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Les Andes -un orogène unique

. La chaîne des Andes est également célèbre pour sa variété en termes de paysages, de végétation et de zones climatiques, puisqu'elle s'étend de la Colombie à la Patagonie, de ~10°N à ~55°S, sur jusqu'à ~800 km de large (ex. Stalder et al., 2020). Dans le contexte géologique de limite de plaques tectoniques convergentes -à savoir la plaque continentale sud-américaine et les plaques océaniques Nazca et Antarctique -des volcans et séismes majeurs sont associés à l'orogène des Andes.

Pourquoi les Andes, dans un contexte de subduction ? Où et quand l'orogenèse andine s'est-elle initiée, plus précisément ?

Comment la déformation a-t-elle été accommodée le long du flanc ouest, en particulier lors des premiers stades?

RESUME

Problématique et apport de cette thèse

L'objectif de ma thèse est d'apporter de nouveaux éléments pour répondre à ces différentes questions ouvertes. Les premières étapes de l'orogenèse andine n'ont pas été suffisamment abordées : les "pourquoi, où, quand et comment" font encore l'objet de recherches en cours.

, ces structures ressortent moins bien et n'ont de ce fait pas été étudiées dans cette thèse.

Dans la Sierra de Moreno, les roches du socle sont accessibles à la surface, et un chevauchement amenant ce socle sur des unités plus jeunes et déformées a été cartographiée comme une structure tectonique significative (Skarmeta & Marinovic, 1981) -mais des études géologiques structurales détaillées sont jusqu'à ce jour manquant.

Cette zone est donc prometteuse pour apporter de nouvelles contraintes en termes de quantification de la déformation des phases précoces de l'orogenèse andine, ainsi que pour mieux définir la chronologie de cette déformation. Ces deux questions seront abordées dans la première partie de ma thèse, où je développe une approche de géologie structurale en mettant l'accent sur des localités particulières le long du flanc andin, où les structures sont exceptionnellement bien conservées et accessibles pour des observations de terrain. Cette première partie est subdivisée en trois chapitres.

Le chapitre 1 appréhende les principales caractéristiques structurales le long du flanc ouest andin -c'est-à-dire l'Andean Basement Thrust (ABT) et le West Andean Fold-Thrust-belt (WAFTB) -qui contribue significativement à la déformation par compression de la plaque sud-américaine. Il ressort de ce travail d'observation que ces structures accommodent des raccourcissements pluri-kilométriques. L'initiation de cette déformation peut ici être déterminée pour le WAFTB, et semble avoir probablement commencé après 70 Ma à la latitude ~20-22°S.

Pour mieux contraindre le cadre temporel de la déformation, une étude thermochronologique des roches du socle exhumées par l'ABT a été réalisée et est présentée au chapitre 2. Ces informations issues de la thermochronologie indiquent une activité principale de ce chevauchement majeur entre ~100-45 Ma, c'est-à-dire entre le Crétacé supérieur et l'Éocène inférieur. Cette exhumation par l'ABT s'est fait depuis une profondeur d'au moins ~5,3 km.

A la latitude d'environ 20°S, la côte sud-américaine a la forme d'un coude, tout comme la chaîne de montagnes andines. Cette forme orogénique est connue sous le nom de coude d'Arica ou orocline bolivienne [START_REF] Carey | The tectonic approach to continental drift[END_REF], et intéresse particulièrement les scientifiques de la Terre qui s'interrogent sur les origines géologiques des Andes. Ici, la convergence des plaques entre la plaque de Nazca en subduction et le continent sudaméricain atteint actuellement ~8 cm/an [START_REF] Demets | Effect of recent revisions to the geomagnetic reversal time scale on estimates of current plate motions[END_REF], ce qui en fait l'une des frontières de plaques convergentes les plus rapides sur Terre. La majeure partie de cette convergence est évacuée par de grands séismes (magnitude Mw ≥ 8) à l'interface de subduction. À l'heure actuelle, seulement ~1 cm/an de la convergence à ~20°S (ex. [START_REF] Norabuena | Space geodetic observations of Nazca-South America convergence across the Central Andes[END_REF][START_REF] Brooks | Orogenic-wedge deformation and potential for great earthquakes in the central Andean backarc[END_REF] contribue à la déformation de la plaque supérieure, construisant l'orogène andin.

Sa richesse de caractéristiques et ses variations étonnantes le long et à travers l'orogène andin en font déjà une chaîne de montagnes unique. Du point de vue géologique, l'aspect le plus particulier des Andes est cependant son cadre géodynamique, qui diffère de manière cruciale des contextes orogéniques des autres chaînes de montagnes principales présentes sur Terre aujourd'hui.

L'orogenèse le long d'une marge de subduction : un paradoxe ?

La formation des montagnes et de la topographie résulte d'une convergence durable des plaques engendrant un raccourcissement tectonique en association avec un épaississement de la croûte. Deux types de convergence tectonique les plus courants existent : La collision d'un côté, impliquant le plus souvent deux plaques continentales ; et la subduction de l'autre côté, où une plaque océanique plonge sous une autre plaque, également appelée lithosphère supérieure ou chevauchante, qui peut être océanique ou continentale.

Le plus couramment, les chaînes montagnes se forment en contexte de collision (aussi appelé type himalayen), comme c'est le cas pour les Alpes européennes ou l'Himalaya. Ces orogènes se construisent là où deux plaques continentales entrent en collision à l'échelle lithosphérique, après une phase initiale de subduction océanique classique, avec des continents attachés derrière les plaques océaniques en subduction. Le développement d'un prisme orogénique bivergent le long de la limite des plaques est la caractéristique emblématique des chaînes de type himalayen. Le prisme avant (exemple type l'Himalaya) est essentiellement formé par des chevauchements crustaux, synthétiques à la subduction précédente. La plus faible densité de la plaque supérieure (continentale) -attachée derrière la plaque océanique subductée -empêche la poursuite de la subduction et conduit à l'accrétion d'écailles crustales. Ceci entraîne finalement un raccourcissement et un épaississement de la croûte. De nombreuses études soutiennent ce concept à travers une multitude d'approches différentes dont, entre autres, des études observationnelles basées sur la géologie structurale, la sismologie ou la tomographie sur divers cas de terrain (ex. [START_REF] Bellahsen | Collision kinematics in the western external Alps[END_REF][START_REF] Bellahsen | Shortening of the axial zone, pyrenees: Shortening sequence, upper crustal mylonites and crustal strength[END_REF][START_REF] Espurt | Crustal-scale balanced cross-section and restorations of the Central Pyrenean belt (Nestes-Cinca transect): Highlighting the structural control of Variscan belt and Permian-Mesozoic rift systems on mountain building[END_REF][START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Tapponnier | Oblique Stepwise Rise and Growth of the Tibet Plateau[END_REF][START_REF] Zhao | First seismic evidence for continental subduction beneath the Western Alps[END_REF] -ainsi que la modélisation numérique ou analogique (ex. [START_REF] Bajolet | Orocline and syntaxes formation during subduction and collision[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF][START_REF] Graveleau | Experimental modelling of orogenic wedges: A review[END_REF][START_REF] Malavieille | Modélisation expérimentale des chevauchements imbriqués: application aux chaînes de montagnes[END_REF][START_REF] Mcclay | The Andean Thrust System-Latitudinal Variations in Structural Styles and Orogenic Shortening[END_REF][START_REF] Replumaz | Asian collisional subduction: A key process driving formation of the Tibetan Plateau[END_REF][START_REF] Willett | Mechanical model for the tectonics of doubly vergent compressional orogens[END_REF].

A contrario, la subduction ne se traduit pas par la création de haut reliefs, à l'exception du volcanisme, dans la plupart des cas actuellement sur Terre. En effet, les conditions aux limites sont différentes dans ce cas puisque la flottabilité de la lithosphère océanique subduite est telle que cette plaque plonge relativement facilement dans le manteau et ne produit pas d'écailles crustales en surface qui épaissiraient la plaque chevauchante. Au contraire, dans ce contexte, un amincissement de la croûte de la plaque supérieure peut se produire au sein du back-arc, c'est-à-dire une extension conduisant à la formation de bassins liée au retrait de la plaque et au recul de la fosse. La lithosphère supérieure peut être continentale ou océanique. Des exemples modernes classiques de cette situation se trouvent dans le monde entier (par exemple Sumatra, Japon) et sont attribués aux subductions de type Marianne.

Un cas plus exceptionnel -du moins actuellement sur Terre -est l'orogenèse de type subduction, qui est également appelée orogenèse de type andin, d'après son exemple de cas actif actuel le plus célèbre : les Andes. Outre la chaîne andine, il existe des exemples "anciens" (c'est-à-dire qui ne sont plus en configuration de subduction aujourd'hui), comme les Cordillères nord-américaines, et peut-être aussi le bloc de Lhassa avant la collision Inde-Asie (ex. [START_REF] Allégre | Structure and evolution of the Himalaya-Tibet orogenic belt[END_REF][START_REF] Kapp | Geological records of the Lhasa-Qiangtang and Indo-Asian collisions in the Nima area of central Tibet[END_REF][START_REF] Leier | Detrital zircon geochronology of Carboniferous-Cretaceous strata in the Lhasa terrane, Southern Tibet[END_REF]. Dans ce cadre, une plaque océanique subducte sous une plaque continentale. Dans une première phase, la subduction s'effectue sans construction topographique majeure dans la plaque chevauchante -sauf localement le long de l'arc volcanique. Cette phase antérieure est suivie d'une période de formation de montagnes prolongée dans la plaque continentale supérieure, impliquant un raccourcissement et un épaississement considérables de la croûte. À ~20°S, le raccourcissement total de la croûte à travers l'orogène andin est estimé à ~300-400 km (ex. [START_REF] Anderson | Shortening and structural architecture of the Andean fold-thrust belt of southern Bolivia (21°S): Implications for kinematic development and crustal thickening of the central Andes[END_REF][START_REF] Barnes | End member models for Andean Plateau uplift[END_REF][START_REF] Eichelberger | New constraints on the chronology, magnitude, and distribution of deformation within the central Andean orocline: CENTRAL ANDEAN OROCLINE DEFORMATION[END_REF][START_REF] Elger | Plateau-style accumulation of deformation: Southern Altiplano[END_REF][START_REF] Faccenna | Initiation of the Andean orogeny by lower mantle subduction[END_REF][START_REF] Kley | Tectonic shortening and crustal thickness in the Central Andes: How good is the correlation?[END_REF]McQuarrie et al., 2005 ;[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF][START_REF] Sheffels | Lower bound on the amount of crustal shortening, in the central Bolivian Andes[END_REF], et l'épaisseur de la croûte à ~70-80 km sous la Cordillère occidentale, l'Altiplano et la Cordillère orientale (ex. [START_REF] Heit | An S receiver function analysis of the lithospheric structure in South America[END_REF][START_REF] Tassara | Three-dimensional density model of the Nazca plate and the Andean continental margin[END_REF][START_REF] Wölbern | Receiver function images from the Moho and the slab beneath the Altiplano and Puna plateaus in the Central Andes[END_REF][START_REF] Yuan | Subduction and collision processes in the Central Andes constrained by converted seismic phases[END_REF][START_REF] Zandt | Composition and thickness of the southern Altiplano crust, Bolivia[END_REF]. Ceci correspond à un épaississement de la lithosphère continentale de 25 à 35 km par rapport au craton sud-américain (ex. [START_REF] Wölbern | Receiver function images from the Moho and the slab beneath the Altiplano and Puna plateaus in the Central Andes[END_REF].

Les conditions et processus physiques permettant l'initiation et l'évolution sur le long terme de ce cas andin particulier sont toujours au coeur d'investigations. Il est généralement admis que la formation de l'orogène andin a probablement débuté vers la fin du Crétacé -début du Cénozoïque, le long du flanc ouest de la chaîne, à ~16-22°S, et s'est poursuivie depuis par la propagation de la déformation vers l'est, donc vers l'intérieur du continent sud-américain. De nombreux travaux sur l'architecture des Andes centrales s'accordent sur la structuration principale et le rôle des éléments tectoniques au sein du plateau de l'Altiplano-Puna et le long des Andes orientales, à quelques détails près. Par contre, en ce qui concerne le flanc ouest des Andes, les structures restent mal documentées et leur contribution à l'épaississement crustal mal comprise. Ceci est en particulier lié au volcanisme intense qui complique les observations.

De ce fait, les structures qui ont accommodé l'initiation de la construction de la chaîne andine restent mal comprises. En particulier, la contribution de ces structures au relief topographique significatif et à l'épaisseur de la croûte de l'orogène au cours des premiers stades orogéniques nécessite des éclaircissements supplémentaires. De ces points émergent quelques premières grandes questions non résolues, qui sont abordées dans cette thèse : Dans le chapitre 3, j'élargirai cette vue locale pour intégrer ces résultats à l'échelle de l'ensemble du flanc ouest andin du nord du Chili. Je propose dans ce chapitre une synthèse mettant en perspective les résultats des deux premiers chapitres avec des indicateurs géologiques supplémentaires plus à l'ouest, afin de construire une coupe structurale reliant les différentes zones d'étude le long du flanc occidental des Andes à ~20-22°S.

Ainsi, cette première partie présente de nouveaux éléments de réponses aux questions du "Où" et du "Quand" l'orogenèse andine s'est-elle amorcée. La question du "Comment" est abordée dans le sens de quelles structures régionales ont accommodé les premières étapes de la déformation andine.

Le "Pourquoi" est probablement la question la plus complexe et de nombreux auteurs ont tenté de répondre à cette question à travers de nombreuses approches différentes, qui sont complémentaires. La question fondamentale est de savoir pourquoi et comment les contraintes de compression ont augmenté, ont été localisées dans la zone de la plaque supérieure où nous rencontrons les Andes aujourd'hui. Autrement dit, quels sont les processus qui ont conduit à l'inversion des structures extensives et leur réactivation en compression. J'aborde une partie de cette question par modélisation analogique dans la deuxième et dernière partie de ma thèse : le chapitre 4 étudie dans quelles conditions la plaque supérieure entre dans un état de compression et se déforme dans un contexte de subduction.

Basés sur un dispositif expérimental original, des résultats prometteurs de ce travail exploratoire ont permis de déterminer les conditions aux limites nécessaires pour générer un raccourcissement et un épaississement visibles dans la plaque chevauchante. Ils montrent que la déformation de la plaque chevauchante se produit lorsqu'un flux mantellique sous-jacent pousse la plaque océanique subductante contre le continent, lui-même fixé à une paroi. Pour la première fois à notre connaissance, un modèle analogique ressemblant aux Andes Centrales est proposé, dans lequel la localisation de la déformation est favorisée par une lithosphère continentale préstructurée et faible. Ces expériences ouvrent des perspectives prometteuses pour de futures études.

General Introduction I. The Andes -a unique orogen I.a A unique general setting

On Earth, the presently longest mountain belt is encountered along the western side of the South American continent, bordering the southeastern part of the Pacific Ocean Ring of Fire over ~7000 km long: the Andes. This orogen embodies the highest topography out of Asia, with the Chimborazzo (6263m, Ecuador) representing the farthest place from the Earth's core. When considering the total vertical altitudedifference, at a same latitude, between summits over 5000 m elevation and depths of the Chile trench of ~8000 m below sea-level, the Andes constitute with this total relief of ~13 km the hugest topographic feature on Earth (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]. The Andean mountain belt is also famous for its variety in terms of landscapes, vegetation and climate zones, since extending from Columbia to Patagonia, from ~10°N to ~55°S, over up to ~800 km width (e.g. [START_REF] Stalder | The relationships between tectonics, climate and exhumation in the Central Andes (18-36°S): Evidence from low-temperature thermochronology[END_REF]. Volcanoes and major earthquakes are associated with the geological context of the Andes at the tectonic boundary of converging plates, namely the continental South American plate and the oceanic Nazca and Antarctica plates.

The Andean Cordillera is conventionally sub-divided into four latitudinal main segments: The Northern Andes from 10°N to 4°S, the Central Andes between 4°S and 33.5°S, the Southern Andes by 33.5°S to 46.5°S, and the Austral Andes from 33.5°S to 56°S (e.g. [START_REF] Aubouin | Esquisse paléogéographique et structurale des andes méridionales[END_REF]Gansser, 1973;Tassara & Yáñez, 2003) (Figure 1). The highest Andean summit, the Cerro Aconcagua (6959 m), is located in the Central Andes. This is also the segment that includes the Altiplano-Puna plateau, where the mountain belt is widest (~800 km), and where the highest mean elevations of more than 4000 m are encountered. The Central Andes are characterized by an arid to hyper-arid climate for the past ~33 Myr leading to the setting up of the Atacama desert, the driest place on Earth (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Stalder | The relationships between tectonics, climate and exhumation in the Central Andes (18-36°S): Evidence from low-temperature thermochronology[END_REF].

At the latitude of ~20°S, the South American coast-line is shaped like a bend, and so the Andean mountain belt. This orogenic shape is known as the Arica bend or Bolivian Orocline [START_REF] Carey | The tectonic approach to continental drift[END_REF], and interests particularly Earth-scientists questioning the geologic origins of the Andes. Here, the plate convergence between the subducting Nazca plate and the South American continent presently reaches ~8 cm/yr [START_REF] Demets | Effect of recent revisions to the geomagnetic reversal time scale on estimates of current plate motions[END_REF], which makes it one of the fastest converging plate boundaries on Earth. The majority of this convergence is evacuated by large earthquakes (magnitude Mw ≥ 8) at the subduction interface. At present, only ~1 cm/yr of the convergence at ~20°S (e.g. [START_REF] Norabuena | Space geodetic observations of Nazca-South America convergence across the Central Andes[END_REF][START_REF] Brooks | Orogenic-wedge deformation and potential for great earthquakes in the central Andean backarc[END_REF] contributes to upper plate deformation, building up the Andean orogen (Figure 1). (SB). AP is Altiplano Plateau, AB is Atacama Bench. The location of Figure 2 is given by red corners on the main map. The vector of horizontal convergence between the Nazca plate and South America is taken from NUVEL-1A model (DeMets et al., 1994). Li for Lima; Ar for Arica; Sa for Santiago. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]. The main morphological-structural units of the Central Andes are represented within horizontal boundary conditions (converging Nazca and South America plates). Plate convergence vector is from NUVEL 1-A model [START_REF] Demets | Effect of recent revisions to the geomagnetic reversal time scale on estimates of current plate motions[END_REF]. Tectonic units are specified. The Marginal Block is defined as a rigid basement feature and stands as a major mechanical boundary with the same vergence as the subduction zone [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF]. According to [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], the Andes are bounded by two major thrust-systems: the West Andean Thrust (WAT), and by the East Andean Thrust (EAT).

The east-west plate convergence results in a general north-south structuration of the morpho-tectonic units constituting the Andean margin. At the latitude of the Bolivian Orocline, the main structural units are, from west to east (Figure 2): (1) The subduction margin (including the Peru-Chile Trench, the oceanward forearc, and the Coastal Cordillera); (2) the Atacama Bench or Central Depression (modern continental forearc basin); and (3) the strictly speaking Andean orogen, composed at ~20°S from west to east by: (i) the Western Cordillera, including the Cordillera Domeyko and the modern volcanic arc; (ii) the Altiplano Plateau; (iii) the Eastern Cordillera; (iv) the Interandean zone; and (v) the Subandean ranges (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF]McQuarrie et al., 2005;[START_REF] Oncken | Strain accumulation controls failure of a plate boundary zone: Linking deformation of the Central Andes and lithosphere mechanics[END_REF]. This structuration varies laterally -at least concerning the orogen. For example, further south, at the latitude of the Aconcagua by ~33-33.5°S, the Principal and Frontal Cordilleras (respectively to the West and East) are structural equivalents of the Western Cordillera further north, the orogenic plateau is absent, and deformation recently initiated within the Pre-Cordillera along the eastern flank (e.g. [START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF]). This thesis will only focus on the Central Andes, mainly at the level of the Bolivian Orocline, at ~20-22°S, and its particular tectono-structural organisation will be further detailed in the geological context section in chapter 1 of this thesis.

Its wealth of characteristics and astonishing variations along and across the Andean orogen are making it already a unique mountain chain. From the geological point of view, the most particular aspect of the Andes is anyhow its geodynamic setting, which differs crucially from the orogenic contexts of the other main mountain belts present on Earth today.

I.b Mountain-building along a subduction margin: a paradox?

Mountain-and topography-building results from long-lasting plate convergence engendering tectonic shortening in association with crustal thickening. Two most common types of tectonic convergence exist: Collision on the one hand side, involving most often two continental plates (Figure 3a); and subduction on the other side, where an oceanic plate plunges beneath another plate, also called the upper or overriding lithosphere, which can be either oceanic or continental (Figure 3b,c).

The most current type of mountain-building is the collision-type (or Himalayantype) orogeny, like for the European Alps or the Himalayas (Figure 3a). These mountain belts arise where two continental plates enter in lithospheric-scale collision, after an initial phase of classical oceanic subduction, with continents attached behind the subducting oceanic plates. The development of a bivergent orogenic wedge along the plate boundary is the emblematic characteristic of Himalayan-type orogens. The prowedge is essentially formed by crustal thrusts synthetic to the previous subduction. The buoyancy of underthrusting continental plate attached behind the subducted oceanic plate prevents subduction to proceed, and leads to the stack of crustal slices, which finally results in crustal shortening and thickening. Numerous studies sustain this concept through a multitude of different approaches including, among others, observational studies based on structural geology, seismology or tomography on various field cases (e.g. [START_REF] Bellahsen | Collision kinematics in the western external Alps[END_REF][START_REF] Bellahsen | Shortening of the axial zone, pyrenees: Shortening sequence, upper crustal mylonites and crustal strength[END_REF][START_REF] Espurt | Crustal-scale balanced cross-section and restorations of the Central Pyrenean belt (Nestes-Cinca transect): Highlighting the structural control of Variscan belt and Permian-Mesozoic rift systems on mountain building[END_REF][START_REF] Muñoz | Evolution of a continental collision belt: ECORS-Pyrenees crustal balanced cross-section[END_REF][START_REF] Tapponnier | Oblique Stepwise Rise and Growth of the Tibet Plateau[END_REF][START_REF] Zhao | First seismic evidence for continental subduction beneath the Western Alps[END_REF]; among many many others) -as well as numerical or analog modeling (e.g. [START_REF] Bajolet | Orocline and syntaxes formation during subduction and collision[END_REF][START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF][START_REF] Graveleau | Experimental modelling of orogenic wedges: A review[END_REF][START_REF] Malavieille | Modélisation expérimentale des chevauchements imbriqués: application aux chaînes de montagnes[END_REF][START_REF] Mcclay | The Andean Thrust System-Latitudinal Variations in Structural Styles and Orogenic Shortening[END_REF][START_REF] Replumaz | Asian collisional subduction: A key process driving formation of the Tibetan Plateau[END_REF][START_REF] Willett | Mechanical model for the tectonics of doubly vergent compressional orogens[END_REF]. [START_REF] Uyeda | Back-arc opening and the mode of subduction[END_REF], [START_REF] Stern | Subduction Zones[END_REF].

In most of the cases presently on Earth, subduction does not result in the creation of high topography, except for volcanism. Indeed, boundary conditions are different in this case since the buoyancy of the subducting oceanic plate is such that the slab plunges relatively easily into the mantle and does not produce crustal slices at the surface which would thicken the overriding plate. On the contrary, in this context, thinning of the upper plate's crust can occur within the back-arc, i.e. extension leading to basin formation, and is here linked to slab roll-back and trench retreat. The upper lithosphere can either be continental or oceanic. Classical modern examples of this situation are found worldwide (e.g. Sumatra, Japan), and are classified as the Mariana-type subduction (Figure 3b).

A more exceptional case -at least presently on Earth -is the subduction-type orogeny, which is also named the Andean-type orogeny after its most famous present-day active case-example, the Andes (Figure 3c). Besides the Andes, "old" examples (i.e. not anymore in subduction-configuration today) exist, like the North American Cordilleras, and possibly also the Lhasa block before the India-Asia collision (e.g. [START_REF] Allégre | Structure and evolution of the Himalaya-Tibet orogenic belt[END_REF][START_REF] Kapp | Geological records of the Lhasa-Qiangtang and Indo-Asian collisions in the Nima area of central Tibet[END_REF][START_REF] Leier | Detrital zircon geochronology of Carboniferous-Cretaceous strata in the Lhasa terrane, Southern Tibet[END_REF]. In this setting, an oceanic plate subducts beneath a continental plate. During an initial period, subduction takes place without major topographic building in the overriding plate -except locally along the volcanic arc. This earlier phase is followed by a period of protracted mountain building within the upper continental plate, implying considerable crustal shortening and thickening. At ~20°S, total crustal shortening across the Andean orogen is estimated to ~300-400 km (e.g. [START_REF] Anderson | Shortening and structural architecture of the Andean fold-thrust belt of southern Bolivia (21°S): Implications for kinematic development and crustal thickening of the central Andes[END_REF][START_REF] Barnes | End member models for Andean Plateau uplift[END_REF][START_REF] Eichelberger | New constraints on the chronology, magnitude, and distribution of deformation within the central Andean orocline: CENTRAL ANDEAN OROCLINE DEFORMATION[END_REF][START_REF] Elger | Plateau-style accumulation of deformation: Southern Altiplano[END_REF][START_REF] Faccenna | Initiation of the Andean orogeny by lower mantle subduction[END_REF][START_REF] Kley | Tectonic shortening and crustal thickness in the Central Andes: How good is the correlation?[END_REF]McQuarrie et al., 2005;[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF][START_REF] Sheffels | Lower bound on the amount of crustal shortening, in the central Bolivian Andes[END_REF], and the crustal thickness to ~70-80 km beneath the Western Cordillera, the Altiplano and the Eastern Cordillera (e.g. [START_REF] Heit | An S receiver function analysis of the lithospheric structure in South America[END_REF][START_REF] Tassara | Three-dimensional density model of the Nazca plate and the Andean continental margin[END_REF][START_REF] Wölbern | Receiver function images from the Moho and the slab beneath the Altiplano and Puna plateaus in the Central Andes[END_REF][START_REF] Yuan | Subduction and collision processes in the Central Andes constrained by converted seismic phases[END_REF][START_REF] Zandt | Composition and thickness of the southern Altiplano crust, Bolivia[END_REF], i.e. 25-35 km over-thickened compared to that of the South America craton (e.g. [START_REF] Wölbern | Receiver function images from the Moho and the slab beneath the Altiplano and Puna plateaus in the Central Andes[END_REF].

The conditions and physical processes allowing for the initiation and evolution over the long-term of this particular Andean case are at the heart of ongoing investigations, an issue that will be further addressed in this work. Before deepening this point, I will emphasize the concepts of Andean orogeny developed in previous works.

II. A short review of the conceptual models on Andean mountain building

Figure 4 -"Andes" by Humboldt, Bonpland and Pentland, published in H. Berghaus, Physikalischer Atlas, vol.V, plate No.1. (1851).

II.a Introduction: A historical view on the evolution of our understanding of the Andes

Andean mountain-building has been the focus of scientific curiosity at least since Humboldt's Andes expedition in 1802-1803, when he traveled across the orogen in the nowadays countries of Ecuador and Peru (Figure 4). Alexander von Humboldt already understood that mountain building is linked to folding of geological layers and has to be distinguished from volcanic topography (Figure 5). Humboldt's publications also inspired Charles Darwin and motivated him to take part in the voyage aboard the Beagle in his young years. This travel allowed him to cross the Andes in March-April 1835 where he explored the question of geological times. This excursion and observations highly participated in Darwin's intellectual construction, as well as in the development of his famous theory of evolution (e.g. Andrea [START_REF] Wulf | The invention of nature: Alexander von Humboldt's new world[END_REF][START_REF] Bizzo | Charles Darwin in the Andes[END_REF].

Since that time, different geologists had the intuition of the existence of large tectonic displacements, shortening, and thickening by crustal slicing, namely based on observations in the European Alps and Himalayas. In the first decades of the 20th century, pioneers like Émile Argand, Arnold Heim and Augusto Gansser presented their geological cross-sections of these two emblematic orogens (Figures 6,7a). These (and other) sections and associated kinematic reconstructions already integrated fold-structures as well as crustal-scale thrusts and ramps to explain topographic building, even before the general admission of the theory of plate tectonics, which helped to explain the driving force behind these processes some decades later.

The understanding of the Andean orogeny was at least 60 years delayed compared to that of the collisional mountain chains described above. First modern models of the Andes attempted to explain their creation by recent normal faulting (e.g. [START_REF] Aubouin | Reflexion sur la tectonique de faille plio-quaternaire[END_REF][START_REF] Aubouin | Esquisse paléogéographique et structurale des andes méridionales[END_REF][START_REF] Rutland | Andes: Antofagasta segment (20°-25[END_REF] (Figure 7b) while at the same time the Himalaya was clearly depicted as structured by large thrusts (e.g. [START_REF] Gansser | Himalaya[END_REF] (Figure 7a). Since the 1970-80's, crustal shortening -i.e. thrust-faulting instead of normal faulting -is recognized as the major mechanism explaining topographic building in the Andes, too (e.g. [START_REF] Suárez | Seismicity, fault plane solutions, depth of faulting, and active tectonics of the Andes of Peru, Ecuador, and southern Colombia[END_REF]) (Figure 8), even if some authors gave large importance to the addition of magmatic mantle material, in particular in the Western Andes (e.g. [START_REF] James | Plate Tectonic Model for the Evolution of the Central Andes[END_REF][START_REF] Baker | Upper Cenozoic volcanism in the Central Andes -Ages and volumes[END_REF][START_REF] Thorpe | Andean Andesites and Crustal Growth[END_REF][START_REF] Coira | Tectonic and magmatic evolution of the Andes of northern Argentina and Chile[END_REF][START_REF] Kono | Mountain building in the central Andes[END_REF] (Figure 9). Nowadays, it is admitted that tectonic shortening represents the major factor contributing to crustal thickening (and it's isostatic response), while magmatic additions are not necessary to explain the present-day topography and crustal thickness of the Andes (e.g. [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF][START_REF] Allmendinger | Foreland shortening and crustal balancing in the Andes at 30°S latitude[END_REF][START_REF] Introcaso | Gravity, isostasy and Andean crustal shortening between lati-tudes 30 o and 35 o S[END_REF].

Figure 5 -"Idealer Durchschnitt eines Theils der Erdrinde" (Ideal section across a part of the Earth's crust) by Webster, Buckland, Fischer, Humboldt. First published in Kosmos I: II, a-f S. 79-157 (1845). Taken from H. Berghaus, Physikalischer Atlas, vol.V, plate No.1. (1851). -figure on next page. [START_REF] Argand | La formation des Alpes occidentales[END_REF].

Over the past 40 years, a large panel of authors proposed their conceptual view to explain the presently observed architecture of the Andean Cordillera at crustal and lithospheric scale, as illustrated at the examples of East-West cross-sections at ~20°S (Figures 10,11) by [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF], [START_REF] Mpodozis | The Andes of Chile and Argentina[END_REF], [START_REF] Mcquarrie | The kinematic history of the central Andean fold-thrust belt, Bolivia: Implications for building a high plateau[END_REF], [START_REF] Lamb | Did shortening in thick crust cause rapid Late Cenozoic uplift in the northern Bolivian Andes[END_REF] and [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], and many others. These general across-strike sketches agree on the main lines on the structures encountered from the Altiplano-Puna to the East, with thrusts in the east already recognized very early, as can be seen in Figures 8 and9 -while concerning the Western side, views differ on first-order processes, and this historically for a long time (Figures 7 to 11). This can probably be attributed, at least partially, to observational limits because of pervasive volcanism.

A more detailed overview on these works will be given in section III.c. Before that, I propose a brief synopsis on the geological evolution of the Central Andes over the past ~200 Myr in the following section. [START_REF] Gansser | Himalaya[END_REF]. (b) Sketch profile across the Central Andes at ~22°S, extracted from [START_REF] Rutland | Andes: Antofagasta segment (20°-25[END_REF]. Eastern portion interpreted after [START_REF] Turner | The Andes of northwestern Argentina[END_REF]. Note the clear difference in the understanding of orogenic architecture illustrated on these cross-sections, which have been published at the same time (1974) in the same book. While the Himalayan orogen is already understood to have formed by thrusts accreting crustal slices, shallow detachments and fold-thrustbelts, the structural interpretation of the Central Andes is based on several normal faults at that time.

Figure 8 -Sequence of first-order cross-sections of [START_REF] Suárez | Seismicity, fault plane solutions, depth of faulting, and active tectonics of the Andes of Peru, Ecuador, and southern Colombia[END_REF], proposing a reconstruction across the (Central) Peruvian Andes through time showing the subduction of the Nazca plate beneath Peru and slow convergence of the Brazilian Shield with the Andean range. Crustal thickening is in this view explained by crustal thrusts with a vergence opposite to the subduction plane. Note their east-ward propagation over time.

Figure 9 -Conceptual models of the Central Andes where crustal thickening is explained by magmatic additions from the mantle, extracted from (a) [START_REF] James | Plate Tectonic Model for the Evolution of the Central Andes[END_REF] and (b) [START_REF] Kono | Mountain building in the central Andes[END_REF]. Note the thrust structures on the eastern orogenic flank, whereas volcanism is particularly dominating the western side of the Andes. [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF] and (b) [START_REF] Lamb | Did shortening in thick crust cause rapid Late Cenozoic uplift in the northern Bolivian Andes[END_REF]. These lithospheric-scale sections explain Andean orogeny through the principle of a "hydraulic ramp" linked to the underthrusting of the Brazilian Shield. According to this vision, main tectonic structures are located on the East Andean side, whereas the western flank would only passively accommodate the topographic difference between the Altiplano Plateau and the forearc. [START_REF] Mpodozis | The Andes of Chile and Argentina[END_REF], (b) [START_REF] Mcquarrie | The kinematic history of the central Andean fold-thrust belt, Bolivia: Implications for building a high plateau[END_REF] and (c) [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]. Note the bivergent architecture of the sketches (a) and (c) attributing also a significant role to the thrust-systems along the western Andes, whereas the proposition (b) follows the vision of [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF] and others (Figure 9), explaining crustal shortening and thickening as linked to the East Andean structures only.

II.b From a classical subduction to orogeny: The evolution of the Central Andes at ~20ºS

Several studies investigated the evolution of the Andean subduction case through various approaches. I will present here a non-exhaustive summary principally based on the geological reviews of [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], Martinod et al. (2020), McQuarrie et al. (2005) and [START_REF] Stalder | The relationships between tectonics, climate and exhumation in the Central Andes (18-36°S): Evidence from low-temperature thermochronology[END_REF] with focus on the main elements admitted in the literature.

The subduction of the Nazca-Farallon plate beneath the South American continent has been active since the Early Jurassic (~200 Ma) (e.g. [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Chen | Southward propagation of Nazca subduction along the Andes[END_REF][START_REF] Coira | Tectonic and magmatic evolution of the Andes of northern Argentina and Chile[END_REF][START_REF] Mamani | Geochemical variations in igneous rocks of the Central Andean orocline (13°S to 18°S): Tracing crustal thickening and magma generation through time and space[END_REF][START_REF] Parada | Andean magmatism[END_REF]. By that time and for about 100 Myr, a classical Mariana-type subduction is documented (e.g. [START_REF] Husson | Plate motions, Andean orogeny, and volcanism above the South Atlantic convection cell[END_REF][START_REF] Faccenna | Mountain building and mantle dynamics[END_REF]. Up to the Mid Cretaceous, no mountain building sensustricto occured -on the contrary, upper plate extension and basin creation is described during the Jurassic and Early Cretaceous (e.g. [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Chen | Southward propagation of Nazca subduction along the Andes[END_REF][START_REF] Horton | Tectonic Regimes of the Central and Southern Andes: Responses to Variations in Plate Coupling During Subduction[END_REF][START_REF] Jaillard | Geodynamic evolution of the northern and central Andes during early to middle Mesozoic times: a Tethyan model[END_REF][START_REF] Mpodozis | The Andes of Chile and Argentina[END_REF][START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF][START_REF] Ramos | The tectonic regime along the Andes: Present-day and Mesozoic regimes[END_REF][START_REF] Sempere | Late Oligocene-Early Miocene major tectonic crisis and related basins in Bolivia[END_REF]. The only topography was formed by the magmatic arc, which was probably separated from the Brazilian craton by shallow epicontinental seas [START_REF] Aubouin | Esquisse paléogéographique et structurale des andes méridionales[END_REF][START_REF] Mpodozis | The Andes of Chile and Argentina[END_REF][START_REF] Jaillard | Cretaceous to early Paleogene tectonic evolution of the northern Central Andes (0-18°S) and its relations to geodynamics[END_REF][START_REF] Ramos | The tectonic regime along the Andes: Present-day and Mesozoic regimes[END_REF].

The modern Andean belt is recent, it formed from the Late Cretaceous on, probably when a major plate reorganization (associated with the opening of the South Atlantic from ~130 Ma on) caused the acceleration of the westward drift of the South American continent towards the retreating Nazca-Farallon plate by ~ 100 Ma (e.g. [START_REF] Frutos | Andean Tectonics as a consequence of sea-floor spreading[END_REF][START_REF] Dalziel | Collision and Cordilleran orogenesis: an Andean perspective[END_REF][START_REF] Silver | Coupling of South American and African Plate Motion and Plate Deformation[END_REF][START_REF] Somoza | Mid-Cretaceous polar standstill of South America, motion of the Atlantic hotspots and the birth of the Andean cordillera[END_REF][START_REF] Torsvik | A new scheme for the opening of the South Atlantic Ocean and the dissection of an Aptian salt basin[END_REF][START_REF] Ramos | The tectonic regime along the Andes: Present-day and Mesozoic regimes[END_REF][START_REF] Husson | Plate motions, Andean orogeny, and volcanism above the South Atlantic convection cell[END_REF][START_REF] Faccenna | Mountain building and mantle dynamics[END_REF][START_REF] Horton | Tectonic Regimes of the Central and Southern Andes: Responses to Variations in Plate Coupling During Subduction[END_REF][START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF]. This led to an increase of the compressional stresses, accompanied by the inversion of the former extensional basins, accreting them progressively to a mountain belt [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Mamani | Geochemical variations in igneous rocks of the Central Andean orocline (13°S to 18°S): Tracing crustal thickening and magma generation through time and space[END_REF][START_REF] Mpodozis | The Andes of Chile and Argentina[END_REF][START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF][START_REF] Sempere | Late Oligocene-Early Miocene major tectonic crisis and related basins in Bolivia[END_REF]. The orogenic growth is not considered to occur as a homogeneous process, but rather fluctuating over time and space (e.g. [START_REF] Jordan | Extension and basin formation in the southern Andes caused by increased convergence rate: A mid-Cenozoic trigger for the Andes[END_REF][START_REF] Mpodozis | Cenozoic Tectonics and Porphyry Copper Systems of the Chilean Andes[END_REF][START_REF] Charrier | Tectono-stratigraphic evolution of the Andean Orogen between 31 and 37°S (Chile and Western Argentina)[END_REF][START_REF] Horton | Sedimentary record of plate coupling and decoupling during growth of the Andes[END_REF][START_REF] Horton | Tectonic Regimes of the Central and Southern Andes: Responses to Variations in Plate Coupling During Subduction[END_REF][START_REF] Chen | Southward propagation of Nazca subduction along the Andes[END_REF].

Several studies based on geologic, tectonic and geophysic indicators agree on the fact that Andean orogeny started at the latitude of the Bolivian Orocline (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]McQuarrie et al., 2005[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF][START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF]Bascuñán et al., 2015;[START_REF] Ladino | New constraints for the age of Cretaceous compressional deformation in the Andes of northern Chile[END_REF][START_REF] Mpodozis | Late Mesozoic to Paleogene stratigraphy of the Salar de Atacama Basin, Antofagasta, Northern Chile: Implications for the tectonic evolution of the Central Andes[END_REF]. In this area, the term of Peruvian phase (~110-85 Ma) has been defined to describe the earliest stages of Andean mountainbuilding by Late Cretaceous times [START_REF] Jaillard | Kimmeridgian to Paleocene tectonic and geodynamic evolution of the Peruvian (and Ecuadorian) margin[END_REF][START_REF] Sempere | Kimmeridgian? to Paleocene Tectonic Evolution of Bolivia[END_REF][START_REF] Vicente | Early Late Cretaceous Overthrusting in the Western Cordillera of Southern Peru[END_REF]. Eastward migration of the volcanic arc started at the same time as the Cretaceous shortening, and is by many authors interpreted as probably due to the decreasing dip angle of the subducting slab beneath the Andean continent (e.g. [START_REF] Mégard | The Andean orogenic period and its major structures in central and northern Peru[END_REF][START_REF] Scheuber | Magmatic arc tectonics in the Central Andes between 21° and 25°S[END_REF][START_REF] Jaillard | Tectonic evolution of the Andes of Ecuador, Peru, Bolivia and northernmost Chile. In Tectonic Evolution of South America[END_REF][START_REF] Haschke | Balancing crustal thickening in arcs by tectonic vs. magmatic means[END_REF][START_REF] Mamani | Geochemical variations in igneous rocks of the Central Andean orocline (13°S to 18°S): Tracing crustal thickening and magma generation through time and space[END_REF][START_REF] Ramos | The tectonic regime along the Andes: Present-day and Mesozoic regimes[END_REF][START_REF] Charrier | Tectono-stratigraphic evolution of the Andean Orogen between 31 and 37°S (Chile and Western Argentina)[END_REF][START_REF] Gianni | A geodynamic model linking Cretaceous orogeny, arc migration, foreland dynamic subsidence and marine ingression in southern South America[END_REF], and to the intense margin reduction due to the erosive character of the subduction perduring since the Jurassic (e.g. [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Clift | Slow rates of subduction erosion and coastal underplating along the Andean margin of Chile and Peru: COMMENT and REPLY: REPLY[END_REF][START_REF] Kay | Episodic arc migration, crustal thickening, subduction erosion, and magmatism in the south-central Andes[END_REF]. The volcanic arc propagated from its initial Jurassic position along the present-day Coastal Cordillera to the west flank of the Western Cordillera (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]Martinod et al., 2020;McQuarrie et al. in line with another plate reorganization in the Pacific region (e.g. [START_REF] Scheuber | Tectonic Development of the North Chilean Andes in Relation to Plate Convergence and Magmatism Since the Jurassic[END_REF][START_REF] Seton | Global continental and ocean basin reconstructions since 200 Ma[END_REF][START_REF] Torsvik | Plate tectonics and net lithosphere rotation over the past 150My[END_REF][START_REF] Wessel | Toward a self-consistent, high-resolution absolute plate motion model for the Pacific[END_REF]. In the Andean community, this period is known as the Incaic phase [START_REF] Steinmann | Geologie von Peru[END_REF][START_REF] Jaillard | Cretaceous to early Paleogene tectonic evolution of the northern Central Andes (0-18°S) and its relations to geodynamics[END_REF][START_REF] Noble | Episodic Cenozoic volcanism and tectonism in the Andes of Peru[END_REF][START_REF] Noble | Early Tertiary "Incaic" tectonism, uplift, and volcanic activity, Andes of central Peru[END_REF]. Ongoing structural inversion of former extensional features (like basins and faults) is documented along the western Cordillera in the Paleogene, before orogenic growth propagated to the Eastern Cordillera by ~45-40 Ma, at the Bolivian Orocline latitude (e.g. [START_REF] Mégard | Cordilleran Andes and Marginal Andes: a Review of Andean Geology North of the Arica Elbow (18(S[END_REF]Lamb & Hoke, 1997;Lamb et al., 1997;[START_REF] Mcquarrie | Geometry and structural evolution of the central Andean backthrust belt, Bolivia[END_REF][START_REF] Horton | Revised deformation history of the central Andes: Inferences from Cenozoic foredeep and intermontane basins of the Eastern Cordillera, Bolivia[END_REF][START_REF] Tankard | Exhumation history of the southern Altiplano plateau (southern Bolivia) constrained by apatite fission track thermochronology[END_REF][START_REF] Garzione | Tectonic Evolution of the Central Andean Plateau and Implications for the Growth of Plateaus[END_REF][START_REF] Rak | Kinematics, Exhumation, and Sedimentation of the North Central Andes (Bolivia): An Integrated Thermochronometer and Thermokinematic Modeling Approach[END_REF][START_REF] Anderson | Orogenic Wedge Evolution of the Central Andes, Bolivia (21°S): Implications for Cordilleran Cyclicity[END_REF]. The propagation of the deformation towards the East (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]McQuarrie et al., 2005[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF][START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF] is proposed to be linked to the formation of a flat-slab segment as a potential result of ridge subduction (e.g. [START_REF] Martinod | Effect of aseismic ridge subduction on slab geometry and overriding plate deformation: Insights from analogue modeling[END_REF]Martinod et al., , 2020)), or to the intrinsic mechanics of crustal shortening combined with a climatic gradient that inhibits thrusts on the western hyperarid side of the orogen and favors it on its eastern flank (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF].

