting and post-rift regional sag (Rosas et al., 2007). This unconformity is overlain by a regional layer of evaporite, long regarded as Jurassic in age despite the absence of real dating [START_REF] Parsep | Final Report on the Huallaga basin and adjacent area. The hydrocarbon potential of NE Peru Huallaga, Santiago and Marañón Basins Study: Perupetro report[END_REF]Moretti et al., 2013). Recent revisions of regional stratigraphy based on subsurface correlations, thanks to new seismic information (Perupetro S.A. database) and new field observations, allowed us to reconsider the stratigraphic position of this important regional layer of salt, which acted as the mean detachment of the Huallaga thrusts system [START_REF] Baby | Thrusts propagation and new geochronologic constraints in the Peruvian Subandean fold and thrust belt: VIII INGEPET 2014[END_REF][START_REF] Hurtado | Arquitectura estratigráfica y estructural con un nuevo sistema petrolero en la zona noroccidental de la cuenca Ucayali: VIII INGEPET[END_REF]. It outcrops on the Callanayacu Diapir, east of the Chazuta thrust (Huallaga thrust front; see Figure 4.2) along the Huallaga river, where evaporites are covered by marine black shales, limestones and dolomites. These marine deposits could never be dated. North-south seismic correlations from the South Marañón basin to the Ucayali basin show that they correspond to the Shinai Formation [START_REF] Baby | Thrusts propagation and new geochronologic constraints in the Peruvian Subandean fold and thrust belt: VIII INGEPET 2014[END_REF][START_REF] Hurtado | Arquitectura estratigráfica y estructural con un nuevo sistema petrolero en la zona noroccidental de la cuenca Ucayali: VIII INGEPET[END_REF] defined and dated from the Late Permian in the Camisea area (Seminario et al., 2005 and reference therein). Along the Huallaga River, the Shinai Formation is overlain by approximately 2000 meters of aeolian and fluvial sandstones and silts, which can be correlated with the Lower Nia reservoir of the Camisea area (Seminario et al., 2005) and the overlaying Sarayaquillo Formation. These continental series are considered as Triassic and Jurassic in age [START_REF] Parsep | Final Report on the Huallaga basin and adjacent area. The hydrocarbon potential of NE Peru Huallaga, Santiago and Marañón Basins Study: Perupetro report[END_REF]Seminario et al., 2005). To the west, the aeolian sandstones laterally pass to the continental Mitu rift and marine Pucara post-rift deposits outcropping in the Eastern Cordillera (Rosas et al., 2007), where they overlay directly the basement known as Marañón Complex (Wilson, 1985). This lateral change occurs apparently in the Huallaga basin-Eastern Cordillera transition zone and corresponds to the eastern Mitu rift border. The tectonic inversion of the Mitu rift has controlled the deformation and propagation of the Eastern Cordillera deformable backstop of the Subandean fold and thrust belt.

After a major sedimentary hiatus (110-120 Ma), corresponding probably to the Andean basal foreland unconformity, late Cretaceous sequences were deposited. They comprise Albian to Maastrichtian fluvial to shallow marine cyclic sequences of sandstones, shales and limestones (Cushabatay-Raya; Agua Caliente-Chonta; Vivian-Cachiyacu-Huchpayacu; see Figure 4.3). These eastward-thinning sequences were deposited in the Andean-Amazonian retro-foreland basin controlled by the tectonic loading of the incipient Andean orogenic wedge. They constitute today the main petroleum systems of the Oriente-Marañón prolific oil province [START_REF] Marksteiner | Petroleum systems along the fold belt associated to the Marañón Oriente -Putumayo (MOP) Foreland Basins: 6 th Simposio Bolivariano Exploracion Petrolera en las Cuencas Subandinas, Tomo II[END_REF]Barragan et al., 2008). Reservoirs corresponds to fluvio-deltaic and tide-dominated estuarine deposits of the Cushabatay, Agua Caliente and Vivian formations, and source rocks are constituted by shales and limestones of the Raya and Chonta formations (Mathalone & Montoya, 1995;[START_REF] Parsep | Final Report on the Huallaga basin and adjacent area. The hydrocarbon potential of NE Peru Huallaga, Santiago and Marañón Basins Study: Perupetro report[END_REF].

The Cenozoic foreland infill presents important lateral variations from the Huallaga hinterland to the Marañón foreland. It has been well described in terms of foreland system depositional environments controlled by thrusts propagation by Hermoza et al. (2005) and Roddaz et al. (2010). The Paleocene-Early Eocene sequence starts with the fluvial and tidal sandstones of the Casa Blanca Formation (Gil, 2001 and references therein), comparable to the Vivian reservoir. It passes gradually to red siltstones and mudstones forming distal fluvial deposits (Yahuarango Fm.). The Middle Eocene-Oligocene sequence overlies a regional erosional unconformity, which extends to the north in Ecuador and Colombia. This erosion has been interpreted as an unloading orogenic period (Christophoul et al., 2002). The Middle-Upper Pozo Formation developed in shallow marine environment and recorded a new orogenic loading period. It is overlaid by the Oligocene silts and sandstones of the Chambira Formation. The Neogene sequence recorded the development of the modern Huallaga wedge-top depozone and a strong subsidence in a deltaic environment evolving progressively to an alluvial system (Hermoza et al., 2005). This thick Neogene sequence corresponds to the main charge of the petroleum systems. 

Balanced cross-section, deformation timing and sequential restoration

The balanced cross-section (Figure 4.5) has been updated from previous versions [START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF]Hermoza et al., 2005;Eude et al., 2015) and news interpretations of some surface and sub-surface data. The differences from the Eude's version are the stratigraphic position of the salt detachment (Late Permian instead of Jurassic, see above and were provided by PERUPETRO S.A. The cross-section was restored at the base of the Pozo Formation which sealed a regional erosive planar unconformity (Christophoul et al., 2002).

The seismic reflection sections used for the construction of the balanced cross-section were presented in detail in Eude et al. (2015). In the Marañón basin, they show east-verging basement thrusts branched on an intra-basement detachment, which deform the entire Neogene series (Figure 4.4A). Thicknesses and stratigraphy are constrained by the Ponasillo 1X, Loreto 1X, Santa Lucia 1X, Floresta 1X and Tamanco 1X wells (location in Figure 4.2).

West to the Loreto 1X well, seismic reflection shows west verging basement thrusts inherited from a Permian fold and thrust belt [START_REF] Calderon | Pre-cretaceous structures in the Marañón and Huallaga basins and their petroleum implications: VIII INGEPET[END_REF]. Below the Huallaga basin, this reactivated thrust system is evidenced by both seismic imagery (Figure 4.4B) and seismic activity (Devlin et al., 2012) Huallaga-Marañón balanced cross-section and sequential restoration. Initial section was obtained by flattening the base of the Pozo Formation (± 45Ma). Intermediary stage corresponds to the Late Early Miocene stage and is calibrated by AFT dating in the Chazuta Thrust and Biabo Anticline. AFT samples are projected on the cross-section (see location on the map of Figure 4.2). TG30, HUA338 and HUA330 have been analyzed for this study (see Table 4.1); ages correspond to youngest cooling events. TRU70 has been published by Eude et al. (2015); the AFT age corresponds to the Central Age. CTFW: Chazuta Thrust Foot-Wall.

In the study area, new apatite fission-tracks (AFT) dating allowed to constrain the timing of exhumation of the main thrust structures. These AFT analyses were done at Geotrack International Pty Ltd in 2014. They are presented in the Table 4.1, and reported in the geological map of Thrust and the Callanayacu Diapir. For each sample AFT analysis, we used the BinomFit software to statistically deconvolve grain-age distribution, and determine the youngest cooling event (Brandon, 1996;Brandon et al., 1998) (see Table 4.1). The three youngest cooling events ages range from 23.2 Ma in the Eastern Cordillera-Huallaga basin transition to 5.8 Ma in the Callanayacu Diapir, and show a decrease towards the east. We interpret this phenomenon as a classic in-sequence propagation and exhumation of the thrusts system.

The sample collected on the Chazuta thrust gave a youngest exhumation event of 16.4 Ma, which is consistent with the AFT age of one other Jurassic sample collected in the Biabo anticline (TRU70, see Eude et al. 2015). This cooling event age has been also interpreted as thrust related uplift.

In the sequential restoration of Figure 4.5, the initial stage of the balanced cross-section corresponds to the Middle Eocene configuration during the Pozo deposits, which sealed a regional planar unconformity (Christophoul et al., 2002). It shows that weak thrust structures, as the Biabo anticline o the west-verging basement horse of the Chazuta thrust foot-wall (CTFW in the Figure 4.5), were partially developed at this period. Growth strata observable on the seismic show this weak deformation is Senonian and Paleocene in age. The second stage has been chosen to illustrate the Late Early Miocene thrusts exhumation event recorded by the AFT analysis of the Chazuta thrust sample (Table 4.1) and of the Biabo anticline sample (Eude et al., 2015). It also corresponds to a strong sedimentation stage that must be considerate as fundamental in the understanding of the petroleum systems evolution. In the restoration, according to the study of Eude et al. (2015), we consider that the closure temperature of AFT (~110°C) corresponds to a depth of approximately 4. . 

Sources rocks

To describe the mean source rocks of the study area, geochemical analyses of the PERUPETRO data bank have been used and augmented with new data collected by sampling outcrops close to the regional cross-section (see Figure 4. 2 andTable 4.2).

The Late Cretaceous Chonta and Raya Formations and the Late Triassic/Early Jurassic Pucara Group have always been considered as the classic source rocks of the hydrocarbons found in the Cretaceous Reservoirs of the Marañón Basin (Core laboratories, 1996(Core laboratories, , 1999;;[START_REF] Parsep | Final Report on the Huallaga basin and adjacent area. The hydrocarbon potential of NE Peru Huallaga, Santiago and Marañón Basins Study: Perupetro report[END_REF]. The PARSEP study concluded that these source rocks in the basin and neighboring areas are sufficiently rich enough to have generated the commercial amounts of hydrocarbons presently found in the oil fields of the Marañón Basin, and that such accumulations imply a long range remigration from these source rock kitchen areas to reservoir. While it is true that the Chonta and Raya source rocks have been proved to produce oil in the Huallaga and Marañón basins, the Pucara source rock geographic distribution is more controversial. As shown above in the stratigraphic discussion (Figure 4.3), the marine deposits considered as Pucara source rock in the Cushabatay High have been never dated, and can been interpreted as Late Permian (Shinai Fm.) thanks to northsouth seismic and wells correlations. This new rethinking of the petroleum systems of the Huallaga and Southern Marañón basins appears in the Figure 4.3.

Late Cretaceous

Two Late Cretaceous black shale and limestone levels have been identified as source rocks in the Huallaga and Marañón basins (Core laboratories, 1996(Core laboratories, , 1999;;[START_REF] Parsep | Final Report on the Huallaga basin and adjacent area. The hydrocarbon potential of NE Peru Huallaga, Santiago and Marañón Basins Study: Perupetro report[END_REF].

They correspond to the Raya and Chonta shallow marine deposits (see stratigraphic diagram of Figure 4.3). Their regional distribution, TOC and maturity are showed on the maps of area where it constitutes the main source rock of the Oriente-Marañón prolific oil province [START_REF] Marksteiner | Petroleum systems along the fold belt associated to the Marañón Oriente -Putumayo (MOP) Foreland Basins: 6 th Simposio Bolivariano Exploracion Petrolera en las Cuencas Subandinas, Tomo II[END_REF]Barragan et al., 2008). Effective source rock thickness is estimated to 800 m in the Biabo foot-wall syncline and 60 m in the eastern Marañón depozone. Organic matter is more marine in the western Huallaga basin and becomes 

4.5.2.

Late Triassic/Lower Jurassic (Pucara)

The Pucara source rock interval corresponds to a bituminous carbonate with interbedded organic rich shale sections, known as Aramachay Fm. in the Peruvian stratigraphic nomenclature (Rosas et al., 2007 and reference therein). It is outcropping in the Eastern Cordillera and in the Huallaga-Eastern Cordillera transition zone (Figure 4.5). The Pucara Group deposits were controlled by post-rift regional subsidence and marine inundation during the Late Triassic and the Early Jurassic (Rosas et al., 2007). The main source rock sequence (Aramachay Fm.) was deposited during the period of maximum flooding. The Pucara marine deposits are confined to the western part of the studied regional cross-section (Figure 4.5), the Huallaga-Eastern Cordillera transition zone, which corresponds to the eastern border of the inverted Triassic rift system. They laterally grade to the continental sandstones and silts of the Lower Nia and Sarayaquillo formations (Figure 4.3). In fact, poor data are known about the oil potential of the Pucara source rock, and its geographic distribution is poorly constrained (Figure 4.6C). Analyses of two samples that we collected in the Eastern Cordillera (see Table 4.2) show that it contains Type III kerogens (Figure 4.8) with TOC values ranging between 1-2 % (Figure 4.5C). One of these samples is thermally matures and the other overmature (Figure 4.7C). These data are consistent with the hydrocarbon source potential of the Santiago Fm. in the Cutucu Cordillera of Ecuador [START_REF] Gaibor | Hydrocarbon source potential of the Santiago Formation, Oriente Basin, SE of Ecuador[END_REF], which corresponds to the northern prolongation of the Peruvian Santiago basin (Figures 4.1,4.6C,4.7C). The Ecuadorian Santiago Formation is the temporal equivalent of the Peruvian Aramachay Formation.

Late Permian (Shinai)

East of the Chazuta thrust, in the Cushabatay High area (Figures 4.2,4.5), the black shales of the Shinai Fm., previously considered as part of the Pucara Group, have been largely analysed (see Table 4 

Devonian Carboniferous (Cabanillas)

The only Devonian source rock known along our cross section is the Cabanillas Fromation (see Figure 3) reached by the La Frontera 3X well in the Marañón Basin (see Table 4.2). It is considered as a type III source rock (Baseline Geochemical Solutions, Infologic, 2006).

Seismic sections (Figure 4.4) show that this Paleozoic series was strongly eroded prior to the Mesozoic rifting period. Its presence below the Huallaga basin is not proven and, probably, very hypothetical. In the La Frontera 3X well, the Cabanillas source rock is overmature, and the TOC values range between 0.7 and 2%.

Oil affinity background

Two oil seeps, Chazuta and Callanayacu, outcrop in the study area (Figure 4.2) and have been analysed [START_REF] Jarvie | Geochemical Evaluation of Marañón Basin Oil and Seeps from Chazuta, Maquia, and Callanayacu, and Jurassic Rocks from the Pucara Formation, Humble Geochemical Services, Advantage Resources, Perupetros's catalog[END_REF]. These authors distinguished separate sources for each oil seep. They concluded that the Callanayacu oil was derived from a carbonate or marl, while the Chazuta oil was derived from shale. Mathalone and Montoya (1995) 

Method and data gathering

The basin analysis is a basic tool that let petroleum exploration to integrate the principles of maturity history, hydrocarbon generation, expulsion and migration in a dynamic setting in order to understand the petroleum system and to verify different exploration scenarios [START_REF] Waples | Time and temperature in petroleum formation: application of Lopatin's method to petroleum exploration[END_REF][START_REF] Waples | Maturity modeling: thermal indicators, hydrocarbon generation, and oil cracking. The Petroleum System from Source to Trap[END_REF][START_REF] Tissot | Thermal history of sedimentary basins, maturation indices and kinetics of oil and gas generation[END_REF][START_REF] Hermanrud | Basin modeling techniques-an overview: Basin modeling: advances and applications[END_REF][START_REF] Yalçin | Thermal History of Sedimentary Basins: Petroleum and Basin Evolution[END_REF][START_REF] Hantschel | Fundamentals of Basin and Petroleum Systems Modeling[END_REF]. In fold and thrust belts, the key point is the relative timing between thrust emplacement and hydrocarbon migration (Baby et al., 1995;[START_REF] Moretti | Hydrocarbon generation in relation to thrusting in the Sub Andean Zone from 18 to 22°S -Bolivia[END_REF]Faure et al., 2004;[START_REF] Cooper | Structural style and hydrocarbon prospectivity in fold and thrust belts: a global review[END_REF]. Petroleum modeling of balanced cross-section and respective sequential restoration is a necessary approach to deal with this problem.

In our study, we used the Schlumberger 1D and 2D Petromod software to model the burial history of the sequential restoration of the Huallaga-Marañón regional cross-section (Figure 4.5). In order to calibrate the thermal and petroleum system modeling, we compiled and used Rock-Eval-TOC and Vitrinite Reflectance (Ro) data of source rocks from the PERUPETRO databank. Some news outcrops analyses have also been performed (see Table 4.2).

Subsurface temperature data of the Ponasillo 1X, Loreto 1X, Santa Lucia 1X, La Frontera 1X

and Tamanco 1X wells were also considered for the calibration (see Figure 4.2 for location).

The present crustal heat flow of the Huallaga-Marañón foreland system has been analysed by a few authors. There is a general agreement on the fact that it varies between 40 to 60 mW/m2 [START_REF] Ocola | Flujo calórico en el nor-oriente peruano: Cuenca Marañón: III Simposio Sudamericano de COGEODATA[END_REF][START_REF] Hamza | Heat flow map of South America[END_REF]. The heat-flow history of our modeling is based on source rock maturity and wells subsurface temperature data. Along our structural cross-section (Figure 4.5), we obtained a heat flow of 45mW/m2 in the western Huallaga area (Ponasillo 1X calibration) decreasing gradually to 35mW/m2 in the western Marañón basin (Santa Lucia 1X calibration) and increasing to 45mW/m2 in its eastern part (La Frontera 1X and Tamanco 1X calibrations). A value of 60mW/m2 has been assigned to the Triassic rifting period.

The stratigraphy and geohistory input corresponds to the stratigraphic diagram of Figure 4.3. The paleobathymetries for the sedimentary sequences involved in the Huallaga Marañón foreland system were assigned according to the sedimentary environments described more above in the stratigraphic framework. The sediment-water interface temperature was calculated from the paleobathymetry and the model loaded in Petromod and obtained from Global Mean Surface Temperature based on Wygrala (1994).

1D modeling results

1D burial and thermal history models have been used to calibrate the subsidence, erosion and thermal evolution. We have done 1D modeling for 25 wells in the Marañón and Huallaga basins. However, we presented only the results of five wells close to the regional crosssection (Figures 4.2,4.5). One fictive well (Biabo hanging-wall syncline) has been also modeled in the deepest part of the Huallaga wedge-top depozone to evaluate the charge history.

Generally, the major geologic events identified in basin modeling coincide with erosional events. In our case (see Figure 4.3), the most important is the pre-Cretaceous erosional event which sealed the Jurua Orogeny described in the Solimoes and Acre basins of northern Brazil (Caputo, 2014) and in the Ucayali basin [START_REF] Baby | Thrusts propagation and new geochronologic constraints in the Peruvian Subandean fold and thrust belt: VIII INGEPET 2014[END_REF][START_REF] Hurtado | Arquitectura estratigráfica y estructural con un nuevo sistema petrolero en la zona noroccidental de la cuenca Ucayali: VIII INGEPET[END_REF]. This erosion is strong towards the east and decreases rapidly towards the west. In the Marañón foreland basin, the La Frontera 3X vitrinite reflectance profile (Ro) versus depth Biabo syncline (4 in Figure 4.11). Consequently, from the Middle Eocene, all sources rocks were progressively entering in gas window in the western Huallaga basin. More to the east, the subsidence stopped during the Miocene o Pliocene and source rocks maturity is lower (Figure 4.11).