By that time, orogenic deformation slowed significantly down in the Western Andes, but can still be documented at the regional scale (e.g. [START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF][START_REF] Jordan | Landscape modification in response to repeated onset of hyperarid paleoclimate states since 14 Ma, Atacama Desert, Chile[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. This more recent deformation since ~30 Ma is referred to as the Quechua phase [START_REF] Jaillard | Tectonic evolution of the Andes of Ecuador, Peru, Bolivia and northernmost Chile. In Tectonic Evolution of South America[END_REF][START_REF] Mégard | The Andean orogenic period and its major structures in central and northern Peru[END_REF]. Widespread ignimbritic volcanism is observed to have occurred along the Western Cordillera during the Early Miocene and is generally interpreted to document a steepening of the subducting slab, which is found to dip ~30° beneath the Bolivian Orocline today (e.g. [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Martinod | Horizontal subduction zones, convergence velocity and the building of the Andes[END_REF][START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF]. The Eastern Cordillera and Subandean ranges absorbed most crustal shortening after ~30 Ma, i.e during Neogene times [START_REF] Anderson | Shortening and structural architecture of the Andean fold-thrust belt of southern Bolivia (21°S): Implications for kinematic development and crustal thickening of the central Andes[END_REF][START_REF] Baby | Neogene shortening contribution to crustal thickening in the back arc of the Central Andes[END_REF][START_REF] Dunn | Structural Styles and Hydrocarbon Potential of the Sub-Andean Thrust Belt of Southern Bolivia[END_REF][START_REF] Eichelberger | New constraints on the chronology, magnitude, and distribution of deformation within the central Andean orocline: CENTRAL ANDEAN OROCLINE DEFORMATION[END_REF][START_REF] Gotberg | Comparison of crustal thickening budget and shortening estimates in southern Peru (12-14 S): Implications for mass balance and rotations in the "Bolivian orocline[END_REF][START_REF] Kley | Transition from basement-involved to thin-skinned thrusting in the Cordillera Oriental of southern Bolivia[END_REF][START_REF] Mcquarrie | The kinematic history of the central Andean fold-thrust belt, Bolivia: Implications for building a high plateau[END_REF]McQuarrie et al., 2008;[START_REF] Müller | Structure and Cenozoic kinematics of the Eastern Cordillera, southern Bolivia (21°S)[END_REF][START_REF] Perez | Andean shortening, inversion and exhumation associated with thin-and thick-skinned deformation in southern Peru[END_REF]. This period corresponds also to the time of main uplift of the Altiplano-Puna plateau, as suggested not only by geological observations along the western flank of the Andes (Farias et al., 2005;[START_REF] Garcia | Fault-related folding, drainage network evolution and valley incision during the Neogene in the Andean Precordillera of Northern Chile[END_REF][START_REF] Jordan | Uplift of the Altiplano-Puna plateau: A view from the west: West Flank Central Andes[END_REF]Lamb et al., 1997), but also by oxygen isotopes analyses [START_REF] Garzione | Rapid late Miocene rise of the Bolivian Altiplano: Evidence for removal of mantle lithosphere[END_REF][START_REF] Garzione | Clumped isotope evidence for diachronous surface cooling of the Altiplano and pulsed surface uplift of the Central Andes[END_REF] and paleobotanic data (Gregory-Wodzicky, 2000;[START_REF] Kar | Rapid regional surface uplift of the northern Altiplano plateau revealed by multiproxy paleoclimate reconstruction[END_REF]Perez-Escobar et al., 2017).

The different phases of Andean growth are documented by various studies, especially in the Eastern Andes. This is illustrated by Figures 12 and13 summarizing the main stages through East-West cross-sections at ~20°S, which may not make consensus concerning all details, but allow for better understanding some of the key points of the Central Andes evolution since the Late Cretaceous. When comparing these two conceptual models of [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] and Martinod et al. (2020), it becomes clear that they agree on the fact that Andean orogeny started in the west and spread to the east. Both versions of the general structuring of the chain also consent on the tectonic features in the east, whereas their divergences on the main structures on the west Andean side is marked particularly for the earlier stages of orogeny. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF].

Figure 13 -Schematic evolution of the growth process of the Central Andes across the Bolivian Orocline, extracted from Martinod et al. (2020).

The primary stages of orogenic growth in the western Andes are definitely less well understood and still the subject of ongoing investigations and debates (e.g. [START_REF] Chen | Southward propagation of Nazca subduction along the Andes[END_REF], but are crucial to understand since recording the beginning of a long-lasting process that resulted in the spectacular relief of the present-day Andean orogen.

In any case, Andean orogeny initiated on the western side of the Andes at the level of the Bolivian Orocline (~16-22°S) beyond any reasonable doubt, after ~100 Myr of classical subduction without mountain-building. In a later evolutionary stage, deformation jumped from the Western to the Eastern Cordillera, by ~45-40 Ma.

The age of this initiation of Andean mountain building sensu stricto remains anyhow poorly constrained. Existing studies generally point to Late Cretaceous or Early Paleocene ages for the start of orogeny in the Central Andes (e.g. McQuarrie et al., 2005[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF][START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Chen | Southward propagation of Nazca subduction along the Andes[END_REF][START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF][START_REF] Reiners | Low-temperature thermochronologic trends across the central Andes, 21[END_REF], but the wide range of proposed ages is underlined by the two Figures 12 and 13 of evolutionary stages by [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] and Martinod et al. (2020), diverging on the timing of the Andean orogenic Cycle, as well as on the structural details.

Several other authors investigated the structural style of the Central Andes in order to explain the significant topographic relief and crustal thickness of the mountain belt. Some of these main conceptual cross-sections proposed over the past 30-40 years are briefly reviewed in the following section.

II.c Review of existing main conceptual models of the Central Andean tectonic architecture

One of the first modern conceptual models of Andean architecture was proposed by Suarez et al. (1983) for the Peruvian Andes (~5-20°S) (Figure 8). This simplified East-West cross-section proposes thrust-faults antithetic to the subduction interface which propagate to the East and contribute as such to the crustal thickening and the widening of the Andean chain.

At ~20°S, [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF] explains Andean orogeny by crustal structures concentrated along the eastern Andean front (Figure 10a). The first-order model is based on the principle of a "hydraulic ram": The underthrusting of the Brazilian Shield (a rigid foreland block) compresses the ductile lower crust, and causes a plateau-like uplift west of the East Andean thrust belt. The western flank of the Andes is described as a passive monoclinal-like crustal-scale flexure, accommodating only the relief difference between the uplifted plateau and the forearc west of it [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF].

Many other works followed the principle lines of this concept, i.e. giving primary importance to east-vergent thrusting (Giambiagi et al., 2014;[START_REF] Kley | Geologic and geometric constraints on a kinematic model of the Bolivian orocline[END_REF][START_REF] Lamb | Did shortening in thick crust cause rapid Late Cenozoic uplift in the northern Bolivian Andes[END_REF][START_REF] Lamb | Cenozoic uplift of the Central Andes in northern Chile and Bolivia -reconciling paleoaltimetry with the geological evolution[END_REF][START_REF] Mcquarrie | The kinematic history of the central Andean fold-thrust belt, Bolivia: Implications for building a high plateau[END_REF]McQuarrie et al., 2005;[START_REF] Ramos | The Andean thrust system latitudinal variations in structural styles and orogenic shortening[END_REF][START_REF] Suárez | Seismicity, fault plane solutions, depth of faulting, and active tectonics of the Andes of Peru, Ecuador, and southern Colombia[END_REF]. The conceptional vision of [START_REF] Lamb | Did shortening in thick crust cause rapid Late Cenozoic uplift in the northern Bolivian Andes[END_REF] takes into account more recent geological and geophysical constraints, anyhow still taking up the idea of the "hydraulic ram" acting as a "piston" progressing westwards under the western margin of the Eastern Cordillera and the Altiplano. As such, the Brazilian Shield would underthrust along a basal detachment and would push into the lower ductile crust, causing its shortening and thickening (Figure 10b). According to [START_REF] Lamb | Did shortening in thick crust cause rapid Late Cenozoic uplift in the northern Bolivian Andes[END_REF], the thinned and weakened lithosphere beneath the Altiplano would allow enhanced shortening strain in the lower crustal layer. The rigid brittle crust of the forearc is supposed to behave as a vertical barrier stopping farther westward propagation and so generating diffuse crustal thickening and uplift of the Western Cordillera, Altiplano and Eastern Cordillera. The geological realism of such a vertical rigid wall remains questionable.

Common to the mountain-belt-wide studies of these authors is that Central Andean mountain building would essentially rely on eastward fault propagation and east-verging thrusting along the Eastern Andes. Such structures have however an opposite vergence to that of the Nazca-South-America-subduction-interface. Also, most of these conceptual models set aside this critical part of the orogen which is the western flank.

Still, already in the late 1980's, [START_REF] Mpodozis | The Andes of Chile and Argentina[END_REF] (Figure 11a) suggested that the Andes-Altiplano was a bivergent orogen with east-vergent structures on the eastern side (along the Sierras Subandinas) and west-vergent thrusting on the western margin (along the Cordillera Domeyko) as principal tectonic structures at ~20°S. Even though their view of the orogen is probably too simplified, the crustal structures sustaining this interpretation have been described in the meantime (e.g. [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF][START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], but are poorly studied across the West Andean flank, and thus less well understood compared to the intensely studied structures on the eastern side of the mountain chain.

A few studies have been realised more recently, which investigated these westvergent structures along the western flank (i.e. synthetic to the subduction interface) and pointed to their non-neglectable role for Central Andean mountain-building (e.g. [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF][START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF][START_REF] Riesner | Early exhumation of the Frontal Cordillera (Southern Central Andes) and implications for Andean mountainbuilding at ~33.5°S[END_REF]. For example, [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] proposed a vision following in the great lines that of [START_REF] Mpodozis | The Andes of Chile and Argentina[END_REF] as illustrated by Figure 11c. This view emphasizes that the Andes formed over two crustal thrust ramps, the West Andean Thrust (WAT) and the East Andean Thrust (EAT). In this model, orogenic building started in the Late Paleogene on the west-vergent WAT, synthetic to the subduction, before propagating eastward and more recently on eastvergent structures. This large bivergent thrust system is generated by the underthrusting of the relatively strong lithospheric blocks on both sides of the Altiplano Plateau: the more than 1000 km wide Brazilian Shield underthrusting from the East, as confirmed by several geophysical studies (e.g. [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF][START_REF] Allmendinger | THE EVOLUTION OF THE ALTIPLANO-PUNA PLATEAU OF THE CENTRAL ANDES[END_REF][START_REF] Beck | The nature of orogenic crust in the central Andes[END_REF][START_REF] Oncken | Strain accumulation controls failure of a plate boundary zone: Linking deformation of the Central Andes and lithosphere mechanics[END_REF], and the few hundreds-kilometer-wide Marginal Block in the West, causing flexure of the respectively underlying mantle lithosphere [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]. This view at ~20-22°S has been inspired from observations of a clear westvergent active mountain front along western Andes at the latitude of Santiago de Chile (~33°S; e.g. [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Riesner | Kinematics of the active West Andean fold-and-thrust belt (central Chile): Structure and longterm shortening rate[END_REF][START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF][START_REF] Riesner | Early exhumation of the Frontal Cordillera (Southern Central Andes) and implications for Andean mountainbuilding at ~33.5°S[END_REF].

To recapitulate, the various works on the Central Andean architecture agree on the principal structuration and role of tectonic features within the Altiplano-Puna Plateau and along the Eastern Andes, except in their details -while concerning the Western Andes, where observations are complicated by intense volcanism, existing views differ on firstorder processes and structures.

As a conclusion, this evidences that the structures accommodating the initiation of Andean mountain building remain poorly understood, in particular the main structural style of the West Andean flank. Especially the contribution of those structures to the significant topographic relief and crustal thickness of the orogen during the early orogenic stages need further clarifications. From these points emerge some first major unresolved questions, which are addressed in this thesis:

Can we more precisely document where and when orogeny initiated along the western flank of the Central Andes?

Can we better resolve how deformation proceeded, in particular in the early stages?

Another interesting point here is the general concordance of studies at different latitudes about the initiation of Andean deformation in the fore-arc of the overriding plate through lithospheric scale structures with a principal west-vergence, synthetic of the subduction. Indeed, this is not only documented at ~21°S (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], but also at some other latitudes along the Central Andes, for instance at ~33°S (e.g. [START_REF] Riesner | Évolution tectonique des Andes centrales (33°S) : Implications sur la mécanique des chaînes de subduction[END_REF][START_REF] Riesner | Kinematics of the active West Andean fold-and-thrust belt (central Chile): Structure and longterm shortening rate[END_REF][START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF][START_REF] Riesner | Early exhumation of the Frontal Cordillera (Southern Central Andes) and implications for Andean mountainbuilding at ~33.5°S[END_REF][START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF]. As already stated, Andean orogeny has not initiated synchronously all along the mountain chain (e.g. [START_REF] Jordan | Extension and basin formation in the southern Andes caused by increased convergence rate: A mid-Cenozoic trigger for the Andes[END_REF][START_REF] Mpodozis | Cenozoic Tectonics and Porphyry Copper Systems of the Chilean Andes[END_REF][START_REF] Charrier | Tectono-stratigraphic evolution of the Andean Orogen between 31 and 37°S (Chile and Western Argentina)[END_REF][START_REF] Horton | Sedimentary record of plate coupling and decoupling during growth of the Andes[END_REF][START_REF] Horton | Tectonic Regimes of the Central and Southern Andes: Responses to Variations in Plate Coupling During Subduction[END_REF][START_REF] Chen | Southward propagation of Nazca subduction along the Andes[END_REF]. Indeed, at the latitude of Santiago de Chile, orogeny began by ~20-25 Ma (e.g. [START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF][START_REF] Riesner | Early exhumation of the Frontal Cordillera (Southern Central Andes) and implications for Andean mountainbuilding at ~33.5°S[END_REF], i.e. at least ~40 Ma later than at the Bolivian Orocline latitude, but the general evolution is similar. At both latitudes, the initial orogenic structures on the present-day western flank are gradually abandoned over time in favor of structures further east, implying a deformation zone which propagates to the more internal parts of the upper plate (see also chapter 3 of the thesis work of [START_REF] Riesner | Évolution tectonique des Andes centrales (33°S) : Implications sur la mécanique des chaînes de subduction[END_REF]. Even if there is more than 10° of latitude between these two sections and this postulate has to be validated also in between, a comparable evolution can probably be generalized all along the Central Andes.

The question is:

Do we observe a characteristic pattern of deformation propagation across and along the orogen's strike, and if so, why? What are the mechanical conditions for it? How and where is the deformation located and what factors determine this distribution?

When enlarging these issues to its overall problematic, the main question which emerges is "Why did Andean orogeny initiate?" That is to say, how to explain in particular the enigma of a classic Mariana-type subduction switching suddenly to an Andean-type configuration with crustal thickening by shortening and compression of the upper plate? A brief overview of studies addressing this problem is presented in the ensuing section.

II.d The paradox of Andean orogeny in a subductioncontext

To elucidate this switch to intense shortening and thickening of the upper plate's crust, diverse mechanisms have been suggested, and can be resumed to three groups of arguments: (a) Modified mantle flow as a consequence of the slab anchoring at the discontinuity between the upper and lower mantle (e.g. [START_REF] Chen | Southward propagation of Nazca subduction along the Andes[END_REF][START_REF] Faccenna | Mountain building and mantle dynamics[END_REF][START_REF] Faccenna | Initiation of the Andean orogeny by lower mantle subduction[END_REF][START_REF] Quinteros | Why has the Nazca plate slowed since the Neogene?[END_REF]Schellart, 2017) (Figures 14), or as a result of ceasing growth of the South Atlantic convection cell (e.g. [START_REF] Husson | Plate motions, Andean orogeny, and volcanism above the South Atlantic convection cell[END_REF]Faccenna et al., 2013) (Figures 15);(b) Strong coupling between the subducting and overriding plates (e.g. [START_REF] Martinod | Horizontal subduction zones, convergence velocity and the building of the Andes[END_REF]Martinod et al., , 2020) ) above flat slab segments (Figures 16), which may be the result of the relatively young age and buoyancy of the subducting slab (e.g. [START_REF] Capitanio | Subduction dynamics and the origin of Andean orogeny and the Bolivian orocline[END_REF][START_REF] Molnar | Interarc spreading and Cordilleran tectonics as alternates related to the age of subducted oceanic lithosphere[END_REF]; (c) Absolute velocity and acceleration of the upper plate toward the subduction trench (e.g. [START_REF] Guillaume | Slab dip, surface tectonics: How and when do they change following an acceleration/slow down of the overriding plate?[END_REF]Sobolev et al., 2005;Wolf & Huismans, 2019) (Figures 17), potentially in association with the larger size of the subducting slab (e.g. [START_REF] Schellart | Overriding plate shortening and extension above subduction zones: A parametric study to explain formation of the Andes Mountains[END_REF][START_REF] Schellart | Evolution and diversity of subduction zones controlled by slab width[END_REF]. Still, several fundamental questions around the Andean orogeny in general, as well as the mechanical processes and their associated boundary conditions in this noncollisional context in particular, have not been finally clarified yet. From there, a major question arises to improve our understanding of Andean mountain-building:

What are the conditions that lead to the compression and associated shortening and thickening of the upper continental plate in a subduction context?

The Andean case is particularly promising to answer to this issue since it passes during its history from a classical subduction with upper plate extension and basin creation for nearly 100 Myr to a Andean-type subduction with compression and thickening of the upper plate. [START_REF] Wolf | Mountain Building or Backarc Extension in Ocean-Continent Subduction Systems: A Function of Backarc Lithospheric Strength and Absolute Plate Velocities[END_REF] showing the parameters which are needed to go from stable subduction to back-arc extension or overriding plate (OP) shortening. The latter case is seen to fit the structural reconstruction of the Central Andes as proposed in by [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] (see also Figure 11c).

III. Problematic and contribution of this thesis

The objective of my PhD-thesis is to bring new elements to answer these various open questions. The early stages of the Andean orogeny have not been sufficiently addressed: The "Why, Where, When and How" are still objects of ongoing research.

I will focus on the West Andean flank of Northern Chile at the latitude of the Bolivian Orocline, where orogeny is thought to have initiated. Indeed, several authors suggest that the first important episodes of compressional deformation would have been accommodated during the Late Cretaceous in the Sierra de Moreno -a basement high within the Western Cordillera extending over ~21-22°S (Figure 1.1 in chapter 1; this map is located on Figure 2) -and in adjacent areas (e.g. Bascuñán et al., 2015;[START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Ladino | New constraints for the age of Cretaceous compressional deformation in the Andes of northern Chile[END_REF][START_REF] Mpodozis | Late Mesozoic to Paleogene stratigraphy of the Salar de Atacama Basin, Antofagasta, Northern Chile: Implications for the tectonic evolution of the Central Andes[END_REF]. Even though the Andes of southern Peru, i.e. in the northern part of the Bolivian orocline, also show indicators of deformation during the Late Cretaceous (e.g. [START_REF] Jaillard | Cretaceous to early Paleogene tectonic evolution of the northern Central Andes (0-18°S) and its relations to geodynamics[END_REF], those structures are cropping out less well, and have not been investigated in this thesis.

In the Sierra de Moreno, the basement-rocks are accessible at the surface, and a thrust bringing this basement over younger, deformed units has been mapped as a significant tectonic structure [START_REF] Skarmenta | Hoja Quillagua[END_REF]) -but detailed structural geologic studies are yet missing.

This area is therefore promising to provide new constraints in terms of quantification of deformation of the early phases of Andean orogeny, as well as to better define the timing of this deformation. These two issues will be addressed in the first part of my thesis, where I develop a structural geology approach with focus on particular localities along the Andean flank, where structures are exceptionally well preserved and accessible for field observations. These zones studied in detail are located on the crosssection of Figure 18. This first part is subdivided into three chapters. The "Why" is probably the most complex question and many authors tried to respond to this question through many different concepts, which are complementary. The fundamental issue is why and how compressional stresses increased, have been localized at the area of the upper plate where we encounter the Andes today, i.e. led to inversion of the extensional structures to compression. I address a part of this question through analog modeling in the second and last part of my thesis: Chapter 4 studies under which conditions the upper plate enters in a compressional state and deforms in a subduction context. The first-order results of this work succeed to determine the boundary conditions necessary to generate visible shortening and thickening in the overriding plate. Additionally, for the first time to our knowledge, an analog model comparable to the first order to the Central Andean configuration is proposed.

Chapters 2 and 4 are drafts for future publications. To avoid unnecessary repetitions from one chapter to another, the introductions and geological frameworks are simplified and only focused on the precise subject of the chapter.

PART I STRUCTURAL GEOLOGY OF THE WEST ANDEAN FLANK AT ~20-22°S

Chapter 1

The western Andes at ~20-22°S: A contribution to the quantification of crustal shortening and kinematics of deformation.

Introduction

One of the most active convergent plate boundaries is located along the western margin of South America (Figure 1.1). There, the oceanic Nazca plate plunges beneath the South American continent, with a convergence rate currently of ~8 cm/yr at ~20°S, according to the NUVEL-1A model [START_REF] Demets | Effect of recent revisions to the geomagnetic reversal time scale on estimates of current plate motions[END_REF]. The major part of this convergence is absorbed by the subduction megathrust in the form of large earthquakes (magnitude Mw ≥ 8). A small fraction of this convergence -presently about 1 cm/yr at 20°S (e.g. [START_REF] Brooks | Orogenic-wedge deformation and potential for great earthquakes in the central Andean backarc[END_REF][START_REF] Norabuena | Space geodetic observations of Nazca-South America convergence across the Central Andes[END_REF] -contributes to the deformation of the upper plate over millions of years and to the formation of one of the largest reliefs at the Earth's surface: the Andean Cordilleras and the Altiplano-Puna Plateau in between. Andean mountain-building initiated by Late Cretaceous to Early Cenozoic times along the western Andes of the Bolivian Orocline (between 16 and 22°S), and proceeded since then with the progressive eastward propagation of deformation onto the South American continent (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Barnes | Thermochronometer record of Central Andean Plateau growth, Bolivia (19.5°S)[END_REF][START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Decelles | Cyclical orogenic processes in the Cenozoic central Andes[END_REF][START_REF] Faccenna | Initiation of the Andean orogeny by lower mantle subduction[END_REF]McQuarrie et al., 2005;[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF]and references therein). Most local and mountain-wide previous studies have essentially focused on the structures of the Altiplano-Puna Plateau and on those of the various cordilleras to the east, but those located along the western flank of the orogen have remained up to now under-studied and their contribution to the significant topographic relief (Figure 1.1) and crustal thickness (e.g. [START_REF] Allmendinger | Foreland shortening and crustal balancing in the Andes at 30°S latitude[END_REF][START_REF] Introcaso | Gravity, isostasy and Andean crustal shortening between lati-tudes 30 o and 35 o S[END_REF][START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF] of this part of the orogen poorly understood.

Figure 1.1 -Simplified geological and structural map of the western Central Andes at ~20-22°S,

Northern Chile (modified from [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], and average topographic profile (top; ve: vertical exaggeration). The two main structural ensembles are here the Marginal Block and the Western Cordillera. The Marginal Block encompasses the Coastal Cordillera and the longitudinal valley of the Atacama Bench (or Central Depression). The Western Cordillera includes the West Andean Fold-and-Thrust-Belt (WAFTB) and Basement High (Cordillera Domeyko), and the modern volcanic arc. A large part of the WAFTB is hidden beneath blanketing Cenozoic deposits and only outcrops in few places. The Andean Basement Thrust (ABT) separates the WAFTB and the Basement High of the Western Cordillera. The location of Figures 1.4 and 1.9 is given by black boxes (A and B, respectively). Inset: Location of the map (red box) within the Central Andes along the South American Continent. WAT: West Andean Thrust (after [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]; FTB: Fold-and-Thrust-Belt; Cz: Cenozoic; Mz: Mesozoic; Pz-Pc: Paleozoic and Precambrian. In most classical models of Andean mountain-building, the western flank is described as a passive monoclinal-like crustal-scale flexure (e.g. [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF][START_REF] Lamb | Did shortening in thick crust cause rapid Late Cenozoic uplift in the northern Bolivian Andes[END_REF][START_REF] Lamb | Cenozoic uplift of the Central Andes in northern Chile and Bolivia -reconciling paleoaltimetry with the geological evolution[END_REF]McQuarrie et al., 2005). However, in the late 1980's, [START_REF] Mpodozis | The Andes of Chile and Argentina[END_REF] described west-vergent thrusting on the western margin (along the Cordillera Domeyko) as potential major tectonic structures. Later, other authors described westvergent thrusts at several localities along the western Andean flank in Northern Chile (e.g. [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Farías | Late Cenozoic deformation and uplift of the western flank of the Altiplano: Evidence from the depositional, tectonic, and geomorphologic evolution and shallow seismic activity (northern Chile at 19°30′S): Western Altiplano Uplift[END_REF][START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF][START_REF] Garcia | Fault-related folding, drainage network evolution and valley incision during the Neogene in the Andean Precordillera of Northern Chile[END_REF][START_REF] Martínez | Buried thrust belt front of the western Central Andes of northern Chile: Style, age, and relationship with basement heterogeneities[END_REF]Muñoz & Charrier, 1996;[START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF], but they generally attributed to these thrusts a minor role in the building of the whole orogen. Only further south, at the latitude of Santiago de Chile (~33°30'S), a clear west-verging fold-andthrust-belt (fold-and-thrust-belt hereafter simplified as FTB) has been documented along the western Andes [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Riesner | Kinematics of the active West Andean fold-and-thrust belt (central Chile): Structure and longterm shortening rate[END_REF]. This FTB emerges at the active San Ramon Fault in front of the capital city of Santiago de Chile, and has absorbed a significant amount of shortening [START_REF] Riesner | Kinematics of the active West Andean fold-and-thrust belt (central Chile): Structure and longterm shortening rate[END_REF]. It has been proposed to link this western FTB to a crustal-scale west-verging thrust (the West Andean Thrust or WAT) thought to have played a major role in the initiation of orogenic building [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF][START_REF] Riesner | Early exhumation of the Frontal Cordillera (Southern Central Andes) and implications for Andean mountainbuilding at ~33.5°S[END_REF], although this interpretation is still debated (e.g. [START_REF] Astini | Comment on "The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Barrionuevo | The influence of variations in crustal composition and lithospheric strength on the evolution of deformation processes in the southern Central Andes: insights from geodynamic models[END_REF][START_REF] Lossada | Detrital Thermochronology Reveals Major Middle Miocene Exhumation of the Eastern Flank ofthe Andes That Predates the PampeanFlat Slab (33°-33.5°S[END_REF].

We note that at ~33°30'S, the orogen is relatively younger and narrower than in the Bolivian Orocline further north. In contrast, at ~20-22°S, where the Andes-Altiplano system is much wider and structurally more complex, the contribution of similar westvergent structures along the western Andes is probably small compared to the >300 km total shortening across the entire >650 km wide orogen, but their role at the start of orogenic building may have been significant [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]. At this latitude, [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] showed the existence of west-vergent thrusts rooting on a deep decollement dipping eastward beneath the western Andes. They also estimated that these structures absorbed ~3 km of shortening. However, this relatively minor shortening only characterizes the deformation affecting the post ~29 Ma Altos de Pica Formation deposited above the Choja erosional surface (or Choja Pediplain). The Mesozoic series beneath this surface appear much more deformed (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF] but this deformation remains to be precisely described and quantified. One of the difficulties in such quantification is that a very large part of the deformation is hidden under blanketing mid-upper Cenozoic deposits and volcanics [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Farías | Late Cenozoic deformation and uplift of the western flank of the Altiplano: Evidence from the depositional, tectonic, and geomorphologic evolution and shallow seismic activity (northern Chile at 19°30′S): Western Altiplano Uplift[END_REF][START_REF] Sernageomin | Mapa Geológico de Chile: versión digital[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. A quantitative analysis of this deformation and its kinematics is only possible at the few sites along the western flank where deformed Mesozoic series crop out and which are accessible despite the hostile desert conditions in North Chile.

In this study, we provide quantitative data to better constrain the geometry of structures, the shortening they accommodated and their kinematics of deformation over time in two of the few areas along the west Andean front where erosion of the Cenozoic units allows for exposures of the underlying deformed Mesozoic layers (Figure 1.1). The Pinchal area, at ~21°30'S, exhibits a major west-vergent thrust that brings the Paleozoic basement of the Cordillera Domeyko over a FTB of Mesozoic units. These structures have never been described in detail. In the Quebrada Blanca zone, ~80 km further north, the excellent exposure of the FTB affecting the Mesozoic series allows for a more quantitative estimate of the shortening and of the timing of the main deformation episodes. Despite our detailed and quantitative approach, these two study areas only give a limited minimal vision of total deformation of this region, as their spatial extent remains minor at the scale of the whole western Andean flank (Figure 1.1). We find that the shortening of these structures is multi-kilometric, revealing that the contribution of the west Andean flank to Andean mountain building is not negligible. Additionally, we show that the main deformation recorded by folded Mesozoic units occurred sometime between ~68 and ~29 Ma (and possibly between ~68 Ma and ~44 Ma), further emphasizing that these structures mostly participated to the early stages of mountainbuilding.

Geological Context of the Andes (~20-22°S)

General geological framework

The Central Andean mountain-belt extends parallel to the Peru-Chile trench (Figure 1.1), where the Nazca oceanic plate subducts slightly obliquely beneath the South American continent. Spreading out north-south over several thousands of kilometers, the morpho-tectonic structure of the belt varies not only across the range, but also along its ~north-south axis.

At ~20-22°S, the mountain-belt is characterized by its largest width (>650 km), highest average elevation (~4-4.5 km above sea level, hereafter a.s.l., Figure 1.1), thickest crust (70-80 km, e.g. [START_REF] Tassara | Three-dimensional density model of the Nazca plate and the Andean continental margin[END_REF][START_REF] Wölbern | Receiver function images from the Moho and the slab beneath the Altiplano and Puna plateaus in the Central Andes[END_REF][START_REF] Yuan | Subduction and collision processes in the Central Andes constrained by converted seismic phases[END_REF] and greatest total shortening (>300 km, e.g. [START_REF] Anderson | Shortening and structural architecture of the Andean fold-thrust belt of southern Bolivia (21°S): Implications for kinematic development and crustal thickening of the central Andes[END_REF][START_REF] Eichelberger | New constraints on the chronology, magnitude, and distribution of deformation within the central Andean orocline: CENTRAL ANDEAN OROCLINE DEFORMATION[END_REF][START_REF] Elger | Plateau-style accumulation of deformation: Southern Altiplano[END_REF]McQuarrie et al., 2005;[START_REF] Sheffels | Lower bound on the amount of crustal shortening, in the central Bolivian Andes[END_REF]. Here, the Andean margin along the western border of the continent is described by three major morpho-tectonic ensembles, which are, from west to east : (1) the subduction margin (including the Peru-Chile Trench, the oceanward forearc, and the Coastal Cordillera that reaches altitudes >1 km and that corresponds to the former Mesozoic volcanic arc); (2) the Atacama Bench or Central Depression (at an altitude of ~1 km, corresponding to a modern continental forearc basin, particularly well expressed in the morphology and topography of North Chile); and (3) the strictly speaking Andean orogen, including the current volcanic arc and the Altiplano Plateau reaching elevations over 4000 m a.s.l. at ~20°S (e.g. [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF]McQuarrie et al., 2005;[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF]. Following the terminology of [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], the morpho-tectonic units located west of the Andean orogen constitute the Marginal Block (i.e. the oceanward forearc, the Coastal Cordillera and the Atacama Bench) (Figure 1.1).

At ~20-22°S latitude, the Andean orogen itself is composed of several major tectono-stratigraphic ensembles, which are, from west to east: (1) the Western Cordillera (Figure 1.1), including the Cordillera Domeyko and the modern volcanic arc;

(2) the Altiplano Plateau, a high-elevation internally drained low-relief basin; (3) the Eastern Cordillera, a bi-vergent portion of the East Andean FTB; (4) the Interandean zone (or Cordillera Oriental); and (5) the Subandean ranges, east of which the South American craton underthrusts the Andes (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF]McQuarrie et al., 2005;O. Oncken et al., 2012). The building of the Andean mountain-belt stricto sensu proceeded since the Late Cretaceous -Early Cenozoic at ~20-22°S and was associated with crustal shortening and thickening (e.g. [START_REF] Amilibia | The role of inherited tectono-sedimentary architecture in the development of the central Andean mountain belt: Insights from the Cordillera de Domeyko[END_REF][START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]J. Barnes et al., 2008;[START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Decelles | Cyclical orogenic processes in the Cenozoic central Andes[END_REF][START_REF] Faccenna | Initiation of the Andean orogeny by lower mantle subduction[END_REF][START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF]McQuarrie et al., 2005;[START_REF] Mpodozis | Late Mesozoic to Paleogene stratigraphy of the Salar de Atacama Basin, Antofagasta, Northern Chile: Implications for the tectonic evolution of the Central Andes[END_REF][START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF]. Based on the regional syntheses and reviews by McQuarrie et al. (2005), [START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF], [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF] and [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], the across-strike growth of the orogen may be summarized as follows: (1) by Late Cretaceous, the Mesozoic arc and back-arc basin (formed during the early Andean cycle) is located at the position of the present-day forearc, and most of the current Andes shows mainly flat topography; (2) by Late Cretaceous -Early Cenozoic, orogenic growth initiates and deformation primarily affects the western margin of the present-day Altiplano; (3) by ~45-30 Ma, shortening vanishes along the western flank of the Andes, and is transferred to the Eastern Cordillera; (4) by ~25 Ma, deformation ends in the Eastern Cordillera and migrates into the Interandean Belt; (5) from ~10 Ma until present, deformation within the Subandean Belt proceeds with the underthrusting of the Brazilian Craton beneath the Andes. It is therefore clear that the Andean shortening started along the western Andes and subsequently propagated eastward, progressively enlarging the orogen to form the different cordilleras and the Altiplano Plateau in between.

Different authors investigated crustal shortening and thickening at ~20-22°S at the scale of the whole Andean mountain-belt. From these earlier studies, total crustal shortening is estimated to ~300-400 km (e.g. [START_REF] Anderson | Shortening and structural architecture of the Andean fold-thrust belt of southern Bolivia (21°S): Implications for kinematic development and crustal thickening of the central Andes[END_REF][START_REF] Barnes | End member models for Andean Plateau uplift[END_REF][START_REF] Eichelberger | New constraints on the chronology, magnitude, and distribution of deformation within the central Andean orocline: CENTRAL ANDEAN OROCLINE DEFORMATION[END_REF][START_REF] Elger | Plateau-style accumulation of deformation: Southern Altiplano[END_REF][START_REF] Kley | Tectonic shortening and crustal thickness in the Central Andes: How good is the correlation?[END_REF]McQuarrie et al., 2005;[START_REF] Sheffels | Lower bound on the amount of crustal shortening, in the central Bolivian Andes[END_REF]. This crustal shortening contributed to crustal thickening. With a crustal thickness of ~70-80 km (e.g. [START_REF] Heit | An S receiver function analysis of the lithospheric structure in South America[END_REF][START_REF] Tassara | Three-dimensional density model of the Nazca plate and the Andean continental margin[END_REF][START_REF] Wölbern | Receiver function images from the Moho and the slab beneath the Altiplano and Puna plateaus in the Central Andes[END_REF][START_REF] Yuan | Subduction and collision processes in the Central Andes constrained by converted seismic phases[END_REF][START_REF] Zandt | Composition and thickness of the southern Altiplano crust, Bolivia[END_REF] beneath the Western Cordillera, the Altiplano and the Eastern Cordillera at these latitudes, the crust is overthickened compared to the ~45 km thick crust of the South America craton (e.g. [START_REF] Wölbern | Receiver function images from the Moho and the slab beneath the Altiplano and Puna plateaus in the Central Andes[END_REF].

Geological setting of the Western flank of the Andes at ~20-22°S

The Andean western flank is formed of three tectono-stratigraphic units at ~20-22°S, aside from the present-day volcanic arc. Starting from the East (oldest and deepest units, exposed at high altitudes) to the West (youngest units, lower altitudes), these are (Figure 1.1): ( 1) Andean basement consisting of metamorphic rocks of Precambrian and Paleozoic ages; (2) volcano-sedimentary deposits of Mesozoic age (Triassic-Cretaceous), folded and deformed in a FTB, and (3) unconformably overlain by less-deformed midupper Cenozoic (Oligocene -Quaternary) volcanics and sedimentary cover. Magmatic intrusions locally alter these different units, and are mostly Cenozoic [START_REF] Sernageomin | Mapa Geológico de Chile: versión digital[END_REF]. This along-strike structuration of the western Andean flank at these latitudes is here only given to the first-order as Mesozoic strata may be locally trapped in between two basement units, and Cenozoic layers may be unconformably overlying older strata even to the east (Figure 1.1).

The pre-Andean basement rocks formed during the Late Proterozoic and Paleozoic, when the Amazonian craton was progressively assembled from various terranes (e.g. [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Lucassen | Proterozoic-Paleozoic development of the basement of the Central Andes (18-26°S) -a mobile belt of the South American craton[END_REF][START_REF] Ramos | Late Proterozoic -Early Paleozoic of South America -A Collisional History[END_REF][START_REF] Rapela | Early evolution of the Proto-Andean margin of South America[END_REF]. At the end of this period of subduction and continental accretion, intensive magmatic activity (volcanism and major granite intrusions) welded together the basement during the Late Carboniferous to Early Permian [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Ramos | The Basement of the Central Andes: The Arequipa and Related Terranes[END_REF][START_REF] Vergara | Hoja Collacagua, Región de Tarapacá[END_REF].

The Mesozoic deposits (Triassic to Cretaceous), found today along the west Andean flank, formed in a proto-Andean arc and back-arc basin system during the early period of the Andean cycle (e.g. [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Mpodozis | The Andes of Chile and Argentina[END_REF]. Marine and continental sediments are interbedded with volcano-magmatic rocks [START_REF] Aguilef | Geología del área Quehuita-Chela, regiones de Tarapacá y Antofagasta[END_REF][START_REF] Sernageomin | Mapa Geológico de Chile: versión digital[END_REF]. These Mesozoic units attain locally thicknesses up to ≥10 km (e.g. [START_REF] Buchelt | The Jurassic La Negra Formation in the area of Antofagasta, northern Chile (lithology, petrography, geochemistry)[END_REF][START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Mpodozis | The Andes of Chile and Argentina[END_REF].

A regional erosional surface called the Choja Pediplain [START_REF] Galli-Olivier | Pediplain in Northern Chile and the Andean Uplift[END_REF]) developed during the Eocene to Early Oligocene (~50-30 Ma) (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. Above this angular unconformity, the up to ~1600 m thick [START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF] Cenozoic deposits of the Altos de Pica Formation [START_REF] Galli | Cuadrángulos Pica, Alca, Matilla y Chacarilla: Con un estudio sobre los recursos de agua subterránea, Provincia de Tarapacá[END_REF] are composed of continental clastic sediments, interbedded with volcanic layers [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. The oldest documented age within the Altos de Pica Formation is of ~24-26 Ma from dated ignimbrites [START_REF] Farías | Late Cenozoic deformation and uplift of the western flank of the Altiplano: Evidence from the depositional, tectonic, and geomorphologic evolution and shallow seismic activity (northern Chile at 19°30′S): Western Altiplano Uplift[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. From there, an age of ~27-29 Ma for the base of the Altos de Pica Formation is inferred regionally when extrapolated to the basal erosional surface using an average sedimentation rate. The youngest ignimbrites within the Altos de Pica Formation are dated at ~14-17 Ma (Middle Miocene) [START_REF] Vergara | Hoja Collacagua, Región de Tarapacá[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. Based thereon and in addition to other younger dated ignimbrites [START_REF] Baker | Geochronology of upper Tertiary volcanic activity in the Andes of north Chile[END_REF][START_REF] Vergara | Hoja Collacagua, Región de Tarapacá[END_REF], [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] deduced from stratigraphic correlations that the development of the Altos de Pica Formation finished by ~5-7 Ma (Late Miocene) at ~20-22°S.

The Paleozoic basement of the Western Cordillera is disrupted at places in the form of various basement highs boarded by reverse faults (Figure 1.1), such as the Sierra del Medio to the east and the Sierra de Moreno to the west at ~22°S (e.g. [START_REF] Haschke | Balancing crustal thickening in arcs by tectonic vs. magmatic means[END_REF][START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF][START_REF] Ladino | New constraints for the age of Cretaceous compressional deformation in the Andes of northern Chile[END_REF][START_REF] Puigdomenech | Paleomagnetic data from the Precordillera of northern Chile: A multiphase rotation history related to a multiphase deformational history[END_REF][START_REF] Tomlinson | Geología de la Precordillera Andina de Quebrada Blanca-Chuquicamata[END_REF] -not to be confused with the north-south trending strike-slip Domeyko Fault System, also called West Fissure System (or Falla Oeste) [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Reutter | The Precordilleran fault system of Chuquicamata, Northern Chile: evidence for reversals along arc-parallel strike-slip faults[END_REF]A. J. Tomlinson & Blanco, 1997a[START_REF] Tomlinson | Structural evolution and displacement history of the west fault system, precordillera, Chile: part 2, postmineral history[END_REF] along the Late Cretaceous-Early Cenozoic magmatic arc, east and out of our study area. At ~21°30'S, the geological map of [START_REF] Skarmenta | Hoja Quillagua[END_REF] indicates a west-vergent thrust bringing the Paleozoic basement over folded Mesozoic units. Such a thrust contact would imply significant crustal shortening across the western Andean margin, yet to be further documented in the field. Using apatite fission track dating, Maksaev and Zentilli (1999) proposed significant basement exhumation between 50 Ma and 30 Ma, possibly related to basement overthrusting. Older exhumation ages (Late Cretaceous to Early Cenozoic (U-Th)/He zircon and apatite ages) are however provided by [START_REF] Reiners | Low-temperature thermochronologic trends across the central Andes, 21[END_REF] for the western Andean basement at ~21°42'S, but from only one sample and without modeling. Together, these ages indicate that data remain missing to better quantify the exhumation, uplift and timing of deformation of the west-vergent basement thrusts reported along this flank of the Andes.

In the folded sedimentary series further west, [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] determined ~3 km of shortening recorded by the Cenozoic deposits of the Altos de Pica Formation, i.e. accumulated between ~29 Ma and ~5-10 Ma. However, these authors did not take into account the deformation of the underlying more deformed Mesozoic units. They interpret the underlying structures and folding as part of a system of west-vergent thrusts, re-analyzed recently by other authors [START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF]Martinez et al., 2021), but the poor quality of the seismic profiles at these depths renders these interpretations quite tenuous and disputable. [START_REF] Haschke | Balancing crustal thickening in arcs by tectonic vs. magmatic means[END_REF] estimated that >9 km of shortening across the western flank in the outcropping Sierra Moreno area (~21°45'S) occurred since the Late Cretaceous to Eocene on a west-and east-verging thrust system. It follows that even if published data hint at the existence of a westverging fault system along the western Andean front at ~20-22°S, its geometry, kinematics and total amount of shortening have not yet been satisfactorily evaluated.

Unconformable mid-upper Cenozoic clastic sediments and ignimbrites commonly hide the folded Mesozoic layers and their contact with the basement. Investigation is thus limited to sparse areas of few tens of km of extent, only where the interplay of erosion, canyon incision and exhumation has removed this Cenozoic cover and allows for structural observations [START_REF] Aguilef | Geología del área Quehuita-Chela, regiones de Tarapacá y Antofagasta[END_REF][START_REF] Sernageomin | Mapa Geológico de Chile: versión digital[END_REF] (Figure 1.1). In this study, we focus on two relatively accessible outcrop sites (Figure 1.1): (1) At ~21°30'S, where the Paleozoic basement thrusts over the Mesozoic according to [START_REF] Skarmenta | Hoja Quillagua[END_REF]. This zone will be referred to as the Pinchal area (next to Cerro Pinchal, 4193 m a.s.l.). ( 2) At ~20°45'S, where the FTB composed of deformed Mesozoic units has been significantly eroded and allows observations. This zone is hereafter named Quebrada Blanca area, after its largest canyon.

Data and Methods

Available Data

The most detailed existing geological map for the Pinchal area is the Quillagua map (1:250,000 scale, [START_REF] Skarmenta | Hoja Quillagua[END_REF], which only provides very largescale information but hints for the existence of a major basement thrust. For the Quebrada Blanca area, the recent Guatacondo map (1:100,000 scale, [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF] provides detailed and updated information on the stratigraphy and structure. There, the folded Mesozoic rocks are well exposed on a relatively wide area (~15 km east-west extent) and their structure has been preliminarily mapped and qualitatively described by [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF], [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] and [START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF].

Enhanced cartographic details can be deduced from high-resolution satellite imagery. We use Google Earth imagery (Landsat 7, DigitalGlobe) whose resolution varies from a few meters to a few tens of meters depending on the zones. In addition, this work benefits from very high-resolution imagery from the European Pléiades satellites. Using the MicMac software suite [START_REF] Rosu | Measurement of ground displacement from optical satellite image correlation using the free opensource software MicMac[END_REF][START_REF] Rupnik | Refined satellite image orientation in the free open-source photogrammetric tools Apero/Micmac[END_REF], we calculate highresolution DEMs from tri-stereo Pléiades imagery, with a 0.5 m resolution. These DEMs are down-sampled to a resolution of 2 m to enhance data treatment and calculations (e.g. stratigraphic projection and image processing). Relative vertical accuracy may reach ~1 m, depending on local slope.

Field observations acquired during two field surveys in March 2018 and January 2019 complete the dataset and permit the verification of the large-scale data acquired from maps and satellite imagery. Difficult accessibility and field logistics in the remote and desert Pinchal area only allow detailed field observations on a relatively limited area. Observation points and the off-road track followed to reach our field site in the Pinchal area are provided as supplementary material.

Establishing structural maps

We establish structural maps for the two investigated sites. We use an approach based on the 3D-mapping of stratigraphic layers on satellite imagery [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Riesner | Kinematics of the active West Andean fold-and-thrust belt (central Chile): Structure and longterm shortening rate[END_REF]. More precisely, layers are traced and correlated on Google Earth satellite images. The so-obtained georeferenced traces are projected on the DEMderived topographic map, and compared with geological maps, mainly for stratigraphic and age references. Field observations allow ground verifications and provide supplementary details, such as the existence of minor thrusts and folds, the observation of polarity criteria or the local measurement of dip angles.

The approach used here is mainly limited by local geological complications. Continuous mapping of Mesozoic strata is indeed locally complicated where incision of Cenozoic strata is limited, where magmatic intrusions and associated hydrothermalism alter the surrounding structural geometries, where soft layers with no well-expressed bedding such as marls are present (ex: Pinchal area), or where small landslides or recent sediment deposits hide the underlying deformation pattern. Therefore, geometrical observations and detailed mapping of the structures may be locally difficult, in some zones impossible. These difficulties cause uncertainties in precisely correlating mapped layers and may result in metric to decametric errors (if correlating a layer with its neighbor by error) but do not modify our large-scale (km) results and interpretations.

Building structural cross-sections

We use structural measurements, field observations and the obtained structural map to build cross-sections of the two investigated areas.

In the Pinchal area -because of limited canyon incision, marls, and frequent blanketing of the structures by Cenozoic cover -we build our structural cross-sections mainly from field observations (strike and dip angles, polarity criteria, first-order stratigraphic column), with additional information taken from satellite imagery.

In contrast, in the Quebrada Blanca area, we mostly build our subsurface crosssection from mapping on satellite imagery. Here, we follow the approach already proposed in [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF] and described in detail in [START_REF] Riesner | Kinematics of the active West Andean fold-and-thrust belt (central Chile): Structure and longterm shortening rate[END_REF]. The mapped georeferenced horizons are projected on the high-resolution Pléiades DEMs. Using a 3D-modeler, the horizons can be visualized interactively. In order to precisely assess the local average dip and strike angles of deformed Mesozoic layers, we project these layers along swath profiles chosen where Mesozoic strata crop out the best, where folds are mostly cylindrical and where incision (and therefore topographic relief) is most significant. It should be noticed that river incision is here significantly lower (a few hundred meters at most) than at the latitude of Santiago de Chile (~33°30'S) where this approach has been previously employed [START_REF] Riesner | Kinematics of the active West Andean fold-and-thrust belt (central Chile): Structure and longterm shortening rate[END_REF][START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF]. In any case, we successfully obtain the overall sectional geometry of layers, and by comparing with the structural map, we determine the approximate locations of the major synclinal and anticlinal fold axes. By respecting the classical structural rule of constant layer thickness, we derive fold geometries.

The limits of our interpretations mostly relate to the difficulty of unambiguously correlating stratigraphic layers, and to the fact that, in reality, layers may not always keep constant thicknesses. As incision and local topographic relief are reduced to a few hundred meters at most, the construction of cross-sections is mostly restricted to extrapolating surface dip angles at depth.

Crustal shortening and kinematic modeling

We use our subsurface cross-sections to estimate the minimum shortening across the investigated sites. We employ a simple line-length-balancing approach to determine shortening related to folding. However, we have no precise indication of the structure and geometry of layers at depth, in particular within the footwall of thrusts or within the hanging wall nearby the interpreted propagating faults. Given this, thrust offsets cannot be precisely documented from field observations only. To solve this and get a more complete view on shortening estimates, we model anticlinal geometries interpreted to be related to fault-propagation using a numerical trishear approach (e.g. Allmendinger, 1998;Erslev, 1991). We use the code FaultFold Forward (version 6) (Allmendinger, 1998) in order to jointly model thrust displacement and anticlinal folding. Trishear models the deformation distributed within a triangular zone located at the tip of a propagating fault (Erslev, 1991). This forward modeling relies on a set of parameters that are here adjusted by trial and error to fit structural geometries. By adding sedimentary layers at various steps during ongoing deformation, we model syntectonic deposition and subsequent deformation, in order to reproduce deformation of Cenozoic layers. Additional information on trishear modeling, together with the range of tested parameters, are provided in supplementary material. We recognize that our best-fit model parameters may not be unique. This is not expected to impact much estimated total shortening as this result depends mostly on final cross-sections. This point will be further discussed in section 1.7.3 and in the supporting information.

Deformation is expressed in terms of shortening (in km) but also in terms of relative shortening (in %). Relative shortening is hereafter determined as the ratio of the estimated shortening by the initial length of the undeformed section.

Basement thrust and deformed Mesozoic series within the Pinchal area (~21°30'S)

Field observations

Our observations confirm the existence of a major basement thrust in the Pinchal area. Because our observations contradict previous stratigraphic and structural interpretations of the folded Mesozoic series, we hereafter describe in detail our field data and subsequently discuss and compare them to previous interpretations.

Stratigraphic observations

We propose a first-order stratigraphic column from our structural, stratigraphic and sedimentary field observations. In the landscape, the three main tectonostratigraphic units are clearly distinguishable (Figure 1.2): (1) the metamorphic basement, (2) the continuous Mesozoic sedimentary series (with a continuum from continental to marine facies) and ( 3) the continental Cenozoic cover. The first-order stratigraphic column (Figure 1.3) is hereafter described from the oldest to the youngest units. Detailed field pictures of identified and individualized sedimentary formations are provided in supplementary material to complement the forthcoming stratigraphic descriptions. We acknowledge not to have any constraint on the absolute ages of these series, but the relative stratigraphic ages are deduced from the kilometer-scale structural geometry and from clear sedimentary or structural polarity criteria observed in the field (further details below).

The Paleozoic basement (Figure S1) dominates the eastern part of the Pinchal area, and is composed of mainly coarse-grain granodiorites and diorites, as well as metamorphic rocks comprising gneisses, migmatites and mica-schist, consistent with documented characteristics of the basement in the area [START_REF] Skarmenta | Hoja Quillagua[END_REF].

The older part of the outcropping Mesozoic series consists of continental deposits, with a high content of Paleozoic lithics and volcano-clastic and tuffitic lowrounded conglomerates, of greenish, beige and brownish colors, and clast-sizes varying from a few millimeters to few decimeters (Figure S2). At places, these rocks bear sedimentary polarity criteria such as grain-grading, grain-sorting, cross-bedding and tangential beds (Figure S3). In the eastern part of the Pinchal area, we locally observed below this series some dark green detrital pelites (lutites) (Figure S4). On the basis of petrographic and sedimentological correlations, these detrital Mesozoic sediments resemble to units mapped as Triassic north of the Pinchal zone (between 21°-21°30'S) in the Quehuita area [START_REF] Aguilef | Geología del área Quehuita-Chela, regiones de Tarapacá y Antofagasta[END_REF].

In paraconformity, a characteristic limestone layer marks the beginning of a marine sequence within the Mesozoic series, evidencing a marine transgression process. We hereafter refer to this layer as the "calcareous crest" as it is prominent in the landscape (Figure 1.2) and as such can be easily used as a reference marker in the field or in satellite images. The base of the calcareous crest is characterized by the presence of silex layers or nodules (Figure S5). Upsection, numerous stromatolites (Figure S6) and bivalves (Figure S7) are found within the unit. Its thickness varies between a few meters (less than 10 m) in the eastern part, to ~10-20 m to the west.

The calcareous crest is overlain by thin-bedded (cm-dm) limestone layers of rose-beige color (Figure S8), over a thickness of ~50-100 m. Going upsection, the marine series becomes progressively more marly, limestone layers become more rare and the color more beige, evidencing a deeper marine paleo-environment bearing fossiliferous marl layers. Belemnite fossils were encountered in the lower part of this limestone-to-marl sequence. Characteristic calcareous oval concretions of variable diameter (cm to m) (Figure S9), are pervasive at the transition from marly limestones to marls. The marls bear ammonite fossils, which we have not identified. These Ammonite species could be Perisphinctes, Euaspidoceras, Mirosphinctes and Gregoryceras, according to the notice of the Quillagua geological map [START_REF] Skarmenta | Hoja Quillagua[END_REF] if applicable here. In this case they would be associated with a Middle Jurassic age (Bajocian to Callovian). The series from the thin-bedded limestones to the top of the beige marls is ~200 m thick, along one of the canyons and sections investigated in the field (Quebrada Tania). 1.4 and 1.5a) where the Mesozoic series seems to be most complete. By analogy to regional descriptions, these layers are suspected to be Triassic at the base, and Jurassic in the case of the marine fossiliferous levels (see section 1.4.2.1 for additional details). The description of Cenozoic units is here completed based on the work of [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. Color-code in line with maps (Figures 1.1,1.4 and S13) and cross-sections (Figure 1.5). In the Pinchal area, Paleozoic basement overthrusts folded Mesozoic series along the Andean Basement Thrust (ABT), so that part of the deeper and older Mesozoic series may be missing here (as depicted by "?"). Abbreviation "sed." for sediments. See Figures S1-S12 and corresponding captions (in supplementary material) for detailed sedimentologic descriptions.

Upsection, the beige marls become progressively more calcareous again, with the presence of thin limestone layers (Figure S10). Finally, this marine sequence ends with black marls containing layers of beige sandstones (mm to few cmrarely dm -thick) (Figure S11), indicative of a detrital component in a probable deep seated basin, comparable to the "flysch" series in the Alpine basins [START_REF] Homewood | Classic Swiss Clastics (Flysch and Molasse) -The Alpine connection[END_REF]. This unit is hereafter called "black flysch", and has a minimum thickness of ~50 m.

Continental-clastic Cenozoic deposits (Altos de Pica Formation), unconformably overlie the folded Mesozoic series over the Choja erosional surface [START_REF] Galli | Cuadrángulos Pica, Alca, Matilla y Chacarilla: Con un estudio sobre los recursos de agua subterránea, Provincia de Tarapacá[END_REF][START_REF] Galli-Olivier | Pediplain in Northern Chile and the Andean Uplift[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF], evidencing a regression process (Figures 1.2 and 1.3). They are mainly composed of alluvial fan facies that were sourced from the mountain front immediately to the east, with different aggradational terraces. Locally, ignimbrites are observed to cover these clastic series. We encountered red arenites at the base of the Cenozoic series in the western part of the Pinchal area (Figure S12). The age of the oldest sedimentary deposits above this erosional surface is regionally inferred to be ~27-29 Ma [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF], see also section 1.2.2).

Structural Observations

The structural map of Figure 1.4 illustrates the main stratigraphic and structural features observed in the field and by mapping on satellite imagery. Two ~east-west cross-sections show detailed surface observations along two accessible representative canyons: Quebrada Tania and Quebrada Martine (Figure 1.5a,b). The Quebrada Tambillo incises deeper into folded units, and as such surface structural observations can be further extrapolated at depth (Figure 1.5c).

The easternmost part of our study area is marked by a major west-vergent thrust bringing the metamorphic basement over the Mesozoic units. This basement thrust is hereafter named the Andean Basement Thrust (ABT). The west-vergent thrust-nature of the shear zone between the Paleozoic basement and the Mesozoic units is observable in the field (Figures 1.2 and 1.6). The characteristic C/S-fabric ("Cisaillement/Schistosité") -underlines the penetrative shearing of the basement rocks within and nearby the thrust shear zone, and indicates a top-to-the-west thrusting direction (Figure 1.7a). The ABT roughly follows a north-south direction (Figure 1.4). This major contact often resumes to a single basement thrust (Figure 1.5a,c), but may also show local geometrical complexities, with secondary thrusts and branches, eventually involving the basement with stripes of trapped Mesozoic units, as for example along Quebrada Martine (Figure 1.5b).

West of the ABT, a series of folds involving folded Mesozoic units is observable (Figures 1.2 and 1.4). From east to west, an asymmetric and overturned syncline is first found (Figure 1.8a), followed by a relatively symmetric anticline (Figure 8b). The eastern limb of the syncline, right beneath the ABT, is inverted and locally highly faulted and folded (Figures 1.5 and 1.7b,c). Within this inverted limb, the series goes westward (and upsection) from sheared lutites beneath the ABT followed by Mesozoic detrital series with conglomerates, to the Mesozoic marine series from the calcareous crest upsection to the marly limestones. The overturned strata are steeply dipping (50-70°E).

Penetrative small-scale deformation can be observed pervasively within the marine Mesozoic series, in the form of numerous local small folds, kinematically indicative of an inverted fold limb (and used here as a structural polarity criterium) (Figure 1.7b), and local secondary shear zones and thrusts (Figure 1.7c). Tania and Quebrada Martine,. In the case of the Quebrada Tambillo cross-section, a topographic swath profile was used along C-C'. The fold axes are relatively well defined for the synclinal fold, but less well constrained for the anticlinal fold because only observable along Quebrada Tambillo. Black dots refer to the location of field photographs, and are numbered according to the figures where these pictures are reported (e.g. 6 for 1.6). In the case of the Quebrada Tania section (a), the sedimentary polarity criterion (β) indicated to the West of the section has been observed ~1 km further downstream than reported here. For the Quebrada Martine section (b), note the stripe of continental Mesozoic rocks trapped in between two strands of the Andean Basement Thrust (ABT). Sub-surface interpretation from surface observations is reported with transparent colors in the case of the Quebrada Tambillo section (c). Note the different spatial scales of the three sections.

2). A-A' and B-B' sections locate the topographic profiles used for the surface cross-sections of Quebrada

Going westward, as observed in detail along Quebrada Tania (Figure 1.5a), the eastern part of the black flysch bears small-scale folds characteristic of the inverted fold limb, whereas normal limb folds (used here also as structural polarity criteria) are observed slightly further west: the axis of the overturned west-vergent syncline therefore passes through the black flysch. Part of the Mesozoic series is missing, as overthrusting within the flysch and (marly) limestones is observed frequently along Quebrada Tania (Figure 1.5a). The overturned syncline is therefore found to be broken by a secondary thrust fault striking approximately parallel to the ABT and roughly coinciding with the synclinal fold axis ( Figures 1.4 and1.5). Westward, the normal western limb of the syncline encompasses the whole Mesozoic series from the black flysch down-section to the Mesozoic volcano-detrital series, with more gentle dip angles (20-40°E) (Figures 1.2 and 1.5). Penetrative deformation is observed to be limited here.

The continental Mesozoic layers of the normal limb of the syncline flatten toward the west. The section along Quebrada Tambillo (Figure 1.5c) shows a broad, overall symmetrical, anticlinal fold (Figure 1.8b). Its fold axial plane is steep, dipping ~80°E. The western flank of this large anticline is marked by smaller, secondary folds with westward decreasing wavelength and amplitude. Field logistics did not permit further detailed structural observations within this anticline. The Mesozoic sediments immediately west of the basement are unconformably covered by sheet-like, river-incised Cenozoic fluvial deposits, forming aggradational terraces deposited above erosional surfaces at different elevations, of varying spatial extent and of probably different ages (Figure 1.2b). The majority of these erosional surfaces show a westward tilt (Figure 1.5c). Further west, the Cenozoic deposits become thicker and bury the westward extent of the folded Mesozoic units. Westward thickening of the Cenozoic layers is clearly observable in Quebrada Tambillo and indicates the presence of growth strata at the front of the anticline deforming the Mesozoic series (Figures 1.5c and 1.8b). 

Comparison to previous stratigraphic and structural interpretations

In the Pinchal area, a major basement thrust was reported in the Quillagua 1:250,000 geological map [START_REF] Skarmenta | Hoja Quillagua[END_REF]. In this map, the Mesozoic units are interpreted as pertaining to the Jurassic Quinchamale formation, deposited in a back-arc basin context and composed of a Oxfordian (~157-163 Ma) and a younger Kimmeridgian (~152-157 Ma) sub-unit. Based on this age interpretation and relying on a regionally established Mesozoic stratigraphy where marine sequences are followed by younger clastic deposits, [START_REF] Skarmenta | Hoja Quillagua[END_REF] interpreted the main structure of the Pinchal zone as an anticline.

Our field investigations confirm the existence of a basement thrust but contradict the earlier interpretation of the structure of the folded Mesozoic series and of the local Mesozoic stratigraphy. Even though we do not know the absolute ages of the folded sedimentary series, our structural and sedimentary field observations allow for constraining the relative stratigraphic ages of Mesozoic units, from either structural or sedimentary polarity criteria, and unambiguously indicate that Mesozoic detrital continental units are here geometrically and stratigraphically below a marine sequence (Figure 1.3). In the case that the marine strata are Jurassic in age, the older continental clastic units could be Triassic, by comparison to recent observations nearby [START_REF] Aguilef | Geología del área Quehuita-Chela, regiones de Tarapacá y Antofagasta[END_REF]. These ages need to be confirmed by future chronological and stratigraphic analyses. Only relative ages are needed here for the scope of this study to decipher the general structure and deformation pattern.

Structural Interpretation

The cross-section of Quebrada Tambillo (Figure 1.5c) summarizes our interpretation of the sub-surface structural geometry of the Pinchal area. Tectonic shortening in the Pinchal area is evidenced by the presence of the ABT and by the folded and faulted Mesozoic strata.

Based on the dip angle of the C/S-fabric in the ABT shear-zone (Figure 1.7a) and on the mapping of the ABT on satellite imagery, we estimate that the ABT has a subsurface dip angle of ~40°E, even though locally flatter such as along Quebradas Tania and Martine (Figures 1.5a,b). All secondary strands of the ABT are expected to root at depth onto the main shear-zone. The secondary thrust breaking the core of the syncline is roughly parallel to the ABT (Figure 1.4) and is probably a frontal splay fault of the basement thrust. It is therefore expected to also connect onto it at depth. A similar reasoning is proposed to all small-scale thrusts and décollements observed within the inverted synclinal limb, in particular along Quebrada Tania.

Considering that the folds west of the ABT develop above underlying thrusts that connect onto a common detachment is a reasonable and classical assumption for foldand-thrust-belts (hereafter simplified as FTB). This detachment is expected to root at least at the base of the outcropping Mesozoic series, or deeper (Figure 1.5c). Assuming that the layer thickness is constant over our study area, it can be extrapolated that such detachment is located at least 2 km beneath the topographic surface (i.e. at ~0.2 km a.s.l.), or deeper. To the West of our field area, at the front of the anticline, the smallscale folds with westward decreasing wavelength and amplitude (Figure 1.8b) are interpreted as the possible expression of disharmonic folding within the forelimb of the anticline and/or of a thrust ramping-up toward the sub-surface at the front of the anticline (Figure 1.5c).

Because of the internal shortening of the thrust sheet, with the pervasive presence of small-scale folding and thrusting, in particular within the inverted limb of the overthrusted syncline, our shortening estimate only represents a minimum value. Using the simplified cross-section along Quebrada Tambillo (Figure 1.5c), line-length balancing results in a minimum of ~1 km of shortening absorbed by folding only across the two folds documented here, from the ABT to the front of the anticline. A significantbut unconstrained -amount of shortening related to the pervasive deformation observed in the field (Figures 1.5a,b and 1.7b,c) is to be added, as well as the thrust offsets on the faults of the FTB and on the ABT. An estimate of the contribution of thrusting within the FTB will be provided below by modeling (section 1.6.2).

The minimum thickness of the Mesozoic series is ~2.2 km, as estimated from the normal limb of the syncline along the Quebrada Tambillo section. Thus, it can be considered that the strict minimum exhumation of the basement is equally of ~2.2 km. Assuming a 40°E dip angle for the ABT, this yields a strict minimum displacement of ~2.6 km on this thrust, which has to be added to the minimum shortening estimated from the folding of the Mesozoic series.

1.5. Structure of the folded Mesozoic series within the Quebrada Blanca area (~20°45'S)

Stratigraphy of the Quebrada Blanca area

The stratigraphy of the western Andean flank at ~20°45'S is well described in the Guatacondo geological map [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF]. Unlike in the Pinchal area, basement rocks do not crop out in the investigated zone nearby the Quebrada Blanca (Figure 1.9), but larger scale maps (e.g. [START_REF] Sernageomin | Mapa Geológico de Chile: versión digital[END_REF] show Paleozoic basement units further east and higher in the topography (Figure 1.1).

The Mesozoic units of the Quebrada Blanca are of Jurassic to Cretaceous age [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF], have been deposited in a back-arc basin context in successive transgression-regression sequences [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF], and are subdivided into three formations: (1) The Late Oxfordian Majala Formation, a clastic unit of sandstones, shales and subordinately stromatolitic limestones of transitional marine origin [START_REF] Blanco | Levantamiento Geológico para el Fomento de la Exploración de Recursos Minerales e Hídricos de la Cordillera de la Costa[END_REF][START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF][START_REF] Galli-Olivier | Pediplain in Northern Chile and the Andean Uplift[END_REF]; (2) the Late Jurassic / Early Cretaceous Chacarilla Formation, a continental (fluvial) clastic sequence [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF][START_REF] Dingman | Geology and Ground-Water Resources of the Pica Area, Tarapaca Province, Chile[END_REF]; and (3) the Late Cretaceous Cerro Empexa Formation, an andesitic volcanic and continental sedimentary unit [START_REF] Blanco | Importancia estratigráfica de icnitas de dinosaurios en la Fm. Chacarilla (Jurásico Superior -Cretácico Inferior), I Región[END_REF][START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF][START_REF] Dingman | Geology and Ground-Water Resources of the Pica Area, Tarapaca Province, Chile[END_REF]. The Majala and Chacarilla Formations are both of reddish and beige colors and predominantly bear detritic sediments. The Cerro Empexa Formation -deposited between ~83-68 Ma according to [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF] -appears greyish and massive in the field. In the Quebrada Blanca area, uranium-lead (U/Pb) dated zircons from this formation bear ages between ~75 and ~68 Ma [START_REF] Blanco | Levantamiento Geológico para el Fomento de la Exploración de Recursos Minerales e Hídricos de la Cordillera de la Costa[END_REF][START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF][START_REF] Tomlinson | Carta Mamina, Región de Tarapacá[END_REF] (Figure 1.9).

The Cenozoic deposits of the Altos de Pica Formation here also unconformably overlie the Mesozoic series, over the Choja Pediplain angular unconformity [START_REF] Galli-Olivier | Pediplain in Northern Chile and the Andean Uplift[END_REF]) (see also section 1.2.2). The age of the basal deposits of the Altos de Pica Formation is estimated regionally to ~27-29 Ma [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF].

Magmatic intrusions and hydrothermalism occur locally, and hide the eastern continuation of the folded Mesozoic series. Some of these intrusions are dated by uranium-lead (U/Pb) on zircons at ~44 Ma [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF] (Figure 1.9).

Structural observations

The structural map of the Quebrada Blanca area (Figure 1.9) highlights the main stratigraphic and structural elements observed in the field and by mapping from satellite imagery. Although the cartography of the folds is complicated by the persistent Cenozoic cover (notably in the west and south), and by magmatic intrusions and hydrothermalism (particularly to the east), three large-scale folds are clearly observable: a wide syncline in the center (Higueritas syncline), bounded by two anticlines to the west (Chacarilla anticline) and east (fold names from [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF][START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF]. The scale of these major folds is multi-kilometric (Figure 1.9). The cross-section of Figure 1.10 illustrates the asymmetry of the folds. Both anticlinal folds have steeper western limbs (dip angles vary mostly between ~50-80°W), whereas their eastern limbs have more gentle dip angles (varying mostly between ~20-50°W) (Figure 1.10a). Despite the fact that the eastern flank of the eastern anticline is widely hidden by magmatic intrusions and hydrothermalism, its southern part is well observed in the field and mapped (Figure 1.9). The central Higueritas syncline is wider and more symmetric, with dip angles of ~40-50° on both limbs. The anticlines involve the Majala and Chacarilla Formations, while the core of the syncline bears the Cerro Empexa Formation. Overall, the folded series -and in particular the anticlines -document a clear west-vergence of the folds (Figure 1.10c). From our projection of the strata mapped on satellite imagery, the Mesozoic series are observed to be all concordant (Figures 1.10a,b). The cross-section of the Guatacondo map [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF] proposes an angular unconformity between the Jurassic and Cretaceous units, however not observed here from our large-scale high-resolution mapping. As this unconformity does not produce any evident change in the geometry of layers from Jurassic to Cretaceous, we consider it to be minor for our analysis, in particular with respect to the main large-scale folding documented here. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] (location on Figure 1.1,box B). Colored lines report mappable layers. For visibility, only major, well-correlated layer traces are represented here. Black boxes locate the swath profiles from which layers were projected for the construction of the structural east-west cross-section (Figure 1.10). The A-B section corresponds to the topographic profile used for this same cross-section. Strike and dip measurements are extracted from 3D-mapping (see section 1.3.3) or observed in the field. Strike without dip derives from satellite imagery. Thick black lines correspond to major fold axes. Field pictures are located (with view direction), and numbered according to the associated figure (e.g. 11 for 1.11). Ages from uranium-lead (U/Pb) radioisotope dating on zircon are taken from the Guatacondo geological map [START_REF] Blanco | Levantamiento Geológico para el Fomento de la Exploración de Recursos Minerales e Hídricos de la Cordillera de la Costa[END_REF]. Letters C, D, E, F, G and H to the North-East (within the folded Cretaceous Empexa Formation) report the layers illustrated on Figure 1.12. Cz: Cenozoic; K: Cretaceous; Jr: Jurassic; Q: Quebrada.

In the field, we observe small-scale deformation within both anticlines (Figure 1.10). A series of anticlines with westward decreasing amplitude and wavelength (of a few tens to a few hundreds of meters -to be compared to the ~4 km wavelength of the main anticline) are observable on the western edge of the Chacarilla anticline (Figures 1.10c and 1.11). In the field, at least one of these small-scale folds seems affected by a minor thrust. Additionally, within the eastern large-scale anticline, a thrust-affected small-scale fold is observed (Figures 1.10c and 1.12), and confirms the west-vergence at this smaller scale.

The Cenozoic detrital units are unconformably deposited above the folded Mesozoic series. Thin sheet-like river-incised Cenozoic surfaces remain in the central part, becoming more dominant to the South and West (Figure 1.9). These superficial erosional surfaces show an overall westward tilt (Figure 1.11). Westward thickening of the Cenozoic layers deposited above the erosional Choja surface is clearly observed at the front of the western anticline (Figure 1.11) and reveals the presence of growth strata. b). Interpretation at depth is indicated with transparent colors, in contrast with sub-surface observations. Extrapolation above the topographic surface is drawn with dashed lines. Ages from uranium-lead (U/Pb) radioisotope dating on zircon are taken from the Guatacondo geological map [START_REF] Blanco | Levantamiento Geológico para el Fomento de la Exploración de Recursos Minerales e Hídricos de la Cordillera de la Costa[END_REF]. The ~27-29 Ma age of the basal deposits of the Altos de Pica formation is derived from regional considerations [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF].

Structural interpretations

As for the Pinchal area and by analogy with other FTBs, we interpret the Quebrada Blanca area folds as related to ramp thrusts rooting onto a deep detachment (Figure 1.10c). The detachment probably roots at least at the base of the observed Late Jurassic series, or possibly deeper. Assuming constant layer thicknesses over the study area, it can be extrapolated that the detachment locates at least 4 km beneath the current topographic surface (i.e. at least at -2 km a.s.l.). To the East of our investigated area and in order to balance the proposed cross-section, the detachment is interpreted to deepen. An alternative interpretation would be that the detachment keeps a shallow eastward dip angle with some local thickening beneath the eastern anticline. The secondary frontal folds with westward decreasing wavelength (Figures 1.10c and 1.11) can be explained as disharmonic folds within the forelimb of the large western anticline and/or be interpreted as reflecting the existence of a shallow thrust (Figure 1.10c). Such a feature is also in good agreement with secondary (steeper) thrusts affecting the center of anticlines (Figure 1.10).

Line-length-balancing of the cross-section of Figure 1.10c results in ~3.8 km of shortening solely related to folding. This value is only a minimum as it does not account neither for slip on the interpreted thrusts nor for the observed small-scale deformation. D, E, F, G andH underlined here are also georeferenced on the structural map (Figure 1.9) from mapping on satellite imagery. Note the thrust-affected small-scale fold (red dashed line) emphasizing the west-vergence of tectonic structures. The non-interpreted picture is provided in supporting material (Figure S19).

1.6. Kinematics of shortening of the folds and thrusts at the Pinchal and Quebrada Blanca sites

Timing of deformation

The time frame for the tectonic deformation observed within the two investigated sites can be bounded from our data, and more specifically from our results at the Quebrada Blanca site (Figure 1.10c). Indeed, our field observations and 3Dmapping do not reveal any relevant angular unconformity within the folded Mesozoic series in both study areas. The main deformation and folding of the investigated FTB therefore post-dates the deposition of these series. In the Quebrada Blanca area, the youngest folded Mesozoic layers that form the core of the mapped syncline belong to the Cerro Empexa Formation and bear maximum U-Pb ages of 68.9 ± 0.6 Ma and 68 ± 0.4 Ma [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF]) (Figures 1.9 and 1.10c). Here, we can therefore conclude that the main deformation of the documented folds post-dates ~68 Ma. This does not preclude that minor deformation happened locally earlier, as suggested by the minor unconformities reported by [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF] and [START_REF] Martínez | Buried thrust belt front of the western Central Andes of northern Chile: Style, age, and relationship with basement heterogeneities[END_REF], for example.

Magmatic intrusions dated at ~44 Ma intrude the folded Mesozoic units, and appear cartographically not affected by folding [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF] (Figure 1.9). This possibly suggests that the major part of the folding occurred during the ~68-44 Ma time interval. However, without additional observations of the deformation -or not -of these intrusions (geometry of the contact with surrounding host units, mineral deformation, etc.), we cannot unequivocally conclude here from this simple cartographic observation.

Even though we suspect that the deformed series of the Pinchal zone are Triassic to Jurassic (section 1.4.1), we do not have any absolute ages of the folded units. Therefore, we postulate that the main deformation here also post-dates ~68 Ma by analogy to our observations at the Quebrada Blanca.

The FTB is unconformably covered by the Cenozoic deposits of the Altos de Pica Formation at both investigated sites. This is also the case for the ABT and secondary thrusts at few places in the Pinchal zone (Figure 1.4). The presence of growth strata at the front of the westernmost anticlines in both study areas, over the erosional Choja Pediplain, suggests that some deformation proceeded after ~29 Ma, during deposition of the Altos de Pica Formation. However, the deformation recorded by folded Mesozoic layers appears of greater intensity than that of the Cenozoic growth layers (Figures 1.5c and 1.10c).

Given this, we propose that the timing of main folding of the Mesozoic layers forming the documented sections of the FTB at ~20-22°S can be loosely bracketed to a maximum time span of ~40 Myr, sometime between ~68 Ma and ~29 Ma, with additional relatively minor deformation after ~29 Ma. Possibly, the main deformation period could be even shorter (~24 Myr), sometime between ~68 Ma and ~44 Ma, with minor shortening after the Eocene intrusions. In the case of the ABT, we can only propose that thrusting took place prior to ~29 Ma.

Further constraints on total shortening deduced from trishear modeling

Line-length-balancing only reveals a fraction of the shortening related to the folding of the Mesozoic series. Because the deduced underlying faults of the FTBs have not reached the surface (Figures 1.5c and 1.10c), we assume fault-propagation-folding to be the dominant mode of deformation in the studied FTBs. To further explore and quantify the associated deformation, we use kinematic trishear modeling (e.g. Allmendinger, 1998;Erslev, 1991) of the westernmost anticlines documented at the Quebrada Tambillo (Pinchal area) and Quebrada Blanca. This approach accounts for slip on propagating thrust-faults and models the deformation distributed at the tip of these evolving faults. The trishear formalism relies on a set of parameters that are adjusted here by trial and error so as to fit the deduced structural geometries of the modeled anticlines. The values of these parameters are within the range considered in previous studies (e.g. Allmendinger, 1998;Allmendinger & Shaw, 2000;Cristallini & Allmendinger, 2002;Hardy & Ford, 1997;Zehnder & Allmendinger, 2000). Here we present our best-fitting model, which allows for reproducing satisfactorily our structural results, acknowledging that it is most probably not unique. From there, we further discuss the kinematics of the investigated sites. Further details are provided in supplementary material. Tables S1-S3 provide the set of parameters used for our modeling.

Figure 1.13 -Kinematics of folding of the western anticlines of the Quebrada Blanca and Pinchal areas as deduced from field observations and trishear modeling. Modeling was performed with

FaultFold Forward v.6 (Allmendinger, 1998). (a-c) Final stages of the best-fit models in the case of (a) Quebrada Blanca area; (b) Quebrada Tambillo (Pinchal area), shown here at the same scale as (a). (c) Detailed and enlarged view of our results for Quebrada Tambillo (Pinchal area). Note the large scale-difference between the sections of the two investigated sites (a-b). Thicker lines outline model results, while transparent lines and colors refer to the cross-sections of Figures 1.10c and 1.5c. These lines are color-coded according to the stratigraphic level they represent, as in the original cross-sections. Black lines report the modeled thrusts and horizontal arrows report the model total shortening. (d) Shortening vs. time, as deduced from trishear modeling of the western anticlines of the Quebrada Blanca and Pinchal areas, and the ages of deformed layers. The three temporal benchmarks correspond to the age of the youngest folded Cretaceous (Kr) unit (~68 Ma), to the age of magmatic intrusions (~44 Ma) that are cartographically discordant, both derived from the Guatacondo geological map [START_REF] Blanco | Levantamiento Geológico para el Fomento de la Exploración de Recursos Minerales e Hídricos de la Cordillera de la Costa[END_REF] -see also Figures 1.9 and 1.10c), and to the ~29 Ma age of the oldest Cenozoic layer of the Altos de Pica Formation (APF) [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] above the Choja erosional surface. It is possible that most deformation occurred prior to ~44 Ma, as deduced from the age of the intrusions cartographically seemingly post-dating folding (Figure 1.9), even though this argument is to be taken with caution. Our results underline two phases of deformation, with a slowing down of deformation since ~29 Ma at least, possibly even before. Intermediate stages of the trishear modeling are reported on Figures S20 andS21 (supplementary material) for the cross-sections of Quebrada Tambillo and Quebrada Blanca, respectively. Model parameters are indicated in Tables S1-S3 in supplementary material.

The structural geometries of the westernmost anticlines of the two investigated sites are reproduced, and the evolution of deformation is modeled over time taking into account the Cenozoic growth strata. The final geometries of our best-fitting models are reported over our cross-sections, represented in Figure 1.13. The various stages of deformation are shown in Figures S13 andS14 in the supplementary material. We find that the geometries of the western anticlines can be reproduced with a cumulative shortening of 3.1 km for Quebrada Tambillo (Pinchal area), and of 6.6 km for Quebrada Blanca (Figure 1.13). These values account for both thrusting and folding across the western anticlines. They are however minimum shortening values as (1) the depth of the detachment considered for modeling is minimal and could be deeper than the base of the outcropping units, and ( 2) the model formalism does not account for small-scale internal deformation, especially within the forelimb of the anticlines where the ramps approach the surface.

The above shortening values deduced from trishear modeling only account for the deformation (folding and thrusting) absorbed across the westernmost anticlines of our two investigated sites. If synclinal folding accounts for half of the shortening deduced previously by line-length-balancing in the Pinchal area (i.e. ~0.5 km of shortening), a minimum amount of shortening of ~3.6 km can be proposed across the whole Quebrada Tambillo section, and includes folding of the outcropping FTB, as well as slip on the detachment and western thrust ramp. When adding the minimum ~2.6 km of thrusting deduced on the ABT, we get a minimum shortening of ~6.2 km across the whole Pinchal area. Similarly, in the Quebrada Blanca area, if the easternmost anticline and syncline take up half of the folding deduced previously by line-length-balancing (i.e. ~2 km of shortening), a minimum amount of shortening of ~8.6 km is deduced across the whole Quebrada Blanca section, including folding of the outcropping FTB in addition to slip on the underlying detachment and western ramp.

The two investigated FTBs take up differing amounts of minimum shortening. These variations may relate to the disparate extents of outcropping structures, in particular because the scale of the two sections are significantly different, in terms of across-strike width (~7 km long section for the Quebrada Tambillo vs. ~17 km long section for the Quebrada Blanca). Indeed, the calculated shortenings similarly represent ~46% and ~35% of minimum shortening when scaled to the extent of the Quebradas Tambillo and Blanca sections, respectively. Differences between these sections may also relate to the depth of the underlying detachment (altitude of ~0.2 km for Quebrada Tambillo vs. depth of ~2 km for Quebrada Blanca, relative to sea level) (Figure 1.13). Lateral variations in deformation can also not be excluded.

Kinematics of shortening

Trishear modeling allows for simulating the evolution of thrust slip and folding in the case of the westernmost anticlines of the two investigated sites. By adding syntectonic layers while deformation proceeds, we also reproduce the overall geometry of the base of the Cenozoic Altos de Pica Formation deposits and of the subsequent growth strata (Figures S13,S14). Syntectonic surfaces and layers are prescribed an initial 3-6°W dipping angle, similar to the present-day overall regional topographic slope (Figure 1.1). From there, we find that ~0.5 km and ~0.4 km of shortening are needed to reproduce to the first order the geometry of the base of the Altos de Pica Formation deposits at the front of the Quebrada Tambillo (Pinchal area) and Quebrada Blanca sections, respectively, using the trishear models adjusted to the final crosssections. When compared to the minimum 3.1 km and 6.6 km of total shortening cumulated since ~68 Ma across the westernmost anticlines of these two sections, this indicates that the ~29 Ma old basal Cenozoic layers above the Choja surface only record at most 16% and 6% of this total shortening, respectively. We have tested the possibility of initial horizontal Cenozoic syntectonic layers. In this case, a post ~29 Ma shortening of 0.8 km at most is needed to best adjust the observed geometry of the basal Altos de Pica Formation layers, even though a good fit to both the geometry of the growth strata and of the finite fold structure cannot be satisfactorily found.