(

2D modeling results

The 2D modeling allows full integration of tectonic events, structural restoration, facies variation and source rock maturity through time. The project has been applied to the sequential restoration of the regional cross-section presented in The 2D modeling was conducted with the four source rocks presented above (Chonta, Raya, Pucara, Shinai). Their potential and characteristics have been yet discussed (Figures 4.6,4.7,4.8). Kinematic parameters Type III of [START_REF] Behar | Thermal cracking of kerogen in open and closed systems: determination of kinetic parameters and stochiometric coefficients for oil and gas generation[END_REF] have been applied for Chonta, Pucara and Shinai Formations and Type II of [START_REF] Behar | Thermal cracking of kerogen in open and closed systems: determination of kinetic parameters and stochiometric coefficients for oil and gas generation[END_REF] for Raya Formation. The model was simulated using the hybrid migration method in Petromod (combination of both Darcy and Flow path algorithms).

The Figure 4.12 represents the evolution of the maturity windows (Ro) through times for the four potential sources rocks and in the three stages of the sequential restoration of the 

Discussion and conclusion

The Huallaga-Marañón foreland basin shows both thick-and thin-skinned deformation.

The thrust system is complex and resulted from the reactivation of a west-verging Permian fold and thrust belt capped by an important salt detachment. Stratigraphic correlations show that this salt must be considered as Late Permian in age. It apparently deposited during the early stage of the well-known Triassic Mitu rift event (Rosas et al., 2007). The inversion of the eastern border of this rift corresponds to the deformable back-stop of the Huallaga wedge-top basin. The construction of a balanced cross-section allowed us to calculate a total horizontal shortening of 70 km, whose 57% was accommodated in one single thrust sheet (Chazuta thrust). A three-stage sequential restoration of the balanced cross-section has been proposed thanks to kinematic constrains. New thermochronological dating confirmed a Late Oligocene age of the onset of the last phase of the deformation and an in-sequence thrust propagation. In the Marañón foreland, the younger structures started to uplift in the Pliocene. In the Late Early Miocene stage, the Huallaga wedge-top is well developed (50% of the total horizontal shortening) and the fold and thrust belt is buried by thick syn-depositional sediments. A pre-Middle Eocene compressive deformation is sealed by the shallow marine Pozo deposits in the Huallaga wedge-top basin. Growth strata show this weak deformation developed during the Senonian and Paleocene. It is well-known in the neighbouring Oriente basin of Ecuador, where the most productive oil fields have been structured during this period (Baby et al., 2013). Evolution of the maturity windows (Ro) through times for the four potential sources rocks and in the three stages of the sequential restoration of the regional cross-section. Evolution of the maturity showing the transformation ratio (TR) through times for the four potential sources rocks and in the three stages of the sequential restoration of the regional cross-section. Oils-source rocks correlations in the Marañón basin are coherent with this new geographic distribution.

The 1 D Petromod modeling of 6 wells along the structural cross-section (Figures 4.10,4.11) highlights the intensity of the pre-Cushabatay erosion in the Marañón foreland, which decreases progressively towards the west. This strong erosion postdated probably the Jurua Orogeny described in the Solimoes and Acre basins of northern Brazil (Caputo, 2014) and in the Ucayali basin [START_REF] Baby | Thrusts propagation and new geochronologic constraints in the Peruvian Subandean fold and thrust belt: VIII INGEPET 2014[END_REF][START_REF] Hurtado | Arquitectura estratigráfica y estructural con un nuevo sistema petrolero en la zona noroccidental de la cuenca Ucayali: VIII INGEPET[END_REF]. This 1D modeling also shows a strong erosion of the Marañón foreland during the Pliocene. Since 5 Ma, the southern Marañón basin evolved from a foredeep depozone to a wedge top depozone, which corresponds nowadays to the Andean orogenic front.

As in other fold and thrust belts, the expulsion timing versus thrusts emplacement timing is the key point for the exploration. Kerogens maturity evolution and HC accumulations in the sequential restoration (Figures 4.12,4.13,4.14) shows that old structures, Paleocene or Early Miocene in age, could preserve HC accumulations in the Chazuta thrust sheet foot-wall. In the eastern Marañón basin, more recent structures as Santa Lucia could also have been charged. Petroleum system, trap formation and expulsion-migration stages are resumed in the stratigraphic diagram of Deep sub-thrust structures stay unexplored in the Peruvian fold and thrust belts. The Huallaga-Marañón foreland system is probably the best example of sub-trap attractiveness in Peru. The Chazuta thrust foot-wall comprises at least 3 potential sub-traps formed by a combination of salt pillows and basement horses. Such structural combination is outcropping in the Callanayacu diapir, which is well-known for its oil seeps (see Figure 4.5). In our case, the sub-traps are probably preserved since the Late Miocene. The 2D petroleum modeling shows that HC accumulations are present since the Early Miocene (Figure 4.13). The large thickness of salt transported on the Chazuta thrust sheet can constitute an excellent seal for these sub-traps. As in the Zagros fold and thrust belt, salt seals can help to maintain trap integrity over lengthy periods of geological time [START_REF] Cooper | Structural style and hydrocarbon prospectivity in fold and thrust belts: a global review[END_REF].

Chapter 5: Conclusions

This thesis, through its multidisciplinary approach and the interpretation of a large amount of industrial data, provides new elements in the understanding of foreland basin systems, especially in the Andean-Amazonian domain of northern Peru. It proposes a new stratigraphic and structural model of this region and reconstructs and quantify the history of the deformation and sedimentation, which are essential data to model the petroleum systems and reduce the risks in exploration.

Structural Architecture

The Marañón Foreland Basin is the largest of the central Andes. The results of this thesis show that its structural architecture evolves laterally from a wedgetop depozone in the SE to a foredeep depozone in the NW.

In the SE, it forms a thrust wedge partly eroded, connected to the wedgetop basins of Huallaga 

Stratigraphic Architecture and Evolution of the Foreland Basin System

This thesis let us to document four foreland mega-sequences in the Marañón basin. They were defined from well stratigraphic correlations and regional discontinuities identified in seismic and well porosity logs, based on the available data in the Perupetro databank. A structural crosssection through the Marañón-Huallaga system has been restored in three stages since the Middle Eocene to reconstruct and quantify the propagation of the foreland basin system.

The first foreland mega-sequence (F1) developed from the Albian to the late Cretaceous, and includes three transgressive series from fluvial to shallow marine sequences deposited in a backbulge environment, as evidenced by the cratonic provenance of the main sandstone levels. It overlies a regional erosion surface that corresponds to the Basal Foreland Unconformity that extends over mesozoic, paleozoic or pre-cambrian strata From a quantitative point of view, the sedimentation rates calculated in 2D from the regional structural cross-sections constructed in this thesis show a gradual increase since the Albian, interrupted by the erosion of the middle Eocene, which limits two stages in the development of the foreland basin system. If we compare the Neogene sedimentation rates of the Marañón basin with the modern sedimentation rates measured in the neighboring Ucayali basin, they are at least 18 times lower. These results confirm that there are large and numerous periods of erosion and sedimentation gaps that are difficult to assess at the geological scale. Some of these discontinuities are illustrated by variations in sediment porosity.

Petroleum systems of the Huallaga-Marañón foreland basin

The 2D petroleum system modelings, carried out from a re-evaluation of petroleum systems and the sequential restoration of the regional structural cross-section R1, values a large part of the results obtained in this thesis by simulating the hydrocarbons expulsion during the different stages of deformation in the Huallaga-Marañón system and showing its potential hydrocarbon trapping areas. The revision of the stratigraphy in its structural context (Figure 4. 

INTRODUCTION

The Peruvian Subandean basins, which developed in a Foreland Basin System (FBS) [START_REF] Decelles | Foreland basin systems[END_REF] adjacent to the eastern side of the Central Andes (Figure 1), present a proven petroleum potential with a least two major petroleum systems (see Figure 2,3 and 4). It stays poor explored in the wedge-top depozone (Subandean Fold and Thrust Belt sensu stricto), where some exploration wells have been drilled allowing the discoveries of giant gas fields in the Camisea Basin and the less significant Candamo gas field (Madre de Dios Basin). This Subandean Fold and Thrust Belt (FTB) presents apparently complex structural architecture and timing of deformation that can curb exploration. As in all the FTBs, this risk can be significantly reduced by an appropriate geometric and kinematic analysis. Indeed, from north to south, the Peruvian Subandean FBS (Figure 1) shows a complex structural partitioning [START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF] controlled by a Paleozoic and Mesozoic heritage, Andean slab geometry and probably climatic latitudinal variations. To illustrate and explain this lateral evolution, we present a structural synthesis and serial balanced cross-sections through the entire Subandean FBS. Balanced crosssections have been constructed from a good set of structural data and an extensive knowledge of the stratigraphy, paleogeography and geodynamic evolution. The timing of the Subandean deformation was revised from thermochronologic ages and stratigraphic records of foreland deposits. For each serial crosssection, we propose a sequential restoration of the foreland basin system propagation. Finally, implications for the petroleum plays are discussed. This work does not englobe the Santiago fold and thrust belt whose orientation changes to NNE-SSW and compromises the construction of appropriate balanced cross-sections. The Santiago and northern Marañón basins have to be considered as part to the Northern Andes retroarc foreland basin system. They belong to the large present-day Marañón-Oriente-Putumayo foreland system and oil province known as MOP [START_REF] Marksteiner | Petroleum systems along the fold belt associated to the Marañon-Oriente-Putumayo (MOP) Foreland Basin. VI Simposio Bolivariano 'Exploración Petrolera en las Cuencas Subandinas[END_REF], which developed from southern Colombia to northern Peru. These results have been achieved thanks to the long-term researches carried out under the IRD-PERUPETRO S.A. cooperation and partnership agreement. erosional unconformities clearly identified on seismic. The Paleozoic pre-Andean series comprises Ordovician, Devonian, Carboniferous and Permian clastic and carbonated marine sediments (Dunbar and Newell, 1946;[START_REF] Kummel | Stratigraphic studies in Northern Peru[END_REF]Newell et al., 1954;[START_REF] Mégard | Etude Géologique du Pérou Central: Contribution à l'Etude Géologique des Andes: N°1[END_REF]Mathalone and Montaya, 1995;[START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF][START_REF] Wine | The hydrocarbon potential of NE Perú Huallaga, Santiago and Marañon Basins Study: Proyecto de Asistencia para La Reglamentación del Sector Energético del Perú (PARSEP)[END_REF][START_REF] Alemán | Petroleum systems and tectono-stratigraphic evolution of the Madre de Dios Basin and its associated thrustbelt in Peru and Bolivia[END_REF]Jacques, 2004;[START_REF] Haeberlin | Carboniferous orogenic gold deposits at Pataz, Eastern Andean Cordillera, Peru:Geological and structural framework, paragenesis, alteration, and Ar-40/Ar-39 geochronology[END_REF][START_REF] Espurt | Paleozoic structural controls on shortening transfer in the Subandean foreland thrust sytem, Ene and southern Ucayali basins[END_REF][START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF], deposited over a Cambrian o pre-Cambrian metamorphic complex [START_REF] Chew | U-Pb geochronologic evidence for the evolution of the Gondwanan margin of the northcentral Andes[END_REF][START_REF] Kennan | Fission track ages and sedimentary provenance studies in Peru, and their implications for Andean paleogeographic evolution, stratigraphy and hydrocarbon systems[END_REF].

The marine clastic Paleozoic series, well preserved in the South (Madre de Dios and Camisea basins), are partly eroded in the North probably due to the Jurua orogeny (Caputo, 2014). They host good type III source rock levels as the Ambo Formation (Jacques, 2004). The long term Pennsylvanian to Middle Permian Tarma-Copacabana sequence starts with a regional erosional unconformity that sealed the Famatinian orogeny. The Middle Permian Copacabana Formation is partly eroded below a Late Permian erosional unconformity probably post Gondwanide orogeny (Ramos, 1988). This unconformity is overlain by Late Permian fluvial and aeolian reservoir sandstones -the famous Ene and Noi reservoirs of the Camisea Basin (Seminario et al., 2005) -and a regional layer of evaporites (see Figure 4), whose age has been recently revised and also considered as Late Permian (Calderón et al., 2017a). This evaporites layer acted as a major detachment in the Huallaga Basin. It is thinning eastward and southward in the Ucayali and Camisea basins, and disappears in the Madre de Dios and Marañón basins (Figure 4). At the top, it ends with marine black shales, limestones and dolomites, known as the Shinai Formation and also dated from the Late Permian in the Camisea Basin (Seminario et al., 2005 and references therein). The black shales of the Shinai Formation contain Type III kerogens and the TOC average value is 2.5% (Calderón et al., 2017b). It is partly eroded by a new erosional unconformity that marked the onset of a long period of rifting and post-rift regional sag [START_REF] Sempere | Late Permian-Middle Jurassic lithospheric thinning in Peru and Bolivia, and its bearing on Andean-age tectonics[END_REF]Rosas et al., 2007). In the Subandean basins, this period is characterized by the deposition of thick Triassic and Jurassic aeolian and fluvial sandstones and silts that can reach 2,000 m of thickness in the Huallaga and Ucayali basins. This long term sequence, missing in the Madre de Dios Basin, corresponds to the Lower Nia and Sarayaquillo formations (Figures 2, 3 and4). In the Camisea Basin, the Lower Nia aeolian sandstones constitute one of the best reservoirs of the giant gas field (Seminario et al., 2005;[START_REF] Grosso | Caracterización estratigráfica de los depósitos eólicos pérmicos en los yacimientos delos bloques 56 y 88, Camisea[END_REF]. West of the Huallaga and Ucayali basins, these aeolian sandstones laterally pass to the continental Mitu rift and marine Pucará post-rift deposits outcropping in the Eastern Cordillera (Figure 2), where they overlay directly the basement known as Marañón Complex (Wilson, 1985). This lateral change occurs apparently in the Subandean-Eastern Cordillera transition zone and corresponds to the eastern Mitu rift border. East of the Marañón Basin, the Triassic and Jurassic sediments pinch out below the Cretaceous deposits.

After a major sedimentary hiatus (110-120 Ma), corresponding probably to the Andean breakup foreland unconformity, late Cretaceous sequences were deposited. They comprise Albian to Maastrichtian fluvial to shallow marine cyclic sequences of sandstones, shales and limestones well defined in northern Peru (Figures 2, 3 and 4; Cushabatay-Raya; Agua Caliente-Chonta; Vivian-Cachiyacu-Huchpayacu). These eastwardthinning sequences were deposited in the Andean-proto-Amazonian retroforeland basin controlled by the tectonic loading of the incipient Andean orogenic wedge. They constitute today the main petroleum systems of the Oriente-Marañón prolific oil province [START_REF] Marksteiner | Petroleum systems along the fold belt associated to the Marañón Oriente -Putumayo (MOP) Foreland Basins: 6 th Simposio Bolivariano Exploracion Petrolera en las Cuencas Subandinas, Tomo II[END_REF]Barragan et al., 2008).

Reservoir intervals correspond to fluvio-deltaic and tide-dominated estuarine deposits of the Cushabatay, Agua Caliente and Vivian formations, while source rocks are constituted by shales and limestones of the Raya and Chonta formations (Mathalone and Montoya, 1995;[START_REF] Wine | The hydrocarbon potential of NE Perú Huallaga, Santiago and Marañon Basins Study: Proyecto de Asistencia para La Reglamentación del Sector Energético del Perú (PARSEP)[END_REF][START_REF] Wine | The hydrocarbon potential of NE Perú Huallaga, Santiago and Marañon Basins Study: Proyecto de Asistencia para La Reglamentación del Sector Energético del Perú (PARSEP)[END_REF]. To the south (Camisea and Madre de Dios basins), the Cretaceous sequences become progressively more continental and it is difficult to differentiate the Cushabatay, Agua Caliente and Chonta formations. Therefore, the Cretaceous sources rocks well developed in the north become progressively sandier towards the south. The Campanian fluvial and tidal sandstones of the Vivian Formation fluvial and tidal sandstones remain good reservoirs in all the Subandean basins.

The Cenozoic foreland infill presents important lateral and longitudinal variations. It has been well described in terms of foreland system depositional environments controlled by thrusts propagation (Roddaz et al., 2010;[START_REF] Decelles | Foreland Basin Systems Revisited: Variations in Response to Tectonic Settings[END_REF]. The Paleocene-Early Eocene sequence starts with the fluvial and tidal sandstones of the Casa Blanca Formation (Figure 2; Gil, 2001 and references therein), comparable to the Vivian reservoir.

It passes gradually to red siltstones and mudstones forming distal fluvial deposits (Yahuarango Formation).

The Middle Eocene-Oligocene sequence overlies a regional erosional unconformity, which extends to the north in the Subandean FBS of Ecuador and Colombia. This erosion has been interpreted as an unloading orogenic period (Christophoul et al., 2002;Roddaz et al., 2010). In Northern Peru, the Middle Eocene Pozo Formation (Figures 2 and4) recorded a shallow marine environment during a new orogenic loading period.

It is overlain by the Oligocene silts and sandstones of the Chambira Formation (Figures 2 and4). This Middle Eocene-Oligocene sequence is missing in the Madre de Dios Basin (Figures 3 and4), where Miocene sediments overlay directly the Middle Eocene unconformity. The Neogene sequence recorded the development of the modern Amazonian foreland basin system and a strong subsidence in a fluvio-estuarine environment (Pebas Mega-Wetland System) evolving progressively to an alluvial system (Hoorn et al., 2010;Roddaz et al., 2010;[START_REF] Boonstra | Marine connections of Amazonia: Evidence from foraminifera and dinoflagellate cysts (early to middle Miocene, Colombia/Peru)[END_REF]. This thick Neogene sequence was responsible for the overburden that triggered hydrocarbon expulsion, migration and charge of the existing structures (Barragan et al., 2008;Calderón et al., 2017b). 

METHODOLOGY

Our structural analysis is based on 2D seismic interpretation, calibrated from the deepest wells of the Subandean basins, field data and the stratigraphic revision presented above (Figures 2,3 and 4). Seismic sections and well data were provided by PERUPETRO S.A. Surface data were obtained from our field surveys and 1:100,000 INGEMMET (Instituto Nacional Geológico, Minero y Metalúrgico del Perú) geologic maps. Although our structural review is based on the interpretation of an exhaustive compilation of seismic data, only the most representative examples of seismic cross-sections have been choose to show the main tectonic Andean and pre-Andean features.

Balanced regional cross-sections have been constructed using the Midland Valley Move software on the basis of the flexural-slip algorithm, assuming constant bed length and thickness and constant area for salt units and Neogene infill. In their initial stage, they were restored at the base of the Pozo Formation, which the Huallaga Basin (Figure 5) and pinched out to the east. Towards the west, it disappears in the Subandean-Eastern Cordillera transition zone, which corresponds to the inverted eastern border of the Triassic Mitu rift, preserved in the Eastern Cordillera [START_REF] Sempere | Late Permian-Middle Jurassic lithospheric thinning in Peru and Bolivia, and its bearing on Andean-age tectonics[END_REF]Rosas et al., 2007;Perez et al., 2016a). Eastwards, in the Huallaga Basin, there is no evidence of the syn-rift Triassic Mitu infill and of the post-rift Triassic and Lower Jurassic Pucará cover (Calderón et al., 2017a, b). The western part of the Huallaga Basin is characterized by a major faulted detachment fold (Figures 5 and6; Biabo Anticline) propagated into the thick almost continuous Neogene infill (Miocene and Pliocene). Further east, the Chazuta thrust sheet footwall consists of autochthonous Mesozoic and Lower Cenozoic sedimentary series and two Late Permian salt pillows (Figure 6a). It is deformed by an important west-verging basement thrusts system, which prolongs to the east in the Marañón Basin and should not be confused with inversion of previous extensional structures as suggested previously (Hermoza et al., 2005;[START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF]. Seismic sections in the Marañón Basin show that this basement thrusts system is sealed by the erosional basal unconformity of the Late Permian Ene sandstones, and then partly reactivated during the Andean orogeny (Calderón et al., 2017a).