These results are then used to quantitatively describe the evolution of shortening over time across the westernmost anticlines of the two investigated sections, with account on the timing of deformation discussed in section 1.6.1 (Figure 1.13d). We find that shortening rates were on average of ~0.07-0.16 km/Myr over the time span ~68-29 Ma. They could have been even as high as ~0.11-0.26 km/Myr if considering that the main deformation phase is confined to ~68-44 Ma. Subsequently, deformation rates decreased to an average value of ~0.015 km/Myr after ~29 Ma, starting possibly earlier.

It should be noted that these average values are most probably minimum values. Indeed, thrusting and folding are here only modeled for the westernmost anticlines of our study sites, and do not account for the shortening cumulated neither across the other structures of the FTB nor on the ABT. Also, the main phase of deformation prior to ~29 Ma could have lasted less than the ~68-29 Ma or ~68-44 Ma time intervals, respectively (Figure 1.13d).

Our results therefore quantitatively emphasize our former qualitative conclusion that the major phase of deformation recorded at the two investigated sites occurred sometime between ~68 and ~29 Ma, with a significant subsequent slowing down of deformation rates afterwards, possibly as soon as ~44 Ma or earlier (Figure 1.13d).

Discussion

The Andean Basement Thrust

We have further documented the existence of a major west-vergent basement thrust -the ABT, for Andean Basement Thrust -at the Pinchal zone along the western flank of the Andes, after its initial pointing out on earlier geological maps.

Our study in the Pinchal area suggests that the ABT bears local complexities with several strands and minor splays, most probably related to the reactivation of structures in the initial pre-Andean back-arc basins. Laterally and at a larger scale, these complexities may also exist so that the ABT is possibly segmented all along the west Andean flank at ~20-22°S. The geological map of [START_REF] Skarmenta | Hoja Quillagua[END_REF], on which we based our investigations of the ABT, clearly documents this structure from ~21°15'S to 21°35'S, and possibly down to ~22°S with some structural complexities by ~21°35'S with the junction of two possible strands of this same basement thrust system.

Immediately north, the ABT is mapped locally as the Quehuita Fault up to ~21°11'S [START_REF] Aguilef | Geología del área Quehuita-Chela, regiones de Tarapacá y Antofagasta[END_REF]. The Choja Fault between ~21°08'S-21°01'S [START_REF] Aguilef | Geología del área Quehuita-Chela, regiones de Tarapacá y Antofagasta[END_REF] is also mapped as a thrust bringing basement over folded Mesozoic sediments. Even though the cartographic continuity between both basement thrusts of Aguilef et al. ( 2019)'s map is not straightforward, they can be reasonably considered as strands of the same major basement thrust system, similar to that documented for the ABT in this study. North of ~21°S, intrusions, hydrothermalism and surface volcanics hamper any clear observation of a similar basement thrust. Such basement thrust, if existent, would however provide a reasonable mechanism for the exhumation and exposure of basement rocks east of the folded Mesozoic units and at higher elevations, at the latitude of Quebrada Blanca (~20°45'S) (Figure 1.1). For these reasons, we cannot tell with any certainty whether a thrust contact similar to the ABT (bringing the basement westward over folded Mesozoic) exists at this latitude, but such structure is to be suspected.

South of the map by [START_REF] Skarmenta | Hoja Quillagua[END_REF], in the Sierra Moreno at ~21°45'S, [START_REF] Haschke | Balancing crustal thickening in arcs by tectonic vs. magmatic means[END_REF]'s section report a basement thrust over folded Mesozoic units, in agreement with the style of deformation documented here, but with a relatively minor displacement on this thrust compared to our results in the Pinchal area. This thrust is here called the Sierra de Moreno thrust. Together with the (1:1,000,000) Geological map of Chile [START_REF] Sernageomin | Mapa Geológico de Chile: versión digital[END_REF], [START_REF] Haschke | Balancing crustal thickening in arcs by tectonic vs. magmatic means[END_REF]'s map suggests that this basement thrust is cartographically continuous southward to the southern end of the Sierra Moreno, at ~22°05'S. This possibly documents the lateral termination of this basement thrust.

As a conclusion, the ABT stands as a major crustal structure, bringing basement units westward over folded Mesozoic units -and therefore uplifting the western margin of the Altiplano -possibly segmented but extending over at least ~120 km (Figure 1.1). Even though its various strands are mapped as local basement faults in some maps, as in our study (Figure 1.4) or in other maps [START_REF] Aguilef | Geología del área Quehuita-Chela, regiones de Tarapacá y Antofagasta[END_REF][START_REF] Haschke | Balancing crustal thickening in arcs by tectonic vs. magmatic means[END_REF]McElderry et al., 1996;[START_REF] Skarmenta | Hoja Quillagua[END_REF][START_REF] Tomlinson | Geología de la Precordillera Andina de Quebrada Blanca-Chuquicamata[END_REF], altogether these thrust segments document a much larger thrust system (Figure 1.1). We interpret the ABT and the other thrusts west of it to root onto a low-angle, eastward dipping décollement, situated >2 km (Pinchal area) or >4 km (Quebrada Blanca area) beneath the present-day topographic surface. Deeper and eastward, this décollement probably steepens and forms a crustal-scale ramp, needed to sustain the uplift and topographic rise of the Western Andes, as proposed by [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] and [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]. Such crustal-scale structure has been termed the West Andean Thrust (or WAT) by [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF].

From the likely minimum offset of the basement in the Pinchal area we estimated that the ABT alone accommodated locally a strict minimum of ~2.6 km of shortening on a horizontal distance of ~1 km. This multi-kilometric shortening would be associated with multi-kilometric basement exhumation, but only limited thermochronological data actually permit to evaluate the actual amount of exhumation. These data presently sparsely exist at a regional scale but are absent locally. From apatite fission-track dating in basement samples taken ~20 km east and south-east of our study sites of the Pinchal and Quebrada Blanca areas, Maksaev and Zentilli (1999) inferred at least 4-5 km of basement exhumation occurring between ~50-30 Ma. This is in good agreement with our results in terms of amount of uplift that would result from basement overthrusting on the ABT and above the WAT. Older thermochronological ages -(U-Th)/He zircon and apatite ages of ~91 Ma and ~57 Ma, respectively -were however found by [START_REF] Reiners | Low-temperature thermochronologic trends across the central Andes, 21[END_REF] from the basement of the Quebrada Arcas, ~30 km south of our study site, in a structural setting equivalent to the basement of the Pinchal zone documented here. These ages do not contradict the previous estimates on total exhumation by Maksaev and Zentilli (1999), even though modeling would be needed here to precisely test this. However, they question the exact timing of basement exhumation, and, from there, of thrusting over the ABT. In the absence of properly analyzed and modeled samples closer to the ABT, it is difficult to assess more precisely its timing or amount of uplift and shortening. This issue will be fully addressed in the next chapter of this thesis.

At a few places, the Pinchal segment of the ABT is covered by Cenozoic deposits. Given this observation and existing thermocronological ages, we postulate that the ABT was most probably active sometime by Early Cenozoic -possibly since the Late Cretaceous -and that its activity had ceased by Early Miocene times. This suggests that it may have been coeval with deformation of the FTB documented immediately further west.

The West Andean Fold-and-Thrust-Belt at ~20-22°S

The series of west-vergent folds and faults at ~20-22°S deforming Mesozoic units is interpreted as a west-vergent FTB, along the western flank of the Andes. By analogy to what has been proposed at the latitude of Santiago de Chile (~33°30'S) [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Rauld | Deformación cortical y peligro sísmico asociado a la falla San Ramón en el frente cordillerano de Santiago, Chile Central (33ºS)[END_REF][START_REF] Riesner | Kinematics of the active West Andean fold-and-thrust belt (central Chile): Structure and longterm shortening rate[END_REF][START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF], we propose to name this FTB hereafter as the West Andean Fold-and-Thrust-Belt (WAFTB).

The WAFTB extends over our entire study zone from ~20-22°S (Figure 1.1), even though a large part north of the Quebrada Blanca area is covered by Cenozoic strata. It therefore spreads out over a north-south-distance of at least ~200 km -and possibly more as folded Mesozoic sediments are mapped on the (1:1,000,000) Geological map of Chile [START_REF] Sernageomin | Mapa Geológico de Chile: versión digital[END_REF] in the north-and south-ward continuation of the zone investigated here. The WAFTB of northern Chile accommodates a minimum shortening of ~3-9 km, as quantified from the ~7-17 km large cross-sections representative of the two investigated areas (not including the contribution of the ABT in the case of the Pinchal area).

Few authors attempted to quantify the shortening in this part of the Andes. At 20°30'S, [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] only evaluated the deformation affecting the post ~29 Ma deposits and not the total shortening as could be derived from folded Mesozoic series. We further discuss their results hereafter (below and section 1.7.3). At ~21°45'S, ~30 km south of the Pinchal area, [START_REF] Haschke | Balancing crustal thickening in arcs by tectonic vs. magmatic means[END_REF] reported a minimum shortening of >9 km from a ~50 km wide cross-section, but without providing nor discussing the data used to make this estimate. Their section encompasses an equivalent of the WAFTB and ABT investigated in this study in the Sierra Moreno area, but also extends further east. Within the ~8-10 km wide Sierra Moreno area itself, they estimate a minimum shortening of ~4 km (i.e. a minimum of ~30% of shortening), a value consistent with our results. This study of [START_REF] Haschke | Balancing crustal thickening in arcs by tectonic vs. magmatic means[END_REF] is to our knowledge the only other work attempting to estimate the minimum total shortening absorbed by the WAFTB at ~20-22°S. It becomes obvious that the various structures of the WAFTB in northern Chile, wherever they are (Quebrada Blanca, Pinchal or Sierra Moreno areas), all absorb multi-kilometric shortening, at the scale of only one to three major folds and thrusts.

To the West and laterally, the WAFTB is covered by Cenozoic deposits. Seismic profiles from the chilean Empresa Nacional del Petroleo (ENAP), as re-interpreted by [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF], [START_REF] Jordan | Uplift of the Altiplano-Puna plateau: A view from the west: West Flank Central Andes[END_REF], [START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF], [START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF], or [START_REF] Martínez | Buried thrust belt front of the western Central Andes of northern Chile: Style, age, and relationship with basement heterogeneities[END_REF], show a series of several blind mostly west-verging thrust-faults affecting both the Cenozoic and the underlying Mesozoic units. Nonetheless, deformation is mostly well-imaged for post ~29 Ma growth strata within the Cenozoic series deposited above the Choja erosional surface, and remains less well-resolved for underlying Mesozoic units. These observations may reflect the fact that Mesozoic units are much more deformed than Cenozoic layers, a deduction in line with our own field observations in the Pinchal and Quebrada Blanca areas (Figures 1.4 and 1.9). As proposed by [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] and [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], the west-vergent thrust-faults beneath the western Andean flank at ~20-22°S can reasonably be interpreted as connecting onto an east-dipping detachment, deepening towards the mountain range, again in line with our interpretation of the structure in our study areas ( Figures 1.5c and1.10c). Altogether, these data suggest that all these thrust faults, either blind or deduced from outcropping folds, pertain to the same WAFTB system. The WAFTB at ~20-22°S therefore extends over a much wider region (~50 km, maybe locally more) than the two ~7-17 km wide sites investigated in this study (Figure 1.1), as most of the FTB is hidden beneath the less deformed Cenozoic cover (Figure 1.1). This conclusion further emphasizes that the minimum ~3-9 km of shortening proposed here from the folds of the Quebrada Blanca and Pinchal areas (when excluding the contribution of the ABT in the Pinchal area) are under-estimates of the total shortening across the whole WAFTB at this latitude. When applying the minimum ~34-47% shortening estimated across our two investigated sites to the ~50 km extent of the whole WAFTB, we find a minimum crustal shortening of ~26-44 km, a value consistent -even though in the high rangewith the ~20-30 km qualitatively estimated by [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] by scaling with structural relief and crustal thickness. A precise quantification of the deformation recorded by buried folded Mesozoic units west of our study sites is at the moment not possible from available seismic profiles [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF][START_REF] Jordan | Uplift of the Altiplano-Puna plateau: A view from the west: West Flank Central Andes[END_REF][START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF].

Temporal evolution of deformation along the western Andes (~20-22°S)

Our investigations underline that the deformation of the Quebrada Blanca and Pinchal areas is not linearly distributed over time, and can be assigned to two main periods: (1) a period of major deformation sometime between ~68-29 Ma (possibly ~68-44 Ma) at a minimum average shortening rate of ~0.1-0.3 km/Myr; and (2) a subsequent period of moderate deformation from ~29-0 Ma (starting possibly earlier) at an average rate of <0.1 km/Myr (Figure 1.13d). These deductions and rates hold for the westernmost anticline of the study sites, but the reduction in deformation rates is expected at the scale of both whole investigated sites. Indeed, the difference in the deformation cumulated by Mesozoic units and by post ~29 Ma Cenozoic layers can be qualitatively -but clearly -intuited from our cross-sections (Figures 1.5,1.10 and 1.13). Westward, it may also be inferred but with less certainty from the ENAP seismic profiles (see discussion above). This deformation slow-down, starting by ~29 Ma at latest and possibly earlier by ~44 Ma, could therefore be regional across the entire WAFTB.

This reasoning essentially applies to the WAFTB but may also hold for the ABT. If the age of basement thrusting is not precisely known, it most probably occurred by Early Cenozoic (Maksaev & Zentilli, 1999) or even Late Cretaceous -Early Cenozoic (deduced after [START_REF] Reiners | Low-temperature thermochronologic trends across the central Andes, 21[END_REF], and had ceased by ~29 Ma (see discussion in section 1.7.1). This proposed time window for major folding and possibly for thrusting over the ABT is generally consistent with the main Incaic phase of deformation inferred by various authors as the main period of Andean mountain-building stricto sensu (e.g. [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Cornejo | The "K-T" compressive deformation event in northern Chile (24°-27°S)[END_REF][START_REF] Pardo-Casas | Relative motion of the Nazca (Farallon) and South American Plates since Late Cretaceous time[END_REF][START_REF] Steinmann | Geologie von Peru[END_REF].

Based on the ENAP seismic profiles in the westward prolongation of our study areas, [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] investigated the folding and thrusting recorded by the growth strata of the Cenozoic Altos de Pica Formation. They determined a post ~29 Ma shortening of ~3 km, accommodated by several west-vergent thrusts within the ~40 km wide Atacama Bench. In both our study areas, we were able to reproduce with trishear modeling the first-order pattern of the slightly deformed Cenozoic growth strata over and in front of the western anticlines. We found ~0.4-0. km of post ~29 Ma shortening on one single most frontal fault and fold in the case of our two investigated sections (Figures S12,S13), that is over a distance of ~5-8 km. These values are in overall good agreement with the results of [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] when setting them to the same spatial scale, as they together consistently represent ~6-8% of shortening. Compared to the minimum ~3-6 km of ante ~29 Ma shortening (or ~30-50% shortening) quantified on one single structure from each study section (Figures S12,S13), the post ~29 Ma shortening is clearly of limited importance.

The simplest interpretation would be that this post ~29 Ma decline of the shortening rate results from the slow-down of the same protracted compressional event which caused the formation of the west-vergent WAFTB and ABT. With the presently available data at 20-22°S, we cannot exclude that this slow-down may have started before ~29 Ma -possibly as soon as ~44 Ma, or even before (section 1.6.3) -but definitely not afterwards. Anyhow, in the absence of sedimentary markers that would provide further quantitative details on the incremental deformation between ~68 Ma and ~29 Ma, the evolution of shortening cannot be quantified more precisely over time, and only average rates can be proposed over the large time spans of the phases of major and moderate deformation.

Regional implications

Even though multi-kilometric, the shortening accommodated by the west-vergent structures of the western Andes outlined in this study represents a modest contribution to the total crustal shortening of >300 km across the entire Central Andes at ~20°S (e.g. [START_REF] Anderson | Shortening and structural architecture of the Andean fold-thrust belt of southern Bolivia (21°S): Implications for kinematic development and crustal thickening of the central Andes[END_REF][START_REF] Barnes | End member models for Andean Plateau uplift[END_REF][START_REF] Elger | Plateau-style accumulation of deformation: Southern Altiplano[END_REF][START_REF] Kley | Tectonic shortening and crustal thickness in the Central Andes: How good is the correlation?[END_REF]McQuarrie et al., 2005;[START_REF] Oncken | Strain accumulation controls failure of a plate boundary zone: Linking deformation of the Central Andes and lithosphere mechanics[END_REF][START_REF] Sheffels | Lower bound on the amount of crustal shortening, in the central Bolivian Andes[END_REF]. It should however be recalled that the deformation absorbed across the western Andes took place mostly in the early stages of the Andean orogeny, sometime between ~68-29 Ma (possibly ~68-44 Ma) in the case of the WAFTB, during the so-called Incaic phase. In fact, when replaced within the temporal evolution of Andean mountain-building at these latitudes (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF]McQuarrie et al., 2005;[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF], the early multi-kilometric shortening evidenced here represents in fact a major contribution to initial Andean deformation, which has been most often neglected in orogen-wide studies. The slowing down of deformation across the western Andean flank by ~29 Ma -and possibly starting after ~44 Ma -may have accompanied the jumping and transfer of deformation towards the East on east-vergent structures (i.e. towards the eastern Altiplano and further east, e.g. [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF]McQuarrie et al., 2005;[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF], building from there a bi-vergent orogen (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Faccenna | Mountain building and mantle dynamics[END_REF]Martinod et al., 2020).

Conclusion

In this study, we investigate and explore two major structural features within the western flank of the Andes at ~20-22°S: (1) the Andean Basement Thrust (ABT), which stands as a west-vergent, >120 km long system of ~north-south trending thrusts bringing Paleozoic basement over folded Mesozoic series; (2) the West Andean Foldand-Thrust-Belt (WAFTB), which is a west-vergent FTB deforming Mesozoic and Cenozoic sediments, mostly covered by the Cenozoic Altos de Pica Formation, but cropping out in few (up to ~10-20 km wide) places along the mountain flank. The WAFTB extends over at least ~200 km north-south. Even though our investigations only rely on two limited outcropping sites, our deductions have regional implications when compared with previous results.

Using field and satellite observations, we build structural cross-sections and quantify the recorded shortening at two key sites along the western mountain flank. We find a minimum shortening of ≥ 2.6 km on the ABT and of ≥ 3-9 km on the few exposed structures of the WAFTB. This strict minimum shortening -derived from outcrop areas of limited extent -corresponds only to a fraction of the entire deformation at the scale of the whole Western Cordillera at ~20-22°S. When set on scale with the extent of the investigated structures, it clearly implies the possibility of multi-kilometric shortening across the western flank of the Andes, possibly up to ~26-44 km or more.

We further exploit the differential deformation recorded by folded Mesozoic layers and Cenozoic growth strata of the post ~29 Ma Altos de Pica Formation. We show that the outcropping WAFTB was mainly active between ~68-29 Ma (possibly ~68-44 Ma), and that its deformation rates significantly decreased after ~29 Ma (a decrease that may have started sometime earlier, e.g. by ~44 Ma or even before). By comparison to previous studies of the blind portions of the WAFTB west of our study sites, we propose that such slowing-down of deformation rates was regional rather than local. In addition, field observations and published thermochronological results of basement exhumation suggest that this temporal evolution of deformation rates may also hold for the ABT. We therefore propose that the post ~29 Ma (or post ~44 Ma) decline in shortening rates resulted from the regional slowing-down of the same protracted compressional event that caused the formation of the west-vergent WAFTB and ABT, most probably accompanying the transfer of Andean deformation towards the Altiplano Plateau, Eastern Cordillera, and further eastward.

Chapter 2

Exhumation of the Andean basement along the Western Cordillera (20-22°S) in the early times of Andean mountain-building: Some insights from thermochronological data.

Introduction

The timing of Andean orogeny is the subject of ongoing debate. At ~20°S, numerous geologic, tectonic and geophysic indicators point to a large age-range for the initiation of Andean mountain building sensu stricto between ~70-50 Ma (e.g. McQuarrie et al., 2005[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF][START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Chen | Southward propagation of Nazca subduction along the Andes[END_REF], and possibly even earlier if deformation at the level of Salar de Atacama (~23°S) is taken into account (e.g. [START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF].

As described in the general introduction of my thesis, all studies converge on the fact that topographic building started along the West Andean flank at the latitude of the Bolivian Orocline between ~16°S and ~22°S. In this region, east-dipping thrusts with west-vergence (i.e. with the same dip and vergence than the subduction interface) have been investigated in recent studies (e.g. [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF][START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] and found to form a thrust system called the West Andean Fold-thrust-belt (WAFTB; Armijo et al., 2015, chapter 1). In the preceding chapter, we evidenced the existence of the Andean Basement Thrust (ABT) thrusting over sedimentary rocks in the Pinchal area immediately east of the WAFTB at ~20-22°S. We showed that the strict minimum shortening accommodated by these structures is multi-kilometric and that the deformation accommodated by the WAFTB seems to have occurred mainly between ~68-29 Ma (possibly ~68-44 Ma). Our kinematic reconstructions also show a significant decrease of the regional deformation rates after ~29 Ma.

Anyhow, the geological constraints on the timing and amount of shortening are scarce in this region. In particular, the age of the ABT, and the timing of the hanging-wall exhumation, are poorly constrained. Until now, the only relative age indicators directly for the ABT (i.e. in the Pinchal area), are that this contact is thrusting over folded Jurassic sediments (Oxfordian Quinchamale formation (~157-163 Ma), [START_REF] Skarmenta | Hoja Quillagua[END_REF], and locally sealed by Cenozoic deposits (comparable to the ones deposited over the Choja pediplain dated at ~29 Ma [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] at ~20°S).

An alternative and complementary approach to refine the existing data -and therefore our vision of the kinematics of the major structures of this western front -is low-temperature thermochronology. This technique provides constraints on the cooling history of rocks during their exhumation in the upper crust, and thus indirectly on the timing and amount of exhumation during the activity of the overthrusting system responsible for the deformation. Maksaev and Zentilli (1999) used apatite fission-track thermochronology in Paleozoic basement rocks at ~21-22°S, 20-25 km to the East of the ABT, and concluded that they have been exhumed by at least 4-5 km between ~50-30 Ma. In this region, structural complexities -as former basins presently filled with younger sediments, secondary thrust-structures and the north-south trending strike-slip West Fissure System at ~69°W -induce that these results may not be directly transposable to the western deformation front marked by the ABT. [START_REF] Reiners | Low-temperature thermochronologic trends across the central Andes, 21[END_REF] analysed one sample from the Sierra de Moreno ~30 km south of our study area, yielding a mean apatite (U-Th)/He age of ~57 Ma and a mean zircon (U-Th)/He age of ~91 Ma, anyhow without modeling nor interpreting its thermal history in the orogenic context. If tectonic exhumation was active between ~57-91 Ma at ~21°30S -i.e. well earlier than proposed by Makasev and Zentilli (1999) -thermochronological analyses on the ABT hanging-wall could possibly date not only the activity of this thrust, but also the earliest phases of Andean orogeny.

To elucidate the history of the exhumation of the basement immediately above the ABT identified and described in the Pinchal area, we conducted low-temperature thermochronology analysis and associated thermal modeling of Paleozoic basement rocks in the hanging-wall of this thrust. We aimed to sample as much as possible on a vertical profile, but difficult field conditions restricted the access to a very reduced altitude-range, therefore we opted for a multi-method approach: (U-Th-Sm)/He analyses on apatites and zircons, fission-track analyses on apatites. In order to interpret the ages obtained from different sites and thermochronometers, we used numerical modeling to retrieve a coherent temperature-time history which best constrains the timing and quantity of exhumation along the West Andean flank. Compared to previous studies, we provide here multi-method thermochronological dating, put in a welldocumented structural framework.

I was greatly supported by Audrey Margirier (GFZ / University of Potsdam) in modeling and interpreting the thermochronological ages, and was trained in thermochronological theory at the International Winter School «Thermal history of basin-source systems: techniques, modeling and applications» held by Dipartimento di Scienze della Terra e dell'Ambiente (University of Pavia, Italy) from 10 th to 15 th of February 2020. The principles of this technique are presented in the following section.

Method and Data

Basics about thermochronology

Thermochronology comprises a set of geochronological dating techniques constraining the thermal history of rocks. Numerous detailed publications on this method exist. The following summary is mainly based on the work of [START_REF] Braun | Quantitative Thermochronology: Numerical Methods for the Interpretation of Thermochronological Data[END_REF] as well as on the International Winter School Thermochronology lectures (Pavia, February 2020).

During their exhumation (or their burial), rocks cross the isotherms of the crust, which can be translated into a depth at a given time (Figure 2.1) based on the geothermal gradient. Factors such as radiogenic heat production, thermal conductivity and diffusion, tectonic rock exhumation, and surface processes affect the Earth's thermal structure (Figure 2.1). The cooling history is translated into an exhumation history through the geothermal gradient, either through the calculation of a thermal structure, or through hypotheses on this geothermal gradient and its evolution over time. The recording of the temperature-time history that we read through thermochronology is based on the principle of the accumulation of nuclear daughter products as a function of temperature. Diffusion or healing is favored by high temperatures and are therefore blocked at lower temperatures. The temperature variations registered by a rock sample permit conclusions about its exhumation history using thermochronology.

The temperature of apparent blocking is defined as the closure temperature [START_REF] Dodson | Closure temperature in cooling geochronological and petrological systems[END_REF]. In reality, the system does not close at one precise temperature, but rather in a progressive temperature range, named the partial retention zone (PRZ) or partial annealing zone (PAZ) (Figure 2.2). The closure temperature and PRZ / PAZ are different for each isotopic system, hereafter called thermochronometers.

The thermochronometers sensible to exhumation processes in the upper crust belong to the field of low-temperature thermochronology (<300°C). Apatites and zircons are widely used minerals, because they are among those richest in U, Th, and Sm. Furthermore, they crystallize at higher temperatures, hampering the risk of confusing a cooling age with a crystallization age, especially in the case of complex thermal (crustal) histories. Two types of analyses (for each of both minerals) are particularly used to investigate the exhumation history of a rock: (U-Th-Sm)/He geochemistry and fissiontrack thermochronology. These different thermochronometric systems correspond to different temperature ranges, and consequently to different moments of the rocks' exhumation history (Figure 2.1). When it is possible to combine different thermochronometers and to apply these analyses to samples from different altitudes, strong constraints can be deduced on the last stages of the exhumation of these rocks, in connection with the evolution of the surface (uplift, erosion, evolution of the local relief, etc.). The interpretation of multiple thermochronometric ages in their temperature-time context is facilitated by thermal modeling.

Figure 2.2 -Thermochronological

age-depth profile (dashed line) for (U-Th)/He systems. Under conditions of relative tectonic stability, the closure temperature and the partial retention zone (PRZ) are related to a certain depth for a specific thermochronological system. The same reasoning applies for the partial annealing zone (PAZ) in the case of fission tracks. The depth and thickness of the PRZ/PAZ depend on the geothermal gradient. In this zone, the apparent thermochronological age (t) of a rock sample (symbolised by the star) decreases rapidly. Extracted from [START_REF] Braun | Quantitative Thermochronology: Numerical Methods for the Interpretation of Thermochronological Data[END_REF].

Apatite fission-track thermochronology

The fission-track method depends on the radioactive decay of uranium. Primarily α and β particles are emitted during this process, but a small fraction of 238 U decays spontaneously by fissioning the atom. In minerals rich in uranium, such as apatites and zircons, the spontaneous fission of 238 U creates linear damage in the crystal lattice, called the fission tracks. In all the samples of the Pinchal area, we obtained apatite fission tracks (AFT), wherefore I outline this method in this section.

The closure temperature (Tc) of fission-track systems is defined as the temperature at which 50% of the tracks are preserved. This depends on the chemical composition of the mineral and on the cooling rate. At a cooling rate of 10°C/Ma, the closure temperature of the AFT system is ~110°C (e.g. [START_REF] Braun | Quantitative Thermochronology: Numerical Methods for the Interpretation of Thermochronological Data[END_REF]. Anyhow, tracks can be partially or fully annealed (i.e. they shorten or disappear) up to ~60°C, depending on the conditions mentioned above. This temperature gap (~110-60°C) corresponds to the PAZ (partial annealing zone) of the AFT system (Figure 2.2). Once the mineral leaves the PAZ (i.e. is exhumed at a depth where the surrounding temperature is lower than the AFT closure temperature), the fission tracks remain in the crystal and accumulate following the general equation of radioactive decay of 238 U. It becomes then possible to deduce from this thermochronological system an age that can be written as follows:
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with λd the total decay constant for 238 U, Ns the number of spontaneous-fission tracks in the sample, λf the spontaneous-fission decay constant for 238 U, and 238 U the number of atoms of 238 U present in the sample.

To determine the amount of 238 U in each apatite grain, the external detector method has been applied [START_REF] Hurford | A users' guide to fission track dating calibration[END_REF][START_REF] Hurford | Standardization of fission track dating calibration: Recommendation by the Fission Track Working Group of the I[END_REF]) (Figure 2.3). The first step of this technique consists in polishing an internal section through the crystal. Chemical etching of these sections renders the spontaneous fission tracks visible under the optical microscope. In the next step, an external detector (a thin mica sheet) is fixed on the sample surface. This ensemble is then irradiated with thermal neutrons in a nuclear reactor. In this way, fission of a part of the isotope 235 U is forced, creating a set of induced fission tracks in the apatite sample that are recorded in the mica detector. The detector is etched and the induced fission tracks are counted. The 235 U/ 238 U ratio being constant (7.253 x 10 -3 ), and the neutron flux being controlled, the number of induced tracks leads to the quantity of 235 U, from which the 238 U abundance is calculated.

These analyses have been realised by Melanie Balvay at the ISTerre laboratory (Grenoble, France). To reduce the uncertainties associated with the counting person, a calibration is necessary, called ζ (zeta factor). At ISTerre laboratory, the calibration parameter ζ is determined using the « Durango » and « Fish Canyon Tuff » standards, which are dated respectively at 31.02 ± 0.22 Ma (McDowell et al. 2004) and 27.5 ± 0.1 Ma [START_REF] Lanphere | Precise K-Ar, 40Ar/39Ar, Rb-Sr and U/Pb mineral ages from the 27.5 Ma Fish Canyon Tuff reference standard[END_REF]. Here, the ζ value is 270.90 ± 9.61 (Melanie Balvay) for the IRMM-540R (15ppm) dosimeter lens. Hurford & Carter (1991). Figure taken from Gallagher et al. (1998). For further explanations, see section 2.2.2. Apatite fission-track thermochronology.

Figure 2.3 -The external detector method, after

For each sample, the ratio of the total count of spontaneous tracks Ns divided by the total number of induced tracks Ni gives the "pooled ratio". When one can assume that all grains of a sample belong to the same age population (i.e. for a bedrock sample with no significant age dispersion for its different grains), the Ns/Ni ratio is used to calculate the "pooled age", which best represents the AFT mean age of a sample. The "central age" is the age that best fits the age distribution of all grains (see probabilitydensity plots, Appendix 2.1).

The track length can also provide some constraint on the thermal history. The initial length of apatite fission tracks is ~16-18 µm. Partial annealing reduces this length, wherefore the track length distribution gives an indication about the time the sample passed through the PAZ (~110-60°C). A narrow distribution and a mean length between ~14-15 µm imply fast cooling within the PAZ, whereas numerous tracks <12 µm indicates slow cooling. The presence of tracks shorter than 10 µm, or more than one track length group are indicators for a non steady cooling history [START_REF] Andriessen | K-Ar and Fission Track Mineral Age Determination of Igneous Rocks Related to Multiple Magmatic Arc Systems Along the 23°S Latitude of Chile and NW Argentina[END_REF].

Apatite & zircon (U-Th-Sm)/He thermochronology

(U-Th-Sm)/He thermochronology relies on the quantification of 4 He (α particles) produced by the decay of uranium (U), thorium (Th) and samarium (Sm), and lost by diffusion over time. At high temperatures, no daughter products are accumulated in the minerals because they diffuse more quickly than they can be produced by the nuclear reaction. On the contrary, at low temperatures, the system can be considered as closed since the diffusion loss is negligible compared to the isotope production in the mineral. Diffusion of 4 He cannot occur under the closure temperature of the mineral's system. As such, the time since when the produced 4 He is locked in the mineral corresponds to the age of when the sample passed under the closure temperature.

Apatite, titanite and zircon are appropriate minerals for this method. In the samples of my study area, apatites and zircons have been detected and analyzed. Note that samarium was not measured in zircons. The closure temperature of the apatite (U-Th-Sm)/He system (hereafter AHe) has been determined at ~75 ± 15°C [START_REF] Wolf | Helium diffusion and low-temperature thermochronometry of apatite[END_REF][START_REF] Farley | Helium diffusion from apatite: General behavior as illustrated by Durango fluorapatite[END_REF], but this thermochronometer can be sensitive to lower temperatures until ~40°C, leading to a PRZ of ~40-90°C. For the zircon (U-Th)/He thermochronometer (hereafter ZHe), the closure temperature is in the range of ~200-230°C, but the PRZ of ZHe extends over ~60-250°C (e.g. [START_REF] Reiners | He diffusion and (U-Th)/He thermochronometry of zircon: initial results from Fish Canyon Tuff and Gold Butte[END_REF][START_REF] Ault | Innovations in (U-Th)/He, Fission Track, and Trapped Charge Thermochronometry with Applications to Earthquakes, Weathering, Surface-Mantle Connections, and the Growth and Decay of Mountains[END_REF]. The closure temperature and PRZ (i.e. the diffusion of 4 He out of the mineral) is affected by the cooling rate, the grain size, the α-recoil, the radiation damage accumulation in the grain, the crystals' chemical composition (along with the presence of zonation, mineral-or fluid-inclusion), and crystal fragmentation (e.g. Wolf et al., 1996;[START_REF] Reiners | Influence of crystal size on apatite (U-Th)/He thermochronology: An example from the Bighorn Mountains, Wyoming[END_REF][START_REF] Flowers | Apatite (U-Th)/He thermochronometry using a radiation damage accumulation and annealing model[END_REF]. Some of these factors can be avoided during picking by choosing the more suitable grains, others should be corrected for in thermal modeling, or at least taken into account when interpreting the results. Zonation and inclusion of minerals or fluids in the grain should be avoided since their U, Th and Sm concentrations can be different from that of the grain. As their amount of helium degassed is low, their presence can artificially age a sample. Invisible micro-inclusions may not be seen during grain selection. To minimize this error, the best procedure is to select numerous grains (while limiting the number of samples at the most strategic places).

A result of the radioactive decay is that the produced α particles are naturally loaded with kinetic energy, ejecting them from their original position up to an average distance of ~20 μm [START_REF] Farley | The effects of long alpha-stopping distances on (U-Th)/He ages[END_REF], a process called α-recoil. They can therefore pass from one grain to another when they are produced within the 20 μm border of the crystal. This results generally in a higher 4 He density in the center of the grains, even if particles lost by one can be gained by a neighboring apatite grain. The minimum grain size must therefore be 60 μm. The 4 He loss can then be corrected by the ejection factor (or recoil correction) FT [START_REF] Farley | The effects of long alpha-stopping distances on (U-Th)/He ages[END_REF]. For this ejection correction, a uniform distribution of parent nuclides is considered and grain geometry is taken into account. Contrary, the implantation of 4 He from a neighboring mineral is more difficult to quantify [START_REF] Spiegel | Apatite (U-Th-Sm)/He thermochronology of rapidly cooled samples: The effect of He implantation[END_REF]. A low effective uranium content (eU) exposes the grain more to implantation of foreign He. An indicator for the contamination of a grain by environmental helium is the eU-age-relationship, which should follow an approximately linear correlation when plotting all results on one graph.

The measurement of the He amount presently contained in a grain is obtained by heating the sample under vacuum until gas-exit, which is then analysed in a noble-gas mass spectrometer. Next, the same sample is dissolved and the derived solution is examined by inductively coupled plasma mass spectrometry leading to the U, Th and Sm abundances. The basic-hypotheses of this method are (1) 4 He was initially absent in the crystal, (2) no external 4 He implantation underwent, and (3) 4 He can diffuse outside the crystal (considering that the environmental partial 4 He pressure has no impact on the diffusion in the crystal).

The 4 He quantity can be written as follows:
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with 4 He, 238 U, 232 Th, 147 Sm the respective present-day abundances of the isotopes measured in the grain, λ238, λ235, λ232, λ147 the respective radioactive decay constants of the parent elements, and t the thermochronological age of the sample. The factor 137.88 corresponds to the present-day ratio of 238 U/ 235 U.

The AHe and ZHe analyses have been realized at the University of Colorado Boulder TRaIL (Thermochronology Research and Instrumentation Lab) from 2019 to 2021. The fully detailed method is consultable in Appendix 2.2. As explained in this user guide, the ages calculated directly from the He, U, Th and Sm measurements are called "Raw Date", and are provided with the 1-sigma (1σ) analytical uncertainty. The "Corrected Date" corresponds essentially to the Raw Date divided by the α-ejection correction. These iterative age calculations are based on equation #34 from Ketcham et al. (2011).

The very low closure temperature for the AHe system implies that it is particularly sensitive to the thermal history during the recent exhumation phase, but also to any potential surficial heating (as reburial, volcanism, fires; e.g. [START_REF] Mitchell | Influence of wildfires on apatite and zircon (U-Th)/He ages[END_REF]). The ZHe system is sensitive to higher temperatures and can thus provide important information on the deeper thermal history.

Sampling strategy

Apatite and zircon minerals suitable for thermochronological analyses are usually abundant in magmatic rocks. At ~20-22°S (Iquique latitude), the rocks potentially appropriate for thermochronology are found in the Precambrian and Paleozoic basement of the Pinchal area (see also chapter 1). In this area, the pre-Andean basement is composed of granodiorites, diorites, gneisses, migmatites and mica-schists [START_REF] Skarmenta | Hoja Quillagua[END_REF]. We do not have a precise age on the sampled basement, but the youngest geochronological age available for similar basement units in the region is of ~291 ± 17 Ma (K-Ar on biotite; [START_REF] Vergara | Cuadrángulo Ujina[END_REF].

The analysis of one sample with one thermochronological method can only inform about one moment during the cooling history. Anyhow, it is not possible to conclude therefrom if this represents the beginning, the middle or the ending of a cooling phase. In order to obtain insights on several moments of the exhumation, it is insightful to sample at different altitudes (pseudo-vertical section) (Figure 2.1). Such sampling strategy can be complemented by the use of multiple thermochronometers sensitive to different temperatures (i.e. different depths).

Best places to access a pseudo-vertical profile with highest possible vertical offset are deep river canyons. However, in northern Chile, the arid to hyper-arid climate for the past ~33 Ma (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Stalder | The relationships between tectonics, climate and exhumation in the Central Andes (18-36°S): Evidence from low-temperature thermochronology[END_REF] and references therein) limited incision to relatively shallow canyons (called Quebradas). In the basementoutcrop area, tectonic structures (as faults, folds) have a general north-south orientation. The mean-trend of the canyons is west-east, thus crossing the tectonic structures approximately perpendicularly. In the Pinchal area, the basement ensemble crops out on a maximum altitude-offset of ~1 km over a ~10 km horizontal distance. Unfortunately, the difficult field conditions enabled access only to a limited vertical offset range of ~400 m, wherein we collected a total of 9 samples at 4 sites (for further details see Tables 2.1, 2.2 andFigures 2.4).

The highest basement rock samples were accessible in a canyon hereafter called Quebrada DG (within the Quebrada Cerrillos system). Along this canyon, we sampled at three sites, between ~2600-2900 m altitude (Figure 2.4). The Quebrada Martine, 1-2 km to the south, crosses a secondary basement thrust sheet, a part of the basement situated downstream (west) of the main basement ensemble (separated by the latter from trapped Mesozoic sediments), as illustrated on Figure 2.4 (see also chapter 1). In this canyon, we sampled at the highest accessible altitude (~2500 m).

All samples are located upstream (east) of the major thrust-contact, the Andean Basement thrust (ABT), bringing the basement over the younger folded Mesozoic sediments (chapter 1). Thus, all the samples originate from the hanging-wall of the ABT. Anyhow, the basement is affected by secondary thrusts, which are difficult to observe in the field, but have been mapped from satellite images, represented by dashed lines on Figure 2.4. Quebrada DG is crossed by such a secondary basement thrust. The sample locations are distributed down-and up-stream of this fault. Samples taken from Quebrada Martine can be considered as situated down-stream of the secondary fault, anyhow keeping in mind that they come from a frontal secondary basement thrust sheet (Figure 2.4). In Quebrada DG, at the highest and lowest sample-altitude, we also collected river sand (additionally to bedrock samples), considering them potentially representative of basement rocks of the entire drainage basin upstream the sampling site (see Table 2.1).

All samples were collected during field missions I realized throughout my Master-thesis (2018) and my PhD-thesis (2019) with my supervisors Robin Lacassin and Martine Simoes, as well as our Chilean colleagues Daniel Carrizo and Germán Aguilar. Since 2019, no additional sampling has been possible because of the Covid crisis, which canceled our planned 2020 field survey.

Numerical inversion of thermochronology data:

QTQt thermal modeling

To take best into account the data provided by the different thermochronological systems on samples from different altitudes, as well as the various influencing factors, thermal modeling is necessary. It provides access to a thermal history consistent for all (even dispersed) ages of the basement rocks samples.

For this modeling, I collaborated with Audrey Margirier (GFZ / University of Potsdam). I used the freely available software QTQt v5.6.0 (2017) developed by Kerry Gallagher [START_REF] Gallagher | Markov chain Monte Carlo (MCMC) sampling methods to determine optimal models, model resolution and model choice for Earth Science problems[END_REF]Gallagher, 2012). The associated user guide details the principles and algorithms on which the program is based, and all information necessary for the modeling procedure. I summarize the most important facts in this section.

The program treats low-temperature thermochronology data as apatite and zircon fission-track, as well as (U-Th-Sm)/He on apatite and zircon, among others. The greatest advantage of QTQt is that it can integrate multiple samples from different altitudes, if they originated from a pseudo-vertical profile, i.e. having the same thermal history [START_REF] Gallagher | Low temperature thermochronology and modeling strategies for multiple samples 1: Vertical profiles[END_REF] -and from there deduces a thermal history coherent for all samples. Furthermore, it corrects for the factors affecting the apparent age explained in the two preceding sections.

The numerical inversion is based on the Bayesian transdimensional Markov chain Monte Carlo (MCMC). It incorporates kinetic models of the diffusion of helium in apatites [START_REF] Flowers | Apatite (U-Th)/He thermochronometry using a radiation damage accumulation and annealing model[END_REF][START_REF] Gautheron | Effect of alpha-damage annealing on Apatite (U-Th)/He thermochronology[END_REF], and in zircons [START_REF] Guenthner | Helium diffusion in natural zircon: radiation damage, anisotropy, and the interpretation of zircon (U-TH)/He thermochronology[END_REF] to take into account the radiation damage trapping. Algorithms for predicting the annealing of fission tracks are based on the work of [START_REF] Ketcham | Variability of apatite fission-track annealing kinetics: III. Extrapolation to geological time scales[END_REF][START_REF] Ketcham | Improved modeling of fission-track annealing in apatite[END_REF].

The input parameters used in the model are (1) the present-day altitude of each sample; (2) for AFT data: effective track lengths density, Dpar values (diameter of etch pits parallel to the crystallographic c-axis), spontaneous and induced fission-track number, the zeta factor ζ, the number of tracks counted in the dosimeter, the etching liquid type, measured track length and angle; (3) for (U-Th-Sm)/He data: U, Th, Sm, 4 He abundances, mineral type, radiation damage model, grain size and geometry.

It is also possible to fix time-temperature constraints to the thermal history based on geological constraints, such as age and temperature of initial sample formation (whether they are intrusive or sedimentary) with their uncertainties. Here, we used the ~300 Ma age of basement rocks as provided by K-Ar dating on biotite minerals [START_REF] Skarmenta | Hoja Quillagua[END_REF]. This dating method is sensible to a temperature of ~325 ± 50°C (e.g. [START_REF] Andriessen | K-Ar and Fission Track Mineral Age Determination of Igneous Rocks Related to Multiple Magmatic Arc Systems Along the 23°S Latitude of Chile and NW Argentina[END_REF].

The geothermal gradient was set to 30 ± 10°C/km. This range of values corresponds to the classical mean geotherm on Earth and is in line with the value taken by Maksaev and Zentilli (1999) for their thermochronological study. Two borehole measurements have been realized in the Western Cordillera at ~21°S and ~22.5°S, indicating present geothermal gradients of ~40°C/km and ~20°C/km respectively [START_REF] Springer | Heat-flow density across the Central Andean subduction zone[END_REF], wherefore we allow the gradient to vary by ± 10°C/km.

Geothermal variations over time were allowed, but were not necessary to fit the data. No geological indicator for a significant reheating exists in the study area, therefore this option was not allowed. Indeed, no significant volcanism has been observed in the Pinchal area, even if we cannot definitely exclude that intrusions exist beneath the surface.

The present-day temperature was set to 12 ± 6°C in accordance with the mean temperature over the past 30 years at the site of the highest sample of the Pinchal area (obtained from www.meteoblue.com, last consulted on september 2021). The presentday surface temperature gradient was allowed to vary in a range of 9 ± 4.5°C/km corresponding to atmospheric temperature gradient.

Uncertainties

The modeling uncertainties are described in the QTQt v5.6.0 user guide [START_REF] Gallagher | QTQt v5.6.0 User Guide[END_REF]. On the thermal history plots, the 95% confidence intervals are drawn as colored envelopes 12,13 hereafter). This includes the uncertainty in the inferred thermal history and also the offset parameters (i.e. the temperature difference between the shallowest and deepest sample elevation). QTQt calculates the ages from the raw data for each single grain with a 1σ uncertainty. The plotted ageelevation graphs (showing the fit between the predicted and observed ages, hereafter Figures 2.7-2.13 and Appendix 2.3) indicate this 1σ error as horizontal lines (assuming the error on the elevation neglectable). A strength of the QTQt program is that it weights the influence of the single grain data depending on their quantitative proportions. That means, for example, an AFT age based on a lot of grains and/or with a high track density will be taken more into account than an age based on few grains and/or with a low track density.

Results

Analytic results

In Tables 2.1 and2.2, all samples are listed and details concerning their location, sample type and analytic ages are provided. The method of (U-Th-Sm)/He on apatite was applicable on four samples, whereas zircons have only been found in one sample. For AHe and ZHe ages, we dated 5 to 6 grains from each sample, and corresponding corrected ages are detailed in Table 2.2. Apatite fission track (AFT) analyses have been realised on all samples; 20-30 grains were counted for the bedrock samples, and 80-98 grains were counted for the detrital samples.

Grain ages

On Figure 2.4 sample locations are mapped, and for each site the mean and minimum ages obtained with (U-Th-Sm)/He on apatite and zircon, as well as the AFT pooled ages are listed. The original complete data tables for each sample are consultable in Appendix 2.1.

The corrected AHe mean ages range between ~45-70 Ma. Pooled AFT ages are in the range of ~55-85 Ma. Only one sample beard zircons, providing a corrected ZHe mean age of ~78 Ma. The range of observed ages is dispersed, especially for the AFT ages. As expected (see section 2.2.1), AHe ages are the youngest.

The samples originate from two canyons and some of the sampling sites are located on separate frontal secondary basement thrust sheets. This geological setting leads to separating the samples into three groups: "Quebrada DG upstream" in the more internal part of the basement hanging-wall, "Quebrada DG downstream" west of the secondary thrust and in the more external part of the basement ensemble, and "Quebrada Martine" on a separate frontal secondary basement thrust sheet. This grouping for geological reasons coincides with the analytical results, with older ages in the frontal zone and younger ages in the more internal part of the basement.

The age distribution is illustrated on Figures 2.5a, representing the age-elevation relationship (corrected ages for AHe and ZHe, pooled ages for AFT). AHe dates available for the samples SM02, SM03, SMO08 and SMO10 are dispersed and show a correlation age-eU (effective uranium content) (Figures 2.5b). The highest eU content is observed in sample SM03 (Quebrada DG downstream) with 148.7, the lowest eU content in sample SM02 (Quebrada DG upstream) with 5.1. Four single grain AHe ages from Quebrada DG upstream (from samples SM02 and SMO10, encircled) are much older than all other ages from the same altitude, even older than the AFT and ZHe ages. For these samples, the old ages (encircled symbols on Figure 2.5) are not correlated with the eU. The low eU content of these grains makes them more sensitive to the effect of potential He implantation, wherefore we exclude them from our interpretations and modeling. The two detrital samples have to be considered separately since these river sands potentially come from all over the drainage basin of Quebrada DG. Even if the drainage basin is small, their original altitude before erosion and transport to the sampling site is very different and unknown. We applied the AFT method on these samples. Anyhow, it has no sense to look at their pooled AFT age, but at the whole AFT age range. Most of the ages are found within ~55-85 Ma. The recorded minimum age is 29.8 Ma, the maximum age 112.0 Ma. Only ~5% of the grains of the detrital samples have an AFT age >100 Ma, ~16-21% are >85 Ma (i.e. older than the pooled age of the oldest bedrock sample), and ~69-81% are >55 Ma (i.e. older than the pooled age of the youngest bedrock sample). For comparison, in the oldest sample (SM03), 40% (10 grains) are >85 Ma, 0% >100Ma. In the youngest sample (SMO13), ~37% (11 grains) are >55 Ma, ~3% (1 grain) are >85 Ma, and 0% >100Ma (Appendix 2.1). 

Apatite fission track lengths

Apatite fission track lengths have been measured for bedrock samples. Figure 2.6 shows the track length histograms for each sample. The number of measurable tracks varies between 1-100 for the different samples. We recognize once again the two families of samples: downstream of the frontal secondary basement thrust sheet (SM03, SMO08 and SMO09), a lot more tracks are confined and can be measured (100, 75, 33, respectively), whereas upstream (SM02, SMO13, SMO10 and SMO11) only 1-15 were measurable.

The mean track length for all samples lies in a similar range, between 12.24-13.35 µm. The majority of the tracks have a length between ~12 and ~14 µm, but the track length distribution is relatively wide. The shortest and longest tracks are found in samples SMO11 and SM03 (Quebrada DG) with 8.97 µm and 16.93 µm. Only 1 and 6 tracks were measured in the samples SM02 and SMO13, respectively, therefore their inferred mean track length is not statistically meaningful. 

Uncertainties

The uncertainties on the AHe and ZHe ages are indexed in the original complete data tables in Appendix 2.2. For all measurements as well as for the ages, a ± column indicates the 1σ analytical uncertainty. The corrected ages are given with the 2σ uncertainty including the propagated analytic uncertainties for the He, U, Th and Sm measurements. For further explanations, see also the user guide provided in Appendix 2.2. The analytic uncertainties on the corrected ZHe ages are low, between 1.64 and 1.93 Ma. For the corrected AHe ages, uncertainties range between 1.60-4.36 Ma for samples SM03 and SMO08, whereas the uncertainties on the corrected ages deduced from SM02 and SMO10 are somewhat higher and more dispersed, between 2.84-8.83 Ma (and up to 15.68 Ma for the excluded grains, which are encircled on Figure 2.5).

For AFT results, the ages correspond to pooled ages given within the 68%-and 95%-confidence intervals (CI) (Appendix 2.1). For all samples, these intervals reach at most ± 5.0 Ma (68%-CI) and ± 10.2 Ma (95%-CI). Probability-density plots with best-fit peaks (obtained using the binomial model of Galbraith and Green (1990) are provided with the data tables of each sample (Appendix 2.1). The higher the number of fission tracks in a grain, the better the fit of the predicted age with the age distribution of all grains from one AFT sample. Accordingly, for bedrock samples, the best fit is obtained for the older AFT ages from Quebrada DG downstream and Quebrada Martine. For samples from Quebrada DG upstream, the fit is less well resolved, but still acceptable. At both sample sites (in Quebrada DG upstream), we have two samples with AFT results. At 2670m (SM02, SMO13), the two predicted ages are very close (58.7 Ma and 55.2 Ma, respectively). At 2890m (SMO10, SMO11) the two predicted ages are different by ~20 Ma (77.4 Ma and 57.7 Ma, respectively), indicating that these results have to be considered with caution.

For the two detrital samples (SMO12, SMO14), these best-fit peaks have no sense since grains originate from different (unknown) altitudes. For a single age result, the 95% confidence interval can be higher than the obtained age itself, especially when few tracks are present in the grain. For example, for the maximum age (112.0 Ma, from SMO12) the 95% confidence interval goes from 69.7-175.9 Ma, based on 31 spontaneous tracks. In the youngest grain from the same sample (29.8 Ma), only 3 spontaneous tracks are present, leading to a 95% confidence interval from 5.5-95.0 Ma. Especially in the detrital samples, the number of analysed tracks per grain vary a lot. SMO12 contains 9 grains with less than 10 tracks, SMO14 even 15. Old predicted AFT ages from these samples may be more reliable. However, an interpretation of these ages is not meaningful without a numerical model approach taking into account the altitudedistribution within the drainage basin. This additional modeling was not realizable during the time allowed for my doctoral thesis.

Results from QTQt thermal modeling

In this section, I present the results I obtained from numerical inversion of the thermochronological data using the program QTQt. Only bedrock samples have been used for the modeling, meaning that in this chapter the term "all samples" excludes the detrital samples. The grains with anomalously old AHe ages (where the old ages are not explainable by a high eU, see section 2.3.1) have also been excluded from the modeling. I tested different input parameters and present hereafter the models which are (1) consistent with the structural and geological knowledge of the Pinchal area, and ( 2) where a best fit is obtained between predicted ages and observed ages. All models found the best fit for a geothermal gradient of 30°C/km (within the allowed 20-40°C/km interval). In Appendix 2.3, supplementary models I have tested are consultable and provided with a short description (see also discussion in section 2.4.1).

Model 1: Quebrada DG

As a first step, we present the results of numerical inversion when modeling all samples from the two explored canyons separately. Here we first consider all samples from Quebrada DG (SM02, SM03, SMO10, SMO11, SMO13) together (Figure 2.7).

The AHe and ZHe ages predicted by the modeling fit relatively well the observed AHe and ZHe ages. Aside from a few AHe ages, the predictions situate within the uncertainty-range of the observed ages. However, the AFT ages are not satisfactorily predicted. Within the five observed AFT ages, only one is fitted by the predicted age in this model (Figure 2.7b).

The thermal history resulting from this modeling is presented in Figure 2.7a. It predicts a very rapid cooling from ~190°C or higher, starting possibly at ~95 Ma and ending by ~80 Ma. During these ~15 Myr, a cooling of 115°C occurred, leading to a cooling rate of 7.7°C/Myr. Anyhow, the initiation of the rapid cooling phase is loosely constrained. Even if the temperature-time-graph shows a sharp kink in its slope at ~95 Ma, this age has to be taken with caution due to the fact that (1) it is at the limit of what the LT thermochronology data can constrain, and that (2) it results from a linear fit with the initial age of 300 ± 20 Ma at a temperature of 325 ± 50°C [START_REF] Skarmenta | Hoja Quillagua[END_REF]. Even if such a linear fit is the simplest solution, in reality the shape of the temperature-time curve can be different between ~325°C and ~190°C as we do not have any data to resolve this temperature range. Given this, it is possible that the phase of rapid cooling started before ~95 Ma and from hotter temperatures. Similarly, the last phase of cooling from ~50°C to the surface is not resolved by any thermochronological data. On Figure 2.7a, the parts of the temperature-time paths which are poorly resolved by the data are shown in attenuated colors.

As observed in section 2.3.1, the AFT and AHe dates of the samples downstream of the secondary basement thrust are older than the ones upstream. This explains that when modeling all these samples together, the fit of the predicted with the observed ages is not fully satisfying. Therefore, we divided the samples from Quebrada DG in a downstream and an upstream dataset, and modeled them separately. 

Model 2: Quebrada DG upstream

Quebrada DG upstream contains samples from two altitudes (SM02, SMO13 at 2670 m, and SMO10, SMO11 at 2890 m). The thermal history predicted by QTQt is constrained by AHe, AFT and ZHe data.

The fit of predicted AHe and ZHe ages with the observed ones (Figure 2.8b) is slightly better compared to model 1. The AFT ages are significantly better predicted in model 2, the predicted ages lie here in the range of the uncertainty of the observed ages (Figure 2.8b, for comparison with model 1 see Figure 2.7b).

The thermal history modeled for Quebrada DG upstream is shown in Figure 2.8a. The phase of rapid cooling is found here to possibly start at ~85 Ma and to finish by ~45-50 Ma. During this ~40 Myr period of rapid cooling, a cooling of ~155°C is accommodated, i.e. 40°C more compared to model 1, anyhow leading to a lower cooling rate of ~3.9°C/Myr since occuring over a longer time span. For the same reasons as in model 1, the onset of the rapid cooling phase is not very well constrained, i.e. it could have started before ~85 Ma. The temperature-time-areas which are poorly resolved by the data are attenuated in Figure 2.8a.

Model 3: Quebrada DG downstream

The only bedrock sample of Quebrada DG downstream is SM03. The fit of predicted AHe and AFT ages with the observed ones is significantly better here (Figure 2.9b) compared to model 1 (Figure 2.7b). The thermal history graph (Figure 2.9a) shows three phases: (1) major cooling ending by ~95-70 Ma; (2) a phase of quiescence between ~70 Ma and ~15-10 Ma; and (3) a second cooling phase from ~10-0 Ma. Anyhow, knowing that the AFT and AHe thermochronological systems are sensitive to temperatures between ~40-120°C, the second cooling phase is very loosely constrained and can be a modeling artefact. The start of the first cooling cannot be constrained here for the same temperature sensitivity reason as before. 

Model 4: Quebrada Martine

Figure 2.10a shows the thermal history as obtained from numerical inversion of the AHe and AFT ages of samples SMO08 and SMO09. As both samples are located at the same altitude (2520m), this model can only constrain the recent part of the history of the secondary basement thrust sheet, i.e. the temperature interval of ~50-80°C. Accordingly, rapid cooling ended by ~70-85 Ma, whereas its initiation is badly constrained at a minimum age of ~90 Ma (possibly starting before). As in model 3, we observe a final cooling phase between ~10-0 Ma after a quiescence from ~70-10 Ma. Similarly, the well constrained temperature range is ~40-120°C, wherefore the very final cooling acceleration could be a modeling artefact. The fit between the observed and predicted AHe ages is satisfying (Figure 2.10b). The observed AFT age of SMO08 is nearly 20 Ma younger than that of SMO09, wherefore the predicted AFT is difficult to fit within the uncertainty-bars of the observed ages.

It is interesting to notice that the thermal history of this model shows a lot of similarities to model 3 (Quebrada DG downstream). Figure 2.11 compares the ages predicted by models 2-4. As already recognized in section 2.3.1, the cooling history of model 4 (secondary basement thrust sheet) is older than that of model 2 (Quebrada DG upstream), but younger than that of model 3. In fact, the end of the phase of accelerated cooling is predicted approximately at the same time (~70 Ma) by both models 3 and 4. Within the uncertainty envelope of those models, the start of the rapid cooling phase could be synchronous for the models 2-4. 

Model 5: Quebrada DG downstream & Quebrada Martine

We therefore tested another model combining both datasets from the identified frontal basement thrust sheets (SM03 with SMO08, SMO09). The thermal history plot is illustrated by Figure 2.12a and evidences an age of ~70-85 Ma for the end of the phase of rapid cooling, as similarly predicted in models 3 and 4. The graph predicted by model 5 is an intermediate between those of models 3 and 4, with a similar quiescence interval and a final secondary cooling phase (being possibly an artefact).

Compared to the separate modeling (models 3 and 4), the fit of the predicted AFT and AHe ages is less well defined in model 5 (Figure 2.12b), but significantly better than the fit to the data of model 1 (Figure 2.7b). This supports the idea of a similar cooling history of the secondary basement thrust sheet and the part of the basement downstream of the secondary thrust crossing Quebrada DG.

Strengths and weaknesses of the results

The modeling results constrain the timing and rate of cooling of the Pinchal basement rocks from ~180°C to ~40°C (Figure 2.13). In fact, the samples from four sites analysed with three thermochronological systems define well the thermal evolution between ~100-40 Ma, with an accelerated cooling rate of ~3.9-7.7°C/Myr at the peak (from models 2 and 1, respectively) during this period. The end of the phase of rapid cooling (~50-85 Ma, depending on the different models) lies in this well-constrained time-window, whereas its beginning is somewhat less well resolved by the data and could possibly have an age older than ~85-100 Ma.

Best fit (of the predicted ages with the observed ages) has been obtained by the models 2, 3 and 4, i.e. when modeling the three datasets (Quebrada DG upstream, Quebrada DG downstream, Quebrada Martine) separately. Therefore, we will hereafter focus above all on these three cases.

Our results point to an onset of the rapid cooling period by a kink in the temperature-time curve (hereafter called "initiation kink"). This initiation kink is most pronounced in models 1 and 2, and is predicted to occur by ~90-85 Ma, based on the constraints from ZHe. This corresponds to a temperature of ~180°C, which is at the lower limit of the well-resolved temperature-time interval, wherefore an earlier initiation cannot be excluded. More solid constraints on the cooling onset could probably be provided by additional samples from a higher topographic elevation (which would ideally yield zircons for ZHe analysis), or from an additional thermochronometric system with a higher closure temperature (e.g. zircon fission-track thermochronology with its deeper PAZ) -but too few zircons were preserved in the available samples and higher elevations were not safely reachable by hiking in the remote desert of the Pinchal area. We tested two extreme scenarios for the temperature range 325-180°C, with a long stagnation of the sample at ~200°C before from ~270 Ma to ~90 Ma (Figure 2.14b), or at ~300°C before cooling by ~110-100 Ma (Figure 2.14c), taking the samples from Quebrada DG upstream as an example. When analysing the thermal history probability plots of these different scenarios together with that of model 2 (Figure 2.14), one recognizes that the models (2 and 2b) predicting the start of cooling by ~90 Ma (Figure 2.14a,b) obtain a higher probability in the critical zone (marked as the "initiation kink") compared to the model (2c) with a cooling onset around ~110-100 Ma (Figure 2.14c). The initiation kink is not seen in models 3-5, because no zircon grains have been found in these samples. This means that these models constrain less well the older and hotter part of the thermal history. However, an initiation kink similar to the one in model 2 is completely in the range of possible scenarios for models 3-5, too. Indeed, for the datasets from Quebrada DG downstream and Quebrada Martine, the thermal history probability plots of Figure 2.15b,c and Figure 2.16b,c show that an initiation kink by ~100-90 Ma is a valid scenario for these data, too. The fitting plots (predicted ages vs observed ages) for these additional models are given in Appendix 2.3a-f). Our conclusion from these sensitivity tests is that the onset of the rapid cooling is relatively well constrained at ~100-85 Ma, and occured in any case during the Late Cretaceous. The ending of the rapid cooling period lies in the well resolved time-temperature interval for all the models. The end of the major cooling phase (by ~85-50 Ma) is marked by a sharp kink in all the models (i.e. models 1-5). In models 1 and 2, the data from different elevations and the dispersion of the AHe data better constrain the thermal history. The age of the ending of accelerated cooling is anyhow not the same for the different models (Figure 2.13). The 30-0 Ma period is not resolved by the thermochronological data; indeed, the youngest observed (corrected AHe) ages situate around ~40 Ma, the youngest predicted (modeled AHe) ages around ~30 Ma. Therefore the cooling slope of this latest part of the thermal history is not meaningful, but rather forced to adjust to surface temperatures (~6-18°C) at present time. The phase of quiescence in models 3 and 4 (i.e. stagnation of the samples at ~40-50°C) is loosely related to the fit of AFTs lengths which are abundant in samples SM03 and SMO08, and in their majority shorter than ~14 µm, with some (11) tracks even shorter than 10 µm. This is taken as an indicator for medium-fast cooling, or for a prolonged residence time within the PAZ before rapid cooling [START_REF] Andriessen | K-Ar and Fission Track Mineral Age Determination of Igneous Rocks Related to Multiple Magmatic Arc Systems Along the 23°S Latitude of Chile and NW Argentina[END_REF]. Therefore, the significance of the cooling acceleration between ~10-0 Ma (which is predicted only for models with the samples downstream of the secondary basement thrust, i.e. in models 3-5) may not be meaningful. Such acceleration, only derived from downstream samples, is difficult to explain by recent erosional processes. Indeed, model 3 predicts a recent cooling higher by ~20-30°C than that of model 2, indicating slightly less than 1 km of recent differential exhumation between samples located downstream and upstream Quebrada DG. However, we do not observe a major river knick point in the field between the downstream and upstream sampling sites that would explain the difference in exhumation by differential erosion. This suggests that the very final cooling phase could be a modeling bias or due to the resolution of our data.

Through the example of Quebrada Martine, we made a few additional models to test if different scenarios for the youngest part of the cooling history could be possible. Indeed, the thermal history probability plots proposed in Figure 2.16 show a plateau at ~40-50°C between ~70-30 Ma for scenarios (a) and (b), whereas ongoing cooling until ~50 Ma is imposed in scenario (c). All these three scenarios obtain a similar fit between the predicted and observed ages (Figure 2.10b and Appendix 2.3c,d), even if the AFT track lengths are slightly less well predicted in case (c). A similar scenario is proposed for Quebrada DG downstream (Figure 2.15c). On the contrary, when imposing an additional temperature constraint of ~40°C at ~15 Ma in model 2 (Figure 2.14c), we observe a reduced likelihood for a scenario of a late accelerated cooling from ~10 Ma to 0 Ma, and the age fit is less satisfying, too (Figure 2.7b). Consequently, we deduce that the ending of the rapid cooling period, and the subsequent path for the samples to reach the surface, seem to be less well resolved in the models 3-5 (compared to model 2), and could be comparable to the prediction of model 2.

The modeling-results fit the data without any reheating (as for example due to volcanism) and thus it is supporting the hypothesis that there were no major reheating events in this region since about ~100 Ma.

In summary, our results suggest a rapid cooling phase from Late Cretaceous times (~100-85 Ma), up to the Early Cenozoic (~50-45 Ma). Over this period, we observe a minimum cooling from ~100°C to ~50°C (for the frontal basements sheets), or even from ~200°C to ~50°C (in Quebrada DG upstream). The maximum cooling is from ~325°C to ~50°C. The very recent cooling history (~40-0°C) is less well constrained, and probably forced by present surface temperature conditions on the most downstream samples over the last ~10 Myr.

Discussion

Basement exhumation and thrusting over the Andean Basement Thrust in the Pinchal area

Given the geological context of the samples analyzed and modeled here, we interpret the cooling phases constrained by our data as related to the exhumation of the basement due to overthrusting over the Andean Basement Thrust (ABT).

From there, we propose that the ABT has been active between ~100-85 Ma and ~50-45 Ma. Model 2 (Quebrada DG upstream) appears to give the best constraints on the general thermal history of the basement in the Pinchal area, since (1) three different thermochronometers have been used over the largest altitude interval (Figure 2.5b), ( 2) the age fit is satisfying (Figure 2.11), and (3) the samples come from a more internal zone of the basement (Figure 2.4), which implies that they are less affected by potential local thermal effects related to the thrusts. As such, for the following discussion, we mostly retain the results from model 2 (Figure 2.8), pointing to a minimum cooling from ~190°C to ~40°C between ~90-85 Ma and ~50-45 Ma. Assuming a geothermal gradient of 30°C/km over this period, we infer a minimum exhumation of ~5.3 km (from a minimum ~6.3 km depth at 90-85 Ma to ~1 km depth at 50-45 Ma), corresponding to an exhumation rate of ~0.13-0.15 mm/yr.

In chapter 1 (Habel et al., subm.), we found a strict minimum exhumation amount of >2 km on the ABT based on structural observations and reasoning. These results are thus consistent with each other.

Subtle differences exist between our preferred model 2 and models 3-4 (Quebrada DG downstream and Quebrada Martine). Indeed, we clearly observe older AHe and AFT ages in models 3 and 4, which may translate into a shift of ~20-30 Myr for the end-date of the rapid exhumation phase. Indeed, downstream of the secondary basement thrust (i.e. samples closer to the ABT), cooling ended apparently at latest by ~70 Ma, and possibly already by ~80 Ma, according to models 3 and 4. This ~20-30 Myr shift is surprising since upstream (model 2) and downstream (models 3 and 4) samples are geographically very close (~0.5-2 km distance), even if separated by a thrust. Indeed, this thrust appears relatively minor since it constitutes a basement-basement contact obvious on aerial imagery but less evident to observe in the field, when compared to the major ABT bringing Paleozoic basement rocks over deformed Mesozoic sediments. The simplest geologic explanation for the age difference would imply out-ofsequence thrusting in between the various strands of the ABT, with significant differential uplift and exhumation across the thrusts identified as minor. However, we recall that the final period (~40-0 Ma, ~40-0°C) is poorly constrained by the data wherefore the age difference is probably less significant than it looks, although its existence cannot be ruled out. To keep with a simpler evolution at the regional scale, we note that an end by ~50-45 Ma for the main exhumation, as predicted by model 2, is also a possible scenario for all models (since fitting the data, Figures 2.15c, 2.16c).

The second cooling phase (over the last 10 Ma) observed in models 3 and 4 is not constrained by our data and could be an artefact. If real, this Late-Miocene-Quaternary exhumation is most probably not tectonic nor related to the ABT as it would be expected to impact the whole site and therefore all our samples in the hanging-wall of the ABT. If due to recent incision in the canyons, with upstream migrating knickpoint [START_REF] Hoke | Geomorphic evidence for post-10 Ma uplift of the western flank of the central Andes 18°30′-22°S: LATE MIOCENE UPLIFT IN NORTHERN CHILE[END_REF], this would suggest a knickpoint of several hundred meters in between the downstream and upstream samples, a feature not observed. We therefore pledge that the most probable explanation here is a modeling artefact.

Taken altogether, and when considering exhumation of the basement in the hanging-wall of the ABT as a whole, neglecting possible local complexities related to minor basement thrusts or to the various strands of the thrust system, it clearly appears that basement cooling and exhumation -and from there uplift and thrusting over the ABT system -took place from ~100-85 Ma to ~50-45 Ma (Figure 2.13).

Comparing our results to existing constraints on the exhumation of the western Andean basement, as related to thrusting over the ABT

The inferred tectonic exhumation of our dated basement samples is interpreted as associated with the functioning of the ABT. Such basement thrust contacts are documented at different sites along the West Andean flank between ~21-22°S (e.g. [START_REF] Aguilef | Geología del área Quehuita-Chela, regiones de Tarapacá y Antofagasta[END_REF][START_REF] Haschke | Balancing crustal thickening in arcs by tectonic vs. magmatic means[END_REF]McElderry et al., 1996;[START_REF] Skarmenta | Hoja Quillagua[END_REF][START_REF] Tomlinson | Geología de la Precordillera Andina de Quebrada Blanca-Chuquicamata[END_REF], with different local names. As evidenced in chapter 1 (Habel et al., subm.), these thrusts can all be attributed to the same large system extending over at least ~120 km (even if possibly segmented) which we call the ABT system. The ABT system (with its neighboring secondary thrusts), is interpreted to root onto a deeper crustal-scale ramp and stands as a major crustal structure which contributes to the uplifting of the western margin of the Altiplano (Habel et al., subm.).

The basement rocks east of the ABT system are not one homogeneous ensemble, but are constituted of different tectonic blocks bounded by diverse faults, sometimes separated by additional structural features (e.g. Sichal basin between 21°34'-22°00'S, [START_REF] Blanco | Sichal Formation: An Eocene-Early Oligocene basin syntectonic to the Incaic orogenic event and contemporaneous to emplacement of porphyry copper related plutons, region of Antofagasta, Chile[END_REF] (Figure 2.17). This signifies that these different basement blocks may have experienced different exhumation histories, at least in the details.

We propose in the following a summary and comparative discussion of available ages related to the exhumation history of the West Andean basement between ~20°30-22°30'S latitude, where the ABT is clearly defined (Figure 2.17). Low-temperature thermochronology ages have been provided for Cretaceous-Paleogene intrusive samples by [START_REF] Andriessen | K-Ar and Fission Track Mineral Age Determination of Igneous Rocks Related to Multiple Magmatic Arc Systems Along the 23°S Latitude of Chile and NW Argentina[END_REF], [START_REF] Avdievitch | Slow Long-Term Exhumation of the West Central Andean Plate Boundary, Chile[END_REF], Maksaev and Zentilli (1999) and [START_REF] Reiners | Low-temperature thermochronologic trends across the central Andes, 21[END_REF]. However, these thermochronological ages are recording magmatic cooling as well as exhumation and therefore not unambiguously interpretable as related to basement tectonic exhumation. Basement rock samples from the Coastal Cordillera (e.g. [START_REF] Andriessen | K-Ar and Fission Track Mineral Age Determination of Igneous Rocks Related to Multiple Magmatic Arc Systems Along the 23°S Latitude of Chile and NW Argentina[END_REF][START_REF] Avdievitch | Slow Long-Term Exhumation of the West Central Andean Plate Boundary, Chile[END_REF]; see also review paper of [START_REF] Stalder | The relationships between tectonics, climate and exhumation in the Central Andes (18-36°S): Evidence from low-temperature thermochronology[END_REF] have also been excluded since deformation here is not related to Andean orogeny sensu stricto. Indeed the exhumation of the coastal forearc is not directly related to Andean shortening and related crustal thickening but to the subduction margin evolution possibly associated with volcanic arc migration and/or underplating (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Menant | 3D numerical modeling of mantle flow, crustal dynamics and magma genesis associated with slab roll-back and tearing: The eastern Mediterranean case[END_REF]. In the same manner, thermochronological ages from Mesozoic and Cenozoic sediments (e.g. [START_REF] Avdievitch | Slow Long-Term Exhumation of the West Central Andean Plate Boundary, Chile[END_REF][START_REF] Stalder | The relationships between tectonics, climate and exhumation in the Central Andes (18-36°S): Evidence from low-temperature thermochronology[END_REF] have been excluded from our discussion here, since all these samples are related to structural units different from the Andean basement considered here. The sampling-sites of the hereafter discussed ages are mapped on Figure 2.17.

The closest comparable low-temperature thermochronological ages on basement rocks in the Western Cordillera are provided by [START_REF] Reiners | Low-temperature thermochronologic trends across the central Andes, 21[END_REF] for a sample (09AA01, Figure 2.17) located ~30 km south of our study site, in Quebrada Arcas (~21°42'S, 69°05'W, at 2193 m elevation). The sampled basement ensemble locates within the Sierra de Moreno and can be considered as the southward continuation of the Pinchal area basement. Some minor structural complications may be however noticed in the Quebrada Arcas area [START_REF] Skarmenta | Hoja Quillagua[END_REF], with the connection between two main strands of the ABT -and therefore with the lateral termination of these branches and lateral transfer of deformation between them (Figure 2.17). The corrected mean AHe age from the three grains of [START_REF] Reiners | Low-temperature thermochronologic trends across the central Andes, 21[END_REF]'s sample is ~57 Ma (in a range of 53.4-60.8 Ma), and the corrected mean ZHe age is ~91 Ma (in a range of 71. . This is in good agreement with our results, especially compared to our sample SMO10 (at 2890 m elevation) with its corrected mean AHe age of ~58 Ma and a corrected mean ZHe age of ~78 Ma, even if the mean ZHe age from Quebrada Arcas is >10 Ma older. A larger dispersion in the ZHe ages compared to the AHe ages of the Quebrada Arcas sample is noticeable, which could suggest a long residence of the sample at a depth close to the local zircon PRZ before its exhumation, or maybe related to a local structural complexity. Additional direct time constraints for the ABT in the Sierra de Moreno come from the Barrera Quartz Monzonite (~22°01'S, 69°10'W; Figure 2.17), dated at ~83-84 Ma (K-Ar age on amphibole and biotite, [START_REF] Ladino | New constraints for the age of Cretaceous compressional deformation in the Andes of northern Chile[END_REF], as cited in Puigdomenech et al., 2020) which intrudes a thrust-segment called Sierra de Moreno reverse fault, interpreted to be part of the ABT system (chapter 1). According to [START_REF] Puigdomenech | Paleomagnetic data from the Precordillera of northern Chile: A multiphase rotation history related to a multiphase deformational history[END_REF], this pluton intrudes both the hanging-wall and the footwall of the thrust and would have emplaced "at a late stage of the fault mouvement [START_REF] Ladino | New constraints for the age of Cretaceous compressional deformation in the Andes of northern Chile[END_REF])", a pattern not clear as [START_REF] Haschke | Balancing crustal thickening in arcs by tectonic vs. magmatic means[END_REF] mapped this intrusion only in the footwall of the ABT. Anyhow, the raw data of [START_REF] Ladino | New constraints for the age of Cretaceous compressional deformation in the Andes of northern Chile[END_REF] is not accessible, and no later published study by these authors exists on the subject, to our knowledge, outlining their arguments for a late fault activity by ~83-84 Ma. Additionally, the contact between the Barrera Quartz Monzonite and the ABT seems unclear and should be further investigated. In any case, this monzonite is emplaced at or near the southern termination of the ABT system, where the total throw across the thrust probably diminishes laterally (chapter 1). Additional evidence for uplift and exhumation of the basement rocks at ~22°S by the Late Cretaceous is described by [START_REF] Puigdomenech | Paleomagnetic data from the Precordillera of northern Chile: A multiphase rotation history related to a multiphase deformational history[END_REF] from conglomeratic sedimentation and facies progradation inferred by ~78-72 Ma [START_REF] Tomlinson | Carta Calama-Región de Antofagasta[END_REF] in the Tolar basin east of the Sierra de Moreno and of the Barrera intrusion (Figure 2.17).

A series of samples from comparable basement rocks located between ~21°-22°20'S have been analysed and thermally modeled by AFT thermochronology by Maksaev and Zentilli (1999). 20-25 km east of the Pinchal area, the two closest samples (at ~21°30S, 68°45'W; Figure 2.17) originate from the Cordon del Millo basement complex, which is bordered to the east by the West Fissure strike-slip fault (e.g. [START_REF] Charrier | Tectonostratigraphic evolution of the Andean Orogen in Chile[END_REF][START_REF] Reutter | The Precordilleran fault system of Chuquicamata, Northern Chile: evidence for reversals along arc-parallel strike-slip faults[END_REF]Tomlinson andBlanco, 1997a, 1997b), and to the west by the west-verging reverse Challo Fault [START_REF] Tomlinson | Segundo Informe de Avance del Proyecto de Estudio Geológico de la Franja Longitudinal entre Quebrada Blanca y Chuquicamata -Fase II[END_REF]. Inferred AFT ages for these samples are ~36 Ma and ~44 Ma, from 4060 m and 4150 m altitude, respectively. By comparing them to their other samples to the north (~21°S) and to the south (~22°S) from similar granitoids, Maksaev and Zentilli (1999) argue that an important phase of exhumation started by ~50 Ma, lasting until ~30 Ma. From the thermal modeling of AFT lengths, they deduced a total amount of exhumation of 4-5 km during the Early Eocene (~50-30 Ma). Assuming a geothermal gradient of 30°C/km, based on few and geographically distant samples, they speculated a mean exhumation rate of ~0.14-0.17 mm/yr. They proposed that the main cooling finished by ~30 Ma, a date after which the exhumation rate slowed significantly down to ~0.05 mm/yr. Maksaev and Zentilli (1999) underline that their results reveal clearly distinct temperature-time evolutions between the different basement blocks.

Our findings in terms of exhumation amount (~5 km) and rate (~0.13-0.15 mm/yr) are in good agreement with the results of Maksaev and Zentilli (1999), and with generally low (<0.2 mm/yr) exhumation rates in the arid to hyper-arid western Central Andes [START_REF] Stalder | The relationships between tectonics, climate and exhumation in the Central Andes (18-36°S): Evidence from low-temperature thermochronology[END_REF]. The major exhumation period in the Cordon del Millo area (~68°45'W) is delayed by ~20-30 Myr compared to our samples from further west (~69°00'W). This age shift is probably explainable by the fact that the samples originate from different basement blocks which apparently experienced their exhumation at different moments of the western flank evolution. When comparing the thermochronological data from one latitude (~21°30'S), the simplest explanation would be that the exhumation started west (i.e. in the Pinchal area at this latitude) around ~100-85 Ma, and propagated around ~50-45 Ma to the east (i.e. to the Cordon del Millo block), where exhumation is finished by ~30 Ma. This is in line with the idea of eastward propagation of deformation over time, as seen from the eastward younging of thermochronological ages at the scale of the whole orogen (e.g. Reiners et al., 2015 among others). However, Maksaev and Zentilli's study from 1999 is not easily comparable to our results since only AFT ages with very limited modeling are provided. The best would be to resample at the same sites and to multiply the thermochronometric systems. This was indeed planned for 2020 but could not be realized during my PhD thesis due to restrictions related to the Covid crisis.

Even if the chronological data between ~20°30-22°30°S is sparse and sometimes not straightforward to correlate, our results seem consistent with the different studies mentioned above, and concording on the fact that in the Sierra de Moreno the main tectonic exhumation started in Late Cretaceous times, and finished in the Eocene. Our results provide new and clear constraints in terms of exhumation ages and cooling modeling in the structural context of the early period of Andean orogeny on the west flank of the Andes.

Tracking the onset of Andean deformation in Northern Chili, and its evolution over time

Basement exhumation in the Pinchal zone and in the Sierra de Moreno at a more regional scale is interpreted to relate to overthrusting on the ABT, a major thrust fault separating Andean basement and folded Mesozoic units (Habel et al., subm.). Here, basement exhumation is structurally linked to overthrusting, given the structural and kinematic framework of our sampling site and discussed previous works. However, aside from these structurally well constrained sites, there is additional evidence for exhumation of the western Andean basement or for a start of the Andean deformation and shortening during the Late Cretaceous, at the regional scale.

North of the Pinchal area, no thermochronological data are available to constrain western basement exhumation in Northern Chile. The northernmost noteworthy basement outcrop terminates at ~20°30'S (Figure 2.17), therefore tracing the ABT system further north beneath the mid-upper Cenozoic cover, and determining the related exhumation becomes impossible. The Quebrada Blanca area at ~20°45'S latitude is not directly comparable to the Pinchal area ~100 km further south, because the contact between the West Andean Fold-Thrust-belt (WAFTB) and the ABT equivalent (if existing at this latitude) is hidden by Cenozoic recent volcano-sedimentary deposits and / or hydrothermal alteration (see also chapter 1,Habel et al.,subm.) Nethertheless, a similar deformational history in both areas seems reasonable because of the overall structural continuity of the WAFTB (where it crops out). [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF] indicate a minor angular unconformity between the Jurassic and Cretaceous units in the Quebrada Blanca area. The base of the volcanodetrital Cerro Empexa Formation above the unconformity is inferred at ~83 Ma [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF]. This age is approximately coeval with the initiation of exhumation recorded in the Pinchal zone, and could thus represent a first slight signal of deformation associated with potential basement thrusting further east. In this case, the Cerro Empexa Formation could be considered syn-tectonic of the Andean deformation, even though major WAFTB folding started later (chapter 1, Habel et al., subm.).

Our structural geological results from the Quebrada Blanca area indeed point to a main shortening phase between ~68-29 Ma (possibly ending by ~44 Ma) accommodated by the WAFTB (chapter 1, Habel et al., subm.). When compared to our results on the timing of the ABT, the slight time difference in the initiation of deformation on both structures may indicate that deformation propagated westward along the Western Andean flank at this latitude, in line with an in-sequence westward propagation of structures. The main deformation phase seems however to end possibly coevally by ~50-40 Ma -in any case before ~29 Ma -with only minor deformation since the Miocene (chapter 1, Habel et al., subm.).

Towards the south, some thermochronological and structural data is provided at the latitude of the Salar de Atacama basin (~22°30'-23°50'S). There, the orogenic structure is different and more complex when compared to that of the Western Andean flank north of ~22.5°S (Figure 2.17), probably due to the inherited structure of prior basins. It has to be considered that the volcanic arc was located in the Cordillera de Domeyko (regional name for the Western Cordillera west of the Salar de Atacama) from ~80-66 Ma (e.g. Marinovic & García, 1999;[START_REF] Basso | Carta Cerro Químal. Servicio Nacional de Geología y Minería[END_REF] until ~47-37 Ma (e.g. [START_REF] Campbell | U-Pb Zircon Geochronology of Granitic Rocks from the Chuquicamata-El Abra Porphyry Copper Belt of Northern Chile: Excimer Laser Ablation ICP-MS Analysis[END_REF], leading to contamination of exhumation ages by the cooling of intrusive bodies for a large part of those intrusive rocks. As in section 2.4.2., we generally exclude these samples from our subsequent discussion when intrusion and exhumation ages are close.