These west-verging thick-skinned thrust structures belong to a reactivated Middle Permian fold and thrust belt (see Calderón et al., 2017a, and discussion) branched on an intra-basement detachment. The depth of this detachment (Figure 7) is constrained by the location of crustal earthquakes (Delvin et al., 2012). The best expression of this crustal deformation is the Cushabatay High, east of the Chazuta thrust front (Figures 5 and7). Today, this west verging basement thrust system forms an active mega-duplex below the salt detachment (roof thrust) of the Huallaga Basin (Figure 7). Towards the north, in the Moyabamba Basin (Figure 5), one of these crustal west-verging thrusts is particularly active and responsible of the 1990-91 damaging earthquakes of Moyabamba city (Tavera et al., 2001). In the Marañón Basin, the seismic section BP-19 (Figure 6b) illustrates the recent Andean east-verging thick-skinned tectonics that deformed the entire Neogene cover.

Andean deformation ages

Thermochronometric ages of the deformation, used in the present study of the Huallaga-Marañon FBS, have been published and interpreted as thrust-related uplift by Eude et al. (2015) and Calderón et al. (2017b) (see Figure 7 for location). These ages ranging between 23.2 Ma and 5.8 Ma may suggest a classic in-sequence propagation and exhumation of the thin-skinned thrusts system, whose deformation history is described below in the sequential restoration in accordance with the observed thicknesses of foreland deposits.

Paleogene growth strata in the foot-wall of the Chazuta thrust, evidenced by seismic data and published by Eude et al. (2015), illustrate a previous stage of the Andean deformation and a first reactivation of the westverging basement thrust structure.

Sequential restoration

The Huallaga-Marañon FBS sequential restoration (Figure 7) has been updated from previous versions (Eude et al., 2015;Calderón et al., 2017b) changing the structural geometry of the Cordillera Oriental-Subandean zone transition and the thick-skinned thrust system. The chronology is based on the deformation ages discussed above. The Andean FBS thrust propagation extends over 430 km and the total horizontal shortening measured is 70 km. It is related to the tectonic inversion of the Triassic Mitu rift that controlled the deformation and propagation of the Eastern Cordillera deformable backstop of the Huallaga wedge-top basin. The initial stage of the restoration (the restored cross-section) corresponds to the middle Eocene configuration during the Pozo Formation deposits, which sealed a regional planar erosional unconformity.

This stage records the effect of a previous Andean deformation (Paleocene) in the Huallaga-Marañón FBS, with an estimated horizontal shortening less than 3 km. It shows that weak thrust structures, such as the Biabo Anticline or the west-verging basement horse of the Chazuta thrust foot-wall were partially developed (Figure 7). The second stage illustrates the middle Miocene thrusts system configuration recorded by AFT analysis (Eude et al., 2015;Calderón et al., 2017b). Total horizontal shortening measured for this stage is 25 km. The Triassic Mitu rift was partly inverted, the Eastern Cordillera was emerging and the Biabo Anticline and Chazuta thrust structures were largely developed (Figure 7). This stage shows that in the center of the Huallaga wedge-top depozone, the Cenozoic sedimentary charge has already reached more than 8 km of thickness. Therefore, it appears that between the middle Eocene and the late early Miocene the sedimentation rate has been strong, which is a key factor to understand the periods of petroleum systems generation and expulsion.

Ucayali Foreland Basin System

Structural fabric

As the Huallaga Basin, the Ucayali Basin (Figure 8) presents interactions between thin and thick-skinned tectonics. However, thin-skinned tectonics is much lesser developed due to the poor extension and thickness of the Late Permian salt layer. Figure 9 shows a seismic section where only some thick salt pillows are preserved. Such salt pillows have been also described in the same area (Moretti et al., 2013) and in the southern Pachitea Basin [START_REF] Witte | A new structural model of the Pachitea Basin, Peru: Interaction of thick-skinned tectonics and salt detached thrusting[END_REF]. In addition, the same seismic section illuminates a remarkable fossilized duplex involving the Paleozoic series in its western margin (see also [START_REF] Hermoza | Paleozoic deformation and its hydrocarbon potential in the Northern Andean Foreland Basin: VII INGEPET (EXPR-3-WH-10-E)[END_REF]. This duplex deformed the continental Triassic and Jurassic Lower Nia and Sarayaquillo formations and is eroded and sealed by the Late Cretaceous Cushabatay Formation (Figure 9). It is probably related to the Jurua orogeny described by Caputo (2014). This pre-Andean duplex had undeniably a buttress effect on the eastward propagation of the Andean thin-skinned tectonics as shown by the structural cross-section of Figure 10. Immediately to the west, in the Subandean wedge-top depozone, three imbricates involving the thick Triassic fluvial and aeolian sandstones are outcropping (Figure 8). They probably branch on the thin remnant Late Permian salt detachment. The Eastern Cordillera corresponds to the inverted Triassic rift system and its eastern border is emerging with the Pucará and Mitu deposits in the Tingo Maria area (Figure 10). It constitutes the deformable backstop of the Ucayali Subandean FTB. To the east, in the Ucayali foreland basin, east-verging thick-skinned tectonics predominates and deforms the entire Cenozoic cover. The present-day Subandean thrust front merges far to the east, in Brazil, with the Moa Divisor structures (Figure 8). In Peru, the San Alejandro and Agua Caliente oil fields are located in the northern termination of the Shira Mountain, a major basement uplift of the Peruvian Subandean basins [START_REF] Espurt | Paleozoic structural controls on shortening transfer in the Subandean foreland thrust sytem, Ene and southern Ucayali basins[END_REF][START_REF] Gautheron | Direct dating of thick-and thin-skin thrusts in the Peruvian Subandean zone through apatite (U-Th)/He and fission track thermochronometry[END_REF].

Andean deformation ages

We present here new apatite fission-track (AFT) dating (Table 1) essential to constrain the timing of exhumation of the main thrust structures. These AFT analyses were done at Geotrack International Pty Ltd in 2014. They are presented in the Table 1, and reported in the geological map of Figure 8 and on the crosssections of Figure 10. Representative grain-age distributions are also shown for each AFT sample in Figure 10. Using the arguments of Espurt et al. (2011) in the neighboring Camisea Basin (see below), "we assume that cooling has been caused by the erosion of sedimentary rocks in response to thrust-related vertical motion". For samples BOQ011, BOQ012 and TG03, P [ 2 ] > 5% (see Table 1) and central ages were used to determine the last cooling; BinomFit results show one AFT component corresponding with these central ages (Figure 10). For samples BOQ007, BOQ010, BOQ015, BOQ020 and BOQ025, two AFT components have been identified (Figure 10) and the youngest components were used to determine the last cooling (Brandon et al., 1998). In the Subandean FTB, from west to east, ages range from 14 Ma to 3.3 Ma and may suggest, as in the Huallaga Basin, a classic in-sequence thrusts propagation of the thin-skinned system. 2012); they are apparently associated to the basement detachment, but also to more superficial inverted faults (Figure 12).

Camisea Foreland Basin System

Structural fabric

The Camisea Subandean basin (Figure 13) is the most prolific hydrocarbon province of Peru and therefore the most studied [START_REF] Shaw | Patterns of imbricate thrusting[END_REF][START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF][START_REF] Disalvo | Geometría de las trampas y análisis estructural en el área de Camisea y sus alrededores[END_REF]Seminario et al., 2005;Espurt et al., 2011;[START_REF] Gautheron | Direct dating of thick-and thin-skin thrusts in the Peruvian Subandean zone through apatite (U-Th)/He and fission track thermochronometry[END_REF]. We used here the work from Espurt et al. (2011) to present the structural fabric of the Camisea FBS that is characterized by a change in shortening direction. The Camisea FBS is located on the E-W oriented Fitzcarrald Arch. Its propagation interfered with the Mio-Pliocene Fitzcarrald Arch uplift (Espurt et al., 2007). The balanced cross-section of Figure 14 shows that the Camisea FBS corresponds to a classic thin-skinned fold and thrust belt deforming the Paleozoic sedimentary wedge that pinches out to the east. The geometry and lithology of this preserved sedimentary wedge have exerted a strong control on the thrust propagation. Seismic data along the balanced cross-section do not reveal any basement thrust (Espurt et al., 2011). A series of four well-formed external thrust anticlines accommodated the shortening of a broad hinterland passive roof duplex modeled by three main horses in Ordovician and Silurian rocks (Figure 14a) (Espurt et al., 2011). Detachment levels are located at the interface between the basement and the Paleozoic sedimentary wedge (sole thrust of the hinterland duplex), at the base of the Devonian series (roof thrust of the hinterland duplex) and at the base of the Paleogene foredeep deposits.

The Camisea anticlines are formed above north-verging thrust faults; from south to north, they correspond to the Timpia fault bend fold, the Armihuari and Cashiriari fault propagation folds, and the San Martin triangle zone that dies in the Paleogene infill of the Ucayali foreland (Figure 14a). All of them branched on the roof thrust (base of Devonian) of the hinterland duplex and accommodate part of its shortening (Figure 14a).

Andean deformation ages

Sequential restoration of Espurt et al. (2011) and the synthesis of thermochronometric ages of the central Peruvian Subandes published by [START_REF] Gautheron | Direct dating of thick-and thin-skin thrusts in the Peruvian Subandean zone through apatite (U-Th)/He and fission track thermochronometry[END_REF] give valuable information about the middle Miocene and Pliocene in-sequence Camisea thrusts propagation, that seems to start at 14 Ma. (U-Th)/He thermochronometric age from a core (Triassic Lower Nia reservoir) of the San Martin well [START_REF] Gautheron | Direct dating of thick-and thin-skin thrusts in the Peruvian Subandean zone through apatite (U-Th)/He and fission track thermochronometry[END_REF] shows that thrust uplift of the external San Martin triangle zone started at 4+-2 Ma.

With respect to the stratigraphic record, seismic data through the Cashiriari anticline (see, for example, Figure 14b) clearly show the presence of growth strata in the lower part of the Cenozoic infill that correspond, in the Camisea Basin, to the Paleogene Charophytes, Yahuarango Formation (Seminario et al., 2005). The upper part of this Cenozoic infill shows a constant thickness, and sealed the Paleogene Andean deformation before being reactivated by the Mio-Pliocene thrusts propagation.

Other growth strata have been observed and described in the Late Neogene conglomerate of the Shihuayro syncline (Espurt et al., 2011). They apparently recorded the Mio-Pliocene deformation.

Sequential restoration

The sequential restoration published by Espurt et al. (2011) is presented in Figure 15 and is updated by taking into account the Paleogene deformation evidenced in Figure 14b. Current horizontal shortening is 53 km and the extension of the thrusts system in the foreland is much less than in the Ucayali and Huallaga basins. No Triassic tectonic heritage appears in this part of the Subandean foreland basin system, and the Eastern Cordillera deformable backstop is composed of only basement and Lower Paleozoic cover. The initial stage of our restoration shows that in the middle Eocene some thrust anticlines, as the Cashiriari structure, might have already been developed and sealed. In this stage, we consider a minimum shortening of 2 km that is transferred from the incipient deformation of the hinterland duplex to the Cashiriari Anticline (Figure 15). Although the available seismic data did not allow to observe more growth strata in the section, it is not impossible that the entire thrust system has been partly formed in the Paleogene. The second stage corresponds to the middle Miocene period, when thrusts propagation restarted. New shortening of the hinterland duplex (8 km) is this time accommodated by the development of a passive roof back back-thrust (Figure 15). Such changes in the deformation location have been already described through a geometric and experimental study in the northern Subandean zone of Bolivia (Baby et al., 1995), where erosion and sedimentation process control thrusts propagation. In the early Pliocene stage (Figure 15; 45 km of horizontal shortening), vertical stacking of the hinterland passive roof duplex is well developed and the eastward accommodation of shortening is reflected by the propagation of the Timpia and Armihuari thrust anticlines. Between 5 Ma and the present day, the Cashiriari Anticline is weakly reactivated and the eastward thrust propagation is absorbed in the frontal San Martin triangle zone.

Madre de Dios Foreland Basin System

Structural fabric

The style of thrusts propagation presents a drastic change in the Madre de Dios FBS (Figure 16). Previous works on the structural fabric have been published by [START_REF] Gil | Evolution latérale de la déformation d'un front orogénique: exemple des bassins subandins entre entre 0° y 16[END_REF] and [START_REF] Mora | Tectonic History of the Andes and Sub-Andean Zones: Implications for the Development of the Amazon Drainage Basin[END_REF]. We present a new balanced structural cross-section constructed from subsurface and field data (Figures 16,17,18 and 19), where horizontal shortening (47 km) is concentrated on less than 50 km. The Eastern Cordillera corresponds to a crustal ramp anticline, including 2 nd order fold-thrusts. The eastward propagation of this mega basement ramp anticline is accommodated in the Madre de Dios fold and thrust belt by a vertical stacking of the thrust systems. This complex FTB is constituted by a hinterland dipping duplex developed in the Paleogene sedimentary infill, overthrusted by an imbricate system of Cretaceous strata (Figure 17a). Shortening of the duplex is accommodated partly by the Tambopata frontal thrust, which transported the Punquiri piggyback syncline that hosts more than 8 km of Cenozoic sediments (Figure 17a). This considerable sedimentary thickness -the most important of the Peruvian Subandean basins -implies a strong rate of Cenozoic sedimentation, which probably played an important role in the style of the thrust propagation as demonstrated by analogic experiments (Baby et al., 1995;Mugnier et al., 2007).

The foot-wall of the complex Madre de Dios thrust stacking systems is deformed by west-verging basement thrusts evidenced by seismic information (Figure 17b). These deep west-verging structures seem to be sealed by the basal erosional unconformity of the Ene sandstones (see Figure 3) and reactivated during the Andean orogeny. They coincide with the regional Madidi Arch [START_REF] House | Influence of Paleozoic Arches on Structural Style and Stratigraphy in the Madre de Dios Basin in Southern Peru and Northern Bolivia: SEG Technical Program Expanded Abstracts[END_REF][START_REF] Alemán | Petroleum systems and tectono-stratigraphic evolution of the Madre de Dios Basin and its associated thrustbelt in Peru and Bolivia[END_REF] that extends from the Bolivian Beni-Madre de Dios foredeep into the Peruvian Madre de Dios FTB (Figure 16).

Andean deformation ages

Apatite fission-track dating (AFT) projected in our balanced cross-section are those published and discussed by Mora et al. (2011) (MD 28, MD 29 and MD 30) and Louterbach (2014) (MD 216). They are located in the map of Figure 16 and the structural cross-section of Figure 17a. Globally, thermometric ages are younger than in the other cross-sections , and show a rapid exhumation cooling of the Eastern Cordillera deformable backstop and associated Subandean thrusts. These AFT ages recorded probably the more recent part of the orogenic event (Pliocene); they are consistent with the Apatite (U-Th)/He ages published recently by [START_REF] Lease | Incision into the eastern Andean Plateau during Pliocene cooling: Science[END_REF] in the "Eastern Andean Plateau" (Eastern Cordillera of our cross-section) and detachments appears to be broken by the Madidi Arch and a contemporaneous Middle Permian west-verging fold and thrust belt. Cenozoic foreland infill thickness increases considerably in this part of the Subandean FBS (more than 8 km), where it controlled Subandean thrusts propagation and caused the development of an intra-Paleogene duplex. Such duplex propagation driven by sedimentation have has been already analyzed and modelled in analogic experiments in the neighbouring Bolivian Subandean Beni Basin (Baby et al., 1995;Mugnier et al., 2007).

Pre-Andean orogenies

Two pre-Andean orogenies have been identified in this study. In the Marañón-Huallaga FBS, a west-verging fossilized Middle Permian fold and thrust belt has been partly reactivated during Andean deformation (see also Calderón et al., 2017a). This FTB is part of the Gondwanide orogen described in Argentina by Ramos (1988). It developed along the southern margin of Gondwana, and it is now preserved in South America, South Africa, and Australia (Catuneanu, 2004). This Middle Permian FTB appears also in the foot-wall of the Madre de Dios wedge-top, where it can be assimilated to the Madidi Arch.

A second pre-Andean orogeny has been identified in the Ucayali FBS where an intra-Paleozoic and Mesozoic antiformal stack appears to be eroded and sealed by Late Cretaceous foreland basal unconformity.

It is probably related to the Late Jurassic Jurua orogeny described by Caputo (2014) in Brazil in the Acre and Solimoes basins, where this compressive deformation occurs in the form of structural inversions. In the Ucayali FBS, the Eastern Cordillera rift inversion started during the Jurua orogeny and represented a minimum total horizontal shortening of 16 km accommodated in the intra-Paleozoic and Mesozoic antiformal stack (see second stage of Figure 12). Caputo (2014) proposes a Late Jurassic orogenic age associated to the initial opening of the Central Atlantic Ocean. In the Ucayali FBS, the Jurua deformation affects the Sarayaquillo Formation and is sealed by the sandstones of the Cushabatay Formation; therefore a Neocomian age seems more appropriate. In the Oriente Basin of Ecuador, such age of compressive deformation has been also described for the incipient tectonic inversion of the Sacha oil field graben (Baby et al., 2013). In our study of the Huallaga-Marañón and Madre de Dios FBS, it was not possible to identify the Jurua deformation probably hidden by the Andean reactivation. system. The pre-Andean orogenic cycles names are those that are more commonly used in the Andes (see Ramos, 1988;Caputo, 2014;[START_REF] Chew | Proto-Andean evolution of the Eastern Cordillera of Peru[END_REF].

FIGURE CAPTIONS

Figure 3: Stratigraphic diagram and petroleum systems along the Madre de Dios foreland basin system. The pre-Andean orogenic cycles names are those that are more commonly used in the Andes (see Ramos, 1988;Caputo, 2014;[START_REF] Chew | Proto-Andean evolution of the Eastern Cordillera of Peru[END_REF].