At ~23°S, [START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF] provide a ~38 Ma mean AHe age for a Triassic igneous bedrock sample (SPA1-14, Figure 2.17) west of the El Bordo Escarpment, an east-verging thrust contact uplifting Paleozoic-Triassic basement over the folded Mesozoic strata of the Salar de Atacama basin. [START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF] interpret this age as documenting the exhumation of the eastern basement of the Cordillera de Domeyko. Three samples (SPA1-7, SPA1-9, CHI-4; at ~23°06'S, 68°39'W) from the Quimal intrusive (~66-63 Ma K-Ar biotite age; [START_REF] Maksaev | Metallogenetic implications of K-Ar, 40Ar-39Ar, and fission track dates of mineralized areas in the Andes of northern Chile[END_REF][START_REF] Andriessen | K-Ar and Fission Track Mineral Age Determination of Igneous Rocks Related to Multiple Magmatic Arc Systems Along the 23°S Latitude of Chile and NW Argentina[END_REF] suggest a fast cooling (~10 Myr) after the plutons emplacement, interpreted as rapid exhumation based on AHe ages (~45 and ~49 Ma) and AFT ages (~41±9 and ~60±6 Ma) [START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF][START_REF] Andriessen | K-Ar and Fission Track Mineral Age Determination of Igneous Rocks Related to Multiple Magmatic Arc Systems Along the 23°S Latitude of Chile and NW Argentina[END_REF], also supported by a mean AFT length of 14.7±1.3 µm with a narrow distribution. Concordant AHe and AFT ages have been acquired by [START_REF] Andriessen | K-Ar and Fission Track Mineral Age Determination of Igneous Rocks Related to Multiple Magmatic Arc Systems Along the 23°S Latitude of Chile and NW Argentina[END_REF] and [START_REF] Reiners | Low-temperature thermochronologic trends across the central Andes, 21[END_REF] from Carboniferous-Permian basement rocks pointing to rapid exhumation between ~47 Ma and ~51 Ma (samples CHI-6 and CL29; Figure 2.17). In the Late-Cretaceous Cordón de Lila range, [START_REF] Andriessen | K-Ar and Fission Track Mineral Age Determination of Igneous Rocks Related to Multiple Magmatic Arc Systems Along the 23°S Latitude of Chile and NW Argentina[END_REF] published an AFT age of ~38 Ma (sample CHI-3, Figure 2.17) from the Tucucaro pluton (U-Pb zircon age of ~450 Ma, [START_REF] Damm | Geochemie, Petrologie und Geochronologie der Plutonite und des metamorphen Grundgebirges in Nordchile[END_REF][START_REF] Damm | Pre-Mesozoic evolution of the central Andes; The basement revisited[END_REF]. The Cordón de Lila has however been intruded in the Late Cretaceous ~7-8 km west of the Tucucaro sample, which could have partially reset the AFT age.

Additional studies at the Atacama basin latitude (~22-24°S), argue for first indicators of orogeny in the western Atacama region linked to the inversion of highangle normal faults along the pre-existing marine back-arc Domeyko-Tarapaca basin between ~90-65 Ma [START_REF] Amilibia | The role of inherited tectono-sedimentary architecture in the development of the central Andean mountain belt: Insights from the Cordillera de Domeyko[END_REF][START_REF] Mpodozis | Late Mesozoic to Paleogene stratigraphy of the Salar de Atacama Basin, Antofagasta, Northern Chile: Implications for the tectonic evolution of the Central Andes[END_REF] and studies cited therein), leading to ~2.5 km of exhumation [START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF]. Repeated episodes of syntectonic sedimentation during the Late Cretaceous are recorded east and west of the Cordillera de Domeyko and support the onset of exhumation east of the Atacama basin by that time [START_REF] Mpodozis | Late Mesozoic to Paleogene stratigraphy of the Salar de Atacama Basin, Antofagasta, Northern Chile: Implications for the tectonic evolution of the Central Andes[END_REF]. After that, the orogenic front migrated from the western edge of Cordillera de Domeyko to the central part of the Salar de Atacama basin by ~65 Ma, as inferred from an angular unconformity in seismic profile Z1G-010 (e.g. [START_REF] Arriagada | Salar de Atacama basin: A record of compressional tectonics in the central Andes since the mid-Cretaceous[END_REF][START_REF] Jordan | Cenozoic subsurface stratigraphy and structure of the Salar de Atacama Basin, northern Chile[END_REF][START_REF] Muñoz | Interactions between basement and cover during the evolution of the Salar de Atacama Basin, northern Chile[END_REF] and from the presence of a depocenter east of the Cordón de Lila range to the south of the Salar de Atacama basin [START_REF] Arriagada | Salar de Atacama basin: A record of compressional tectonics in the central Andes since the mid-Cretaceous[END_REF]. Between ~50-28 Ma, thrust faulting along the eastern side of the Cordillera de Domeyko would have produced additional exhumation of ~3.3 km, with a peak of exhumation between ~50-40 Ma [START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF], also consistent with the ~2 km of basement exhumation deduced from sample CHI-6 by that time [START_REF] Andriessen | K-Ar and Fission Track Mineral Age Determination of Igneous Rocks Related to Multiple Magmatic Arc Systems Along the 23°S Latitude of Chile and NW Argentina[END_REF].

Summarizing, the exhumation history at the latitude of the Salar de Atacama is quite comparable to that of the Sierra de Moreno (bearing the Pinchal area). There is evidence for deformation in the Atacama basin region at the end of the Cretaceous (~90-70 Ma), as in the Sierra de Moreno, but also for ongoing exhumation over the Late Eocene period, similarly to what has been inferred by Maksaev & Zentilli (1999) by ~21-22°S, with an apparent west-to-east propagation of exhumation of basement units. Cumulated main exhumation amounts to ~6 km and probably ended by ~40 Ma along the West Andean flank west of the Salar de Atacama, when the deformation front jumped to the East, a process generally admitted at the Bolivian Orocline latitude to have occurred by ~40-45 Ma (e.g. [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF]McQuarrie et al., 2005;[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF][START_REF] Stalder | The relationships between tectonics, climate and exhumation in the Central Andes (18-36°S): Evidence from low-temperature thermochronology[END_REF]. Indicators for further deformation (and associated exhumation) after Eocene times exist, as documented for example by [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] and in chapter 1 (Habel et al., subm.) at ~20--22°S, and by [START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF] at the Atacama latitude.

As a conclusion, the regionally-recorded Late-Cretaceous onset of exhumation probably tracks the first phases of Andean mountain building in the region (e.g. [START_REF] Mpodozis | Late Mesozoic to Paleogene stratigraphy of the Salar de Atacama Basin, Antofagasta, Northern Chile: Implications for the tectonic evolution of the Central Andes[END_REF][START_REF] Arriagada | Salar de Atacama basin: A record of compressional tectonics in the central Andes since the mid-Cretaceous[END_REF][START_REF] Henriquez | Cretaceous to Middle Cenozoic Exhumation History of the Cordillera de Domeyko and Salar de Atacama Basin, Northern Chile[END_REF]. When enlarging further the framework of the West Andean flank, we recall that in the northern Central Andes in Peru, the term of Peruvian phase [START_REF] Jaillard | Kimmeridgian to Paleocene tectonic and geodynamic evolution of the Peruvian (and Ecuadorian) margin[END_REF][START_REF] Sempere | Kimmeridgian? to Paleocene Tectonic Evolution of Bolivia[END_REF][START_REF] Vicente | Early Late Cretaceous Overthrusting in the Western Cordillera of Southern Peru[END_REF] has been defined to describe an early phase of major Andean orogenic deformation during the Late Cretaceous (~110-85 Ma). Additional major deformation is documented in the western peruvian Andes during the Incaic phase [START_REF] Steinmann | Geologie von Peru[END_REF]) by ~55-40 Ma [START_REF] Jaillard | Cretaceous to early Paleogene tectonic evolution of the northern Central Andes (0-18°S) and its relations to geodynamics[END_REF][START_REF] Noble | Episodic Cenozoic volcanism and tectonism in the Andes of Peru[END_REF][START_REF] Noble | Early Tertiary "Incaic" tectonism, uplift, and volcanic activity, Andes of central Peru[END_REF], and the Quechua phase since ~30 Ma [START_REF] Jaillard | Tectonic evolution of the Andes of Ecuador, Peru, Bolivia and northernmost Chile. In Tectonic Evolution of South America[END_REF][START_REF] Mégard | The Andean orogenic period and its major structures in central and northern Peru[END_REF].

Conclusion

We conclude from our low-thermochronological study that early compressive deformation along the West Andean flank at ~20-22°S is essentially materialized by exhumation through the Andean Basement Thrust (ABT). We date the main activity of this major thrust at ~100-45 Ma. The minimum basement-rock exhumation in the hanging-wall of the ABT accounts for ~5.3 km, from an initial minimum ~6.3 km depth by ~100-85 Ma at the onset of exhumation, to ~1 km depth by ~50-45 Ma. This results in an average exhumation rate of ~0.13-0.15 mm/yr during this main phase of the ABT's activity, between the Late Cretaceous to the Early Eocene. When comparing our results at a regional scale, we find them to be consistent with assimilable publications in the Sierra de Moreno, and to a larger extent in Northern Chile, with east-ward propagation over time of exhumation, as widely documented in the literature on Central Andean orogeny.

From there, we propose that the basement exhumation history elucidated in the Pinchal area based on new multi-method thermochronological dating gives an essential input to better constrain the earliest period of Andean orogeny and points to an initiation of mountain building in the western part of the Bolivian orocline by Late Cretaceous times.

Chapter 3

Unraveling the contribution of the Western Andes to crustal shortening in Northern Chili: A multi-approach and multi-scale synthesis.

Introduction

Objectives

In the first two chapters of this thesis, I described some major geological structures forming the western Central Andes, quantified their contribution to crustal shortening and provided new elements to better constrain their timing and kinematics. Until here, this work was based on two specific areas along the West Andean flank in Northern Chili at ~20-22°S, which showed to be key sites to address the questions of where and when Andean orogeny started, and of how deformation was accommodated.

These investigations on the Pinchal area (~21°30'S) and the Quebrada Blanca area (~20°45'S) highlight that multi-kilometric shortening was accommodated by two major west-vergent structural features within the West Andean flank, which are the Andean Basement Thrust (ABT) bringing Paleozoic basement over folded Mesozoic series, and the West Andean Fold-and-Thrust-Belt (WAFTB) deforming Mesozoic and Cenozoic sediments (chapter 1). The period of main activity of the WAFTB in the investigated areas has been determined between ~68-29 Ma (possibly ~68-44 Ma), using the ages provided by [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] and [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF]. Our low-temperature thermochronological study (chapter 2) allowed for constraining the timing of basement exhumation over the ABT -and from there its period of thrustingdeduced to be from ~100-85 to ~45 Ma, documenting as such the early stages of Andean orogeny along the West Andean flank.

These results have now to be integrated in their larger structural framework and to set in their broader geological context at the scale of the whole western margin of the Andes at the latitude of ~20-22°S. After having better constrained especially the "where" and "when" of early Andean orogeny, the aim of this 3rd chapter is to add further crucial puzzle-pieces in terms of "how" deformation proceeded and "how much" shortening has been accommodated.

Summary of previous structural interpretations of the Western Andes at ~20-22°S

The qualitative and quantitative description of geological structures existing in the western part of the Bolivian orocline, within the Atacama Bench and the Western Cordillera, is less exhaustive and detailed than other parts of the Andean orogenic system, especially when compared to the East Andean flank. A detailed overview of the geological context is provided in chapter 1 (section 1.2.2) and main elements are recalled on the structural map of Figure 3.1.

The West Andean Fold-and-Thrust Belt

The major part of the West Andean flank is covered by Cenozoic deposits, which is the best studied stratigraphic unit along this western margin, not only from surfacegeology indicators, but also from seismic profiles (located on Figures 3.1,3.2). At the latitude of ~20-22°S, these Cenozoic sediments are attributable to the Altos de Pica Formation [START_REF] Galli | Cuadrángulos Pica, Alca, Matilla y Chacarilla: Con un estudio sobre los recursos de agua subterránea, Provincia de Tarapacá[END_REF], characterized by continental clastic sediments with volcanic intercalations. It emplaced over the Choja Pediplain, a regional erosional surface which developed during the Eocene to Early Oligocene (~50-30 Ma) (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Galli-Olivier | Pediplain in Northern Chile and the Andean Uplift[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. The starting and ending depositional ages of the Altos de Pica Formation are inferred regionally to ~27-29 Ma and ~5-7 Ma at ~20-22°S, respectively [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]). These ages have been extrapolated from dated ignimbrite layers in combination with stratigraphic correlations and sedimentary thicknesses.

One ~N-S and 13 ~E-W oriented seismic reflection profiles are available between ~20-22°S along the Western Andes, and were acquired in [START_REF] Carey | The tectonic approach to continental drift[END_REF][START_REF] Galli | Cuadrángulos Pica, Alca, Matilla y Chacarilla: Con un estudio sobre los recursos de agua subterránea, Provincia de Tarapacá[END_REF]and 1999 (ENAP) (ENAP). Based on two drilling wells located on two of these transects, a stratigraphic correlation of the sedimentary layers relatively well-imaged on these profiles has been proposed (e.g. [START_REF] Mordojovich | Reseña sobre las exploraciones de la ENAP en la zona norte, años 1956 a 1962[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF][START_REF] Nester | Basin and paleoclimate evolution of the pampa del Tamargual forearc valley, Atacama desert, Northern Chile[END_REF][START_REF] Blanco | Levantamiento Geológico para el Fomento de la Exploración de Recursos Minerales e Hídricos de la Cordillera de la Costa[END_REF] and served as a basis for numerous other studies. The recent thesis works of [START_REF] Simicic | Distribución del espesor de la cobertura sedimentaria oligo-neógena de la pampa del Tamarugal, norte de Chile (20°45[END_REF] and [START_REF] Labbé | Configuración 3D de la cuenca Pampa del Tamarugal: Implicancias en la distribución de la cobertura Oligocena-Holocena[END_REF] provide together interpretations for all these 14 seismic lines. By analyzing one of these seismic lines at ~20°30'S, [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] determined ~3 km of folding and shortening within the Altos de Pica deposits, i.e. accumulated between ~29 Ma and ~5-10 Ma. They also described growth structures within the Cenozoic deposits as typically seen in the footwall of thrust faults associated with fault-bend-folds, or as drape-folds in the sediments overlying basement thrust faults (e.g. [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. Because sedimentary layers may not be continuous in such continental environments, in particular if disrupted by thrust faults and with local basins in the thrust footwall, the correlation of stratigraphic layers along seismic profiles and from one profile to the other, is questionable. 

3b, respectively. Grey dotted lines refer to existing ENAP seismic profiles. Grey hashed area to the south-west of box C corresponds to Lomas de Sal (LS). Blue triangles locate summits (hills, mountains and volcanoes). Q. for Quebrada (canyon).

The work of [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] and other studies are very detailed regarding the Cenozoic cover developing over thicknesses of up to ~1600 m [START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF], but the pre-Choja units (i.e. older than ~29 Ma) are not well discernable on these subsurface acquisitions. This is probably due to the depth-related resolution-loss of the seismic imagery, but also most possibly because of the potentially greater deformation of the underlying Mesozoic units. [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] proposed that the individual thrusts deduced from the seismic profiles root at depth onto a same décollement level, and form a fold-and-thrust-belt (hereafter FTB). Anyhow, this interpretation cannot be documented on the seismic images, wherefore this deformation of the deeper layers, involved in the interpreted FTB, can only be assessed where they crop out at the surface. This is especially the case in the Pinchal and Quebrada Blanca areas, as previously outlined in chapter 1. A west-vergent FTB crops out in few places, on up to ~10-20 km width, and affects mainly the Mesozoic, but also -more slightly -the Cenozoic sediments. This FTB has been called the West Andean Fold-and-Thrust-Belt (WAFTB) and primarily mapped over a north-south distance of at least ~200 km [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] (Figure 3.1). In chapter 1, we determined that the WAFTB accommodates a minimum shortening of ~3-9 km, as quantified from the ~7-17 km large cross-sections representative of the Pinchal area and Quebrada Blanca area (boxes A and B on Figure 3.1, respectively). The WAFTB is proposed to continue further west [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF], but the investigation of its geometry and contribution to shortening and kinematics along the western flank is widely hindered, since unconformably covered by the Altos the Pica Formation, except very sparse outcrops at very few sites, e.g. Cerro Challacollo (~20°57'S, 69°21'W; Figure 3.1).

The structures underneath the Choja erosional surface are poorly imaged on the seismic profiles and their interpretation remains therefore debated. If [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] and others interpreted these structures to form a FTB (i.e. series of folds and faults connected to the same detachment), alternative interpretations have been suggested, for instance by [START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF] and [START_REF] Martínez | Buried thrust belt front of the western Central Andes of northern Chile: Style, age, and relationship with basement heterogeneities[END_REF]. These works explain the structural background as linked to the inversion of the normal faults bounding the past Mesozoic basins. Anyhow, these authors base their interpretation on a degree of detail (with syn-rift and post-rift layers, for example) remaining questionable when compared to the reality of the limited resolution of the seismic data. These aspects will be discussed in more detail in relation to our results.

The Andean Basement Thrust

As defined in chapter 1, the Andean Basement Thrust (ABT) is a west-vergent thrust system, extending over more than 120 km ~north-south and bringing Paleozoic basement over folded Mesozoic series. This contact has been mapped to the first order on the Quillagua map [START_REF] Skarmenta | Hoja Quillagua[END_REF] between ~21°15'S and ~22°S, and recently on the Quehuita map up to ~21°S (locally named Quehuita Fault and Choja Fault [START_REF] Aguilef | Geología del área Quehuita-Chela, regiones de Tarapacá y Antofagasta[END_REF]. We can associate a strict minimum shortening of ~2.6 km to the ABT, as locally quantified in the Pinchal area on a horizontal distance of ~1 km (chapter 1). The minimum basement-rock exhumation in the hanging-wall of the ABT is of ~5.3 km, with an average exhumation rate of ~0.13-0.15 mm/yr during the main phase of the ABT's activity, between the Late Cretaceous to the Early Eocene (~100-45 Ma) (chapter 2).

If relatively well documented between ~21-22°S, the ABT can not be followed north of ~21°S, where intrusions, hydrothermalism and surface volcanics hamper any clear observation of a similar basement thrust. Anyhow, basement rocks are exposed east of the folded Mesozoic units at the latitude of Quebrada Blanca (~20°45'S) (Figure 3.1), and an exhumation from ~4-5 km initial depth between ~50-30 Ma has been proposed from low-thermochronological analyses by Maksaev and Zentilli (1999). As such, a comparable basement thrust seems to be a reasonable explanation for the uplift and exhumation of the pre-Andean basement in this region as well.

Problematic and contribution of this synthesis

This third chapter aims at providing an integrative overview of the structures across and along the West Andean flank at ~20-22°S. Therefore, I combine field observations, geomorphological and topographic data from satellite imagery, and information from selected seismic profiles. These profiles acquired by the chilean Empresa Nacional del Petroleo (ENAP) have been interpreted by different authors (e.g. [START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF][START_REF] Jordan | Uplift of the Altiplano-Puna plateau: A view from the west: West Flank Central Andes[END_REF][START_REF] Labbé | Configuración 3D de la cuenca Pampa del Tamarugal: Implicancias en la distribución de la cobertura Oligocena-Holocena[END_REF][START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF][START_REF] Martínez | Buried thrust belt front of the western Central Andes of northern Chile: Style, age, and relationship with basement heterogeneities[END_REF][START_REF] Nester | Basin and paleoclimate evolution of the pampa del Tamargual forearc valley, Atacama desert, Northern Chile[END_REF][START_REF] Simicic | Distribución del espesor de la cobertura sedimentaria oligo-neógena de la pampa del Tamarugal, norte de Chile (20°45[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. Here, I will not re-analyse them again in all details, but rather propose an integrative synthetic approach where topographic and geomorphological features are combined and compared with the subsurface seismic profiles, while emphasizing the correlations with the structural geological background.

In the time available during my PhD thesis, I was able to realize a first-order study which completes the approaches of works by other authors. Anyhow, numerous perspectives remain open since I was not able to apply this method to all along the western flank (at ~20-22°S), where additional seismic profiles and further geomorphological features are noteworthy.

Data and method

Available data

As in chapter 1, we based our analysis on data obtained from (1) the existing geological maps (Mapa Quillagua, [START_REF] Skarmenta | Hoja Quillagua[END_REF], Mapa Guatacondo, [START_REF] Blanco | Carta Guatacondo, Region de Tarapaca[END_REF], Mapa Geológico de Chile, SERNAGEOMIN (2003)); (2) our own field observations; (3) high-resolution satellite imagery (Google Earth (Landsat 7, DigitalGlobe), Advanced Land Observing Satellite (ALOS), and European Pléiades imagery). From the 0.5-m-resolution tri-stereo Pléiades images we calculated 2-mresolution DEMs (using the MicMac software suite; [START_REF] Rosu | Measurement of ground displacement from optical satellite image correlation using the free opensource software MicMac[END_REF][START_REF] Rupnik | Refined satellite image orientation in the free open-source photogrammetric tools Apero/Micmac[END_REF], which served as the base for detailed cartographic mapping (Figure 3.2) and geomorphological analysis (Figure 3.3). From ALOS 'AW3D30' imagery we extracted 30m-resolution DEMs for large-scale mapping and swath-profile acquisition. 3.9, in combination with neighboring structural and geomorphological features. Pink lines surround geomorphological surfaces (see also Figure 3.3).

by grey dashed box), based on 2-m-resolution DEM calculated from European Pléiades imagery. Seismic profiles are located in orange (continuous lines for those investigated here, dotted lines for the other existing profiles). Black dots locate the borehole wells Soledad-1 (S1) and Pintados-1 (P1). White boxes A, B and C refer to areas with field observations (identical to boxes A, B and C in Figure 3.1). Orange boxes inside boxes A and B indicate the detailed local Tambillo and Quebrada Blanca sections (Figures 1.5 and 1.10, respectively). White dashed boxes locate swath-profiles taken for the construction of synthetic cross-sections of Figure

This dataset is completed by seismic imagery provided by the Chilean Empresa Nacional del Petroleo (ENAP). A first seismic reflection campaign at ~20-22°S realized between 1958-1962 led to the acquisition of three seismic profiles (Z1F-003, -004 and -005), two of them oriented obliquely, and one approximately north-south. In 1999, eleven additional approximately east-west oriented seismic lines were realized (99-03 to 99-12) in this region (locations on Figure 3.2). Six drilling wells are mentioned in the litterature (e.g. [START_REF] Simicic | Distribución del espesor de la cobertura sedimentaria oligo-neógena de la pampa del Tamarugal, norte de Chile (20°45[END_REF][START_REF] Labbé | Configuración 3D de la cuenca Pampa del Tamarugal: Implicancias en la distribución de la cobertura Oligocena-Holocena[END_REF], but only two of them (Pintados-1 and Soledad-1) are located along seismic lines (on Z1F-003 and 99-09, respectively). Stratigraphic correlation of the seismic horizons between the different seismic profiles have been proposed [START_REF] Mordojovich | Reseña sobre las exploraciones de la ENAP en la zona norte, años 1956 a 1962[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF][START_REF] Nester | Basin and paleoclimate evolution of the pampa del Tamargual forearc valley, Atacama desert, Northern Chile[END_REF][START_REF] Blanco | Levantamiento Geológico para el Fomento de la Exploración de Recursos Minerales e Hídricos de la Cordillera de la Costa[END_REF], and allowed to deduce a thickness of the Cenozoic units varying between ~500-1600 m (e.g. [START_REF] Simicic | Distribución del espesor de la cobertura sedimentaria oligo-neógena de la pampa del Tamarugal, norte de Chile (20°45[END_REF][START_REF] Labbé | Configuración 3D de la cuenca Pampa del Tamarugal: Implicancias en la distribución de la cobertura Oligocena-Holocena[END_REF][START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF].

The most exhaustive analysis of the seismic images is provided by Simicic (2015) and [START_REF] Labbé | Configuración 3D de la cuenca Pampa del Tamarugal: Implicancias en la distribución de la cobertura Oligocena-Holocena[END_REF], which served as a basis here for our own seismic profile interpretations, while also comparing them to the works of [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]), Nestor (2008) and [START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF].

Seismic profile interpretation

This work aims to assess the deformation of the WAFTB buried beneath the up to ~1600 m thick Cenozoic cover. We chose to treat in detail four seismic profiles (99-04 to 99-07), which are the closest to the Quebrada Blanca area, while cross-cutting meaningful geomorphological features (as it will be outlined in section 3.3, by means of ). An equally detailed work remains to be done for the other profiles, namely west of the Pinchal area. Due to time-issues imposed for my PhD work, interpretations of the seismic imagery at ~21°30'S is not illustrated by individual profiles, but building on the interpretation of line 99-12 by [START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF] -while adapting it -to directly propose an integrative large-scale section across the West Andean flank at the Pinchal latitude. A similar synoptic cross-section is built at the Quebrada Blanca latitude (~20°45'S) based on the most illustrative profile (99-06). Both synoptic large-scale sections are presented in Figure 3.9.

The quality of these seismic acquisitions from 1999 is very limited, namely concerning the parts deeper than ~1-2 km. As generally seen on seismic profiles, stronger deformation results in less well resolved seismic layers, and can also generate artifacts. Additionally, seismic imagery in a continental domain is generally more affected by seismic noise, rendering its interpretation more difficult already at shallow depths (few km). Various authors treated and interpreted these profiles crossing the Atacama Bench, with focus on the upper Cenozoic deposits (e.g. [START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF][START_REF] Jordan | Uplift of the Altiplano-Puna plateau: A view from the west: West Flank Central Andes[END_REF][START_REF] Labbé | Configuración 3D de la cuenca Pampa del Tamarugal: Implicancias en la distribución de la cobertura Oligocena-Holocena[END_REF][START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF][START_REF] Martínez | Buried thrust belt front of the western Central Andes of northern Chile: Style, age, and relationship with basement heterogeneities[END_REF][START_REF] Nester | Basin and paleoclimate evolution of the pampa del Tamargual forearc valley, Atacama desert, Northern Chile[END_REF][START_REF] Simicic | Distribución del espesor de la cobertura sedimentaria oligo-neógena de la pampa del Tamarugal, norte de Chile (20°45[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. Here, we are particularly interested in the deformation of the underlying Mesozoic units, prior to ~29 Ma as it is most probably representative of the earlier deformation on the WAFTB. These Mesozoic layers are anyhow located in the poorly-resolved deeper parts of the profiles. Rather than re-analysing these seismic lines in a "classical" way, we choose to focus on defining the limit between the well-imaged and slightly deformed units (interpreted as post-Choja Pediplain) and the poorly-resolved underlying units (interpreted as strongly deformed and as possibly Mesozoic). By doing so, we make a clear analogy between the blind structures of the Atacama Bench and their recorded deformation, with the deformation style and difference in cumulated deformation observed in the field for layers post-and pre-Choja, as in the Pinchal and Quebrada Blanca areas (chapter 1).

We therefore consider that the best way to improve the knowledge of the buried part of the WAFTB is (1) to figure out the shape of the limit between strongly and slightly deformed units (interpreted as the erosional Choja Pediplain); ( 2) to observe the configuration and geometrical relation of the reflectors above the Choja (e.g. growth strata); and (3) to verify the presence of additional indicators for deformation affecting the Mesozoic units, as faults pointed out by previous works [START_REF] Labbé | Configuración 3D de la cuenca Pampa del Tamarugal: Implicancias en la distribución de la cobertura Oligocena-Holocena[END_REF][START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF][START_REF] Nester | Basin and paleoclimate evolution of the pampa del Tamargual forearc valley, Atacama desert, Northern Chile[END_REF][START_REF] Simicic | Distribución del espesor de la cobertura sedimentaria oligo-neógena de la pampa del Tamarugal, norte de Chile (20°45[END_REF]. This allows for defining the location of first-order compressive structures, their spatial extent, and from there to discuss their possible shortening by comparison to those clearly observed and documented in the field (chapter 1).

We have not performed by ourselves the migration from two-way-travel-time (TWT, in s) to depth (in km), but transcribed the conversion of [START_REF] Simicic | Distribución del espesor de la cobertura sedimentaria oligo-neógena de la pampa del Tamarugal, norte de Chile (20°45[END_REF] and [START_REF] Labbé | Configuración 3D de la cuenca Pampa del Tamarugal: Implicancias en la distribución de la cobertura Oligocena-Holocena[END_REF].

Finally, we compare these deductions from seismic imagery with the structural and geological background, with particular focus on geomorphic features sticking out on the high-resolution topographic map (Figure 3.2) and topographic analysis based on swath-profiles (described in the following section 3.2.3).

Construction of topographic swath-profiles

To compare the interpreted seismic lines with the topography, we calculated swath-profiles along chosen transects: For the detailed analyses at the Quebrada Blanca latitudes in the areas of the chosen seismic profiles (99-04 to 99-07) (Figures 3.4 to 3.8), as well as for the synoptic large-scale cross-sections at the Pinchal and Quebrada Blanca latitudes (Figure 3.9).

To extract the main topographic signal (skipping local small-scale features), we recorded the topographic relief along several regularly distanced east-west profiles and superimposed them. These swath profiles have been extracted from the 30-m-resolution 'AW3D30' DEM using a numerical code developed by Laurie Barrier (based on Python, personal communication).

For those calculations, the along-step (i.e. the sampling interval along the profiles) was set to 100 m, in all areas. The other parameters differed between the sites at the Quebrada Blanca latitude (more detailed investigation) and the Pinchal latitude (only large-scale study). An across-step (i.e. perpendicular distance between the individual profiles) of 500 m was chosen at the Quebrada Blanca latitude, and of 2000 m at the Pinchal latitude.

The width of the swath profiles varied at the different sites, leading to a slightly differing number of topographic profiles constituting each swath-profile. In all the cases, the width was chosen in order to include the relevant topographic features near the seismic lines, in the limit of local particularities, as meandering canyons for instance. For profile 99-04, a width of 9.5 km was defined, 9.0 km for line 99-05, 10.0 km for 99-06, and 12.5 km for 99-07. This results in 19, 18, 20 and 25 topographic profiles constituting every swath-profile, respectively.

For the synoptic large-scale section at the latitude of the Pinchal area, a larger width of 24 km (12 topographic profiles) was chosen in order to cover the seismic lines 99-11 and 99-12 (~21°20'-21°33'S). For the synoptic large-scale section at the Quebrada Blanca latitude we used the 10-km-wide swath-profile of 99-06 (~20°49'-21°54'30''S). In both cases, the mean elevation profile as well as the minimum and maximum elevation envelopes are marked by slightly thicker black lines, additionally to the regular topographic profiles. Note that the sampling of the swath-profiles in rectangular boxes leads to cross-cutting river-beds, affecting the basal minimal topographic limit. This influences therefore namely the minimum swath-envelope, and also the mean envelope, whereas the maximum envelope can be considered as not or very poorly affected by this sampling bias.

For enhanced observation, the vertical scale of the profiles is exaggerated by a factor 4 along the profiles 99-04 to 99-07 (Figures 3.4 to 3.8), and by a factor 5 for the synoptic large-scale sections (Figure 3.9).

Geomorphological mapping

The 2-m-resolution DEMs allows for detailed geomorphological mapping. Additionally to the mapping in chapter 1, a geomorphological analysis is proposed for one area in particular (box C on Figures 3.1,3.2). Using the geographic information system (QGis), I investigated the geospatial data and mapped individual geomorphic surfaces, while attributing them according to their elevation above the mean surface (river) profile. In Figures 3.3b, orange-colored areas point out the highest-elevation surfaces, whereas yellow, beige and white areas refer to lower surfaces. Note here that the general local slope-dip (~1-1.5°W) has to be considered, wherefore the grouping of these surfaces is not straight-forward and might be improved by further investigations. In the limited time during my PhD, the first-order approach applied here allows anyhow for satisfyingly describing the general geomorphological frame of this site. 

Results and Discussion

Seismic profiles

The four seismic lines on which we focused in detail, east of the Quebrada Blanca area, are located between ~20°40'-21°00'S and extend over distances of ~27.9-32.6 km .

Within each profile, we separated the seismic horizons into two groups: (1) the upper and well-imaged horizons that we interpret to be the Cenozoic deposits of the Altos de Pica Formation (orange traces and yellow background), and ( 2) the horizons hardly followable that have been assigned to be folded Mesozoic units (blue traces and background). Based on this and by comparing with existing interpretations of the seismic imagery [START_REF] Labbé | Configuración 3D de la cuenca Pampa del Tamarugal: Implicancias en la distribución de la cobertura Oligocena-Holocena[END_REF][START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF][START_REF] Nester | Basin and paleoclimate evolution of the pampa del Tamargual forearc valley, Atacama desert, Northern Chile[END_REF][START_REF] Simicic | Distribución del espesor de la cobertura sedimentaria oligo-neógena de la pampa del Tamarugal, norte de Chile (20°45[END_REF], we delineated the limit between both units, hereafter interpreted as the Choja Pediplain and hereafter referred as such. The limit between the Mesozoic sediments and Paleozoic basement cannot be detected on the seismic profiles, wherefore we propose a fade-out color transition from blue (Mesozoic) to red (Paleozoic) in our interpretation -keeping in mind that the depth and geometry of this buried contact remains speculative. We recall here that the exact ages of the seismic horizons and of the two identified groups of horizons are not known for sure, but inferred here from general interpretations and by comparison to outcropping structures (chapter 1).

The generally smooth topographic present-day surface profile contrasts with the local relief of the Choja Pediplain, which is characterized by various steps and highs, with altitudes getting higher (or depths getting shallower) when moving eastward. We interpret the relief of the so-delineated Choja Pediplain as equivalent to the first order to the structural relief. At the western front of the identified steps, we see a westward thickening of the well-resolved layers (interpreted as post-Choja-Pediplain), as commonly observed in growth wedges at the front of active thrusts and related growing folds. Previous interpretations [START_REF] Labbé | Configuración 3D de la cuenca Pampa del Tamarugal: Implicancias en la distribución de la cobertura Oligocena-Holocena[END_REF][START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF][START_REF] Nester | Basin and paleoclimate evolution of the pampa del Tamargual forearc valley, Atacama desert, Northern Chile[END_REF][START_REF] Simicic | Distribución del espesor de la cobertura sedimentaria oligo-neógena de la pampa del Tamarugal, norte de Chile (20°45[END_REF] suggest the existence of thrust faults not only affecting the Cenozoic, but also the Mesozic units. From the field observations in the Quebrada Blanca and Pinchal areas (chapter 1), we know that such thrusts are typically found associated to anticlinal folds over which a bended topographic surface characterizes the shape of the Choja Pediplain. We also observed growth strata in the Cenozoic deposits above the footwall of such thrust-folds (chapter 1, Figures 1.8b, 1.11), which were interpreted as growth wedges at the front. By analogy, we interpret each one of the identified features (structural high in the Choja Pediplain, with a west-facing step) to represent an anticline growing over a thrust-fault. It is not possible to precisely draw the shape and position of the faults due to the low-resolution of the seismic profiles, and the existence of thrusts is only indirectly deduced under the anticlines, generally in agreement with some previous works. We represented them by dashed lines to highlight that the exact geometry of these structures is not well constrained. From there, we deduce ~3 fold-thrust structures along each of the profiles 99-04 to 99-07. The zoom-boxes on the profiles 99-04 to 99-07 allow for more detailed observations of these features, and allow also the observation of the growth strata above the footwall of the deduced thrusts.

Small local complexities and differences characterize each of these profiles. Namely, some of the structures can be easily followed from one profile to another, whereas others seem to be very well expressed on some profiles but disappear laterally. We suspect that, in some cases, the terminations of such structures cause only little deformation on neighboring profiles, and are therefore less well expressed. This is explainable by the fact that the structures are not cylindrical, or by local step-overs between two successive faults. Additionally, a backthrust is proposed on profile 99-05 by Labbé (2016) at ~69°13'W (Figure 3.5c), anyhow we do not see a clear signal on the seismic acquisition nor its surface expression on the satellite imagery, and we were not able to verify it directly in the field -therefore we interpret the slight step in the Choja Pediplain as rather due to the lateral termination of local structures.

Summarizing the observations on the seismic data, we propose that the upwardbended parts of the Choja Pediplain traduce underlying anticlinal folds, which growed over thrust-ramps, similarly to what we observe in the Pinchal and Quebrada Blanca areas where the WAFTB crops out -and also in agreement with what is typically described for fold-and-thrust-belts.

Topographic and geomorphological observations

Topography

The high-resolution topographic map (Figure 3.2) and the swath-profiles allow for observing a clear topographic signal across the West Andean flank (Figures 3.4-3.9, where the swath-profiles are exaggerated by a factor 4 to 5). Here, we provide more details along the sections at the Quebrada Blanca latitude, whereas observations remain more preliminary at the Pinchal latitude.

As a general observation, these topographic sections show equilibrium-profiles, but local complexities exist. We see a mostly very smooth topography in the Atacama Bench, obvious in the map view as well as in the cross-section, with a local roughly flat slope increasing from ~0.5°W to ~1°W (from ~69°30'W to ~69°23'W, respectively). East of ~69°23'W, the general slope increases slightly but steadily from ~1°W to ~2°W by ~69°15'W ( . In this area, the swath-profile envelope widens and obvious river incision marks the slope-break and topographic rise towards the Western Cordillera, with local longitudinal variations from one profile to another. Indeed, this slope-change is located by ~69°18-69°17'W along line 99-04 (i.e. the northernmost profile), and is locally accompanied by topographic steps with slopes of up to ~7° (Figure 3.4). Further south, along the southern lines 99-06 and 99-07, the break in the general slope is less well perceivable along the longitudinal extent of the seismic lines, since starting at the very eastern limit of the profile by ~69°10'W . Along these two seismic lines, we observe steep anomalies in the mean-slope at the western flanks of small hills, of up to ~13°W (Cerro Chipana, line 99-06, Figure 3.6) and ~29°W (Cerro Challacollo, line 99-07, Figure 3.7), on the western half of our profiles. These local complexities are correlated with thrusts independently suspected at depth, further emphasizing our (and previous) interpretation of these faults. Upstream of these cerros, the topographic slope evolves at equilibrium-profile until ~69°10'W.

Further east, where the WAFTB crops out (~69°05'-68°55'W), the most important relief variations and largest swath-profile envelopes are observable. The local slope varies here in a range of ~4-8°W. East of the outcropping WAFTB, the topography flattens again, except some local anomalies that could be related to volcanism.

A notable difference between the two sites (Pinchal and Quebrada Blanca latitude, Figure 3.9) concerns the topographic shape east of the WAFTB. At the Pinchal latitude (~21°30'S, Figure 3.9b), the WAFBT is overthrusted by Paleozoic basement rocks (over the ABT), which is traduced by a clear topographic signal: the mean-slopebreak (from ~4°W to ~8°W) and visible swath-profile-envelope widening correlates with the emergence of the ABT at ~69°01'-69°02'W. The topography increases until ~68°51'W where it reaches a maximum elevation of ~4.5 km, within the Paleozoic basement rock area.

In contrast, at the Quebrada Blanca latitude (~20°45'S, Figure 3.9a), the main topographic variations are found in the zone of the WAFTB, with a progressive increase of the mean-slope from ~4°W to ~8°W at ~69°08'W to ~68°58'W, respectively. This is also the area where we observe the widest swath-envelope. East of the outcropping part of the WAFTB and of the topographic maximum (~4.5 km at ~68°57'W) at the Quebrada Blanca latitude, the Pampa Caya hides the contact with the basement rocks. Here, east of ~68°55'W, we encounter a smoother relief and a significantly reduced swath-profile envelope (even if local variations within the Pampa Caya are observed, mainly linked to canyon incision and probably volcanism), with slopes around ~2°E to ~2°W. East of the Pampa Caya, by ~68°50'W, the emergence of the Paleozoic basement is accompanied by slight swath-envelope widening, topography-and slope-increase (~3°W), without attempting the same order of magnitude as at the longitude of the outcropping WAFTB.

Another topographic difference between the two sites can be observed in the Atacama Bench. The swath-profiles at the latitude of Quebrada Blanca are condensed in a narrow envelope and show the typical shape of an equilibrium-profile (Figure 3.9a). This suggests that no major active deformation occurred recently in this area. Contrary, at the Pinchal latitude (Figure 3.9b), the equilibrium-profile is disturbed by a multi-kilometric feature called Lomas de Sal (LS in Figure 3.1, by ~21°24'S, 69°26'W). This structural feature will be discussed in the following section, after the investigation of another geomorphological object.

Geomorphology

Less visible at the large scale than Lomas de Sal, but clearly distinguishable when zooming into details on the high-resolution topographic map, we can observe perched surfaces with along-slope "almond" shapes. They are elongated ~E-W and, in the case of the westernmost ones, ~N-S oriented normal faults on their apex are clearly visible on satellite images. The major almond-shaped surfaces encountered at ~20-22°S are surrounded in Figure 3.2. One of these zones (at ~20°24'S, ~69°16'W, box C in the Figures 3.1, 3.2) has been the object of more detailed investigations and is presented in Figure 3.3.

Indeed, the almond-shaped surfaces of the zone mapped in more detail (box C in the Figures 3.1,3.2) are exposed close to the supposed western border of the WAFTB (according to [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]. Their extent is kilometric: ~4-7 km along their eastwest axis, and ~1-2 km across (Figure 3.3b). The north-south oriented normal faults close to their apex are traceable over hundreds of meters (in some cases extending up to ~1 km) and they show a vertical step of ~3-5 m relative to the mean surface elevation profile (see field photograph in Figure 3.3a).

Such geomorphological features have been described in the Tibetan context as to be related to fault-bend folding above a blind ramp linking two active décollement levels (e.g. Meyer et al., 1998, Figure 3.3c). The well preserved scarps of the normal faults were interpreted as reflecting contemporary faulting near the anticlinal fold axis in Tibet [START_REF] Meyer | Crustal thickening in Gansu-Qinghai, lithospheric mantle subduction, and oblique, strike-slip controlled growth of the Tibet plateau[END_REF]. We propose here to follow this structural interpretation. The rectilinearity of the normal faults suggests steep fault planes. They would occur as a consequence of the bending of the surface over the growing fold (above the ramp) and are described as slightly oblique to the anticlinal axis [START_REF] Meyer | Crustal thickening in Gansu-Qinghai, lithospheric mantle subduction, and oblique, strike-slip controlled growth of the Tibet plateau[END_REF].

The entire almond-shape observed at ~20°24'S would indicate the arrival of the WAFTB's ramp linking a deeper flat décollement with a secondary shallower décollement (Figure 3.3c). [START_REF] Meyer | Crustal thickening in Gansu-Qinghai, lithospheric mantle subduction, and oblique, strike-slip controlled growth of the Tibet plateau[END_REF] propose that the décollement level depth can be linked to the surface dimensions of the perched surfaces: The almond's horizontal length would be at scale with the depth (beneath the surface) of the base of the ramp (i.e. the change of the slope of the flat deep detachment becoming a ramp). The top of the ramp lies approximately at half distance between the décollement and the surface, according to [START_REF] Meyer | Crustal thickening in Gansu-Qinghai, lithospheric mantle subduction, and oblique, strike-slip controlled growth of the Tibet plateau[END_REF]. This gives a first-order idea of the blind structure of the thrust-system, even if supplementary indicators are necessary to reliably define the WAFTB's geometry. As mapped in Figure 3.3b, the almond-shaped surfaces extend over ~4-7km, the kink between the ramp and the deep décollement could be located at absolute depths of ~3-6 km in this area.

Aside from these dimensional considerations, this geomorphological feature allows to better constrain the position of the deformation front. In absence of the frontal thrust trace observable at the surface, these almond-shape surfaces at ~20°24'S probably indicate that the western limit of WAFTB lies a few kilometers west of these perched surfaces. About 3-4 km west of the almond-surface area, a massive salt body stands out by ~100 m above the surrounding flat Atacama Bench, as a sort of large flat hill (or perched surface). It is named Lomas de Sal and is well observable on the topography map of Figure 3.2 (immediately west of box C). This feature has been investigated in terms of stratigraphy and associated recent deformation by different authors (e.g. [START_REF] Sáez | Late Neogene lacustrine record and palaeogeography in the Quillagua-Llamara basin, Central Andean fore-arc (northern Chile)[END_REF]Nestor, 2008;[START_REF] Jordan | Landscape modification in response to repeated onset of hyperarid paleoclimate states since 14 Ma, Atacama Desert, Chile[END_REF], who described Lomas de Sal as a local fold or salt pop-up formed mainly by halite and anhydrite deposited in a salar context. It's northern and northwestern boundaries coincide with sharp (thus probably recently active) reverse faults, which caused the uplift of this evaporite hill (e.g. Nestor, 2008). This uplift could be related to the emergence of the WAFTB -i.e. the deformational front -at this latitude. In this case, the WAFTB would extend until ~69°26'W, i.e. further west of what has been proposed by [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], at least in this region (~21°30'S).

Further north, between ~20°19-20°22'S, the Cerros Chipana and Challacollo significantly stick out from the topographic profile. At Cerro Challacollo, Mesozoic rocks crop out at the surface (Figure 3.7), and the seismic profile 99-06 (Figure 3.6) shows that the Mesozoic deposits are uplifted and almost reach the surface at Cerro Chipana, too. This is the westernmost indicator of the WAFTB's extent near the Quebrada Blanca area, and led [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] to map its frontal trace along the western flank of these hills, by ~69°22'W.

General synthesis on structural framework

The synthetic large-scale cross-sections at the latitudes of our two main studysites, the Quebrada Blanca (~20°45'S) and the Pinchal (~21°30'S) areas, are presented in Figure 3.9.

The asymmetry of the steps in mapped limit (Choja Pediplain) along the seismic profiles and the growth wedges above the western side of these steps allows for deriving a westward vergence of the anticlines and thrusts interpreted to cause these observations. We propose to connect all these thrusts onto a same eastward dipping décollement, and as such forming a FTB as proposed by [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] and [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]. This décollement would be located at ~3 km depth a.s.l., i.e. ~6 km beneath the current mean-topographic surface at ~69°W (Figure 3.9). This is also in good agreement with the west-vergent structures mapped and described further east from the field (Quebrada Blanca and Pinchal areas, chapter 1). The anticlinal structures beneath the Atacama Bench are of the same scale as the mapped folds of the Quebrada Blanca area. For the Pinchal area, we already noticed that the extent of the folds constituting the WAFTB appears to be of much smaller scale (chapter 1, Habel et al., subm.). Figures 3.1,3.2). These interpretative sections bear some assumptions on the deep geometry of faults, marked by black "?", namely linked to the Mesozoic-Paleozoic (Mz-Pz) contact and the geometry of the Andean Basement Thrust (ABT), in particular where they are hidden beneath the Cenozoic (Cz) cover and volcanics (grey areas with "+"-symbols). As such, the ABT cannot be observed at the Quebrada Blanca latitude (a) where its existence remains unconfirmed. On section (a), the ABT is therefore represented by a dashed line, at its easternmost possible position.

Figure 3.9 -First-order integrative large-scale structural reconstructions, combining data from swath-profiles, local field-sections, seismic lines and our field observations (a) at ~20°40'-20°54'S, i.e. latitude of Quebrada Blanca zone (B on Figures 3.1, 3.2); (b) at ~21°22'-21°33'S, i.e. latitude of Pinchal zone (A on

Overall, connecting all the observed structures leads to a consistent description of the WAFTB's geometry -as best as possible from available data. We recall that our interpretation of west-vergent FTB is also supported at larger scale from the topographic profiles, with eastward increasing altitudes, as classically observed along mountain fronts toward the inner ranges where structures root deeper in the crust.

As indicated by the almond-shaped surfaces, the WAFTB extends at the Pinchal latitude probably westward at least to ~69°26'W, and would as such be ~45 km wide (Figure 3.9b). At the Quebrada Blanca latitude, the WAFTB is documented westward at least to ~69°22'W, but extends farther east compared to the Pinchal latitude, leading to an overall total WAFTB width varying between ~40-55 km at a minimum. This width is defined by the indicators described above and by Mesozoic rock outcrop areas (according to [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] and to the Mapa Geológico de Chile, [START_REF] Sernageomin | Mapa Geológico de Chile: versión digital[END_REF]. It can probably be seen as a minimum value since the WAFTB can continue further east and west beneath the Cenozoic cover.

Subtle differences exist between the cross-sections at the two latitudes, in particular concerning the topographical expression of the ABT and a possible associated ramp. Whether the ABT (i.e. a thrust-system bringing Paleozoic basement rocks over the WAFTB) exists or not at ~20°45'S cannot be conclusively clarified with the currently existing data. By analogy with the Pinchal latitude and overall structural cylindricity, we consider its existence as reasonable, but its location remains speculative. It could be hidden beneath the Cenozoic deposits of the Pampa Caya, just as well it could be located in the area of volcanic intrusions at the eastern outcrop-limit of the WAFTB. This second option appears plausible with regards to the topographic high, the wide swath-envelope, and the mean-slope increase from ~4°W to ~8°W encountered at ~68°59'W. In this case, the volcanics could have emplaced along the thrust-fault plane. Anyhow, in the absence of strong observational arguments, we chose to represent the easternmost possible position on our synoptic cross-section (Figure 3.9a), i.e. localising the ABT close to where basement rocks can be observed in the field.

Shortening and kinematics

Shortening

As in chapter 1, we determine the relative shortening as the ratio of the estimated shortening by the initial length of the undeformed section (in %).

Unfolding of the Choja Pediplain (i.e. the limit between the Cenozoic and Mesozoic units) as inferred from the here investigated seismic profiles, we obtain a horizontal shortening of ~0.9 km from (32.6 km long) line 99-04, ~1.6 km from (27.5 km long) line 99-05 , and ~2.0 km from both (30.7 km long) line 99-06 and (31.5 km long) line 99-07. This corresponds thus to ~2.7-6.5% shortening of this erosional surface, and compares well with the ~4-5% shortening (~2.6-3.0 km of total horizontal shortening) estimated by [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] for the Cenozoic deposits along the 64-kmlong profile Z1F-003.

From our sections across the Pinchal area and Quebrada Blanca area (respectively ~7 km and 17 km long), we determined a minimum total shortening of ~3 km and ~9 km, respectively, only associated with the outcropping folded Mesozoic sediments forming the WAFTB (chapter 1). The total shortening amounts to ~30% and ~35% in the case of the Pinchal and Quebrada Blanca sections, respectively. In the Quebrada Blanca area, these ~9 km of shortening include the deformation across the modeled westernmost anticline (Chacarilla anticline) and part of the folding associated with the syncline (Higueritas syncline) behind it.

The anticlinal structures imaged on the seismic profiles are at scale with the folds (anticline + syncline) outcropping in the Quebrada Blanca area (Figure 3.9a). Based on this observation, we hypothesize that each one of ~2-3 major hidden anticlines absorbed a similar shortening of ~7-9 km. In this case, we get a total shortening of ~23-36 km across the WAFTB (including the structures of the Quebrada Blanca). This calculation is based on the strong assumption that the shortening on each fold-thruststructure is of the same order and does not vary along our sections. However, in FTBs, it is not unusual to see a decrease of the shortening towards the front. As such, the here presented shortening-values -obtained by propagating the amounts measured from the clearly deformed outcrop areas to the blind structures further west -have probably to be considered as maximum shortening-values. Considering a ~50 km wide WAFTB at the Quebrada Blanca latitude leads to a total maximum shortening of ~42% (Figure 3.9a). At the Pinchal latitude, this reasoning is more difficult to hold as structures have slightly different scales. As noted in chapter 1, the structures outcropping in the Pinchal zone are of much smaller scale than those of the Quebrada Blanca. Our preliminary section at ~21°30'S indicates that the blind structures of the WAFTB west of Pinchal have sizes comparable to those of the Quebrada Blanca, even though slightly smaller. We will therefore rely on our section at ~20°45'S, at the latitude of the Quebrada Blanca, for our estimates of the deformation across the WAFTB.

Thereon has to be added the shortening due to the overthrusting over the ABT, which can only be determined at the Pinchal latitude. Knowing that this thrust-system accommodated at least ~5.3 km of basement rock exhumation (chapter 2) and dips ~20°-40°E at the surface (chapter 1), a minimum shortening of ~6-15 km can be considered as related to the exhumed (nowadays eroded) basement rocks over the ABT. Another way to estimate this shortening is to measure it directly from our synoptic interpretative cross-section (Figure 3.9b). From this reasoning, we find a consistent minimum shortening of ~15 km on the ABT (Figure 3.9b). We recognize that the shortening due to the ABT is not well defined here and clearly depends on its geometry at depth -and therefore on the deep interpretation that we propose. Nethertheless, the proposed solution here corresponds probably to a minimum shortening insofar and is to be taken as conservative, as we propose to root the basement thrust onto a ramp rather than onto a flat, an interpretation in line with the observed topography (Figure 3.9b). Such estimate on the shortening absorbed across the ABT is not reasonably doable at the latitude of the Quebrada Blanca.

Altogether, when adding the ~23-36 km of shortening across the WAFTB at the Quebrada Blanca latitude to the ~15 km of the ABT estimated at the Pinchal latitude, we get a total of ~40-50 km across the ~50 km wide western flank of the Andes -i.e. ~44-50 % of shortening. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] estimated a total minimum shortening of ~20-30 km across the WAFTB in Northern Chili, not excluding that it could attain up to ~30-50 km. Our estimates are overall in good agreement with this order of magnitude, even though in the upper bound. Our previous minimum-shortening estimates of chapter 1 obtained by a simplified method (of ~26-44 km, corresponding to ~34-47% of shortening) range at the lower limit of our now refined shortening amount.

Timing

Here, we mapped the limit between well-resolved and hardly resolvable seismic horizons. We proposed to interpret this difference in the imaging of these seismic horizons as related to a strong difference in deformation and folding on either side of this limit. Such difference in folding and deformation has been observed in the field when comparing slightly deformed post ~29 Ma Cenozoic layers and more deformed Mesozoic units in the Quebrada Blanca and Pinchal zones (chapter 1). These two units were separated by the erosional Choja Pediplain. If this reasoning applies also all along the hidden part of the WAFTB, the mapped limit could be interpreted as the Choja Pediplain. As such, in the case that this erosional limit can be considered as synchronous all along our sections, from the outcropping parts to the east to the deformation front to the west, our observations would comfort the idea that a significant difference in shortening and folding amount exists at the regional scale prior and after ~29 Ma. The topographic and morphologic signatures identified in this chapter indicate that the WAFTB remains active -at least locally, on some structures -even though most probably at a very slow rate. Following our reasoning in chapter 1, current slow deformation rates may have started before ~29 Ma, possibly by ~44 Ma. From our deductions at the Quebrada Blanca area, in keeping with the idea that deformation propagated forward and therefore westward within the documented FTB, deformation of the WAFTB is interpreted to have initiated after ~68 Ma.

Thermochronological ages (chapter 2) point to a main period of basement-rock exhumation between ~100-45 Ma, interpreted to reflect the main period of activity of the ABT.

Summarizing, the deformation of the western flank at ~20-22°S initiated by overthrusting over the ABT, a west-vergent basement thrust system, by Mid-Late Cretaceous times (~100-85 Ma). Then, while the ABT remained active, deformation started to propagate westward to the WAFTB by the Early Cenozoic (post ~68 Ma). Deceleration of this protracted event of west-vergent shortening occurred before ~29 Ma, possibly already by ~44 Ma. This latter age roughly coincides with what has been proposed in the literature of the possible transfer of deformation on other structures further east (e.g. [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF]McQuarrie et al., 2005;[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF][START_REF] Stalder | The relationships between tectonics, climate and exhumation in the Central Andes (18-36°S): Evidence from low-temperature thermochronology[END_REF]. In line with this, the basement exhumation ~20-25 km to the east of the ABT inferred by ~50-30 Ma (Maksaev and Zentilli, 1999) marks a step of this eastward propagation on its way towards the Eastern Cordillera (e.g. [START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF]McQuarrie et al., 2005;[START_REF] Oncken | The Andes: Active Subduction Orogeny[END_REF][START_REF] Stalder | The relationships between tectonics, climate and exhumation in the Central Andes (18-36°S): Evidence from low-temperature thermochronology[END_REF]. Compressional deformation along the West Andean flank at ~20-22°S continued to be active over the Late Cenozoic, as indicated by deformed post ~29 Ma seismic horizons, in addition to our topographic and geomorphologic observations, but at relatively slower deformation rates when compared to the main period of major deformation.

We can now better define the kinematics between ~100-45 Ma, to a mean shortening-rate of ~1 mm/yr at the scale of the whole Andean flank, if deformation across the WAFTB also slowed down by ~44-45 Ma. Solid constraints concerning the rate and kinematics between ~29-45 Ma are still missing. Since ~29 Ma, ~3 km of horizontal shortening are recorded, leading to a mean shortening rate of ~0.1 mm/yr at the scale of the entire western flank, i.e. a deformation-rate slowing-down by 1 order of magnitude compared to the ~100-45 Ma period. These rates remain significantly slower than that across the current East Andean flank shortening (~10 mm/yr, e.g. [START_REF] Brooks | Orogenic-wedge deformation and potential for great earthquakes in the central Andean backarc[END_REF][START_REF] Norabuena | Space geodetic observations of Nazca-South America convergence across the Central Andes[END_REF].

Comparison to previous interpretations

Very few previous studies addressed the issue of the large-scale structural framework in the broad geological context of the western Andean margin at the latitude of the Bolivian orocline (~16-22°S). Previous interpretations of the seismic profiles focused on Cenozoic deposits, delimiting the different formations, associated thicknesses and the sometimes questionable identification of faults affecting these upper horizons [START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF][START_REF] Labbé | Configuración 3D de la cuenca Pampa del Tamarugal: Implicancias en la distribución de la cobertura Oligocena-Holocena[END_REF][START_REF] Labbé | Sediment fill geometry and structural control of the Pampa del Tamarugal basin, northern Chile[END_REF][START_REF] Martínez | Buried thrust belt front of the western Central Andes of northern Chile: Style, age, and relationship with basement heterogeneities[END_REF][START_REF] Nester | Basin and paleoclimate evolution of the pampa del Tamargual forearc valley, Atacama desert, Northern Chile[END_REF][START_REF] Simicic | Distribución del espesor de la cobertura sedimentaria oligo-neógena de la pampa del Tamarugal, norte de Chile (20°45[END_REF][START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. Even if those authors highlighted thruststructures traducing compressional regimes, an integrative interpretation of the deformation at the early stages of Andean orogeny and of the whole western flank was missing until now. Some authors investigated the contribution of these structures to the topographic development between the western Altiplano plateau surface and the fore arc (e.g. [START_REF] Hoke | Geomorphic evidence for post-10 Ma uplift of the western flank of the central Andes 18°30′-22°S: LATE MIOCENE UPLIFT IN NORTHERN CHILE[END_REF][START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF][START_REF] Jordan | Uplift of the Altiplano-Puna plateau: A view from the west: West Flank Central Andes[END_REF]Muñoz and Charrier, 1996;[START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF][START_REF] Pinto | Using geochemistry to establish the igneous provenances of the Neogene continental sedimentary rocks in the Central Depression and Altiplano, Central Andes[END_REF]García and Hérail, 2005;[START_REF] Farías | Late Cenozoic deformation and uplift of the western flank of the Altiplano: Evidence from the depositional, tectonic, and geomorphologic evolution and shallow seismic activity (northern Chile at 19°30′S): Western Altiplano Uplift[END_REF][START_REF] Muñoz | Evolución morfoestructural del piedemonte Altiplánico Chileno durante el Cenozoico Superior entre la quebrada de Tarapacá y la quebrada de Sagasca (19 o 45'-20 o 15'S)[END_REF][START_REF] Schildgen | Late Cenozoic structural and tectonic development of the western margin of the central Andean Plateau in southwest Peru: TECTONIC DEVELOPMENT ANDEAN PLATEAU PERU[END_REF], anyhow without addressing the question of the structural setting capable of accommodating the large-scale deformation along the West Andean margin.

Compared to these works, our originality is to propose a more synthetic vision, where faults are hierarchized in relation to their structural and syn-tectonic sedimentary signature, and compared with the scale of outcropping structures for which we have field observations. This allows for prioritizing the structures, further supported from the topographic data -an approach which we consider more realistic than depicting faults from poorly resolved horizons. The outcomes of our study in terms of the first-order structural framework, as well as concerning the post ~29 Ma shortening, are consistent with previous results (e.g. [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. Our approach of structural reasoning, based on scaling and hierarchization, makes it possible to propose a regional synthesis integrating the outcropping structures, and to discuss in an original way the deformation in the framework of the whole western flank. Here, our results also agree with the work of [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] at the first order, while providing better documented estimates in terms of total shortening and especially for the timing of this deformation.

As such, we provide original constraints on the early stages of the Andes in Northern Chile, and shed light on the contribution of the entire West Andean flank to the orogenic history. Some recent works, at the contrary of our approach, propose an alternative interpretation of the western flank architecture in Northern Chile [START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF][START_REF] Martínez | Buried thrust belt front of the western Central Andes of northern Chile: Style, age, and relationship with basement heterogeneities[END_REF]. These authors emphasize on the reactivation by inversion of Jurassic normal faults at the border of ancient half-graben structures and sub-basins. Their argumentation is based on sedimentary and geometrical details we are not able to detect on the poorly resolved seismic profiles. Beyond the limited quality of the profiles, the suggested details within the basins are above all questionable due to the fact that the horizons are not easily correlatable nor along the profiles, and even less from one seismic line to another, knowing that borehole data is available for two profiles from two wells only. [START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF] and [START_REF] Martínez | Buried thrust belt front of the western Central Andes of northern Chile: Style, age, and relationship with basement heterogeneities[END_REF] also insist on the fact that thrust-ramps are not observable on the seismic imagery -an argument we share, but which we interpret as not indicative for the absence of such structures, but that those are simply not imaged on the seismic profiles, at least not directly. Even if [START_REF] Fuentes | Tectonic architecture of the Tarapacá Basin in the northern Central Andes: New constraints from field and 2D seismic data[END_REF] and [START_REF] Martínez | Buried thrust belt front of the western Central Andes of northern Chile: Style, age, and relationship with basement heterogeneities[END_REF] contradict the classical FTB interpretation, they agree on some main points which are that (1) the West Andean deformation front is hidden beneath the Cenozoic deposits (as previously suggested by [START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF] and [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]), and ( 2) that contractional deformation started in the Late Cretaceous in agreement with timing indications from the Sierra de Moreno (chapter 2; [START_REF] Reiners | Low-temperature thermochronologic trends across the central Andes, 21[END_REF][START_REF] Puigdomenech | Paleomagnetic data from the Precordillera of northern Chile: A multiphase rotation history related to a multiphase deformational history[END_REF] as well as neighboring regions (e.g. [START_REF] Arriagada | Salar de Atacama basin: A record of compressional tectonics in the central Andes since the mid-Cretaceous[END_REF][START_REF] Amilibia | The role of inherited tectono-sedimentary architecture in the development of the central Andean mountain belt: Insights from the Cordillera de Domeyko[END_REF]Bascunan et al., 2015;[START_REF] Jordan | Cenozoic subsurface stratigraphy and structure of the Salar de Atacama Basin, northern Chile[END_REF][START_REF] Mpodozis | Late Mesozoic to Paleogene stratigraphy of the Salar de Atacama Basin, Antofagasta, Northern Chile: Implications for the tectonic evolution of the Central Andes[END_REF][START_REF] Muñoz | Interactions between basement and cover during the evolution of the Salar de Atacama Basin, northern Chile[END_REF].

We underline that our interpretation of a FTB beneath the Atacama Bench consists in the simplest solution and does not require a change in the structural style, from hidden structures imaged by seismic profiles to outcropping ones such as in the Quebrada or Pinchal areas, just a few km east of some of the seismic lines. Additionally, our vision of a FTB is in line with the large-scale topography along the western front of the Andes, with eastward increasing altitudes, from the mountain front to the exhumed basement (Figures 3.1,3.9).

Conclusion

We provided here a multi-approach and multi-scale synthesis integrating our structural and thermochronological results from local sites in their larger structural framework and geological context at the scale of the entire West Andean flank at ~20-22°S. We propose an integrative synthetic interpretation from combining topographic and geomorphological features with existing seismic profiles, while emphasizing the correlations with the structural geological background. From there, we build two integrative synoptic large-scale sections crossing the western margin at ~20°45'S and ~21°30'S, which enabled us a structural reasoning on the architecture of the WAFTB overthrusted by the Paleozoic basement over the ABT (at least at ~21-22°S). We propose a total E-W-shortening of ~40-50 km accommodated by these two major westvergent structures over the main compressional period by ~100-29 Ma (possibly ~100-44 Ma), after which deformation slowed significantly down in this part of the Andean orogen.

The total crustal shortening at ~20-22°S across the entire Andean mountain-belt has been estimated to ~300-400 km (e.g. [START_REF] Anderson | Shortening and structural architecture of the Andean fold-thrust belt of southern Bolivia (21°S): Implications for kinematic development and crustal thickening of the central Andes[END_REF][START_REF] Barnes | End member models for Andean Plateau uplift[END_REF][START_REF] Eichelberger | New constraints on the chronology, magnitude, and distribution of deformation within the central Andean orocline: CENTRAL ANDEAN OROCLINE DEFORMATION[END_REF][START_REF] Elger | Plateau-style accumulation of deformation: Southern Altiplano[END_REF][START_REF] Kley | Tectonic shortening and crustal thickness in the Central Andes: How good is the correlation?[END_REF]McQuarrie et al., 2005;[START_REF] Sheffels | Lower bound on the amount of crustal shortening, in the central Bolivian Andes[END_REF]. Our estimate of ~40-50 km accommodated by the west-vergent structures along the West Andean flank would as such have contributed to about one tenth to one sixth of the total Andean E-W-shortening. Knowing that these several tens of kilometers of shortening have been accommodated only during the early stages of Andean orogeny, the structures along the western Andes contributed in fact significantly to the initial Andean deformation, which has been most often dismissed in previous orogen-wide studies.

PART II

PART II MODELING THE INITIATION OF ANDEAN OROGENY

Introduction

As described in the General Introduction of this thesis (section I.b), having upper plate shortening and mountain building in a subduction context is somehow a paradox, since most of the present-day subduction zones do not show any significant topography, besides that related to volcanism. Contrariwise, slab roll-back and trench retreat generally result in the extension of the upper plate's crust within the back-arc. Typical modern examples are observed all over the globe (e.g. Sumatra, Japan). In contrast, most of the mountain belts presently observable on Earth -as the Himalayas and the European Alps -formed in a collisional context (section I.b). The Andes, anyhow, are a modern exception and constitute the modern active example of a subduction-type orogeny, which is therefore also called the Andean-type orogeny (section I.b).

The question of the conditions leading to compressional deformation within the upper plate has been addressed by several authors using various approaches, and especially the transition from a classic Mariana-type subduction to Andean-type configuration is the subject of ongoing research and debate (section II.d) (e.g. [START_REF] Martinod | Horizontal subduction zones, convergence velocity and the building of the Andes[END_REF]Martinod et al., , 2020;;[START_REF] Capitanio | Subduction dynamics and the origin of Andean orogeny and the Bolivian orocline[END_REF][START_REF] Molnar | Interarc spreading and Cordilleran tectonics as alternates related to the age of subducted oceanic lithosphere[END_REF][START_REF] Guillaume | Slab dip, surface tectonics: How and when do they change following an acceleration/slow down of the overriding plate?[END_REF]Sobolev et al., 2005;[START_REF] Schellart | Overriding plate shortening and extension above subduction zones: A parametric study to explain formation of the Andes Mountains[END_REF][START_REF] Schellart | Evolution and diversity of subduction zones controlled by slab width[END_REF][START_REF] Chen | Southward propagation of Nazca subduction along the Andes[END_REF]Faccenna et al., 2013[START_REF] Faccenna | Initiation of the Andean orogeny by lower mantle subduction[END_REF][START_REF] Quinteros | Why has the Nazca plate slowed since the Neogene?[END_REF][START_REF] Schellart | Andean mountain building and magmatic arc migration driven by subduction-induced whole mantle flow[END_REF][START_REF] Husson | Plate motions, Andean orogeny, and volcanism above the South Atlantic convection cell[END_REF][START_REF] Faccenna | Mountain building and mantle dynamics[END_REF].

The numerous fundamental questions that still demand deeper investigations have been introduced in sections II.c and II.d (Thesis' Introduction). Especially the boundary conditions allowing for the mechanical processes engendering the Andean context have not been finally clarified yet. The most auspicious way to address those issues at the scale of the Earth's lithosphere is conceptual modeling, whether analog or numerical, in keeping with geological observations at the Earth's surface. Since the 1980's, numerical and analog experiments provide promising insights on converging plate boundaries, and in particular on subduction systems (e.g. [START_REF] Christensen | The interaction of a subducting lithospheric slab with a chemical or phase boundary[END_REF][START_REF] Davies | Penetration of plates and plumes through the mantle transition zone[END_REF][START_REF] King | Effect of slab rheology on mass transport across a phase transition boundary[END_REF][START_REF] Zhong | Towards a realistic simulation of plate margins in mantle convection[END_REF][START_REF] Christensen | Influence of chemical buoyancy on the dynamics of slabs in the transition zone[END_REF][START_REF] Houseman | Deformation of subducted oceanic lithosphere[END_REF][START_REF] Olbertz | Trench migration and subduction zone geometry[END_REF][START_REF] Pysklywec | Mantle flow mechanisms for the large-scale subsidence of continental interiors[END_REF]. In the following, I give a summary of the state of the art on this domain of research, with focus on works providing hints for the understanding and investigation of the Andean orogeny. I will then present the analog modeling approach and experimental setup I used, before discussing the results of our five exploratory experiments. This will allow me to assess what could be the geodynamical conditions suitable to put the upper plate in compression and to shorten and thicken it.

State-of-the-art on modeling of converging plate boundaries

Conceptual modeling is built on the simplification of a natural situation, which has various advantages but also limits. Indeed, understanding processes which occur at the scale of thousands of kilometers and over periods of millions of years inevitably implies reducing the complexity of the real case. This brings the huge advantage that the influence of specific factors can be tested systematically. At the same time, the particular model conditions are not always representative of Earth's natural processes. Various modeling approaches have been followed to better understand subduction zones and Andean-type subduction more specifically, either based on numerical or analog modeling

Numerical modeling of Andean-type subduction

Nowadays, numerical modeling enables us to reproduce the physical setting of complex plate geometries and tectonic processes evolving over million-year-long time scales. A major benefit of such numerical models is that they can be repeated under exactly the same conditions or with very slight differences, in order to study particular factors in detail. Among other advantages, it is also possible to easily enter relatively elaborated boundary conditions, to test the role of complicated physical processes, or by integrating a complex rheology which depends on temperature, strain rates, etc. Anyhow, this sophisticated technique is associated with a significant digital cost in computation time and hence an increasing need for supercomputers consuming significant amounts of energy.

The question of overriding plate deformation in a subduction context has been addressed by numerical modeling. An important outcome here is that absolute motion of the upper plate towards the trench is a decisive factor for deformation of the upper plate (e.g. Sobolev & Babeyko, 2005;[START_REF] Wolf | Mountain Building or Backarc Extension in Ocean-Continent Subduction Systems: A Function of Backarc Lithospheric Strength and Absolute Plate Velocities[END_REF]. Additionally, the strength of the lithospheric mantle plays an important role: a weakened mantle largely favors deformation in the upper plate [START_REF] Wolf | Mountain Building or Backarc Extension in Ocean-Continent Subduction Systems: A Function of Backarc Lithospheric Strength and Absolute Plate Velocities[END_REF], which could result in back-arc extension in the case of a stationary plate [START_REF] Capitanio | Upper plate controls on deep subduction, trench migrations and deformations at convergent margins[END_REF] or mountain-building like in the Central Andes when associated with net trench advance [START_REF] Wolf | Mountain Building or Backarc Extension in Ocean-Continent Subduction Systems: A Function of Backarc Lithospheric Strength and Absolute Plate Velocities[END_REF]. Another factor promoting shortening is flat slab subduction, which would contribute to localising this compressive deformation above the asthenospheric wedge, far from the trench (e.g. Martinod et al., 2020). At the lithospheric scale, the slab angle, the rheology of the lithosphere and the net plate movement appear therefore as key parameters.

What controls the net plate motion and slab geometry is to be found deeper in the mantle. In subduction systems where the slab interacts considerably with the mantle, the problem is three-dimensional (3D) which is thus a primordial condition for reality-near models. Indeed, changes in dip angle, strike and state of stress can be essential, both along the slab's length and width (e.g. [START_REF] Isacks | Geometry of Benioff Zones[END_REF][START_REF] Goes | Subduction-transition zone interaction: A review[END_REF][START_REF] Li | A new global model for P wave speed variations in Earth's mantle[END_REF]. Especially the mantle flow has to be considered in its 3D complexity, with a toroidal and a poloidal component. The toroidal flow evacuates the mantle material from behind the subducting slab wherefore this component is crucial for the slab behavior, namely in terms of slab retreat or advance (e.g. [START_REF] Russo | Trench-Parallel Flow Beneath the Nazca Plate from Seismic Anisotropy[END_REF][START_REF] Schellart | A new driving mechanism for backarc extension and backarc shortening through slab sinking induced toroidal and poloidal mantle flow: Results from dynamic subduction models with an overriding plate[END_REF][START_REF] Schellart | Evolution and diversity of subduction zones controlled by slab width[END_REF][START_REF] Wolf | Mountain Building or Backarc Extension in Ocean-Continent Subduction Systems: A Function of Backarc Lithospheric Strength and Absolute Plate Velocities[END_REF]. When lateral mantle flow is inhibited, the poloidal mantle flow becomes prevalent leading to local subduction-related upwellings described as a driving force for upper plate deformation [START_REF] Guillaume | Mantle flow and dynamic topography associated with slab window opening: Insights from laboratory models[END_REF][START_REF] Faccenna | Initiation of the Andean orogeny by lower mantle subduction[END_REF][START_REF] Holt | Trench migration and overriding plate stress in dynamic subduction models[END_REF][START_REF] Husson | Plate motions, Andean orogeny, and volcanism above the South Atlantic convection cell[END_REF]. The width of a subduction zone along-trench is for that reason important (e.g. [START_REF] Hayes | Slab2, a comprehensive subduction zone geometry model[END_REF][START_REF] Heuret | Plate motions, slab dynamics and back-arc deformation[END_REF][START_REF] Strak | Control of slab width on subduction-induced upper mantle flow and associated upwellings: Insights from analog models[END_REF]: Systems of a few hundreds of kilometers width (e.g. the Caribbean) will basically show different mantle flow patterns compared to (the center of) the ~8000 km wide Andean subduction system (e.g. [START_REF] Schellart | Overriding plate shortening and extension above subduction zones: A parametric study to explain formation of the Andes Mountains[END_REF], since the distance over which the toroidal cells develop is dependent on the dimension of the convective mantle [START_REF] Guillaume | Interplays Between Mantle Flow and Slab Pull at Subduction Zones in 3D[END_REF]. According to [START_REF] Wolf | Mountain Building or Backarc Extension in Ocean-Continent Subduction Systems: A Function of Backarc Lithospheric Strength and Absolute Plate Velocities[END_REF], toroidal mantle flow tends to prevent slab anchoring and favors therefore overriding plate extension. To produce shortening in the overriding plate, absolute convergence velocity between the subducting and the overriding plates needs to be higher than the average slab retreat and sinking rates (e.g. Sobolev et al., 2005;[START_REF] Wolf | Mountain Building or Backarc Extension in Ocean-Continent Subduction Systems: A Function of Backarc Lithospheric Strength and Absolute Plate Velocities[END_REF], also confirmed by analog modeling, e.g. [START_REF] Guillaume | Slab dip, surface tectonics: How and when do they change following an acceleration/slow down of the overriding plate?[END_REF]. In any case, numerical modeling is most often 2D and thus not able to sufficiently well include toroidal mantle flow and other crucial 3D aspects of the subduction process (e.g. [START_REF] Funiciello | Role of lateral mantle flow in the evolution of subduction systems: insights from laboratory experiments[END_REF][START_REF] Wolf | Mountain Building or Backarc Extension in Ocean-Continent Subduction Systems: A Function of Backarc Lithospheric Strength and Absolute Plate Velocities[END_REF], wherefore the lateral lithospheric and asthenospheric deformation largely contributing to lateral variations along natural Andean-type orogens cannot be investigated. Only a limited number of numerical models tempting to reproduce oceanic subductions in a 3D configuration exist (e.g. [START_REF] Schellart | Andean mountain building and magmatic arc migration driven by subduction-induced whole mantle flow[END_REF][START_REF] Menant | 3D numerical modeling of mantle flow, crustal dynamics and magma genesis associated with slab roll-back and tearing: The eastern Mediterranean case[END_REF][START_REF] Hertgen | Influence of the Thickness of the Overriding Plate on Convergence Zone Dynamics[END_REF], but are generally not capable to satisfactorily represent the subduction process over the long-term (several 10's Myr), and were not specifically designed to test the role of mantle flow on subduction dynamics and overriding plate tectonic evolution. Another disadvantage of such models is their limited resolution, in addition to the complexity of the computed processes that can sometimes make it difficult to extract a main parameter.

Analog modeling of subduction zones

Analog laboratory models have greatly contributed to the understanding of the mechanics of compressional (collisional-type) wedges (e.g. [START_REF] Davis | Mechanics of fold-and-thrust belts and accretionary wedges[END_REF][START_REF] Malavieille | Modélisation expérimentale des chevauchements imbriqués: application aux chaînes de montagnes[END_REF][START_REF] Graveleau | Experimental modelling of orogenic wedges: A review[END_REF], chiefly because these mechanics are simplified wherefore first-order parameters and processes can be easily derived and tested. Analog experiments are naturally 3D, except when laterally confined by a narrow experimental box [START_REF] Kincaid | An experimental study of subduction and slab migration[END_REF]Shemenda, 1992), and can reach much better resolutions compared to numerical modeling, not only at lithospheric scale but also for large-scale configurations. Silicone putties sinking into glucose syrup are an appropriate equivalent for the modeling of the long-term subduction of lithospheric plates within the Earth's mantle. In these experiments, subduction is generally driven by slab pull associated with the negative buoyancy of the subducting lithosphere. Numerous analog models addressed the issue of converging plate systems in such a set-up.

A range of studies investigated the subduction context with focus on the subducting plate, as for example Funiciello et al. (2003b[START_REF] Funiciello | Role of lateral mantle flow in the evolution of subduction systems: insights from laboratory experiments[END_REF][START_REF] Funiciello | Mapping mantle flow during retreating subduction: Laboratory models analyzed by feature tracking[END_REF], [START_REF] Guillaume | Interplays Between Mantle Flow and Slab Pull at Subduction Zones in 3D[END_REF] and many others. From these works we know that subduction trenches most generally retreat, whereas oceanic trench advance occurs more rarely and only under particular conditions [START_REF] Chase | Plate kinematics: The Americas, East Africa, and the rest of the world[END_REF][START_REF] Uyeda | Back-arc opening and the mode of subduction[END_REF][START_REF] Dewey | Episodicity, sequence and style at convergent plate boundaries[END_REF][START_REF] Funiciello | Role of lateral mantle flow in the evolution of subduction systems: insights from laboratory experiments[END_REF][START_REF] Garfunkel | Mantle circulation and the lateral migration of subducted slabs[END_REF]Richards & Engebreston, 1992). One of the key factors influencing whether trench retreat or advance predominates is the mantle flow pattern, as also stated from numerical modeling (section 4. 1.1.1). When mantle material can easily escape laterally -i.e. toroidal flow prevailing over the poloidal flow -trench advance becomes possible (e.g. [START_REF] Buttles | A laboratory model of subduction zone anisotropy[END_REF][START_REF] Funiciello | Role of lateral mantle flow in the evolution of subduction systems: insights from laboratory experiments[END_REF]. At the same time, both trench retreat and advance can occur during the evolution of one same system, depending on the state of the slab, i.e. if the subduction is in its beginning (slab only in upper part of the mantle) or in an advanced stage (slab reaching deeper mantle zones and interacting with the upper-lower mantle boundary) (e.g. Funiciello et al., 2003b[START_REF] Funiciello | Role of lateral mantle flow in the evolution of subduction systems: insights from laboratory experiments[END_REF]. Anyhow, in the models where trench advance occurs, plate motion is triggered by pushing pistons, providing additional energy [START_REF] Funiciello | Role of lateral mantle flow in the evolution of subduction systems: insights from laboratory experiments[END_REF].

The configuration most often observed on Earth currently is however trench retreat, which favors extension of the overriding plate, and not compression [START_REF] Funiciello | Role of lateral mantle flow in the evolution of subduction systems: insights from laboratory experiments[END_REF]. The long-term kinematics of retreating slabs appears substantially controlled in analog models by the lateral boundary conditions, namely slab stagnation at the 660-km-discontinuity between the upper and lower mantle [START_REF] Funiciello | Role of lateral mantle flow in the evolution of subduction systems: insights from laboratory experiments[END_REF]. These works are anyhow based on set-ups without an upper plate. [START_REF] Guillaume | Slab dip, surface tectonics: How and when do they change following an acceleration/slow down of the overriding plate?[END_REF] added an overriding plate (advancing at variable rates controlled by a piston) in order to determine the effects of upper plate velocity and thickness on the subduction geometry (especially slab dip), but this series of experiments was not especially set up to track the deformation within the overriding plate. Even if they were able to confirm that an upper plate advancing quicker towards the trench results in faster shortening, and that spontaneous kinematic variations are succeeded by a transition phase during which the overriding plate deforms relatively rapidly (~2 Myr) to adapt to the new boundary conditions, this study does not deepen the questions of how, why and where deformation in the upper plate is triggered.

Laboratory experiments of [START_REF] Espurt | Flat subduction dynamics and deformation of the South American plate: Insights from analog modeling[END_REF] and [START_REF] Martinod | Effect of aseismic ridge subduction on slab geometry and overriding plate deformation: Insights from analogue modeling[END_REF] investigated the effect of flat slab segments on overriding plate deformation when forcing the subduction of buoyant oceanic plate-portions beneath an advancing upper plate pushed by a piston. These authors propose that subducting oceanic plateaus and ridges influence the dynamics and geometry of the slab, and enhance the deformation and uplift of the upper plate. Subducting ridges are evidenced at the Nazca-South-America margin, for instance the Nazca Ridge by ~15°S, the Iquique Ridge by ~22°S, and the Juan Fernandez Ridge by ~30°S (e.g. [START_REF] Espurt | Flat subduction dynamics and deformation of the South American plate: Insights from analog modeling[END_REF][START_REF] Martinod | Effect of aseismic ridge subduction on slab geometry and overriding plate deformation: Insights from analogue modeling[END_REF]. These works suggest that protracted plate contact augments the friction forces at the subduction interface, leading to uplift of the upper plate close to the trench, and transfer of thickening and uplift to the overriding lithosphere of the pre-weakened back-arc region. Anyhow, these effects on upper plate shortening and topographic building are difficult to associate with the initiation of Andean orogeny at the latitude of the Bolivian Orocline by Late-Cretaceous to Paleocene times, since (1) beneath the Central Andes, flat slab segments are presently observed by ~15°S and ~30°S (Peruvian and Central Chilean flat slab segments, respectively) whereas the Bolivian steep slab characterizes the subduction at ~20°S; and (2) these flat slab segments have formed clearly after Andean orogeny onset, during the Pliocene (e.g. [START_REF] Pardo-Casas | Relative motion of the Nazca (Farallon) and South American Plates since Late Cretaceous time[END_REF][START_REF] Lossada | Detrital Thermochronology Reveals Major Middle Miocene Exhumation of the Eastern Flank ofthe Andes That Predates the PampeanFlat Slab (33°-33.5°S[END_REF][START_REF] Somoza | Updated azca (Farallon)-South America relative motions during the last 40 My: Implications for mountain building in the central Andean region[END_REF]. The Iquique Ridge just started to be subducted, and is therefore not able to have impacted Andean orogeny, because of the delayed response (~10 Ma) of the slab geometry [START_REF] Espurt | Flat subduction dynamics and deformation of the South American plate: Insights from analog modeling[END_REF]. Ancient flat-slab segments may have existed without being traceable anymore today, wherefore analogies remain speculative. Even if these models do not treat the South American case as a whole and force subduction by piston-push, they are probably the most advanced in investigating continental plate shortening in subduction contexts.

Otherwise, to our knowledge, the only other analog model specifically addressing the South-America configuration (i.e. oceanic subduction with upper plate deformation) has been realized by [START_REF] Boutelier | Trench-parallel shortening in the forearc caused by subduction along a seaward-concave plate boundary: Insights from analogue modelling experiments[END_REF] who investigated overriding deformation along the Nazca-South-America margin, but with focus on the fore-arc, i.e. deformation between the trench and the Coastal Cordillera. From their 3D thermo-mechanical modeling, these authors theorize that important interplate friction generates seaward-concave plate borders (as observed in the Central Andes) leading to trench-parallel shortening, without addressing the question of Andean mountain building sensu stricto.