Figure 4: North-South evolution of the stratigraphic and petroleum systems along the Peruvian Subandean foreland basin system. The pre-Andean orogenic cycles names are those that are more commonly used in the Andes (see Ramos, 1988;Caputo, 2014;[START_REF] Chew | Proto-Andean evolution of the Eastern Cordillera of Peru[END_REF]. BinomFit results show grain-age histogram (bars), probability density function fit to grain-age distribution (gray dashed line), and binomially best-fit component (thick black lines labeled , with ages). For samples BOQ007, BOQ010, BOQ015, BOQ020 and BOQ025, two AFT components have been identified. Gray rectangle corresponds to young population used to determine the last cooling event (Brando et al., 1998). For samples BOQ011, BOQ012 and TG03, the P[ 2 ] > 5% and BinomFit results show one AFT component that corresponds with central age. In the eastern Agua Caliente structure, we project the exhumation age obtained for the Shira Mountain by [START_REF] Gautheron | Direct dating of thick-and thin-skin thrusts in the Peruvian Subandean zone through apatite (U-Th)/He and fission track thermochronometry[END_REF]. 16). AFT ages used for the sequential restoration (Figure 19) are located. They have been published and interpreted as thrust related by [START_REF] Mora | Tectonic History of the Andes and Sub-Andean Zones: Implications for the Development of the Amazon Drainage Basin[END_REF]Louterbach (2014). B: seismic section 97-MCT-109 through the Inambari imbricates and Punquiri piggy-back syncline (location on Figure 16). Note: Abbreviations are as follows; s-density (cm-2) of spontaneous tracks; Ns-number of spontaneous tracks counted; Ni-number of induced tracks counted; i-density (cm-2) of induced tracks; d-density (cm-2) of tracks on the neutron fluence monitor (CN-5 glass); Nd-number of tracks counted in the dosimeter; P(X2)-probability (%) of greater chi-squared (Galbraith, 1981;Green, 1981); central ages, reported for each sample with confidence interval (CI) of one sigma (±1 ), were calculated using the zeta calibration method [START_REF] Hurford | A user's guide to fission track dating calibration[END_REF] with zeta of 392.9 ± 7.4; Ng-number of grains counted;

Young population (YP) and old population (OP) were determined with the BinomFit software (Brandon, 1996;Brandon et al., 1998); the estimated 68% confidence interval (CI), which is approximately equal to ±1, was calculated using precise algorithms (for details, see Brandon, 1996;Brandon et al., 1998). For this case we do not use Dpar, the kinetics be controlled properly using the apatite chlorine content (Cl wt%).
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  Marañón et Huallaga (Figure 1.2) sont les plus importants de ces bassins et ne peuvent être dissociés pour comprendre la structure et l'évolution du système wedgetopforedeep du retro-bassin d'avant-pays nord amazonien. Ces bassins, déformés par des systèmes de plis et chevauchements, présentent un partitionnement structural complexe contrôlé par un héritage mésozoïque et/ou paléozoïque.

  reste d'actualité. Les synthèses proposées jusqu'à maintenant sont incomplètes et ne répondent pas de manière satisfaisante à cette question. Dans cette thèse, le premier objectif est donc de profiter de l'accès à la base de données de sub-surface et de surface de PERUPETRO (Agence nationale des hydrocarbures du Pérou) pour réviser l'architecture structurale des bassins Marañón et Huallaga, afin d'en proposer une nouvelle analyse géométrique et cinématique. Les bassins subandins moins importants comme Moyabamba et Santiago seront également considérés pour comprendre l'ensemble du système. Ce premier objectif permettra aussi de mieux cerner les risques structuraux qui freinent actuellement l'exploration pétrolière dans les bassins subandins du Nord-Pérou. Dans un système de bassin d'avant-pays, le « timing » de la propagation des chevauchements peut être déchiffré à partir d'âges thermochronologiques et de l'enregistrement stratigraphique des dépôts syn-orogéniques. Dans les bassins Huallaga et Marañón, la définition de ce calendrier permet de mieux comprendre la propagation du front orogénique d'arrière-arc des Andes centrales et le développement du bassin d'avant-pays andino-amazonien associé. Ce calendrier permet aussi de définir les moments critiques des systèmes pétroliers (Magoon and Dow, 1994). Le deuxième objectif est donc d'intégrer de nouvelles données thermochronologiques et une analyse des enregistrements sédimentaires dans nos modèles structuraux, en proposant quand cela est possible une restauration séquentielle de la déformation. Les bilans sédimentaires dans la propagation des systèmes de bassin d'avant-pays sont des résultats relativement rares à l'échelle géologique. Ils ne peuvent être obtenus qu'à partir de données de sous-sol renseignant les épaisseurs sédimentaires et d'une stratigraphie relativement bien contrainte. Le troisième objectif de cette thèse est d'essayer de quantifier les taux de sédimentation et leur évolution tout au cours de l'histoire des bassins d'avantpays Huallaga et Marañón. Les calculs ont été faits après révision de la stratigraphie et de l'architecture des remplissages sédimentaires syn-orogéniques reportée sur les nouvelles coupes structurales régionales construites dans le cadre de la thèse. Enfin le dernier objectif consiste à exploiter les résultats obtenus dans une modélisation pétrolière 2D de la partie la plus complexe et la plus attractive du système de bassin d'avantpays andino-amazonien du nord-Pérou : le système Huallaga-Marañón. Cette modélisation intègre la révision et définition de nouveaux systèmes pétroliers, et utilise les restaurations séquentielles de la déformation obtenues précédemment.

  Au cours du Crétacé supérieur et du Paléogène, les bassins subandins se trouvaient en position beaucoup plus distale dans le système de bassin d'avant-pays et étaient beaucoup moins déformés. L'initiation de ce système de bassin d'avant-pays est marquée par une BFU (Basal Foreland Unconformity) qui se situe à la base de la première séquence transgressive du Crétacé supérieur et repose sur des séries mésozoïques, paléozoïques ou précambriennes déformées et érodées reflétant une histoire pré-andine complexe. L'ensemble de ces séries sédimentaires et métamorphiques est représenté dans la Figure 1.3. Le système de bassin d'avant-pays subandin du Nord-Pérou est compartimenté en sous bassins qui sont représentés sur les Figures 1.1 et 1.4. La paléogéographie des bassins précrétacés a joué un rôle important dans ce partitionnement structural. Les paléostructures les plus influentes correspondent au rift triasique
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 31132 Analyse structurale L'analyse structurale a été réalisée à partir d'interprétation sismique 2D, calibrée à partir des puits d'exploration les plus profonds, de données de terrain et d'une révision stratigraphique (Figures 1.3 et 1.6). Les sections sismiques et les données de puits ont été fournies par PERUPETRO SA. Les sections sismiques ont été chargées et interprétées dans WinPICS (Divestco software) et MOVE (Midland Valley software). Les données de surface ont été obtenues à partir de nos campagnes de terrain et des cartes géologiques 1 : 100 000 d'INGEMMET (Institut National Géologique, Minier et Métallurgique du Pérou). Des coupes structurales -pour la plupart équilibrées -ont été ensuite construites à l'échelle régionale à travers l'ensemble des bassins Marañón et Huallaga et des bassins frontaliers Moyabamba et Santiago (Figure 1.6), à l'aide du logiciel MOVE (Middland Valley). Analyses lithostratigraphiques et taux de sédimentation Afin d'étudier les remplissages sédimentaires des bassins Huallaga et Marañón en termes de propagation de zones de dépôt d'avant-pays (voir Figure 1.5), les séquences sédimentaires régionales (long terme) ont été définies et caractérisées à partir de corrélations lithostratigraphiques de puits et de la caractérisation des discontinuités majeures reconnues en sismique 2D et dans les logs de porosité. Les données de puits et la sismique ont été fournies par PERUPETRO SA. Les datations proviennent de publications académiques et de rapports industriels disponibles dans la base de données de PERUPETRO SA. Les séquences sédimentaires de bassin d'avant-pays ainsi définies ont été ensuite cartées sur les coupes structurales régionales, avant d'être utilisées pour calculer des taux de sédimentation pour chaque coupe.

  de cette région. Ces systèmes pétroliers ont été préalablement révisés et partiellement redéfinis à partir de nouvelles analyses de roches mères et des données déjà existantes chez PERUPETRO SA. La modélisation a été réalisée avec le logiciel Petromod de Schlumberger. Les données utilisées concernant roches mères, réservoirs, charges et géohistoire sont décrites en détails dans le Chapitre 4. 1.4. Structure de la thèse Après une introduction générale (Chapitre 1) résumant objectifs et méthodologie, la thèse comprend trois chapitres. Le Chapitre 2 présente une analyse structurale synthétique des bassins Huallaga et Marañón, et bassins frontaliers (Moyabamba et Santiago), à partir des données de sous-sol fournies par PERUPETRO SA et d'observations de terrain. Des coupes structurales régionales ont été construites à partir d'interprétations sismiques calibrées par des données de forage et de surface. Ces coupes structurales réparties sur l'ensemble de la région étudiée permettent de proposer une architecture structurale complexe, héritée de paléostructures paléozoïques et mésozoiques. Cette étude structurale a fait l'objet d'un article publié à Marine and Petroleum Geology en 2017, où est analysée aussi l'activité sismique de certains chevauchements mis en évidence dans ce travail. Le Chapitre 3 s'intéresse aux dépôts des bassins d'avant-pays Huallaga et Marañón, et en définit les principales séquences sédimentaires à partir de corrélations stratigraphiques régionales de puits, et de l'interprétation de sismique 2D et de logs de porosité. Une restauration séquentielle de la propagation des chevauchements et des différentes zones de dépôts, contrainte par des données thermochronologiques et l'analyse de strates de croissance, est proposée. Finalement, des taux de sédimentation sont calculés pour chaque séquence sédimentaire majeure et discutés sur 3 coupes structurales régionales, puis à l'échelle de l'ensemble du bassin Marañón. Le Chapitre 4 présente une modélisation pétrolière 2D réalisée à partir de la restauration du système d'avant-pays Huallaga-Marañón, après révision des systèmes pétroliers de la région, et intégration de nouvelles données. Ce type de modélisation 2D rare dans les systèmes de bassin d'avant-pays apporte indéniablement une plus-value pour l'exploration pétrolière de la région. Elle a fait l'objet d'une publication (2017) dans l'AAPG Memoir 114 (Petroleum Systems Analysis -Case studies). La thèse comprend aussi 5 annexes: la première concerne les données biostratigraphiques utilisées dans le chapitre 3; la deuxième les méthodologies utilisées pour les calculs de porosité, transformation temps-profondeur des sections sismiques et correction de compaction; la troisième présente des données de réflectance de vitrinite de roches mères utilisées pour des modélisations PETROMOD 1D permettant d'évaluer des épaisseurs de sédiments érodés ; la quatrième présente les cartes isopaques du bassin Marañón construites à partir de données sismiques pour calculer les volumes de sédiments déposés dans le système d'avant-pays; la cinquième est un article sous presse présentant une synthèse sur les bassins péruviens. The subandean basins of Northern Peru (Marañón, Huallaga, Moyabamba, and Santiago, see Figures 1.1
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 11 Figure 1.1. Central Andes, with location of the subandean basins and the structural section of Figure 1.2 (EC: Eastern Cordillera, WC: Western Cordillera).
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 12 Figure 1.2. Structural cross-section through the central Andes, with location of the Huallaga-Marañón Andean -Amazonian foreland basin system (modified from Prudhomme et al., 2016; location of the section in Figure 1.1).
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 13 Figure 1.3. Lithostratigraphic diagram representing from west to east the different sedimentary units of the Andean-Amazonian foreland basin system of Northern Peru. The Cretaceous to Neogene foreland sequences overlie unconformably on Mesozoic and Paleozoic pre-Andean series..
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 14 Figure 1.4. Gravimetric map (3D inversion) (after Graterol, 2011) showing the structural partitioning of the subandean basins of northern Peru, the depozones of the Marañón basin and the Iquitos Arch (forebulge). The subandean foreland basin system in northern Peru is partitioned into sub-basins, which are shown in Figures 1.1 and 1.4. The paleogeography of pre-Cretaceous basins played an important role in this structural partitioning. The most influential paleostructures correspond to the Triassic rift(Rosas et al., 2007;[START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF] and to the
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 15 Figure 1.5. Schematic cross-section illustrating the Foreland Basin System concept sensu DeCelles & Giles (1996) applied to subandean basins (from Roddaz et al., 2010).

  Figures 1.3 and 1.6). Seismic sections and well data were provided by PERUPETRO S.A. The seismic sections have been loaded and interpreted in WinPICS (Divestco software) and MOVE (Midland Valley software).
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 16 Figure 1.6. Structural map of the Base Cretaceous (TWT-Two Way Time) of the Marañón foreland basin with location of the regional structural cross-sections. Crustal earthquakes recorded in this region have been used to constrain the structural geometry of some thrusts.

2. 1 )

 1 and presents a new stratigraphic diagram of the region based on new regional correlations from surface and sub-surface data. It highlights a Paleozoic fold and thrust belt reactivated during Andean deformation and still active. The northern part changes in orientation and style of deformation. It is illustrated by 3 regional cross-sections (R3, R4 and R5 in Figure 2.1), which permit to have an overview of this part of the Marañón foreland basin system. It comprises the complex Santiago N-S elongated wedge-top Subandean basin, where a new structural interpretation is presented and discussed.

Figure 2 . 1 .

 21 Figure 2.1.Geological map of the Marañón foreland basin system with location of the regional cross-sections presented in this chapter (R1 to R6), wells and seismic sections used for their construction.

  Andean retro-foreland basin of northern Peru: Permian inheritances and petroleum implications (Published in Marine and Petroleum Geology 82 (2017), 238-250) Ysabel Calderon a , Patrice Baby b , Christian Hurtado c , Stéphane Brusset b a PERUPETRO S.A., Av. Luis Aldana 380, San Borja, Lima, Peru b GET-UMR CNRS/IRD/Université Paul Sabatier, 13545, 14 Avenue Edouard Belin, 31400 Toulouse, France c Instituto de Geociencias, Universidade de Brasília, Campus Universitario Darcy Ribeiro ICC -Ala Central, CEP 70.910-900 Brasília, DF, Brazil Résumé en français Dans le nord du Pérou, le système de bassin d'avant-pays Huallaga-Moyabamba-Marañón résulte de l'interaction entre tectonique de couverture et tectonique de socle. Des données de géophysique et la construction de coupes équilibrées montrent que cette configuration structurale a été contrôlée par l'héritage permien. Une chaine plissée fossilisée du Permien moyen, qui s'est développée durant l'orogénèse Gondwanide, a été partiellement réactivée pendant la compression andine et a contrôlé la propagation de la tectonique de socle. Ce système de chevauchements à vergence ouest est toujours actif et est à l'origine d'une sismicité crustale et destructrice dans la région de Moyabamba. Des évaporites du Permien terminal, qui ont scellé la chaine plissée d'âge permien moyen, ont contrôlé la propagation d'une tectonique de couverture et de développement du chevauchement le plus grand de la zone subandine péruvienne. La chaine plissée fossilisée et en partie réactivée du Permien moyen constitue un nouveau « play » pétrolier pour l'exploration des bassins subandins du nord Pérou. Les pièges structuraux de souschevauchements des bassins « wedge-top » de Moyabamba et Huallaga sont particulièrement attractifs, mais restent inexplorés.
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 221 Figure 2.2.1. Tectonic map of the Subandean basins of northern and central Peru, showing the study area and the different morpho-tectonic units. The Huallaga-Marañón and Moyabamba-Marañón structural cross-sections are located.
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 222 Figure 2.2.2. Geological map of the Huallaga-Moyabamba-Marañón FBS with location of seismic sections, wells, balanced cross-sections, and mean earthquakes (Mw>5) relocated by Delvin et al. (2012). The geology map is adapted from INGEMMET 1:1'000,000 map and field observations.
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 223 Figure 2.2.3. TWT Base Cretaceous structural map of the Marañón foreland basin with location of the eastern border of the pre-Cretaceous long-term sequences and Middle Permian thrust faults. The TWT map is superimposed on the geologic contours of the Andean relieves. Seismic project used for the map construction is located.

  Cretaceous sedimentary wedge thinning to the NE, and by a Cenozoic foreland continental and shallow marine infill. It is illustrated by the stratigraphic diagram of the Figure 2.2.4.

Figure 2

 2 Figure 2.2.4. Stratigraphic diagram and petroleum systems along the Huallaga-Moyabamba-Marañón FBS. The orogenic cycles names are those that are
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 225 Figure 2.2.5. Regional wells stratigraphic correlations in the southern Marañón basin (Shanusi 1X, Loreto 1X and Santa Lucia 2X, location in Fig. 2.2.2)showing the first order pre-Cretaceous sequences. The Late Cretaceous basal foreland unconformity (Cushabatay Fm.) is flattened and correlations have been made between long term pre-Cretaceous sequences.
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 222 Figure 2.2.2). Correlations between these wells (Figure 2.2.5) show Paleozoic, Triassic and Jurassic long term sequences separated by regional erosional unconformities. These
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 242 Geophysical data and interpretation 2.2.4.2.1. Seismic reflection For this study, we have incorporated seismic sections from campaigns of Amerada, Deminex, British Petroleum, Arco, Mobil, Burlington, Sun, Phillips, Prakla, Conoco Phillips and Gran Tierra. They are unevenly distributed in the Marañón Basin, with section spacing between 5 and 10 km and in some cases up to 30 km. The dominant frequency of the 2D seismic data is approximately 20Hz, resulting in a vertical resolution of approximately 40 m. This seismic information, combined with wells data, allowed us to construct a two-way time (TWT) map of the Cretaceous base for the entire Marañón basin (Figure 2.2.3). This map illustrates the present-day Marañón basin structural architecture with their regional faults. It shows the eastward propagation of the Subandean frontal thrusts system in the southern wedge-top depozone and how it dies progressively to the north in the foredeep depozone. The eastern part of the Triassic and Jurassic basins has been eroded and sealed by the Late Early Cretaceous Andean basal foreland unconformity. The present border of these basins (see Figure 2.2.3) does not seem to have any control in the Subandean deformation. Although our structural revision is based on the interpretation of an exhaustive compilation of seismic data, only the most representative examples of seismic cross-sections have been chosen to show the main tectonic Andean and pre-Andean features. 91MPH-23 seismic section (Figure 2.2.6A): this section is a good illustration of the interference between thick and thin-skinned tectonics in the Huallaga basin. It clearly shows the large overthrusting of the Chazuta thrust sheet that developed on the extensive and thick level of Late Permian evaporate, outcropping in various places of the Huallaga basin (Figure 2.2.2) and pinched out to the east. More to the west, the Biabo anticline is a major fault propagation fold that propagated in the thick almost continuous Neogene infill (Miocene and Pliocene). The Chazuta thrust sheet hanging-wall shows the autochthonous Cretaceous and Lower Cenozoic sedimentary series and two salt pillows. They are deformed by important west-verging basement thrusts whose origin will be discussed later. The easternmost westverging basement structure is partly sealed by Late Cretaceous and Lower Cenozoic growth strata. This section was used in the Huallaga-Marañón balanced cross-section construction (Fig. 2.2.10).
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 226 Figure 2.2.6. Interpreted seismic sections 91MPH-23 and DX-23 (location in Fig. 2.2.2 and 2.2.3)

Figure 2 . 2 . 7 .

 227 Figure 2.2.7. Interpreted seismic sections AH-3 and DX-51 (location in Fig. 2.2.2 and 2.2.3)

  depth and are associated to basement thrusts. In our balanced cross-sections construction, we have used the corrected depth locations and focal mechanisms of crustal earthquakes of the Central Andes published by Delvin et al. (2012) to define the geometry of the most western Subandean thrusts. In the study area, Delvin et al. (2012) have relocated 9 earthquakes between magnitude 5.2 and 6.6 that occurred between 1968 and 1999. They showed that focal mechanisms are consistent with horizontal shortening.

  Moyabamba cross-section has been exclusively constructed for this study and is published for the first time. They are ~ 420 km and ~ 572 km long from the Eastern Cordillera to the Marañón foreland. To the west, the tectonic inversion of the Triassic Mitu rift has controlled the deformation and propagation of the Eastern Cordillera deformable backstop of the Huallaga and Moyabamba wedge-top basins. Both wedge-top basins are deformed by east verging thin-skinned large emerging thrusts and west verging thick-skinned deep blind thrusts. Thin-skinned thrusts have propagated on the thick and continuous Late Permian evaporate layer that expended above pre-Andean structures. To the east, the Marañón basin is characterized by east-verging basement thrusts branched on an intra-basement detachment, which deform the entire Neogene series. The Moyabamba cross-section

Figure 2

 2 Figure 2.2.11. Zoom of the structural balanced cross-sections in the Huallaga-Marañón and Moyabamba-Marañón wedge-top basins (location in Figs 2.2.1 and 2.2.2). Mean regional earthquakes (Mw>5) relocated by Delvin et al. (2012) have been projected on the section.

  Marañón FBS is deformed by the interference of east-verging thin-skinned tectonics and west-verging thick-skinned tectonics. Total horizontal shortening varies between 70 and 76 km. Thick-skinned tectonics is still active and is propagating to the east in the Marañón subbasin that corresponds to a wedge-top depozone at the latitude of the Huallaga and Moyabamba basins. More to the north, the Subandean thrust front propagation retreats to the hinterland and the Marañón basin evolves gradually to a foredeep depozone.West-verging thick-skinned tectonics is controlled by the inheritance of the Middle Permian orogeny known as the Gondwanide orogeny, which is clearly identified for the first time in the Subandean basins of Peru. Such reactivated west-verging thrusts form high structures relieves as the Loreto and Cushabatay antiforms.Thin-skinned tectonics propagation is controlled by the post-orogenic Late Permian salt distribution that results in the development of a regional décollement and the must large overthrust (+-40 km of horizontal shortening) of the Peruvian Subandean zone. This implies an attractive sub-thrust play for the petroleum exploration that stays unexplored. Crustal and damaging seismic activity in the Moyabamba basin is due to the reactivation of the west-verging Middle Permian thrusts. Our structural analysis shows that this lower crust seismic activity can be associated to two major west-verging reverse faults. The fossilized and partly reactivated Middle Permian fold and thrust belt, now well-defined on seismic sections, constitutes a new petroleum play for the exploration in the Huallaga-Moyabamba-Marañón FBS. Thrust related anticlines are potential structural traps alimented by Paleozoic source rocks. As in the Camisea basin, Permian and/or Triassic fluvial and aeolian sandstones represent potential reservoirs. The Late Permian salt cover forms an excellent seal in the Huallaga and Moyabamba basins. This augurs good prospects for future explorations. Acknowledgements: This research project was conducted thanks to the IRD-PERUPETRO S.A. research agreement and the Institut Carnot ISIFoR. It received financial support from TOTAL for field surveys and laboratory analysis. We thank Rolando Bolaños and Asaid Bandach for their support and participation throughout the long-term IRD-PERUPETRO S.A. research activities.2.3. The northern Marañón foreland basin system structure 2.3.1. Geologic framework, stratigraphy and methodIn the previous section 2.2., it has been shown that the southern part of the Marañón is currently deformed by the Subandean thrust system propagation and corresponds to the contemporaneous wedge-top depozone of the northern retro-foreland basin system. Towards the north, the Marañón basin is progressively deepening and deformation is weaker; it can be considered as a foredeep depozone limited in the west by the Santiago Subandean fold and thrust belt, and in the east by the Iquitos forebulge(Figure 2.3.1). It constitutes also the deepest depozone of the Marañón-Oriente-Putumayo foreland basin[START_REF] Marksteiner | Petroleum systems along the fold belt associated to the Marañón Oriente -Putumayo (MOP) Foreland Basins: 6 th Simposio Bolivariano Exploracion Petrolera en las Cuencas Subandinas, Tomo II[END_REF], and played an important role in the Cretaceous oil generation(Barragan et al., 2008). Thrust faults orientation changes from NNE-SSW to N-S, and extends in Ecuador to the Northern Andes domain.The E-W stratigraphic diagram of Figure2.3.2 shows some differences with the southern part. There is no evidence of the Triassic Mitu-Pucara rift system in the Subandean zone.

from 1 :

 1 100,000 INGEMMET (Instituto Nacional Geologico, Minero y Metalúrgico del Perú) geologic maps and PERUPETRO data base. Seismic sections and wells used for the crosssections construction are located in Figure2.1. Detailed lithostratigraphic logs of the wells are presented in the Chapter 3. The regional cross-sections are not balanced as in the southern part because horizontal shortening is negligible except for the R4 that comprises the Santiago wedgetop basin. Unfortunately, the cross-section R4 is oblique to the structures and does not allow to construct a rigorous balanced cross-section.
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 231 Figure 2.3.1. TWT Base Cretaceous structural map of the Marañón foreland basin with location of the eastern border of the pre-Cretaceous long term sequences. The TWT map is superimposed on the geologic contours of the Andean relieves. Regional cross-sections, wells and 3D seismic of Situche area are located. Two depocenters appear in the Marañón foredeep.

Figure 2

 2 Figure 2.3.2. Stratigraphic diagram and petroleum systems along the Santiago-Marañón FBS. The orogenic cycles names are those that are more

  Figure 2.3.1 shows that this zone corresponds to one the two current depocenters of the Marañón foredeep (see structural map of Figure 2.3.1.), where the Cenozoic sediments can reach more than 4000 m of thickness. The regional cross-section R3 (Figure 2.3.3) is 457 km long from the eastern flank of the Subandean zone to the western flank of the Iquitos Arch (forebulge). It has been constructed from 6 seismic sections and 5 wells (see also map of Figure 2.1). It shows as in the south (see section 2.2.) thick-skinned deformation, but a relative simple structural geometry without thin-skinned deformation probably due to the absence of the Late Permian evaporitic layer. The Chazuta thin-skinned thrust system no longer exists; it dies out between cross-sections R2 and R3 (Figure 2.3.1) with the disappearance of the salt layer, whose eastern border is probably located more in the hinterland. The eastern flank of the Subandean zone is just uplifted by a west-verging basement thrust, which belongs to the northern prolongation of Huallaga-Moyabamba west-verging basement thrust system interpreted as the reactivation of Gondwanian compressive structures (middle Permian, see 2.2. section). This fault is branched on the intra-basement detachment constrained by the location of crustal earthquakes and previously described in the southern Marañón Basin (see Figure 2.2.11). The seismic section AH 259 of Figure 2.3.3 shows a fossilized west-verging middle Permian thrust sealed by the Late Permian deposits.

  Figure 2.3.3) and appears to confirm the depth proposed for the intra-basement detachment. Timing of deformation is poor constrained along the cross-section R3. No growth strata are visible on the seismic sections and no thermochronologic data exist.
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 233 Figure 2.3.3. Structural regional cross-section R3 through the deepest part of the Marañón foredeep (location on Figures 2.1 and 2.3.1).

  .3.4) shows the relationships between the Santiago wedge-top and the Marañón foredeep. It is 214 km long and extends from the middle part of the Santiago Basin to the depocenter of the northern Marañón foredeep. It has been constructed from 6 seismic sections (location in Figure 2.1.) and three wells. Seismic reflectors of the Santiago section have been calibrated from surface data (INGEMMET 1:100 000 Geological map) and from the Putuime X1 well (Figure 2.3.5), and then corroborated to the reflectors of the Marañón seismic sections.

  Figure 2.3.2.).

  The gravity map ofFigure 2.3.6 shows the foredeep geometry of the Marañón basin west of the Iquitos forebulge, and the importance of the sedimentary cover thickness and the presence of basement highs in the Santiago basin, as proposed in the cross-section R4.The Marañón foredeep of the cross-section R4 is weakly deformed and does not present major structures.
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 234 Figure 2.3.4. Structural regional cross-section R4 through the Santiago-Marañón foreland basin system (location on Figures 2.1 and 2.3.1).
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 235 Figure 2.3.5. Stratigraphic log of the Putuime X1 well used for the interpretation of the Santiago basin seismic section (Figure 2.3.4.).

Figure 2 .

 2 Figure 2.3.6. Regional gravimetric map showing basement configuration (modified from Navarro et al., 2005; gravity acquisition and processing from EDCON Worldwide, 1997). It shows the foredeep geometry of the Marañón basin west of the Iquitos forebulge, and the importance of the sedimentary cover thickness and the presence of basement highs in the Santiago basin.
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 238 Figure 2.3.8. The inversion of the normal listric fault deformed al the Cenozoic cover and occurred undoubtedly in the late Neogene during the last Andean compressive period. The origin of this normal fault during the Campanian, curiously synchronous with the first Andean orogenic period, can only be explained by a gravitational salt deformation. It developed on the western flank of a structural high that could be Paleozoic in age and comparable to the middle Permian thick-skinned structures observed below the Huallaga and Moyabamba basins (Figure 2.2.11).
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 2 Figure 2.3.7. Structural regional cross-section R5 through the northern Marañón foreland basin system and the Situche oil field (location on Figures 2.1
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 238 Figure 2.3.8. Amplitude map from the Campanian Vivian reflector (modified from Talisman's report, 2012) showing WNW-ESE faults oblique to the classic N-S Andean structures. The amplitude anomaly also reflects no deposition of Vivian sandstones in the northern block (north of the listric faults system), where was drilled Situche Norte 4X.

  Figure 2.3.9) results from this west-verging basement thrust tectonics. The Santiago structural architecture results as in the south (Huallaga and Moyabamba basins) from the interference of thick and thin-skinned salt tectonics. Salt detachment corresponds to the Late Permian regional evaporites layer that reach some thousand meters of thickness. Growth strata in the late Cretaceous infill of the Santiago Basin recorded a first stage of salt and basement tectonics. Basement thrusts uplift started at the beginning of the Cretaceous sedimentation (Cushabatay Fm.) and was progressively sealed by the late Cretaceous to early Eocene deposits. In the north of the Marañón foredeep, the Situche structure, one of the most important oil field, is characterized by an atypical deformation. It corresponds to the late Neogene inversion of a Campanian listric normal fault branched on the late Permian salt detachment, which controlled the sedimentation of the Campanian Vivian sandstones (reservoir).

Figure 2

 2 Figure 2.3.9. Latitudinal structural regional cross-section R6 through the Marañón foreland (location on Figures 2.1 and 2.3.1). Vertical scale is exaggerated.

Figure 3 . 1 .

 31 Figure 3.1. Digital Elevation Map (DEM) map with stratigraphic and structural cross sections constructed for this study. Dotted lines represent the outline of the sedimentary basins: Marañón, Santiago, Huallaga and Bagua. Biostratigraphic studies from previous reports are showed in red dots (Talisman, 2011, Conoco, 2008).

  2) from the balanced crosssection R1 (see Figure 3.1 for location) presented in the Chapter 2. It has been constructed using the Midland Valley Move software based on the flexural-slip algorithm, assuming constant bed length and thickness and constant area for salt units and Neogene infill. The cross-section is ~ 420 km long from the Eastern Cordillera to the Marañón foreland (Figure 3.1). Surface data were obtained from our field surveys and 1:100,000 INGEMMET (Instituto Nacional Geológico, Minero y Metalúrgico del Perú) geologic maps. Seismic sections and wells (see at Chapter 2, Figure 2.2.4 for location) were provided by PERUPETRO S.A. The cross-section was restored at the base of the Pozo Formation, which sealed a regional erosive planar unconformity (Christophoul et al., 2002). The seismic reflection sections used for the construction of the balanced crosssection were presented in detail in Chapter 2. Thicknesses and stratigraphy are constrained by the Ponasillo 1X, Loreto 1X, Santa Lucia 2X, La Frontera 3X and Tamanco 1X wells (see Chapter 2, Figure 2.2.4 for location). A total horizontal shortening of 70 km has been calculated. Along the cross-section R1, new apatite fission-tracks (AFT) dating allowed to constrain the timing of exhumation of the main thrust structures. These AFT analyses are presented in detail in Chapter 4. The results are relative to three samples collected in the Eastern Cordillera-Huallaga basin transition, the Chazuta Thrust and the Callanayacu Diapir. The three youngest cooling events ages range from 23.2 Ma in the Eastern Cordillera-Huallaga basin transition to 5.8 Ma in the Callanayacu Diapir, and

  .2.6) and thickness variations show this deformation is Senonian to early Eocene in age. The Cushabatay High can be interpreted as the forebulge depozone separating the Marañón back-bulge depozone from the western deeding Huallaga foredeep depozone. The second stage has been chosen to illustrate the middle Miocene foreland basin configuration and thrusts exhumation event recorded by the AFT analysis of the Chazuta thrust sample and of the Biabo anticline sample (Eude et al., 2015). The foreland basin system depozones have migrated to the east: the Huallaga basin corresponds to the wedge-top and the Marañón basin to the foredeep. This stage recorded the strongest sedimentation and must be considerate as fundamental in the understanding of the petroleum systems evolution. In the restoration, according to the study of Eude et al. (2015), we consider that the closure temperature of AFT (~110°C) corresponds to a depth of approximately 4.3 km that we replaced in the intermediate stage. In this middle Miocene stage, the Triassic rift of the Eastern Cordillera was partly inverted and the Biabo and Chazuta structures well developed. Total horizontal shortening was 25 km. In the Chazuta thrust foot-wall, a west verging basement thrust structure was uplifted and interfered with the Chazuta thrust propagation. In the center of the Huallaga wedge-top depozone, the Cenozoic charge reached more than 8 km thickness.
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 32 Figure 3.2. Huallaga-Marañón balanced cross-section (R1) and sequential restoration. Initial section (Middle Eocene) was obtained by flattening the base of the Pozo Formation (± 45Ma), which sealed previous deformation and configuration of the FBS. Intermediary stage corresponds to the Late Early Miocene stage and is calibrated by AFT dating in the Chazuta Thrust and Biabo Anticline. AFT samples are projected on present-day cross-section (see location on the map of Figures 3.1 and 2.2.2). AFT samples and analyses are described in the Chapter 4. CTFW: Chazuta Thrust Foot-Wall.

1 .

 1 Previous studies and definition of long term foreland basin sequences We consider in this study the Albian, late Cretaceous and Cenozoic series deposited on the Andean Basal Foreland Unconformity (BFU; Figure 1.3). Albian and late Cretaceous series are formed by three fluvial to shallow marine cyclic transgressive sequences controlled by the tectonic loading of the incipient Andean orogenic wedge (Cushabatay-Raya; Agua Caliente-Chonta; Vivian-Cachiyacu-Huchpayacu; Mathalone& Montoya, 1995;[START_REF] Parsep | Final Report on the Huallaga basin and adjacent area. The hydrocarbon potential of NE Peru Huallaga, Santiago and Marañón Basins Study: Perupetro report[END_REF].
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 33 Figure 3.3. Late Cretaceous and Cenozoic sequences on the Andean Basal Foreland Unconformity (modified from Figure 1.3.). F1 to F4 appoint long term foreland basin sequences defined in this study (see below).

  on the Cenozoic sedimentary evolution of the Amazonian Foreland Basin System; it is illustrated by the Wheeler diagram of Figure 3.4.

Figure 3 . 4 .

 34 Figure 3.4. Stratigraphic overview (Wheeler diagram) of the Paleogene-Neogene northern Peruvian foreland basin (from Roddaz et al., 2010). Fm: formation; Mb: member; SAZ: sub-Andean zone.

  3): F1 (Foreland sequence 1): Early Cretaceous (Albian) to late Cretaceous, 110-65 Ma; this is the first long term sequence on the Cushabatay Basal Foreland Unconformity; it includes the Cushabatay-Raya, Agua Caliente-Chonta and Vivian-Cachiyacu-Huchpayacu fluvial to shallow marine cyclic transgressive sequences and is capped by the basal regional unconformity of the Paleocene Casa Blanca sandstones;

  . 2.. The detrital zircon grains are sourced from the Cenozoic volcanism and the uplifting of the Western Cordillera (Hurtado et al., 2017) (see location of Western Cordillera in Figure 1.2). F4 (Foreland sequence 4): Neogene, 23-0 Ma; this last long term sequence recorded an acceleration of the deformation and sedimentation represented in the sequential restauration of the Figure 3.2, and is contemporaneous with the uplift of the Eastern Cordillera as confirmed by zircon grains provenance

  Figure 3.2, seems to mark the end of the first Marañón Foreland Basin System (MFBS). The F3 and F4 sequences, influenced by marine incursions during a long period before to become exclusively fluvial, represents the second MFBS that is still active. F3 as F4 deposits are thickening toward the northern current foredeep depozone.
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 35 Figure 3.5. SW-NE wells stratigraphic correlation S1 (location on Fig. 3.1) crossing the southern Marañón basin, and flattened at the regional Basal Pozo erosional unconformity. BFU: Basal Foreland Unconformity. Depth is in meters.

Figure 3

 3 Figure 3.6. SW-NE wells stratigraphic correlation S2 (location on Fig. 3.1) crossing the Marañón basin, and flattened at the regional Basal Pozo erosional unconformity. BFU: Basal Foreland Unconformity. Depth is in meters.

Figure 3

 3 Figure 3.7. SW-NE wells stratigraphic correlation S3 (location on Fig. 3.1) in the Santiago and northern Marañón basin, and flattened at the regional Basal Pozo erosional unconformity. BFU: Basal Foreland Unconformity. Depth is in meters.

Figure 3 . 8 .

 38 Figure 3.8. NW-SE wells stratigraphic correlation (S4, location on Fig. 3.1) crossing the Marañón basin, and flattened at the regional Basal Pozo erosional unconformity. BFU: Basal Foreland Unconformity. MFBS: Marañón Foreland Basin System. Depth is in meters.
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 39 Figure 3.9. Seismic section DX-31 in the Loreto antiform (see Fig. 3.1 for location) and its correlation with well log and porosity chart showing mean unconformities and long-term foreland basin sequences (see Figure 3.3). BFU: Basal Foreland Unconformity.

Figure 3 .

 3 Figure 3.10. Seismic section Sun 16 in the Mahuaca area (see Fig. 3.1 for location) and its correlation with the well log and porosity chart showing mean unconformities and long-term foreland basin sequences (see Figure 3.3). BFU: Basal Foreland Unconformity.

Figure 3 .

 3 Figure 3.11. Inline 194 section from the 3D seismic cube of the Tucunare area (see Fig. 3.1 for location) and its correlation with well log and porosity chart showing mean unconformities and long term foreland basin sequences (see Figure 3.3). BFU: Basal Foreland Unconformity.
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 312 Figure 3.12. Inline 173 from the 3D seismic cube of the Situche area (see Fig. 3.1 for location) and its correlation with well log and porosity chart showing mean unconformities and long-term foreland basin sequences (see Figure 3.3). BFU: Basal Foreland Unconformity.

  and 3.14, from the southern wedge-top to the northern foredeep of the Marañón Basin.

Figure 3 .

 3 Figure 3.13. Regional structural cross sections R1 (location in Fig. 3.1) showing long term foreland basin sequences (F1, F2, F3 and F4).

Figure 3 .

 3 Figure 3.14. Regional structural cross sections R1 (location in Fig. 3.1) showing long term foreland basin sequences (F1, F2, F3 and F4).

  and 3.17), the top Neogene paleosurface has been only reconstructed in the eastern part of the Marañón Basin. In R3, the erosion thickness of the Neogene is negligible, which confirms that R3 represents in a large part the foredeep depozone of the Marañón Basin. In R5, the Neogene is weakly eroded due to the Iquitos forebulge uplift. The foredeep depozone is located in the western part in the Situche area.

Figure 3 .

 3 Figure 3.15. Regional structural cross sections R1 (location in Fig. 3.1) showing long term foreland basin sequences (F1, F2, F3 and F4) and the top Neogene paleosurface profile computed from 1D PetroMod modeling (see text). Vertical scale exaggeration.

Figure 3 .

 3 Figure 3.16. Regional structural cross sections R3 (location in Fig. 3.1) showing long term foreland basin sequences (F1, F2, F3 and F4) and the top Neogene surface profile computed from 1D PetroMod modeling (see text). Vertical scale exaggeration.

Figure 3 .

 3 Figure 3.17. Regional structural cross sections R5 (location in Fig. 3.1) showing long term foreland basin sequences (F1, F2, F3 and F4) and the top Neogene surface profile computed from 1D PetroMod modeling (see text). Vertical scale exaggeration.

  Figure 3.18.Computed sedimentation rates along regional cross sections R1, R3 and R5. MFBS: Marañón Foreland Basin System.

  taking into account the isopach maps computed regionally (Annex 4). We can document the global evolution of flux of sediments and the Qs computed (Figure3.19A). As a modern and a figure for sediment discharge based on observations of the river Amazon at Obidos (Brazil) and measurement using Doppler technology, we refer to the work of Filizola and Guyot (2014). The figure of modern sediment discharge project to a year is ranging from 884 to 1198 Mt/y. In the Subandean neighboring Ucayali Basin, the reference values are lower with 220 Mt/y (Santini et al., 2014), and represent the sediment flux deposited/preserved in the floodplain (Figure 3.19B). The figures of sediment supply (Qs) since the Albian have been lower nx10 times than the modern estimated of sediment discharge (Figure 3.19). The Qs during the Cenozoic has been increasing by steps with two to three times the value of the previous sequence. The Neogene to recent show values 50 to 100 times lower than the present day observed sediment discharge of the River Amazon at Obidos, and 18 times lower than the modern sedimentation rates in the neighboring Ucayali Basin.

Figure 3 .

 3 Figure 3.19. (A) Sediment supply and flux computed for the Marañón Basin over the last 110 Ma. (B) Modern sediment supply corresponds to the flux measured at Obidos (Filizola and Guyot 2014). In the Ucayali Basin, the modern sedimentation rates represent 220 Mt/y (Santini et al., 2014). Note the logarithmic scale to allow 'comparison' of the modern (high) and geological (low) rates.

  The Paleocene-early Eocene long term sequence F2 recorded the first siliciclastic supply from the Andean uplift, and represents a continental distal foredeep to backbulge depozone (see R1 sequential restoration of Figure 3.2). The thickness of F2 decreases towards the south (Figure section S4 of Figure 3.8), which is probably due to a strongest erosion of the Basal Pozo erosional surface. This middle Eocene regional erosional surface sealed the deformation and configuration of the first stage of the Huallaga-Marañón FBS. It recorded a quiescence of thrust tectonics and an unloading orogenic period also described in Ecuador and Colombia (Christophoul et al., 2012). The middle Eocene-Oligocene F3 long term sequence recorded the beginning of the second stage of the Huallaga-Marañón FBS, and the uplifting of the Western Cordillera (see location of Western Cordillera in Figure 1.2). The Marañón basin evolved in an environment from marginal marine to fluvial.

Chapter 4 :

 4 Petroleum systems restoration of the Huallaga-Marañón Andean retro-foreland basin, Peru Introduction au chapitre La ceinture de plis et chevauchements -ou zone de dépôt de wedgetop -du système de bassin d'avant-pays Huallaga-Marañón est la plus importante de la zone subandine péruvienne comme le montre la synthèse présentée en annexe 5 (Baby, Calderon et al., sous presse). Malgré un potentiel pétrolier avéré et la présence d'importants champs de gaz plus au sud dans les chevauchements subandins (Camisea), le système Huallaga-Marañón reste sous explorée à cause de sa complexité structurale et d'un calendrier de la déformation mal défini. Une analyse géométrique et cinématique appropriée ainsi qu'une modélisation pétrolière 2D sont donc nécessaires pour diminuer les risques d'exploration. Ce chapitre présente une synthèse sur les structures et les systèmes pétroliers des bassins Huallaga et Marañón, en apportant de nouvelles données concernant l'âge des pièges structuraux (thermochronologie) et la géochimie de certaines roches mères. Pour la première fois, une modélisation pétrolière en 2D est réalisée grâce à la restauration séquentielle de la coupe structurale régionale R1 étudiée dans les chapitres 2 et 3. Ce type de modélisation pétrolière 2D est rare dans les systèmes de bassin d'avant-pays. Elle apporte indéniablement une plus-value pour l'exploration pétrolière de la région, et répond aux demandes de l'agence PERUPETRO chargée de mieux évaluer et promouvoir les bassins pétroliers péruviens. La modélisation 2D proposée a été réalisée à l'aide du logiciel Petromod de Schlumberger. Elle reproduit les états de maturité et d'expulsion des systèmes pétroliers dans les trois stades de déformation de la restauration séquentielle de la coupe structurale R1. Elle modélise aussi les accumulations d'hydrocarbures possibles dans les pièges structuraux définies dans cette thèse. Elle montre l'intérêt d'explorer, comme dans d'autre région du monde, des structures de type « sub-trap » cachées sous les chevauchements. Résumé en français Le système de bassin d'avant-pays Huallaga-Marañón du nord-Pérou est déformé par une tectonique de socle et de couverture. Le système de chevauchements est complexe et résulte de la réactivation d'une chaîne plissée à vergence ouest d'âge permien, coiffée d'un important niveau de décollement de sel. Cet article présente une modélisation pétrolière 2D réalisée à partir d'une coupe équilibrée actualisée et d'une restauration séquentielle à travers le bassin « wedge-top » Huallaga-Marañón. La restauration séquentielle a été calibrée à partir de datations thermochronologiques et de variations d'épaisseur dans les sédiments synorogéniques cénozoïques. Elle montre deux importants stades de déformation (Eocène moyen, Miocène inférieur terminal). Les roches mères classiques du Trias supérieur/Jurassique inférieur et du Crétacé supérieur sont présentes dans le bassin d'avant-pays Huallaga-Marañón, mais la révision de la stratigraphie replacée dans son contexte structural actualisé conduit à mettre en évidence une nouvelle roche mère d'âge permien supérieur. La modélisation 2D de l'évolution de la maturité des kérogènes et des accumulations d'hydrocarbures dans la restauration séquentielle montre que des vieilles structures (Paléocène et Miocène Inférieur) pourraient préserver des accumulations d'hydrocarbures au mur du chevauchement de Chazuta. A l'est, dans le bassin Marañón, des structures plus jeunes comme Santa Lucia pourraient avoir aussi été chargées. Des structures profondes cachées sous les chevauchements restent inexplorées dans la chaîne plissée péruvienne. Le système d'avant-pays Huallaga-Marañón est probablement le meilleur exemple d'attractivité de « sub-trap » au Pérou.
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 41 Figure 4.1. Tectonic map of the Subandean basins of northern and central Peru, showing the study area and the different morpho-tectonic units. The Huallaga-Marañón structural cross-section is located.

Figure 4 . 2 .

 42 Figure 4.2. Geological map of the study area, with location of the Huallaga-Marañón balanced cross-section, subsurface data, AFT datings and Ro analyses.

  foreland continental and shallow marine infill. It is illustrated by the updated stratigraphic diagram of the Figure 4.3.
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 43 Figure 4.3. Stratigraphic diagram and petroleum systems along the Huallaga-Marañón cross-section.

  Figure 4.3) and the structural interpretation of the Eastern Cordillera-Huallaga basin transition. The balanced cross-section has been constructed using the Midland Valley Move 2015 software on the basis of the flexural-slip algorithm, assuming constant bed length and thickness and constant area for salt units and Neogene infill. The cross-section is ~ 420 km long from the Eastern Cordillera to the Marañón foreland (Figure 4.2). Its orientation is orthogonal to the arcuate shape of the Huallaga thrust front (Chazuta thrust) and is consistent with the thrust movement direction (bow-and-arrow rule). Surface data were obtained from our field surveys (see Eude et al., 2015) and 1:100,000 INGEMMET (Instituto Nacional Geológico, Minero y Metalúrgico del Perú) geologic maps. Seismic sections and wells (see Figure 4.2 for location)

  . The best topographic expression of this deep deformation coincides with the Cushabatay High, east of the Huallaga thrust front (Chazuta thrust), where merges the Callanayacu diapir structure (Figure 4.5). The Callanayacu structure is a diapir of Late Permian evaporite deformed at the top of the Cushabatay High mega-duplex, which developed between the intra-basement detachment and the salt detachment. In the Huallaga basin, the Mesozoic and Cenozoic cover is intensely deformed by thin-skinned tectonics, which propagated on the thick and continuous Late Permian evaporite layer at the top of the basement horses. The 91MPH23 seismic section (Figure 4.4B) clearly shows the large overthrusting of the Chazuta thrust sheet, whose eastward displacement is approximately 40 km. More to the west, the Biabo anticline is a major fault propagation fold that developed in the thick Neogene infill of the Huallaga wedge-top depozone. The Huallaga-Eastern Cordillera transition zone corresponds to a broad Neogene syncline transported on the inverted Triassic rift system. This inversion is well illustrated by the palinspastic restorations of the balanced cross-section (Figure 4.5). A total horizontal shortening of 70 km has been calculated.
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 44 Figure 4.4. Interpreted seismic sections crossing the Huallaga and Marañón wedge-top basins and used for the balanced cross-section construction.

Figure 4

 4 Figure 4.5. Huallaga-Marañón balanced cross-section and sequential restoration. Initial section was obtained by flattening the base of the Pozo Formation

Figure 4 .

 4 2 and on the cross-sections of Figure 4.5. They are relative to three samples collected in the Eastern Cordillera-Huallaga basin transition, the Chazuta

  3 km that we replaced in the intermediate stage. In this Late Early Miocene stage, the Triassic rift of the Eastern Cordillera was partly inverted and the Biabo and Chazuta structures well developed. Total horizontal shortening was 31 km. In the Chazuta thrust foot-wall, a west verging basement thrust structure was uplifted and interfered with the Chazuta thrust propagation. This basement uplift has been recorded by growth strata from Late Cretaceous to Miocene times. In the centre of the Huallaga wedge-top depozone, the Cenozoic charge reached more than 8 km thickness.
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 4 Figures 4.6 and 4.7. 
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 47 Figure 4.7. Geographic distribution and maturity of the four studied source rocks in the Peruvian Subandean basins. (A) Late Cretaceous (Chonta), (B) Late Cretaceous (Raya Fm.), (C) Triassic (Pucara), (D) Late Permian (Shinai).
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 48 Figure 4.8. Van Krevelen plots of the pyrolysis results from the studied sources rocks (Chonta, Raya, Pucara, Shinai) in the Huallaga-Marañón foreland basin system.

  .2). In fact, poor data are known about the oil potential of the Shinai source rock. It contains Type III kerogens (Figure 4.8) and the TOC value can reach 6%. In the outcrops of the Callanayacu Diapir, kerogen maturity is low (T= 432°C; Ro equivalent between 0.5 and 06) and recorded a weak sedimentary charge, which is consistent with the sequential restoration of the Figure 4.5. Thickness of the Shinai source rock varies between 60 and 200 m. Its geographic distribution is poorly constrained in the west and the north, but well identified in the south towards the Camisea gas field thanks to seismic and well correlations (Figures 4.6D, 4.7D).

  state that the northern Marañón basin oils originate from a Cretaceous source while the southern Marañón basin oils are likely derived from a Permian source. This is consistent with the geographic distribution of the Shinai source rock that we are proposing (Figures 4.6D, 4.7D). Idemitsu Oil & Gas Company Ltd. (2000) provided a detailed geochemical characterization of 42 crude oils and 11 condensates, and 73 extracts from source rocks of different ages from the different Subandean basins of Peru. In the Marañón basin, they correlated crude oils with Permian and Cretaceous sources rocks too (Figure 4.9).

Figure 4 . 9 .

 49 Figure 4.9. Oil to sources correlations in the Marañón basin from C28 / C29 Sterane Ratio versus C29 / C30 Hopane Ratio (modified from Idemitsu Oil & Gas Company Ltd., 2000).
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 4 10) shows an important offset at the base of the Cretaceous Cushabatay Formation reflecting a difference of maturity on both sides of the pre-Cretaceous erosional surface. The 1D modeling (Figure4.11) allowed us to compute that 2800 meters of erosion are necessary to fit with the onset of the Ro profile. The seismic section BP19 (Figure4.4B) and the balanced cross-section(Figure 4.5) show this angular erosional unconformity disappears gradually towards the Cushabatay High. In the Huallaga wedge-top basin, the Ro profile versus depth of the Ponasillo 1X well confirms that the pre-Cretaceous erosional event is absent or insignificant. As regards intra-Cenozoic and intra-Cretaceous erosions, Ro profiles in all wells show they have been insignificant too. The Figure4.10 underlines the iso-vitrinite reflectance curves in the regional cross-section and shows that a part of the Neogene charge is currently eroded. In the Marañón basin, the 1D modeling was used to estimate the amount of erosion which decreases from around 3000 m in the west to 1000 m in the east. This strong erosion started in the Early Pliocene as shown by the Apatite Fission Track dating of the exhumation of the Cushabatay High (see sample HUA330 inFigure 4.5 and Table 4.1). This is consistent with our sequential restoration (Figure4.5) where, during the Pliocene, the southern part of the Marañón basin evolved from a foredeep depozone to a wedge-top depozone. During the Eocene, sedimentation rates were already controlled by thrust propagation and decreased from west to east. In the Biabo area, the entire Cenozoic series is currently preserved in the synclines where its thickness can reach 8000 m. From the Middle Eocene, in this part of the Huallaga basin, the foreland subsidence related to the tectonic loading of the Eastern Cordillera increased rapidly and was continuous as shown by the

Figure 4 . 10 .

 410 Figure 4.10. Maturity state on the present structural cross-section using 1D modeling and Ro calibration of Tamanco 1X, La Frontera 1X, Santa Lucia 1X, Loreto 1X, Ponasillo 1X and Biabo fictive well. Three outcrop analyses (TG32, TRU70 and HUA332) have been used too. Wells and outcrops are located on the map of Figure 4.2. TG32 and TRU70 are projected.

Figure 4 .

 4 Figure 4.11. 1D burial and maturity modeling along the structural cross-section.

  Figure 4.5. The modeling was primarily based on 3 sets of input data: 1) structural analysis, facies definition and data that comprised balanced restoration, AFTA calibration; 2) heat flow history calibrated by the 1D modeling presented above; 3) stratigraphic and geohistory from the stratigraphic diagram of Figure 4.3.

  Figure 4.14, hydrocarbon saturation, vector of migration and accumulations computed by

Figure 4

 4 Figure 4.12. Evolution of the maturity windows (Ro) through times for the four potential sources rocks and in the three stages of the sequential restoration

Figure 4

 4 Figure 4.13. Evolution of the maturity showing the transformation ratio (TR) through times for the four potential sources rocks and in the three stages of the
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 414 Figure 4.14.Hydrocarbon saturation and oil and gas migration vectors through time in the three stages of the sequential restoration of the regional cross section. Hydrocarbon accumulations computed by PetroMod ® are represented. Source rock (SR) and reservoir are indicated for each numbered accumulation

Figure 4

 4 Figure 4.3.

and

  Moyabamba. The Huallaga, Moyabamba and Marañón basins form a single foreland system, deformed by the interference of an east-verging thin-skinned tectonics and a largely west-verging thick-skinned tectonics. The total horizontal shortening varies between 70 and 76 km. The thickskinned tectonics is still active and propagates to the eastwards in the Marañón basin. It produces many crustal earthquakes that can be directly related to the thrusts faults. The west verging thickskinned tectonics is controlled by the inheritance of the Middle Permian Gondwanide Orogeny that we have clearly identified for the first time in the subandean basins of northern Peru. The reactivation of the west-verging thrusts produces important structural reliefs such as the Loreto and Cushabatay highs. It also produces important crustal and destructive earthquakes in the Moyabamba basin. We could correlate these earthquakes with the activity of two major thrusts. The east-verging thin-skinned tectonics shows a strong shortening and is superimposed on the thick-skinned tectonics. It is limited to the Huallaga and Moyabamba wedgetop basins, where it is controlled by the geographical distribution of a large level of Late Permian evaporites that seals the structures of the Gondwanide Orogeny. This detachment allowed the development of the most important subandean thrust (Chazuta thrust, ± 40 km of horizontal shortening) at the front of the Huallaga and Moyabamba basins. To the west, the Eastern Cordillera, which constitutes the back-stop of the Huallaga and Moyabamba thrusts wedge, corresponds to the inversion of the Triassic rift. Towards the NW, the deformation of the Marañón basin is progressively attenuated, which is manifested by the transition to a foredeep depozone that extends to the southern part of the Ecuadorian Oriente Basin. It includes two depo-centers, where Cenozoic sediments can reach more than 4000 m thick. The deformation, although not very important, is still active and responsible for shallow earthquakes that are connected to the intra-basement detachment inherited from the Gondwanian fold and thrust belt. To the west, on the border of the Marañón basin, the Santiago wedgetop basin is also structured, as those for Huallaga and Moyabamba, by the interference of the inherited thick-skinned tectonics and a salt tectonics due to the presence of Late Permian evaporites that could reach here several thousand meters. Growth strata in the Santiago Basin recorded a first stage of deformation from the late Cretaceous to the early Eocene, the second stage being the most important and occurring during the Neogene. In the northern foredeep depozone of the Marañón Basin, the Situche structure, which corresponds to one of the most important oil fields, presents an atypical deformation. It corresponds to the Neogene inversion of a normal Campanian listric fault that controlled the sedimentation of the Vivian Formation sandstone reservoirs. This normal fault connects to Permian evaporites and are probably due to local salt and gravity tectonics during the Campanian period.

  . The second megasequence (F2) developed during the Paleocene and lower Eocene, and recorded the first Andean contribution of siliciclastic sediments in continental environment. It has been deposited in back-bulge and foredeep depozones, and shows an eastward propagation of the foreland basin system. This second mega-sequence is eroded and sealed by the base of the F3 (middle Eocene) megasequence, which marked a stop in the Andean tectonics and recorded an isostatic (orogenic unloading) rebound known regionally as far as in Ecuador and Colombia. The sequential restoration of the Marañón-Huallaga structural cross-section (R1, Figure 3.2) reproduces this first stage of the deformation of the foreland basin system, showing that the Marañón basin was in a back-bulge position and the Huallaga basin in foredeep position at the time of the middle Eocene erosion. The mega-sequence F3 corresponds to the beginning of a second stage in the development of the Marañón-Huallaga foreland system, which recorded the uplift of the Western Cordillera of northern Peru. The Marañón basin developed at that time in an environment evolving from marginal marine to fluvial. During the Neogene, the mega-sequence F4 recorded the propagation of the Andean reliefs with the uplift of the Eastern Cordillera and high rates of sedimentation. The Marañón basin turned into foredeep depozone and the Huallaga basin into wedgetop zone. During the lower and middle Miocene, a complex environment that alternates between marginal marine and fluvial developed, probably due to a high global sea level and rapid subsidence. The transcontinental drainage of the Amazon is set up in the upper Miocene and causes a radical change in sedimentation that becomes exclusively fluvial. During the Pliocene, the acceleration of the thrusts propagation combined with the uplift of the Fitzcarrald Arch linked to the subduction of the Nazca Ridge controlled the uplift and erosion of the southern part of the Marañón basin.

5 . 4 .

 54 3) has highlighted a new late Permian source rock (Shinai Formation) in addition to the upper Cretaceous source rocks long recognized in the region. The Shinai source rock has long been mistaken for the Pucara source rock (lower Triassic-Jurassic), which is in fact confined to the Huallaga basin-Eastern Cordillera transition zone on the eastern edge of the inverted Triassic rift.In the Huallaga Basin, the study of deformation and sedimentary record shows that weakly developed Senonian and Paleocene structures are preserved below the middle Eocene erosional unconformity. This type of structural trap is well known in the neighboring Oriente basin of Ecuador where, when they are preserved, they constitute the main oil fields.As in all fold and thrust belts, the key point of exploration lies in the relationship between the timing of the deformation and the timing of the expulsion of hydrocarbons. The 2D modelings carried out in this thesis show that there may be accumulations of hydrocarbons since the lower Miocene. Structures have been preserved under the giant Chazuta thrust at the front of the Huallaga wedgetop basin since that time, making this basin very attractive for future explorations. Finally, this work has shown that the fossilized or partially reactivated middle Permian thrust structures (Gondwanide) constitute a new hydrocarbon play for the exploration of the Huallaga and Marañón basins. The anticlines associated with these thrusts are potential structural traps that can be fed by Paleozoic source rocks. Aeolian or Permian and Triassic fluvial sandstones can form excellent reservoirs as in the giant gas field of Camisea, and the late Permian evaporites an excellent seal. The Huallaga-Marañón Foreland Basin System in the Subandean Basins of Peru The synthesis on the Peruvian subandean basins presented in Appendix 5 shows that the Huallaga-Marañón foreland basin system is the largest and has the most significant shortening (70 km). This shortening decreases towards the south of Peru. The northern thick-skinned tectonics progressively decrease southward to give way to a thin-skinned tectonic that develops in the wedge of Paleozoic sediments better preserved. The best developed middle Permian structures of the Gondwanide orogeny are located in the Huallaga and Marañón basins. The structures hidden under the Chazuta thrust (40 km of cover) and the hydrocarbon systems of the Huallaga basin make it the most attractive basin of Peru for the exploration of fold and thrust belts.
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 5525354 Conclusions en FrançaisCette thèse, par son approche multidisciplinaire et l'interprétation d'une quantité importante de données industrielles, apporte de nouveaux éléments dans la compréhension des systèmes de bassin d'avant-pays, en particulier dans le domaine andino-amazonien du nord-Pérou. Elle propose un nouveau modèle stratigraphique et structural de cette région, et reconstitue l'histoire de la déformation et de la sédimentation tout en les quantifiant, données indispensables pour modéliser les systèmes pétroliers et réduire les risques en exploration. 5.1. Architecture structurale Le bassin d'avant-pays de Marañón est le plus grand des Andes centrales. Les résultats de cette thèse montrent que son architecture structurale évolue latéralement d'une zone de wedgetop au SE à une zone de foredeep au NW. Au SE, il forme un prisme de chevauchements en partie érodé, connecté aux bassins wedgetop de Huallaga et Moyabamba. L'ensemble Huallaga, Moyabamba et Marañón forme un seul système de bassin d'avant-pays, déformé par l'interférence d'une tectonique de couverture à vergence est et d'une tectonique de socle en grande partie à vergence ouest. Le raccourcissement horizontal total varie entre 70 et 76 km. La tectonique de socle est toujours active et se propage vers l'est dans le bassin Marañón. Elle produit de nombreux séismes crustaux que l'on peut relier directement aux chevauchements. La vergence ouest de cette tectonique de socle est contrôlée par l'héritage de l'orogénèse Gondwanide (Permien moyen) que nous avons clairement identifiée pour la première fois dans les bassins subandins du nord-Pérou. La réactivation de tels chevauchements à vergence ouest est à l'origine d'importants reliefs structuraux comme les antiformes de Loreto et Cushabatay. Elle produit aussi d'importants séismes crustaux et destructeurs dans le bassin de Moyabamba. Nous avons pu attribuer ces séismes à l'activité de deux chevauchements majeurs. La tectonique de couverture, à vergence Est, présente un fort raccourcissement et est superposée à la tectonique de socle. Elle est limitée aux bassins wedgetop de Huallaga et Moyabamba, où elle est contrôlée par la distribution géographique d'un important niveau d'évaporites d'âge permien terminal scellant les structures de l'orogénèse Gondwanide. Ce décollement a permis le développement du plus important chevauchement subandin (chevauchement de Chazuta, ± 40 km de raccourcissement horizontal) au front des bassins de Huallaga et Moyabamba. A l'ouest, la Cordillère Orientale qui constitue le « back-stop » du prisme de chevauchements de Huallaga et Moyabamba correspond à l'inversion du rift triasique. Vers le NW, la déformation du bassin Marañón s'amortit progressivement, ce qui se manifeste par la transition vers une zone de dépôt de type « foredeep » que l'on peut suivre jusqu'au sud du bassin Oriente d'Equateur. Elle comprend deux dépôt-centres où les sédiments cénozoïques peuvent atteindre plus de 4000 m d'épaisseur. La déformation, bien que peu importante, y est toujours active et responsable de séismes de faible profondeur à relier au décollement intra-socle hérité de la chaine Gondwanide. A l'ouest, en bordure du bassin de Marañón, le bassin wedgetop de Santiago est aussi structuré, comme ceux de Huallaga et Moyabamba, par l'interférence de la tectonique de socle héritée et d'une tectonique salifère due à la présence des évaporites du Permien terminal pouvant atteindre ici plusieurs milliers de mètres. Des strates de croissances ont enregistré dans le bassin de Santiago un premier stade de déformation allant du Crétacé supérieur à l'Eocène inférieur, la seconde étape et la plus importante se produisant durant le Néogène. Dans la zone de foredeep septentrionale du bassin Marañón, la structure de Situche, qui correspond à un des champs pétroliers les plus importants, présente une déformation atypique. Elle correspond à l'inversion néogène d'une faille listrique normale d'âge campanien qui a contrôlé la sédimentation des grès réservoirs de la Formation Vivian. Cette faille normale se branche sur les évaporites du Permien terminal et pourrait être due à une tectonique salifère et gravitaire locale durant le Campanien. Architecture stratigraphique et évolution du système de bassin d'avant-pays Cette thèse a permis de différencier quatre mégaséquences d'avant-pays dans le bassin de Marañón. Elles ont été définies à partir de corrélations stratigraphiques de puits et des discontinuités régionales identifiées en sismique et dans les logs de porosité de puits, en s'appuyant sur les datations disponibles dans la base de données de Perupetro. Une coupe structurale traversant le système Marañón-Huallaga a été restaurée en trois étapes depuis l'Eocène moyen pour reconstituer et quantifier la propagation du système de bassin d'avant-pays. La première mégaséquence d'avant-pays (F1) s'est développée de l'Albien au Crétacé supérieur et comprend trois séquences transgressives fluviales à marines (peu profond) déposées dans un environnement de back-bulge, comme semble l'attester la provenance cratonique des principaux niveaux gréseux. Elle repose sur une surface d'érosion régionale qui correspond à la « Basal Foreland Unconformity » s'étalant sur des terrains mésozoiques, paléozoiques ou précambriens. La deuxième mégaséquence (F2) s'est développée durant le Paléocène et l'Eocène inférieur, et a enregistré le premier apport de sédiments silicoclastiques en environnement continental provenant du soulèvement des Andes. Elle s'est déposée en zone de back-bulge et de foredeep, et montre une propagation vers l'est du système de bassin d'avant-pays. Cette deuxième mégaséquence est érodée et scellée par la base de la mégaséquence F3 (Eocène moyen), qui marque un arrêt dans la tectonique de chevauchement andine et enregistre un réajustement isostatique (orogenic unloading) connu régionalement jusqu'en Equateur et Colombie. La restauration séquentielle de la coupe structurale Marañón-Huallaga (R1 ; Figure 3.2) reproduit ce premier état de la déformation du système de bassin d'avant-pays, où l'on montre que le bassin Marañón était en position de back-bulge et le bassin Huallaga en position de foredeep au moment de l'érosion de l'Eocène moyen. La mégaséquence F3 correspond au début d'une seconde étape dans le développement du système d'avant-pays Marañón-Huallaga, où est enregistrée le soulèvement de la Cordillère Occidentale du nord-Pérou. Le bassin Marañón se développe à cette époque dans un environnement évoluant de marin marginal à fluvial. Durant le Néogène, la mégaséquence F4 enregistre la propagation des reliefs andins avec le soulèvement de la Cordillère Orientale et de forts taux de sédimentation. Le bassin Marañón passe en zone de foredeep et le bassin Huallaga en zone de wedgetop. Durant le Miocène inférieur et moyen, s'installe un environnement complexe alternant entre marin marginal et fluvial, dû probablement à un niveau marin global élevé et à une subsidence rapide. Le drainage transcontinental de l'Amazone se met en place au Miocène supérieur et provoque un changement radical dans la sédimentation qui devient exclusivement fluviale. Durant le Pliocène, l'accélération de la propagation des chevauchements combinée au soulèvement de l'Arche de Fitzcarrald lié à la subduction de la ride de Nazca, conduit au soulèvement et à l'érosion de la partie sud du bassin Marañón. D'un point de vue quantitatif, les taux de sédimentation calculés en 2D à partir des coupes structurales régionales construites dans cette thèse montrent une augmentation progressive depuis l'Albien, interrompue par l'érosion de l'Eocène moyen, qui limite deux étapes dans le développement du système de bassin d'avant-pays. Si l'on compare les taux de sédimentation néogènes du bassin Marañón aux taux de sédimentation actuels mesurés dans le bassin voisin d'Ucayali, ils sont au moins 18 fois inférieurs. Ces résultats confirment qu'il existe à l'échelle géologique d'importantes et nombreuses périodes d'érosion et de lacunes de sédimentation difficiles à évaluer. Certaines de ces discontinuités sont illustrées par les variations de porosité des sédiments. Systèmes pétroliers du bassin d'avant-pays Huallaga-Marañón Les modélisations pétrolières 2D, réalisées à partir d'une ré-évaluation des systèmes pétroliers et de la restauration séquentielle de la coupe structurale régionale R1, valorisent une grande partie des résultats obtenus dans cette thèse en simulant l'expulsion des hydrocarbures aux différentes étapes de la déformation du système Huallaga-Marañón et en montrant ses zones de piégeage potentielles. La révision de la stratigraphie replacée dans son contexte structural (Figure 4.3) a permis de mettre en évidence une nouvelle roche mère du Permien supérieur (Formation Shinai), venant s'ajouter aux roches mères crétacé supérieur reconnues depuis longtemps dans la région. La roche mère Shinai a été longtemps confondue avec la roche mère Pucara (Trias-Jurassique inférieur), qui est en fait confinée d'après nos travaux à la zone de transition Cordillère Orientale-bassin de Huallaga sur la bordure est du rift triasique inversé. Dans le bassin de Huallaga, l'étude de la déformation et de l'enregistrement sédimentaire montre qu'il existe des structures faiblement développées d'âge sénonien et paléogène sous la discordance de l'Eocène moyen. Ce type de pièges structuraux est bien connu dans le bassin Oriente voisin d'Equateur où ils constituent, quand ils sont préservés, les principaux champs pétroliers. Comme dans toutes les chaines plissées, le point clé de l'exploration réside dans les relations entre le calendrier de la déformation et le calendrier de l'expulsion des hydrocarbures. Les modélisations réalisées dans cette thèse montrent qu'il peut exister des accumulations d'hydrocarbures depuis le Miocène inférieur. Des structures sont préservées sous le chevauchement géant de Chazuta au front du bassin wedgetop de Huallaga depuis cette époque, ce qui rend ce bassin très attractif pour de futures explorations. Enfin ce travail a permis de montrer que les structures chevauchantes fossilisées ou partiellement réactivées du Permien moyen (Gondwanide) constituent un nouveau « play » pétroliers pour l'exploration des bassins Huallaga et Marañón. Les anticlinaux associés à ces chevauchements sont des pièges structuraux potentiels pouvant être alimentés par les roches mères paléozoiques. Les grès éoliens ou fluviaux permiens et triasiques peuvent y former comme dans le champ géant de Camisea d'excellents réservoirs, et les évaporites du Permien terminal une excellente couverture. Le système de bassin d'avant-pays Huallaga-Marañón dans les bassins subandins du Pérou La synthèse sur les bassins subandins péruviens présentée en annexe 5 montre que le système de bassin d'avant-pays Huallaga-Marañón est le plus vaste et présente le raccourcissement le plus important (70 km). Ce raccourcissement diminue vers le sud du Pérou. La tectonique de socle qui le caractérise s'amortit progressivement vers le sud pour laisser place à une tectonique de couverture qui se développe dans le prisme de sédiments paléozoiques mieux préservé. Les structures du Permien moyen de l'orogénèse Gondwanide les mieux développées se situent dans les bassins Huallaga et Marañón. Les structures cachées sous le chevauchement de Chazuta (40 km de recouvrement) et les systèmes pétroliers du bassin de Huallaga en font le bassin le plus attractif du Pérou pour l'exploration des chaines plissées.

Figure A. 1 . 2 .Figure 3 . 1 . 1 Figure A. 2 . 2 .

 1231122 Figure A.1.2. Biostratigraphic zones in the Marañón Basin from Conoco, 2008. See location in Figure 3.1.1
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 42 Figure A.4.2. Structural map (in meters) of the Base of Cretaceous in the Marañón Basin.

  According to the reserves and resources published by the Peruvian Energy and Mine Minister in 2014 and 2015, oil reported in the Marañón Basin is reservoired mainly in Cretaceous age rocks. These oils are usually in a range of gravities from 10° to 42° API. The remaining proven reserves are located in Vivian and Chonta sandstones (279.425 million bbl) and the prospective resources are quantified in 5,628 million bbl. The distribution of hydrocarbons in the Ucayali and Camisea basins is different from that of the Marañón Basin, being dominated by gas. The main production is coming from Camisea area, and the remaining proven reserves for the two basins are 720 million bbl (oil and condensate) and 13.7 trillion cubic feet (TCF) being reservoired in Cretaceous, Triassic and Paleozoic clastic rocks. The prospective resources are 1,156 million bbl (oil and condensate) and 14.2 TCF. Oil and gas seeps have been reported in the Madre de Dios fold and thrust belt, where the Candamo-X1 well found in 1998 hydrocarbon accumulation in Cretaceous reservoirs that were estimated in 1 TCF. The prospective resources are 44 million bbl and 8.7 TCF.
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 1 Figure 1: Central Andes, and Peruvian Subandean basins with location of the studied balanced crosssections.

Figure 2 :

 2 Figure 2: Stratigraphic diagram and petroleum systems along the Huallaga-Southern Marañon foreland basin

Figure 5 :

 5 Figure 5: Simplified geologic map of the Huallaga-Marañón foreland basin system with location of the balanced cross-section. Seismic sections and wells used for the construction of the balanced cross-section are also located.

Figure 6 :

 6 Figure 6: Interpreted seismic sections crossing the Huallaga and Marañón wedge-top basins (location on Figure 5). These sections have been used for the balanced cross-section construction. Dashed lines highlight growth-strata.

Figure 7 :

 7 Figure 7: Sequential restoration of the Huallaga-Marañón balanced cross-section (location on Figure 5).Ages of AFT samples HUA330, HUA338 and TG30 have been published byCalderón et al. (2017b) and TG30 byEude et al. (2015).

Figure 8 :

 8 Figure 8: Simplified geologic map of the Ucayali foreland basin system with location of the balanced crosssection. Seismic sections and wells used for the construction of the balanced cross-section are also located.

Figure 9 :

 9 Figure 9: Seismic sections PP10707-12 and G35-604E through the Pachitea sub-basin (location on Figures 8 and 10) showing the structural architecture of the western Ucayali FBS.

Figure 10 :

 10 Figure10: Balanced cross-section through the western Ucayali FBS (location on Figure8). The dashed rectangle shows the location of the seismic section of Figure9. AFT samples and ages used for the

Figure 11 :

 11 Figure 11: Seismic sections W74-27 and G97W84-7 (location on figures 8 and 12) showing the structural architecture of the eastern Ucayali FBS, and Neogene growth strata.

Figure 12 :

 12 Figure12: Sequential restoration of the Ucayali balanced cross-section (location on Figure8).

Figure 13 :

 13 Figure13: Simplified geologic map of the Camisea foreland basin system with location of the balanced cross-section. Seismic sections and wells used for the construction of the balanced cross-section are also located.

Figure 14 :

 14 Figure 14: Structural architecture of the Camisea FBS. A: balanced cross-section (modified from Espurt et al. (2011) (location on Figure13). B: seismic section crossing the Cashiriari structure (location on Figure13). AFT and AHe ages fromEspurt et al. (2011) and[START_REF] Gautheron | Direct dating of thick-and thin-skin thrusts in the Peruvian Subandean zone through apatite (U-Th)/He and fission track thermochronometry[END_REF] are located.

Figure 15 :

 15 Figure 15: Sequential restoration of the Camisea balanced cross-section modified from Espurt et al. (2011) (location on Figure 13).

Figure 16 :

 16 Figure 16: Simplified geologic map of the Madre de Dios foreland basin system with location of the balanced cross-section. Seismic sections used for the construction of the balanced cross-section and exploration wells of the Madre de Dios FBS are also located.

Figure 17 :

 17 Figure 17: Structural architecture of the western Madre de Dios FBS. A: balanced cross-section (location on

Figure

  Figure16). AFT ages used for the sequential restoration (Figure19) are located. They have been published

Figure 18 :

 18 Figure 18: Photo of growth strata in the clastic deposits (fluvial and tidal) of the Late Cretaceous Chonta Formation in the Inambari imbricates (Madre de Dios, see Figure 17) (coord: X= -70.606705°, Y= -13.182472°).

Figure 19 :

 19 Figure19: Sequential restoration of the Madre de Dios balanced cross-section (location on Figure16).

Figure 20 :

 20 Figure 20: North-South evolution of total shortening and timing of Andean deformation (AFT ages) from the studied balanced cross-sections.

  

  

  

  

  

  

  Cushabatay High mega-duplex, which developed between the intra-basement detachment and the salt detachment(Figure 2.2.11). Such duplexes developed also under the Huallaga and Moyabamba salt detachment. Below the Moyabamba basin, one of these crustal westverging thrusts is particularly active and responsible of the 1990-91 damaging earthquakes of Moyabamba(Tavera et al., 2001). At the limit between the Moyabamba basin and the Eastern Cordillera, the west-verging fault-propagation-fold of Cerro Blanco is the topographic expression of this fault propagation (Figure2.2.11). East of the Chazuta thrust, seismic sections (Figures 2.2.6 to 2.2.9) show that the west-verging thrusts correspond to the reactivation of Middle Permian thrusts that deform the Copacabana Formation and are sealed by the Late Permian erosional basal unconformity. In the Loreto structure, seismic mapping of this Permian thrusts shows they are N-S oriented (see structural map of Figure Above the west-verging basement thrusts system, important salt thicknesses have been identified in both Huallaga and Moyabamba wedge-top basins thanks to seismic information (see Figure 2.2.6A for example). This salt is outcropping in some diapirs and emerging sole thrusts (Figures 2.2.2 and 2.2.10), where it is mainly composed of light gray halite, gypsum, and some levels of marl and mudstone. It strongly controlled the style of deformation and the development of extensive tectonic nappe as the Chazuta thrust and detachment folding illustrated by the Biabo and Moyabamba mega-folds (Figures 2.2.2 and 2.2.11). Its thickness

2.2.10

) is constrained by the location of crustal earthquakes

(Delvin et al., 2012

; see above). East-verging basement thrusts have an Andean fabric with a typical NW-SE orientation perpendicular to the South American and Nazca plates convergence

[START_REF] Nocquet | Motion of continental slivers and creeping subduction in the northern Andes[END_REF]

. To the west, beneath the Huallaga and Moyabamba wedge-top basins, active west-verging thrusts are evidenced both by seismic reflexion data (Figures 2.2.6, 2.2.7, 2.2.8 and 2.2.9) and crustal earthquakes (Figures 2.2.10 and 2.2.11). The best topographic expression of this deep deformation coincides with the Cushabatay High, east of the Huallaga thrust front (Chazuta thrust), where merges the Callanayacu diapir (Figures 2.2.2 and 2.2.11). The Callanayacu structure is a diapir of Late Permian evaporite deformed at the top of the 2.2.3). The seismic sections of Figures 2.2.7B, 2.2.8 and 2.2.9 show that they belong to a significant fold and thrust belt fossilized and partly reactivated under the Andean Marañón

foreland basin. North of the Loreto structure, north-south faults have been mapped (Figure 2.2.3) and could correspond to the northern prolongation of the inherited Permian fold and thrust belt, although Permian strata are not preserved in this part of the Marañón basin to confirm the initial age of the faults. The geodynamic setting of the Permian fold and thrust belt will be discussed later.

Figure 2.2.10. Huallaga-Marañón and Moyabamba-Marañón balanced cross-sections (location in Figures 2.2.1 and 2.2.2). Initial sections were obtained by flattening the base of the Pozo Formation (± 45Ma). Mean regional earthquakes (Mw>5) relocated by Delvin et al. (2012) have been projected on the section. 53 2.2.4.2.5. Salt tectonics distribution

  Figures 2.2.6B, 2.2.7, 2.2.8 and 2.2.9) image a Permian inheritance of this thrusts system. It forms a Middle Permian fold and thrust belt, sealed by a Late Permian unconformity, and reactivated during the Andean orogeny. When seismic mapping is possible, it shows a N-S

orientation of these fold and trust belt

(Figure 2.2.3)

. This Paleozoic deformation has been yet suggested in the Huallaga basin by

  2.2.5.2. Implications for petroleum exploration Paleozoic petroleum systems of the Huallaga-Marañón foreland basin have been recently revaluated and described by Calderon et al. (2017). They are represented in the stratigraphic diagram of the Figure 2.2.4 and can be extrapolated to the poor known Moyabamba basin.

Late Cretaceous classic source rocks are present in all the foreland basins and the Late Triassic-Early Jurassic Pucara source rock is confined to the Eastern Cordillera-Huallaga-Moyabamba transition zone above the inverted Triassic rift. Recently, a new Late Permian source rock (Shinai) has been suggested along a large proportion of the foreland basin system

(Calderon et al., 2017)

.

Our study highlights a new petroleum play in the Huallaga, Moyabamba and southern Marañón basins. This new play corresponds to the reactivated, but preserved, Middle Permian fold and thrust evidenced in our structural analysis. It shows thrust related anticlines (see Figures 2.2.7B, 2.2.8 and 2.2.9 for example) that could be alimented by remnants of the classic Subandean Devonian Cabanillas source rock

(Mathalone and Montaya, 1995; Jacques, 2004) 

and/or the Late Permian source rock recently evidenced in the study area (see

Figure 2.2.3)

. As in the Camisea basin
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Wedge-top eroded thicknesses

The wedgetop depozones are deformed and therefore subject to syn-orogenic erosion.

To estimate cumulative wedge-top eroded thicknesses, especially in the southern Marañón-Huallaga FBS, we reconstructed the top Neogene paleosurface profiles using source rock maturity data as vitrinite reflectance (Ro). These erosional profiles have been computed in the three cross-sections R1, R3 and R5 by means of 1D thermal PetroMod (Schlumberger software) modeling in most of the wells along the studied cross-sections. A pseudo well (fictive) constructed from outcrops Ro analyses has been also computed in the Huallaga basin.

Vitrinite is one of the major elements of coal or organic matter in sedimentary rocks.

The Ro (vitrinite reflectance) value is a sensitive geo-thermometer for sedimentary rocks used by the petroleum industry to study the maturity of the source rock, which is a function of the kinetic transformation of the organic matter, commonly associated with burial process. The Ro value depends on temperature and is irreversible [START_REF] Sweeney | Evaluation of a Simple-Model of Vitrinite Reflectance Based on Chemical-Kinetics[END_REF]. The relation between Ro values and depth provides additional information about the thermal history of the basin and the history of the sedimentary burial.

Ro values are converted in maximum reached temperature using the algorithm of [START_REF] Sweeney | Evaluation of a Simple-Model of Vitrinite Reflectance Based on Chemical-Kinetics[END_REF] using the software PetroMod of Schlumberger. For each well or fictive well, the maximum sedimentary burial can thus be computed in 1D thermal PetroMod modeling and an eventual eroded thickness reconstructed.

Vitrine Reflectance (Ro) data used for the 1D PetroMod modeling along R1, R3 and R5 are presented in Annex 3.

Along the R1 Huallaga-Marañón wedgetop cross-section (Figure 3.15), the PetroMod modeling allowed to reconstruct the top Neogene paleosurface profile, which shows that eroded thickness is significant and can reach 2 km. The maximum Cenozoic sedimentary burial reached 8 km in the deeper part of the Huallaga wedgetop depozone, and 4 km in For this study, we have compiled a data base using the rms velocities derived from processed seismic reflection that we used in this project.

After that we have worked with the software Move from Midland Valley where we use a Depth Conversion tool that is accessed from Model Building tab and allows a surface to be converted from time to depth. We have use a fixed method where we assume that velocity increases linearly with depth. Our input parameters include an initial velocity (V 0 ) and the rate of velocity change with depth (k) and the depth conversion is carried out using the following function where: Z= V 0 (e KT -1)/k….. (Eq. 1)

Where z = the thickness of the layer in meters.

V 0 = the initial velocity in meters per second. k = the rate of velocity change with depth. t = the one-way travel time (OWTT) in seconds. e = the natural logarithm base.

Porosity Calculation

Porosities have been derived from sonic logs for the Cretaceous to Tertiary sequence of 15 hydrocarbon exploration wells in the Marañón Basin.

In the absence of core data for some wells, porosities in the Marañón Basin must be determined from wireline logs. Sonic logs were run in the Marañón of all the 15 wells available wells, and we used also 4 cores data from the northern region of Marañón for calibration.

The sonic tool measures the shortest time for a compressional wave to travel through the formation adjacent to the borehole wall. Sonic logs are generally presented in terms of traveling time, which is a velocity expressed in units of microseconds per foot (μs/ft).

Sonic logs are commonly used to estimate porosity, which is one of the rock parameters controlling sonic velocity. In this study, we have reviewed published articles in order to estimate porosity from sonic logs, and also we compare theses values with porosities that were obtained cores (Figure A.2.1).

Almost all the wells show porosity decreasing with depth throughout the Marañón Basin and also it is represented in the frequency analyses for the four long terms sequences (Figure A. 2. 2) which shows an average range of 38-43 % for the first sequence (Ipururo-Pebas), and porosity decay when it goes deeper.

One formula that have been used since 1956 was published by [START_REF] Wyllie | Elastic wave velocities in heterogeneous and porous media[END_REF], where time average equation is the most widely used sonic porosity transform:

Where is the porosity, and t log , t ma , and t f are the sonic log, matrix, and interstitial fluid interval transit times (reciprocals of velocity) respectively.

Porosities that are above approximately 30% (Raymer et al., 1980), it is necessary to apply an empirical correction factor to the equation ( 1) because it over-estimates porosity (Schlumberger, 1987). In the range 5-25% (Raymer et at. 167

Where the symbols are as above, F ac is the acoustic formation factor and the exponent x is specific to matrix lithology.

For this study interval transit times were converted to porosity using equation ( 2) with the appropriate calcite matrix transit time of 47.6 μs/ft, and exponent, x of 1.76 (Raiga-Clemenceau et al. 1988). Logs recorded in imperial units were resampled every 5 ft. 

Compaction correction

Compaction (i.e. porosity decay) of recent soft sediment is an important source of uncertainty in quantifying the variation of sedimentary fluxes for different ages. We have estimated values of porosity from sample measurements on cores and used these to calibrate the porosity curves from wireline logging [START_REF] Wyllie | Elastic wave velocities in heterogeneous and porous media[END_REF]. The porosity evolution with depth can be then used to estimate uplifted and eroded section of a sedimentary basin (e.g. [START_REF] Hillis | Quantification of Tertiary erosion in the Inner Moray Firth using sonic velocity data from the Chalk and the Kimmeridge Clay[END_REF].

The solid sediment thickness estimate follows the methodology of many previous studies (e.g., Métivier et al., 1999;[START_REF] Walford | Solid sediment load history of the Zambezi Delta[END_REF]. Knowing the carbonate, organic matter and volcaniclastics content of the different intervals we have removed these figures to each interval to obtain 'true' siliciclastic solid sediment. The porosity has been removed from the volume of each isopach to calculate solid sediment rock mass. Porosity, , is assumed to vary exponentially with depth, z, according to:

where o is the initial porosity and k is the porosity decay length.

Using Eq. ( 2), the solid thickness, T sol , of a unit is given by:

where z 1 is the depth below the surface to the top of the unit and z 2 is the depth below surface to the bottom of the unit. Constant values of k = 0.18 and o = 45 were determined from the measurements on samples from the Marañón Basin.

Volume and rate estimation

Volume where computed from the isopach maps sourced from the depth converted seismic and stratigraphic horizons. These volumes, the lithological information and physical properties, with age and duration of sequences have allowed us to compute the rates of sedimentation. 

THE PERUVIAN SUBANDEAN FORELAND BASIN SYSTEM: STRUCTURAL OVERVIEW, GEOCHRONOLOGIC CONSTRAINTS, AND UNEXPLORED PLAYS

Patrice Baby 

GEODYNAMIC SETTING

The Subandean basins of Peru (Figure 1) belongs to the Andean-Amazonian retroarc foreland basin system (Roddaz et al., 2010). They are classically interpreted as the components of a wide retroforeland basin system, where the Huallaga, Ucayali and Camisea sub-basins are correlated to wedge-top depozones (Hermoza et al., 2005), whereas the Marañón Basin is conventionally considered as a foredeep depozone limited to the NE by the Iquitos forebulge (Roddaz et al., 2005). To the south, the Madre de Dios Basin comprises the wedge-top and foredeep depozones.

The Central Andean slab geometry played an important role in the Peruvian Subandean FBS partitioning [START_REF] Baudino | Subduction consequences along the Andean margin: Thermal and topographic signature of an ancient ridge subduction in the Marañon Basin of Peru[END_REF]. The long-wavelength Fitzcarrald Arch that separates the Ucayali Basin from the Madre de Dios Basin is the result of the subduction of the oceanic Nazca ridge (Figure 1; Espurt et al., 2007). Its tectonic uplift considerably affected the Subandean FBS propagation since the end of the Pliocene.

It must be considered as a component of the petroleum systems that impacted the migration pathways.

The geometry of the pre-Andean Triassic-Jurassic rift controlled considerably the propagation of the Andean deformation (Rosas et al., 2007;Baby et al., 2013;[START_REF] Mcgroder | Along-strike variation in structural styles and hydrocarbon occurrences, Subandean fold-and-thrust belt and inner foreland, Colombia to Argentina[END_REF]. The balanced cross-sections of this paper will show that, in the Peruvian Subandean FBS, the Triassic-Jurassic rift inversion just concerns the western part of the northern FTB.

Heritages of old orogenies constitute other significant components that controlled the Andean deformation fabric (Laubacher et al., 1985;Dalmayrac et al., 1988;Ramos, 1988). Influence of Paleozoic and Late Jurassic orogenies have been yet discussed in the Peruvian Subandean basins (Bump et al., 2008;[START_REF] Espurt | Paleozoic structural controls on shortening transfer in the Subandean foreland thrust sytem, Ene and southern Ucayali basins[END_REF]Caputo, 2014;Calderón et al., 2017a).

STRATIGRAPHY, SOURCE ROCKS AND RESERVOIRS

The sedimentary cover involved in the deformation of the Peruvian Subandean FBS consists of a pre-Andean series, unconformably overlain by a marine to continental late Cretaceous sedimentary wedge thinning to the NE, and by a Cenozoic foreland continental and shallow marine infill (e.g. Mathalone and Montoya, 1995). The north-south evolution of this sedimentary cover is illustrated by the stratigraphic diagrams of the Figures 2, 3 and 4, which have been elaborated together with the regional balanced crosssections. The Andean and pre-Andean series can be divided into long term sequences separated by regional Exhumation age of the frontal imbricate of the Boquerón Padre de Abad is the best constrained. AFT samples have been collected in a 1600 m thick vertical stratigraphic section (Triassic-Jurassic), and AFT ages range from 4.8 to 3.5 Ma. Eastwards, in the Agua Caliente basement thrust structure, we projected the age of the Shira Mountain thrust-related exhumation onset (9+-2 Ma) obtained from the thermal inverse modelling of apatite (U-Th)/He age [START_REF] Gautheron | Direct dating of thick-and thin-skin thrusts in the Peruvian Subandean zone through apatite (U-Th)/He and fission track thermochronometry[END_REF]. Eastwards, late Neogene growth strata observed in the seismic section that cross the Tamaya structure (Figure 11) are consistent with this exhumation age.

Sequential restoration

The balanced cross-section encompasses all the Subandean FBS from Peru to the Acre Basin in Brazil (Figures 8 and 12). It has been constructed from seismic sections and wells in both countries, and structural data collected in our Peruvian field surveys and existing Perupetro S.A databases. The Subandean FBS thrust propagation extends over 395 km, with a total horizontal shortening of 69 km, which can be subdivided into thin-skinned (56 km) and thick-skinned (13 km) deformations (Figure 12). The initial stage of our restoration (full restored cross-section) corresponds to the middle Jurassic stage; it shows the eastern border of the Mitu rift in its original position sealed by the Pucará post rift deposits (Figure 12). The middle Eocene stage shows the importance of the pre-Cretaceous thrust deformation sealed by Andean breakup foreland unconformity at the base of the late Cretaceous Cushabatay Formation (Figures 3 and12). The fossilized duplex of Paleozoic horses, evidenced by seismic (Figure 10), accommodated the first inversion of the Mitu rift and a minimum horizontal shortening of 16 km. This first inversion can be related to the Jurua Orogeny (Caputo, 2014) and will be discussed later. The middle Eocene stage, restored from subtle Paleogene regional thicknesses variations deduced from subsurface data, shows also the first Andean deformation that is manifested by a weak uplift of the San Alejandro and Agua Caliente thick-skinned structures (2 km of horizontal shortening). The third stage illustrates the late Miocene thrust systems configuration with an increase of thick-skinned thrusts shortening (see Figure 12), taking into account: 1) the exhumation AFT age of the sample TG-03 from the Mitu rift eastern border (14 Ma); 2) the exhumation onset (9+-2 Ma) of the Shira Mountain [START_REF] Gautheron | Direct dating of thick-and thin-skin thrusts in the Peruvian Subandean zone through apatite (U-Th)/He and fission track thermochronometry[END_REF]; and 3) the growth strata of the Tamaya structure (see Figure 11). Mean hinterland Subandean thrusts developed during the late Miocene and the Pliocene as shown by the AFT ages of samples collected in the Boquerón Padre Abad imbricates (see Figure 10). At present-day, deformation is still active and crustal earthquakes occur in the hinterland (Delvin et al., Perez et al. (2016b) in the same area of the Subandean zone. Older Subandean deformations are identified through the sedimentary record observed in seismic data and outcrops.

The seismic section of the Figure 17b shows Paleogene growth strata in the Punquiri syncline sealed by an erosional unconformity located at the base of the Miocene deposits, and calibrated from field data and the Pariamanu-1X well. This Miocene erosion surface has been also evidenced by Louterbach et al. (2014) in the Madre de Dios Basin. Therefore, Paleogene growth strata of the Punquiri syncline are probably Paleocene and/or lower Eocene. They progressively sealed the intra-Paleogene duplex.

More to the west, outcrops of the Inambari imbricates show relevant growth strata in the Late Cretaceous Chonta Formation (Figure 18). They probably represent the starting point of the Andean compression in the Madre de Dios FBS.

Sequential restoration

The balanced cross-section (Figure 19) extends from the Eastern Cordillera to the Madre de Dios foredeep, whose geometry is well defined thanks to subsurface data. Total shortening is 47 km, and is concentrated in the western part of the cross-section, where the Eastern Cordillera basement ramp anticline displacement is absorbed into the Cenozoic foreland deposits by the intra-Paleogene duplex and its related Punquiri piggyback and Tambopata thrust. The Eastern Cordillera basement ramp anticline provoked an important flexural loading on the foreland basin system that explains the strong thickness of Cenozoic sediments in the present wedge-top depozone.

The early Paleocene stage (Figure 19) shows west-verging basement thrusts that we interpret, as in northern Peru (Calderón et al., 2017a), as the reactivation of Middle Permian thrusts. Late Cretaceous growth strata observed in the field (Figure 18) probably recorded this first reactivation. The Madidi Arch was already formed since it is also eroded and sealed by the erosional unconformity of the base of the Ene sandstones (Late Permian). This is consistent with the Permian age proposed by [START_REF] Alemán | Petroleum systems and tectono-stratigraphic evolution of the Madre de Dios Basin and its associated thrustbelt in Peru and Bolivia[END_REF] that consider this arch as related to the Late Hercynian orogeny (Gondwanide orogeny in our stratigraphic diagrams of Figures 2,3 and 4).

The early Miocene stage (Figure 19) shows that the intra-Paleogene duplex was partly developed at the front of the Eastern Cordillera basement ramp anticline (14 km of shortening). It has been sealed by the lower Eocene growth strata and then partly eroded below the Miocene basal unconformity (see Figure 17). Upper

Eocene and Oligocene sediments are lacking in the Madre de Dios FBS (Louterbach et al., 2014), which seems to show a long period of no sedimentation or/and a regional uplift prior to the Neogene.

Between early Miocene and present-day, a new period of thrusts propagation occurs (Figure 19), and horizontal shortening increases considerably (33 km). This period of renewed tectonic activity could be correlated with the thermochronologic ages presented in the Figure 17, which suggest a Plio-Pleistocene rapid exhumation cooling of the Eastern Cordillera deformable backstop an associated Subandean thrusts.

DISCUSSION

Lateral structural evolution

Our balanced cross-sections show that total horizontal Subandean shortening in Peru decreases from north In Peru, the late Cretaceous compression, known as "Peruvian phase", has long been described in the western and eastern cordilleras (Mégard, 1984). It is also identified as late Cretaceous inversion in the giant oil fields of the neighbouring Oriente Basin of Ecuador [START_REF] Canfield | Sacha oilfield of Ecuadorian Oriente[END_REF]Balkwill et al., 1995;Baby et al., 2013). This long-term compressive deformation of the Andean retro-arc foreland system is probably controlled by the westward shift of the South American Plate initiated by the opening of the Equatorial Atlantic Ocean since Albian times [START_REF] Pindell | Tectonic evolution of the Gulf of Mexico, Caribbean and northern South America in the mantle reference frame: an update[END_REF]. The lower Eocene compressive event corresponds to the major Andean orogenic period defined as the "Incaic phase" in the Marañón fold and thrust belt of the western Cordillera of central and northern Peru (Mégard, 1984). It is also evidenced in the inverted structures of the Oriente Basin (Christophoul et al., 2002;Baby et al., 2013). It coincided with a change in convergence rate between the Farallon and South American plates [START_REF] Jaillard | Cretaceous to early Paleogene tectonic evolution of the northern Central Andes (0-18 S) and its relations to geodynamics[END_REF].

Unexplored petroleum plays

Stratigraphic lateral evolution played a key role in the distribution of décollement levels, source rocks, reservoirs and charges; they are summarized in the Figure 4 and have been already described in the stratigraphic section. The matter of our paper is not to re-evaluate the petroleum systems, but to highlight unexplored petroleum plays thanks to our geometric and chronologic analysis of the Subandean deformation.

In the Huallaga Basin, a large sub-thrust unexplored domain is hidden under the Chazuta thrust. It comprises at least 3 potential sub-traps formed by a combination of salt pillows and thrust related anticlines, which belongs to a west-verging fossilized Middle Permian fold and thrust belts (Gondwanide orogeny, see above) partly reactivated during Andean deformation. Such structural combination is outcropping further east in the Callanayacu diapir (Figure 5), which is well-known for its oil seeps (Calderón et al., 2017b). The late Cretaceous petroleum system has been amply described in the Huallaga Basin (Mathalone Montoya, 1995;[START_REF] Wine | The hydrocarbon potential of NE Perú Huallaga, Santiago and Marañon Basins Study: Proyecto de Asistencia para La Reglamentación del Sector Energético del Perú (PARSEP)[END_REF], while the late Permian petroleum system has been recently suggested thanks to a new vision of the stratigraphy (Calderón et al., 2017a, b). 2D petroleum modelling of both petroleum systems

shows that hydrocarbon can be present since the early Miocene in the sub-thrust domain of the Huallaga Basin (Calderón et al., 2017b). Late Permian, Triassic and Cretaceous sand reservoirs could be also fed by hypothetic remnants of the classic Paleozoic Cabanillas and Ambo source rocks (Mathalone and Montaya, 1995;Jacques, 2004).

The The Camisea Basin is the most investigated of the Peruvian Subandean fold and thrust belt, but hinterland structures as the Timpia fault bend fold has been poorly explored and merits probably more attention. 2D petroleum modelling [START_REF] Vela | Modelización Petrolera 2D de una sección balanceada del Campo de Gas de Camisea[END_REF] shows that the Timpia Anticline has the best position with respect to the pod of active Paleozoic sources rocks. More seismic data are needed to define possible structural closures of the thrust-fold.

The poor explored Madre de Dios FBS presents a complex thrust system characterized by an intra-Paleogene duplex that increases exploration risks, as shown by the last exploratory well Dahuene-X1. The hanging-wall and foot-wall of this duplex are formed by imbricates involving the Devonian-Carboniferous sources rocks (Cabanillas-Ambo) and the late Cretaceous (Vivian) and probably late Permian (Ene-Noi) sand reservoirs.

These imbricates form an important play that presents a clear potential already proved by the only successful exploratory well, the Candamo X-1, which found a gas accumulation estimated in more than 1 TCF.