Analog modeling of collisional zones

A field of analog modeling where the effects on the upper plate have been widely tested is the collisonal context (e.g. [START_REF] Bajolet | Orocline and syntaxes formation during subduction and collision[END_REF][START_REF] Boutelier | Subduction versus accretion of intraoceanic volcanic arcs: insight from thermo-mechanical analogue experiments[END_REF][START_REF] Boutelier | Fore-arc deformation at the transition between collision and subduction: Insights from 3-D thermomechanical laboratory experiments: COLLISION PROPAGATION[END_REF][START_REF] Boutelier | Trench-parallel shortening in the forearc caused by subduction along a seaward-concave plate boundary: Insights from analogue modelling experiments[END_REF][START_REF] Chemenda | Physical modelling of lithosphere subduction in collision zones[END_REF][START_REF] Chemenda | Impact of arccontinent collision on the conditions of burial and exhumation of UHP/LT rocks: experimental and numerical modelling[END_REF][START_REF] Chemenda | Impact of arccontinent collision on the conditions of burial and exhumation of UHP/LT rocks: experimental and numerical modelling[END_REF][START_REF] Replumaz | Asian collisional subduction: A key process driving formation of the Tibetan Plateau[END_REF]and many others). This is not an exhaustive review of the analog models on collisional contexts, but an attempt on those that may present some analogies with the Andean context and therefore providing elements to understand this particular case. Common to these models is that after an initial phase of oceanic lithosphere subduction, the continental plate carried behind enters in collision with the overriding (continental) plate. Especially the India-Asia framework has been successfully reproduced by analog experiments (e.g. [START_REF] Replumaz | Asian collisional subduction: A key process driving formation of the Tibetan Plateau[END_REF], modeling not only simple topographic growth, but even creating the curved shape of the Himalayas [START_REF] Bajolet | Orocline and syntaxes formation during subduction and collision[END_REF] and the bivergent subduction of continental slabs on both sides of the Tibetan plateau [START_REF] Pitard | Mantle kinematics driving collisional subduction: Insights from analogue modeling[END_REF], for example. Even if these models relate to the Himalayan-type orogeny, [START_REF] Pitard | Mantle kinematics driving collisional subduction: Insights from analogue modeling[END_REF] propose a transferability of the set-up to the Andean problem. Indeed, when pushing two pistons from both sides as rigid indenter plates, the upper plate in the middle thickens as a passive plateau (i.e. Tibetan or Altiplano Plateau) in a first time, but afterwards the push is transmitted towards the backwall plate (equivalent for the Asian continent or the Brazilian Shield in the Andean context) and forces this latter to subduct [START_REF] Pitard | Mantle kinematics driving collisional subduction: Insights from analogue modeling[END_REF]. This latter study may give some hints to understand the internal evolution of the Andean orogen (i.e. the evolution of the deformation within the continental plate) but does not address the question of its initiation in a subduction context. The major difference between the Himalayan and Andean contexts is that, in the Himalaya, a continental plate subducts. In this case the trench advance is more "natural" because the continental lithosphere has difficulty in subducting. The continental subduction is forced by an important piston-push, but the question of the source of the energy necessary to build such large plateaus remains open. [START_REF] Boutelier | Subduction versus accretion of intraoceanic volcanic arcs: insight from thermo-mechanical analogue experiments[END_REF] and [START_REF] Chemenda | Impact of arccontinent collision on the conditions of burial and exhumation of UHP/LT rocks: experimental and numerical modelling[END_REF][START_REF] Chemenda | Impact of arccontinent collision on the conditions of burial and exhumation of UHP/LT rocks: experimental and numerical modelling[END_REF], among others, studied the particular case of arc-continent collision. The outcomes from these works concerning the location of the deformation in the upper plate has therefore to be seen in the specific geometrical context of an intra-oceanic volcanic arc evolving to arccontinent collision. The compressive stresses and trench advance thus happen in a context similar to continental subduction. Namely, failure is observed in the overriding plate in its weakest part, which is the back-arc spreading center or the volcanic arc in the case of an old strong back-arc lithosphere [START_REF] Boutelier | Subduction versus accretion of intraoceanic volcanic arcs: insight from thermo-mechanical analogue experiments[END_REF][START_REF] Chemenda | Impact of arccontinent collision on the conditions of burial and exhumation of UHP/LT rocks: experimental and numerical modelling[END_REF]. The weakening is enhanced by the interplay of the subducting plate with the asthenosphere in the mantle corner, and when a rapid switch from a tensional to a compressional state occurs. The failure engenders the creation of a lithospheric-scale fault, which is either trench-dipping, or more likely trench-vergent, i.e. parallel to the subduction plane [START_REF] Chemenda | Impact of arccontinent collision on the conditions of burial and exhumation of UHP/LT rocks: experimental and numerical modelling[END_REF]. In the case of a trench-parallel fault, the breaking is succeeded by partial under-thrusting of this new lithospheric block beneath the (upper) arc plate, which would result in steepening of the oceanic slab, rendering the subduction harder [START_REF] Chemenda | Impact of arccontinent collision on the conditions of burial and exhumation of UHP/LT rocks: experimental and numerical modelling[END_REF]. [START_REF] Boutelier | Subduction versus accretion of intraoceanic volcanic arcs: insight from thermo-mechanical analogue experiments[END_REF] showed that three types of scenarios are conceivable: whole arc subduction as one end-member, arc accretion on the opposite, and an intermediate scenario of partial arc subduction / accretion. These authors suggest that the entire-arc-subduction-scenario might have occured in the Oman mountains or in the Alps, for example. Along the Andean margin, a partial fore-arc subduction could possibly explain the presence of the Marginal Block which has been described as crustal-scale rigid basement feature underthrusting the Western Andes along the West Andean Thrust (WAT) parallel to the subduction interface [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF], 2015[START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF].

The first stages of Andean mountain building can cautiously be compared to those models on arc-continent collisions when trying to better understand the way the upper plate can respond to this compression -in the case of continental plateau formation or of volcanic arc zone deformation in the broad sense -and as such how the first orogenic stages are driven and controlled.

Modeling of subduction zones and application to the Andes: synthesis and contribution of this thesis.

Mantle flow seems to be a key factor when addressing the issue of upper plate compression and deformation in a subducting context, as it is a parameter controlling the geometry of the slab and the net velocity between the plates -two points which appear to be associated with the compression of the overriding plate.

Conceptual modeling of Andean orogeny, i.e. specifically addressing compressional deformation of an overriding plate in a subduction context, has never really been realized by analog experiments to our knowledge. These models would although be useful and complementary to what has already been studied in comparable numerical models (Martinod et al., 2020;[START_REF] Wolf | Mountain Building or Backarc Extension in Ocean-Continent Subduction Systems: A Function of Backarc Lithospheric Strength and Absolute Plate Velocities[END_REF]: Analog modeling allows for investigating long-term subduction at resolutions of up to ~1 km with simple set-ups retracing processes taking place at scales of several hundreds to thousand kilometers, and thus to test parameters more easily controllable in laboratory than in mechanical numerical models. Furthermore, lab experiments can be easily set up in the three spatial dimensions while accounting also for the system's long-term evolution (even if the investigation of the orogenic shape in its across-and along-strike complexity at the scale of the entire Andes would need to be more sophisticated). Analog modeling is thus a promising tool to extract first-order physics and processes characterizing the general framework of Andean orogeny, at the interface of the work of the subduction and collision communities.

However, the boundary conditions are in this case more complex than collisional orogen models. In fact, even though the mechanics of crustal shortening and thickening could resemble those of classical collisional wedges at the scale of the sole upper plate [START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF], the conditions that lead to compressional stresses within the upper plate remain unclear and to be found deeper, within the mantle. Indeed, orogeny in subduction contexts would essentially rely on inhibited trench retreat, which could be triggered by the anchoring of the slab in the deep lower mantle [START_REF] Faccenna | Mountain building and mantle dynamics[END_REF]. Therefore, mountain building would be mainly driven by mantle tractions, which should be strong enough to overcome the resisting forces to drag plates against each other (e.g. [START_REF] Husson | Plate motions, Andean orogeny, and volcanism above the South Atlantic convection cell[END_REF]. Existing experiments often simulate plates displacement by pushing the plates with pistons, but such constant-velocity boundary conditions applied at the surface are not ideal to reproduce a natural system where kinematics adjust to the force equilibrium. In subduction models, plate motion has been recently successfully induced by controlled mantle traction instead of piston-pushing [START_REF] Guillaume | Interplays Between Mantle Flow and Slab Pull at Subduction Zones in 3D[END_REF], but without involving an overriding plate. In January 2021, a new experimental device at Géoscience Rennes was configured to allow controlled mantle flow, and as such to actively participate in plate displacement. It presents therefore the opportunity to explore the Andean case through 3D analog modeling in a mantle-flow-induced subduction setting. This chapter treats thus finally the issue of "Why do the Andes exist?". At the current stage, analog modeling may not be able to fully answer the question of under which conditions the upper plate switches to a compressional state in a subduction context, but elementary issues can be illuminated. Specifically, in this chapter, I address the following questions:

(1) Under which conditions can we trigger compressive deformation in the upper continental plate when subduction is driven by mantle flow?

(2) How is this deformation distributed over the plate? In which experimental configurations can we localise the deformation in a particular area of the continental lithosphere?

(3) Can we find, to the first order, an experimental set-up producing a deformation in the continental plate that resembles the Central Andean context? I initially planned one month of analog modeling at the Laboratory of Experimental Tectonics (University Roma Tre, Italy) in collaboration with Francesca Funiciello and Anne Replumaz in April 2020. Due to the restrictions related to the Covid crisis, this mission could never be undertaken during my PhD thesis. Fortunately, a new collaboration was set up with the laboratory of Géosciences Rennes (University Rennes 1, France), where I carried out five days of experiments in June / July 2021 with Benjamin Guillaume and Anne Replumaz.

Experimental set-up

The new experimental apparatus at the laboratory of Géosciences Rennes (University Rennes 1, France) has been specifically conceived to model subductions driven by background flow in the upper mantle. The experimental set-up is inspired by the one of the Laboratory of Experimental Tectonics (University Roma Tre, Italy) described in the study of [START_REF] Guillaume | Interplays Between Mantle Flow and Slab Pull at Subduction Zones in 3D[END_REF]. The Géosciences Rennes' apparatus is described in the following. 

The model

The model box is a 100 x 100 x 30 cm 3 plexiglass tank (Figure 4.1) with an horizontal 1cm-thick intermediate plexiglass layer fixed to two of the tank walls in order to simulate an impermeable limit at 660 km depth between the lower and upper mantle. On the two other sides of the box, an 8 cm gap between the wall and this horizontal layer enables the circulation of the mantle. Trench-perpendicular mantle flow is generated by a motor-driven pulley-cord-system actioning a panel attached to a piston moving through the tank beneath the intermediate plexiglass layer over nearly the entire width of the box. In order to guarantee active and stationary mantle flow from the beginning of the slab sinking on, the piston is activated a few minutes before the onset of the subduction. The model's reference frame is the box boundary.

In each of the five experiments, a subducting oceanic plate and an overriding continental plate float above the mantle (Figure 4.1), and one of these plates is fixed to a backwall whereas the other can move freely. As illustrated in Figure 4.1, the plate dimensions and the position of this backwall (to which one plate is attached) leave enough space inbetween the plates and the tank-walls to minimize boundary effects [START_REF] Funiciello | Mapping mantle flow during retreating subduction: Laboratory models analyzed by feature tracking[END_REF][START_REF] Guillaume | Interplays Between Mantle Flow and Slab Pull at Subduction Zones in 3D[END_REF]. The specific configurations of the different models are specified in Figure 4.2.

Materials

As analog material for the sub-lithospheric mantle, we used glucose syrup (Cargill 01497). The syrup has the consistency of honey and can be considered as a Newtonian fluid since its viscosity is not sensitive to shear rates. In contrast, it varies strongly as an inverse function of temperature. The syrup's temperature is therefore accurately measured before each experience and maintained constant during the modeling. Over the five days of experimentation, the syrup's temperature varied between 19.1-19.9°C, corresponding to a range of viscosities of ~177-209 Pa . s, as calculated from viscometer measurements realized in Géosciences Rennes' laboratory. The density of the glucose syrup does not vary significantly in the above temperature range, and has been determined at 1420 ± 5 kg/m 3 (Table 4.1). Appendix 4.1 details all measured values of temperature, viscosity and density for all materials and each experiment. They are considered to remain constant over the time of the modeling.

The lithospheric plates are modeled as viscous layers made of colored silicone putties floating on the industrial honey. The silicone's viscosity can be considered as insensitive to temperature and independent of the shear rate for values inferior to 0.5 s -1 , wherefore its behavior is quasi-Newtonian in our experimental conditions. Three different silicones have been used to model the different rheologies proper to the oceanic and continental plates.

For the oceanic lithosphere, we used a transparent silicone complemented with iron powder rendering it black and more dense, and yielding a viscosity of ~99800 Pa . s in the temperature range recorded during the modeling Table 4.1 and Appendix 4.1). The density of the silicone is independent of the surrounding temperature and has been determined at 1480 ± 5 kg/m 3 , corresponding to a negative buoyancy of 60 ± 10 kg/m 3 which is considered as an average value fixed over time and for all experiments. The thickness of the oceanic plate in all experiments amounts to 14 ± 0.2 mm and is considered to be homogeneous over the entire silicone putty.

We used two different silicones to produce the 8 ± 0.2 mm thick continental lithospheres. The first, used to model a strong continental lithosphere, will be hereafter referred to the black silicone, alike the oceanic silicone colored by iron powder. Its viscosity has been measured at ~90000 Pa . s and its density at 1297 ± 5 kg/m 3 . The orange silicone, additionally used in two experiments to model a more deformable portion of the continental lithosphere, has a significantly lower viscosity of ~14600 Pa . s, but is slightly denser compared to the black silicone, with 1327 ± 5 kg/m 3 (Table 4.1). It gives a positive buoyancy of 93-123 ± 10 kg/m 3 between the continental plate and the sub-lithospheric mantle.

In the temperature interval of the laboratory and at shear rates of 0.01 s -1 , the viscosity ratio between oceanic lithosphere and asthenospheric mantle lies in the range of ~478-564, and between the continental lithosphere and the asthenospheric mantle in the range of ~430-508 and ~70-82 (for the black and the orange silicones, respectively). [START_REF] Espurt | Flat subduction dynamics and deformation of the South American plate: Insights from analog modeling[END_REF] tested oceanic lithosphere-mantle-ratios between 10-10 5 and proposed that ratios <100 correspond to quasi-stationary systems with very small trench displacement, whereas ratios ≥10 4 are pure trench-retreating systemsvalues in between can be attributed to either the trench-advancing or -retreating mode, depending on width, thickness and density of the (oceanic) plate. The ratio in the models is within the proposed range of ~50-500 for subduction zones in nature (e.g. [START_REF] Billen | Multiscale dynamics of the Tonga-Kermadec subduction zone[END_REF][START_REF] Espurt | Flat subduction dynamics and deformation of the South American plate: Insights from analog modeling[END_REF][START_REF] Loiselet | From longitudinal slab curvature to slab rheology[END_REF][START_REF] Ribe | Bending mechanics and mode selection in free subduction: a thinsheet analysis[END_REF][START_REF] Schellart | Overriding plate shortening and extension above subduction zones: A parametric study to explain formation of the Andes Mountains[END_REF][START_REF] Capitanio | Upper plate controls on deep subduction, trench migrations and deformations at convergent margins[END_REF][START_REF] Wu | Reconciling strong slab pull and weak plate bending: The plate motion constraint on the strength of mantle slabs[END_REF].

Material

Density (kg/m 3 ) Viscosity* (Pa . s) oceanic silicone 1480 ± 5 99,800 black continental silicone 1297 ± 5 90,000 orange continental silicone 1327 ± 5 14,600 syrup (asthenosphere) 1420 ± 5 177-209 

Scaling laws

The experiments are properly scaled for gravity, length, density, viscosity, and velocity following the method of previous studies, and for further details the reader is referred to the work of [START_REF] Guillaume | Interplays Between Mantle Flow and Slab Pull at Subduction Zones in 3D[END_REF] with a comparable scaling setting.

The length scaling factor between model and nature is 1.52 × 10 -7 , meaning that 1 cm in the model corresponds to 66 km in nature. The width of both oceanic and continental plates is ~30 cm in the laboratory, thus equaling ~1980 km in nature, a value comparable to the Central Andean segment along the Chilean coast from ~17° to ~35°S. The plate's length is ~30 cm for the continent and ~40 cm for the subducting plate, i.e. ~2640 km for the latter at Earth's scale. Widths and lengths varied at most by ± 0.8 cm due to manual preparation and minor deformation when placing the plate analogs over the syrup. The thicknesses of 1.4 and 0.8 cm ± 0.02 cm of the laboratory oceanic and continental plates correspond respectively to ~92 km and ~53 km in nature. Once rescaled (constrained by the thickness of the upper mantle), the continental plate is very (probably too) thin (53 km) compared to the South American lithosphere (~70-80 km beneath the Altiplano-Andes, e.g. [START_REF] Heit | An S receiver function analysis of the lithospheric structure in South America[END_REF][START_REF] Tassara | Three-dimensional density model of the Nazca plate and the Andean continental margin[END_REF][START_REF] Wölbern | Receiver function images from the Moho and the slab beneath the Altiplano and Puna plateaus in the Central Andes[END_REF], but this is a choice linked to the experimental conditions. Indeed, in the case of a thick black silicone putty, its deformation remains limited because of the overall strength of this silicone, which makes its measurement and quantification more difficult. A thinner continental silicone putty is therefore chosen to facilitate deformation and the tracking of this deformation. The quantities of shortening obtained here are therefore to be considered as maximum values. In any case, this experimental simplification only alters the amount of observed deformation -but does not impact our main conclusions on the boundary conditions that lead to compressive deformation of the upper plate. All these values are assumed to be constant over the whole plates in their initial stage.

An oceanic plate with a thickness (h) of 92 km would have an age of ~67 Ma according to the equation:

ℎ = 2.32 (!. !) (4.1) 
(eq. 4-115 (p.159) of [START_REF] Turcotte | Geodynamics[END_REF] with the lithospheric thermal diffusivity constant κ = 10 -6 m 2 /s. According to [START_REF] Cloos | Lithospheric buoyancy and collisional orogenesis: Subduction of oceanic plateaus, continental margins, island arcs, spreading ridges, and seamounts[END_REF], a negative buoyancy of ~40 kg/m 3 is encountered for "normal" ~100-km-thick oceanic plates undergoing subduction, whereas pervasive eclogitization of the oceanic crust can increase this value to up to ~80 kg/m 3 . The negative buoyancy of ~60 kg/m 3 for the slab chosen here corresponds thus to an intermediate case. However, the surface tension at the interface of silicone and syrup inhibits the plate from sinking into the mantle in the laboratory. This prevents the subduction process in some way in the modeling, anyhow not encountered to this extent in reality. To keep buoyancy-driven subduction active, a higher plate-density is necessary compared to the values normally admitted on Earth [START_REF] Guillaume | Interplays Between Mantle Flow and Slab Pull at Subduction Zones in 3D[END_REF].

The relationship in terms of time between the experiments and nature follows the equation:

! ! ! ! = (!"#ℎ) ! (!"#ℎ) ! ! ! ! ! (4.2) 
( [START_REF] Davy | Experiments on shortening of a 4-layer model of the continental lithosphere[END_REF][START_REF] Martinod | Dynamical effects of subducting ridges: insights from 3-D laboratory models[END_REF] where indices m and n are standing for model and nature, respectively, ∆ρ corresponds to the density contrast between the oceanic plate and the mantle, g to the gravitational acceleration, h to the thickness of the slab, and η to the mantle viscosity. The sub-lithospheric mantle viscosity in nature is loosely estimated between 10 19 -10 21 Pa . s depending on depth [START_REF] Mitrovica | A new inference of mantle viscosity based upon joint inversion of convection and glacial isostatic adjustment data[END_REF].

When assuming an average value of 5 × 10 20 Pa . s, we obtain a time scaling where 1 Myr in nature equals ~74-87 s in the models in the range of the measured syrup temperatures (Appendix 4.1).

The mantle flow velocity (~63-74 cm/h in the lab, for the lab temperature range) is scaled to represent 10 cm/yr in nature. Indeed, we chose this relatively rapid background flow knowing that the effective plate velocity corresponds to a fraction of this speed once both plates enter in contact, depending on the actual model configuration. Indeed, at the beginning, the freely moving plate advances at nearly the same speed as the mantle flow. When encountering the fixed plate, decoupling between the mantle flow and the plate occurs, and the plate convergence slows down. The high convergence rate of presently ~8 cm/yr at the Nazca-Chile trench at 20°S [START_REF] Demets | Effect of recent revisions to the geomagnetic reversal time scale on estimates of current plate motions[END_REF] forwarded us to choose this 10 cm/yr mantle flow velocity.

Forces equilibrium

Orogenic growth and shape is controlled by the equilibrium between boundary and buoyancy forces [START_REF] England | A thin viscous sheet model for continental deformation[END_REF]. Boundary forces allow for building up topographic relief, wherefore they are called driving forces. The buoyancy forces are the ones opposed to orogeny, wherefore they are referred to as resisting forces.

In the case of topographic building in a subduction context, the boundary forces leading to shortening of the continental lithosphere are largely dependent on the forces controlling the subducting system. In nature, the principal engine driving subduction is the buoyancy force resulting from slab-pull, while the ridge-push force is considered as one order of magnitude lower (e.g. Turcotte & Schubert, 1982). The forces governing the subduction are elucidated in more details hereafter, as a first step, before describing the link between subduction forces with the ones responsible for upper continental plate deformation.

The subduction process is triggered here (as in all similar laboratory models, e.g. [START_REF] Bajolet | Orocline and syntaxes formation during subduction and collision[END_REF]Funiciello et al., 2003b[START_REF] Funiciello | Role of lateral mantle flow in the evolution of subduction systems: insights from laboratory experiments[END_REF][START_REF] Guillaume | Interplays Between Mantle Flow and Slab Pull at Subduction Zones in 3D[END_REF][START_REF] Guillaume | Slab dip, surface tectonics: How and when do they change following an acceleration/slow down of the overriding plate?[END_REF][START_REF] Pitard | Mantle kinematics driving collisional subduction: Insights from analogue modeling[END_REF][START_REF] Replumaz | Asian collisional subduction: A key process driving formation of the Tibetan Plateau[END_REF] by forcing downward the fore-edge of the oceanic plate into the syrup, wherefore the mechanisms and forces initiating the plunging of the lithosphere are beyond the scope of this work.

In our experimental set-up, the forces at work depend on the specific configuration of the five conducted models SA01-SA05, which are illustrated by Figure 4.3 representing approximately the plate tectonic force balance in our simplified subduction system.

Common to all five models as driving force -i.e. promoting the subduction -is the negative buoyancy force of the slab (Fsp), which is defined as follows:

! !" = ! ! -! ! ! ! ! ℎ (4.3)
with ρl and ρm the lithosphere's and the mantle's density, g the gravitational acceleration, w, l, and h the width, length, and thickness of the subducting lithospheric plate.

As a major resisting force, the resistance of the slab to bending (Fb) can be described by the equation of [START_REF] Buffett | Plate force due to bending at subduction zones[END_REF]:

! ! = ! ! ! ! ! ! ! ! (4.4) 
where R is the minimum radius of curvature of the bending slab, ηl the slab's effective viscosity, and v the subduction velocity. Additionally, the resistance of the slab to roll-back and to sink into the mantle is linked to the viscous shear forces (Fv) which has no proper analytical definition but is scaled with ηmv and ηmvrb (where vrb corresponds to the roll-back velocity of the slab), and results from gravitational instability.

Another viscous force is exerted by the mantle on the slab when a background mantle flow is set on (which is the case in four out of our five experiments), referred to as Ff hereafter. To understand the impact of this force, a supplementary boundary condition has to be considered, which is the zero-velocity imposed at the trailing edge in all our models, through attaching either the subducting or the overriding plate to a backwall. This backwall can retain the fixed plate from moving towards the center of the tank, or hinder it from drifting backward. Whether the force exerted by the backwall (Fw) and by the mantle displacement (Ff) act as driving or resisting forces has to be seen in the context of the two opposite configurations of the tested models (Figure 4.3).

In the first case (Figure 4.3a) the continental plate is fixed to the backwall, while the oceanic plate is set up freely. In a scenario without mantle flow, the absolute displacement of the subducting plate is close to zero but slab sinking causes trench retreat. The backwall retaining the upper plate hinders this latter to follow the retreating trench. If the upper plate was not attached and was able to follow the trench, it would most probably not extend and deform, probably resulting in a higher subduction velocity (anyhow not tested here). Instead, in our case, part of the subduction energy is consumed to deform the upper plate to accommodate the trench retreat. Fw has therefore an impact on the force balance of the subduction process, as well as on the deformation of the continental lithosphere. 2021) illustrating forces at work in the subduction system, in the two tested configurations: (a) continental plate fixed, oceanic plate free, mantle flow imposed or absent ; (b) oceanic plate fixed, continental plate free, mantle flow imposed. Abbreviations: w for plate width; h for plate thickness; l for length of subducted lithosphere; β for slab dip; ρl for plate density; ρm for mantle density; ηl for plate viscosity; ηm for mantle viscosity. The main forces in our model are the slab pull force (Fsp), the plate bending force (Fb), the resisting viscous forces (Fv), and the flow-induced viscous force (Ff), the backwall-induced force (Fw), and the force transmitted from the oceanic to the continental plate at their interface (Fd). The backwall imposes a zero-velocity boundary condition at the trailing edge of the fixed plate, implying that Fw acts either as (a) a ridge push force, or (b) a pulling force.

When a background flow is induced in the mantle coming from behind the slab in configuration (a), i.e. going in the direction of the subduction vergence, and exerting thus a basal drag that drives the oceanic towards the continental plate, Ff has to be considered as a driving force. Backsliding of the continental plate being prohibited by the backwall, Fw can be seen in this set-up as a force favoring subduction, similar to a ridge push force.

In the reverse configuration (Figure 4.3b), the oceanic plate is fixed and the free upper plate is dragged by the mantle flow against the forward side of the oceanic slab. The overpressure exerted by the mantle material on the subducting panel favors trench retreat and thus also subduction in the context of a fixed velocity boundary at the back of the oceanic plate. As such, Ff acts as a driving force in this configuration, too. Spontaneously, the oceanic plate would move towards the trench, but is held back by the fixed edge, wherefore Fw can be considered as resisting subduction. In this case, the backwall force would be the reverse of a ridge push, traducable on Earth as another subduction on the opposite end of the oceanic lithosphere.

At the interface between the oceanic and continental plates, friction influences the force balance on Earth, but is minor here compared to the other forces at work due to lubrication of the edges of the silicone putties with a mix of vaseline and paraffin oil to avoid plate-plate sticking (e.g. [START_REF] Duarte | Rheology of petrolatum-paraffin oil mixtures: Applications to analogue modelling of geological processes[END_REF][START_REF] Duarte | How weak is the subduction zone interface?[END_REF][START_REF] Zhong | Controls on trench topography from dynamic models of subducted slabs[END_REF].

Part of the force driving the subduction (i.e. the oceanic towards the continental lithosphere) will be transmitted at the plate interface by the advancing trench onto the overriding plate, and as such supports deforming the upper plate. In this sense, it constitutes a force resistant to subduction, which we call Fd hereafter (Figure 4.3). At the same time, Fd plays a determining role for the occurence or not of upper plate compression, together with the backwall force (Fw). A force limiting continental compression will be produced by the buoyancy of the upper plate continuously adjusting to the plate thickening and which can be traduced to potential energy loading with respect to the surroundings at lower level. The so generated differential stress is directly a function of the plate-mantle density contrast, the plate thickness and the gravitational constant. In the absence of a brittle layer, only ductile strain is considered here, which scales with the overriding plate viscosity. The extension of the continental plate parallel to the trench at its laterally unbounded edges (i.e. silicone extruded laterally at the free borders of the plate) is a result of the buoyancy adjustment and of the stress distribution over the entire viscous silicone lithosphere.

Limits

Laboratory experiments have unavoidably limits, as described in detail by Funiciello et al. (2003b) and [START_REF] Guillaume | Interplays Between Mantle Flow and Slab Pull at Subduction Zones in 3D[END_REF]: The system is modeled as isothermal, thus neglecting phase changes, thermal conduction and diffusion, and considering the lithospheric plates as quasi-adiabatic. As a substitute, density contrast should account for the temperature induced differences between the individual layers. Anyhow, density and viscosity remain constant over time and over depth in each layer. Another point is that the lithospheric plates are modeled as vertically homogeneous silicone putties, thus not accounting for the brittle crust. In our set-up, the rigid sheet simulating the upper-lower mantle transition constitutes an impermeable barrier equal to a sharp infinite increase in viscosity, rendering slab penetration impossible, and resulting in a de facto absence of the lower mantle. Finally, the mantle is assumed to behave as a Newtonian fluid, which implies a different response to deformation when comparing it to a mantle behaving as a power-law fluid [START_REF] Brace | Limits on lithospheric stress imposed by laboratory experiments[END_REF][START_REF] Ranalli | Rheology of the Earth[END_REF]. As a consequence, we have to consider the modeled velocities as minimum limits.

The mantle flow is in our models induced by a piston driven by a motor transmitting a constant velocity. Anyhow, due to the cord-pulley-system passing through the glucose syrup, the piston can stay stuck for instants before the accumulated loading-energy overcomes the resistance. To smooth the sometimes incidentally abrupt piston advancement, we generally averaged the recorded measures over time-intervals of 10 minutes after the first minutes of very rapid changes. This set-up limit has to be considered when analysing the recorded data on time-graphs. Furthermore, the initiation of the subduction has to be realized manually by forcing the plate's fore-edge down into the asthenospheric mantle. The onset is therefore probably not perfectly homogeneous all along the trench, nor between the different experiments. This influences especially the first minutes of model evolution.

Measurements and uncertainties

To accurately monitor the subduction evolution and overriding plate deformation, a grid pattern of white dots -spaced by 3 cm on the oceanic plate, and by 1 or 2 cm on the continental plate -have been drawn on the silicone putties before starting each experiment. High-resolution snapshots from top and lateral views have been taken every minute during the entire experiment time. These photos have then been analyzed at pixel-resolution, which enabled us to quantify the amount of subducted lithosphere, the shortening, widening and thickening of the upper plate, slab angle as well as the velocity of subduction and mantle flow, by measuring the position of chosen points at different times (i.e. on the different photographs). The uncertainty related to the measurements is therefore so minor that, if represented on the graphs, error bars are generally within the thickness of the drawing. In our set-up, the thickness of the plates is measured when forming the silicone putties, but cannot be directly checked nor during nor after model-running, wherefore it is calculated from the recorded instantaneous lithospheric length and width assuming the total plate volume remains constant. The side effects linked to free plate boundaries favors lateral extrusion and limits the significance of the measurements at the northern and southern continental plate edges in our set-up, so we generally perform our measurements in the center of plates. For velocities, the values are averaged over 10-minutes intervals between t1-t5, scaled for each model with the proper velocity factor (Appendix 4.5), and given with their ± 0.03 cm/min uncertainty (corresponding to ± 0.25 cm/yr in nature). Slab dip was measured at a relatively shallow equivalent depth of ~150 km (~2.3 cm in the experimental set-up), as we are interested in the interaction of the upper part of the slab with the upper plate to investigate the deformation sustained by the continent, and the estimated uncertainty of the measurement is ± 1°. We recorded the slab-dip on one side only due to technical limitations, which is anyhow not a problem taking into account the generally cylindrical aspect of the subduction.

For each experiment (with effective durations of ~1-2 hours), a considerable additional time has to be allowed for preparing the silicone plates, the tank and installation of the laboratory and image recording; as well as for cleaning and recycling the experimental materials and instruments. Therefore, only one experiment can be carried out per day, limiting the number of testable configurations. During my doctoral thesis, I was able to carry out five experiments (SA01-SA05), which I will present in the following.

Results

Triggering shortening in the overriding continental plate

As a first step, we investigated the role of the boundary forces exerted by the backwall and mantle flow on the compression of the continental lithosphere. We therefore tested two opposite plate configurations in terms of fixed and free plates (Figure 4.3), with zero or continuous mantle flow (models SA01 to SA03 on Figure 4.2).

Model SA03 -buoyancy-driven subduction

In the benchmark model SA03 the background mantle flow is absent (vflow= 0 cm/yr), the overriding plate is fixed to the backwall, and the subducting plate is free to move under its own weight (Figure 4.2c and 4.3a). To initiate the subduction the foreedge of the oceanic plate has been forced down into the syrup and its trailing edge has been pushed towards the continental plate between t0 and t1, exceptionally in the experiment SA03 (but not in the ones presented afterwards).

The final top and lateral snapshots are presented in Figure 4.4, where t0 represents the initial stage (before initiation of the subduction, 0 minutes), t1 the onset of subduction (after 2 minutes), t2 the moment when the slab touches the 660-kmdiscontinuity (after 13 minutes), and t5 the final stage after 52 minutes of modelrunning, equal to ~40 Myr in nature. Additional intermediate stages t3 (after 27 minutes) and t4 (after 40 minutes) illustrate the evolution of the slab's shape (Figure 4.4).

In this model without imposed mantle flow, the subducting oceanic plate freely plunges into the mantle. Slab roll-back induces an important trench retreat that leads to the opening of a gap between the two plates. Indeed, as the upper continental plate is fixed to the backwall it cannot move to follow the trench. It deforms a little by extension but not enough to fill the gap. We detail model SA03 evolution below. t5) of experiment SA03. On the top view, the pink and cyan lines mark the position, at t0 and t5 respectively, of the trenchward continent's edge by dashed lines, of the trench by continuous lines, and of the trailing edge of the oceanic plate by the dotted lines. The lateral snapshot is taken from the northern side, with pink and cyan vertical arrows pointing to the trenchward continent's edge (dashed), and to the trench position (continuous). On this side-view, the subducting plate is redrawn at stages t0-t5, whereas the continental plate is represented in its final extent only. North (N), South (S), East (E) and West (W) are indicated with respect to the Nazca-subduction configuration, i.e. where the South American continental plate to the East is subducted along its western side by the oceanic Nazca plate.

The slab-dip remains relatively constant around ~42-43° over stages t1-t2. It decreases after slab anchoring to ~33° (t3), before steepening again until ~44° at stage t5. Already during the rapid sinking of the slab (t1-t3), trench retreat is observed, and continues after slab anchoring (t3-t5) to a final amount of ~8 cm in the lab, corresponding to ~528 km on Earth (Figure 4.4). Since the upper plate is fixed to the backwall, its only possible response to slab roll-back is non-reaction or limited extension. Here, we observe a very subtle trench-orthogonal horizontal stretching of the continental plate, which is nevertheless measurable on Figure 4.4 and accounts for 1.1 cm (~73 km in nature) of extension for an initial length of 29.7 cm (~1960 km), i.e ~3.7% of stretching. This modeled upper-plate extension recalls the back-arc extension and basin opening processes often observed in natural slab roll-back subduction contexts (e.g. Mediterranean). However, the amount of extension is perhaps difficult to compare because, in the model, it depends on the capacity of the silicone plate to freely extend under current gravity. We finally note that if the continental plate would not have been fixed to the backwall, the entire upper plate would have probably followed the retreating trench, possibly without deformation or with limited stretching (Guillaume et al., 2018) of this continental lithosphere; but this case has not been tested during my thesis for time issues.

Model SA01 -mantle-flow-driven subduction with the oceanic plate fixed

In experiment SA01 the oceanic plate is fixed to the backwall and the upper continental plate moves freely (Figure 4.2a and 4.3b). The imposed background flow (vflow= 10 cm/yr) drives the upper plate against the frontal side of the subducting slab.

The final top and lateral snapshots are illustrated in Figure 4.5, where t0 represents the initial stage (before emplacing the upper plate, 0 minutes), t1 the moment right after subduction initiation by forcing the plate fore-edge down into the asthenospheric mantle (after 1 minute), t3 the instant when the slab touches the 660km-discontinuity (after 22 minutes), and t5 the final stage after 76 minutes of modelrunning, equal to ~57 Myr in nature. Additional intermediate stages t2 (after 12 minutes) and t4 (after 47 minutes) illustrate the evolution of the slab's shape and trench displacement (Figure 4.5). On the lateral view, the leading edge of the continental plate is shown at its final position at t5. Diagrams of Figure 4.6 resume the evolution of all recorded measures over the entire experiment duration. The full data table is provided in Appendix 4.3.a. In this model, the upper continental plate moves towards the trench, pushing it towards the back wall, progressively steepening the subducting slab to finally being folded and curved back, with significant shortening of the continental plate. The model's evolution is detailed hereafter.

We observe a reversal of the slab dip at its lowermost edge even before it reaches the 660-km-limit, i.e. the slab dip at its extremity exceeds 90° with respect to the initial horizontal position referenced as 0° inclination (Figure 4.5). At ~150 km depth, the slab dip steepens rapidly from 0° (t0) to ~62° (t2), and increases only slightly afterwards (~68° at t3, ~72° at t4) before a final minor slab-angle decrease by t5 (69°) (Figure 4.6a). Within the ± 1° uncertainty of the dip-measurement and the experimental variability, the slab dip can be considered as roughly constant from t3 to t5. The trench retreats rapidly at the beginning (t1-t3), whereas its position can be considered to remain steady after t4 (Figure 4.6a). In Figure 4.5, the trench position evolution is indicated by dashed colored lines on the top view, and correspondingly by vertical colored arrows on the lateral view. The length of the unsubducted oceanic plate decreases rapidly at the beginning until touching the 660-km-boundary (t3), and nearly no more afterwards, and the final amount of subducted plate accounts for ~10.6 cm (~700 km in nature) (Figure 4.6a). The length of the upper plate, as measured in its central part, shortens over the whole experiment, from initially ~29.8 cm (~1967 km at t1) to a final value of ~27.8 cm (~1835 km at t5) (Figures 4.5,4.6a,b). This corresponds to a total shortening of ~7% (~2.0 cm, i.e. ~133 km in nature) (Figure 4.6b). We observed an asymmetrical advance of the overriding plate, namely a northward-drift from t2 on, wherefore the southern edge of the upper plate keeps a quasi constant length between t2-t5 (Figure 4.6b). By minute 42, an obvious shortening acceleration occurred, which can also be seen in the thickness evolution of the continental plate (Figure 4.6d). The continental plate is slightly thinning between minutes 10-40, before thickening to a total final value of ~2% (~0.02 cm, i.e. ~1 km) close to the trench (Figure 4.6d). A small widening of the upper plate of ~5% (~1.6 cm, i.e. ~104 km) is observed, with no clear significance considering that compared to nature the silicone putty is not laterally constrained in the model (Figure 4.6c).

The forward velocity of the continental lithosphere, as given in 10-minutesintervals (Figure 4.14c), shows a rapid plate displacement over the the first ~20 minutes of the subduction, of ~4 cm/yr towards the oceanic plate, in the direction of the imposed underlying mantle flow, before decreasing to ~0.5 cm/yr after slab anchoring. This is also represented by the position of the trench in the graphs of Figure 4.6.

Model SA02 -mantle-flow-driven subduction with the continental plate fixed

In model SA02 we tested the opposite plate configuration: the continental plate is fixed to the backwall, and the oceanic plate is free and driven by the mantle flow coming from behind the plunging slab (Figure 4.2b and 4.3a).

The final top and lateral snapshots are represented in Figure 4.7, where t0 represents the initial stage (both plates deposited on the syrup, minute 0), t1 right after the onset of subduction (minute 3), t2 the moment when the slab touches the 660-kmboundary (minute 23), and t5 the final stage of the experiment after 103 minutes, equal to ~71 Myr in nature. Supplementary intermediate stages t3 (minute 43) and t4 (minute 73) spotlight the progress of the slab and the trench (Figure 4.7). As for model SA01, the continental plate is shown in its final extension (at t5) on the model's lateral view. The evolution of all recorded measurements during the entire modeling is shown in Figure 4.8, and the corresponding data table is provided in Appendix 4.3.b. In this experiment, the oceanic plate that subducts beneath the continent keeps a moderate dip in the upper mantle throughout the model's evolution. It subsequently flattens at depth after reaching the 660-km-discontinuity. The trench progressively advances towards the upper continental plate while the latter is affected by a relatively strong shortening. Details of this evolution are given in the following. After the abrupt onset of subduction (between t0-t1), the slab-dip shows a progressively increasing trend from ~30° (t1) to ~48° (t5) at ~150 km depth (Figure 4.7,4.8a), with a phase of slab advance without dip increase between t2-t3 (Figure 4.7), i.e. immediately after the slab encounters the upper-lower mantle limit. The slab-dip evolution is set side by side with that of SA01 on Figure 4.14a. The oceanic plate subducts rapidly at the beginning (t0-t2), and slows down progressively afterwards, as illustrated by the plot of unsubducted oceanic plate length (Figure 4.8a), reaching a total of ~18.2 cm (~1203 km) of subducted plate length, corresponding to almost the double of that in model SA01. The trench advances in model SA02 slowlier than it retreats in SA01, but the final trench displacement in its totality is slightly more important in SA02, precisely of ~8.2-8.6 cm (~541-568 km) (Figure 4.7). These differences are probably not (or not only) due to the longer experiment duration of SA02, since the trench position and subducting plate length stagnate in SA01 over the last 30-45 minutes, and as such are more plausibly related to strikingly different interaction of the slab with the 660-km-discontinuity and to the boundary conditions differing between the two models. The plate convergence is more asymmetric in this experiment, with the oceanic plate subducting more rapidly on the southern side, wherefore the amount of trench displacement and continental plate length evolution is given in a minimum and maximum range on Figure 4.7. The final continental plate length amounts to ~21.5 cm (~1419 km) in the south, and ~24.2 cm (~1597 km) in the north. Figure 4.8b retraces the length evolution of the continental lithosphere in its central, southern and northern part, which decreased by a total of ~7.2 cm, ~8.2 cm and ~5.4 cm, respectively. The continental shortening is thus equal to the trench advance. The upper plate shortening is most rapid between t1-t2 and roughly equal all over the overriding plate during this phase. When the slab encounters the upper-lower mantle limit, shortening stagnates in the central part until t3, but goes on at the free sides, even if visibly slowed down. From t3 to t5, shortening continues and reaches a final amount of ~24% (~5.4-8.2 cm, i.e. ~357-543 km in nature) (Figure 4.8b), i.e. 3-4 times more than in model SA01. The overriding plate widening is relatively homogeneous over time and space, and totals ~9% (1.7-2.7 cm, i.e. ~111-181 km) at t5 (Figure 4.8c). The evolution of thickening is comparable to that of shortening, with a calculated final thickness of ~0.97-1.0 cm (~64-66 km) corresponding to a thickening of ~21% (~0.2 cm, i.e. ~11-13 km) (Figure 4.8d).

The forward velocity of the freely moving plate (i.e. the oceanic lithosphere) is higher in SA02 compared to SA01. We observe accelerated plate displacement over the first two 10-minutes-intervals of the subduction, with an initial speed ~7 cm/yr, before decreasing to ~1.5 cm/yr after slab anchoring, tending towards ~1 cm/yr by the last minutes of modeling, i.e. ~10% of the imposed mantle velocity (Figure 4.14c). 

Outcomes from comparing models SA01, SA02 and SA03

The first major observation is that shortening of the continental plate occurs in both experiments SA01 and SA02 driven by the background mantle flow. On the contrary, in the case of a subduction purely driven by the negative buoyancy force, as in SA03, continental compression is absent.

Background mantle flow appears therefore as an essential force not only for driving the subduction process, but also to trigger shortening and thickening of the continental lithosphere. The free plate is driven forward by the mantle flow toward the plate fixed to the backwall, resulting in net trench displacement. At the plate's interface, this generates a force that is transmitted to the upper continental plate. This latter absorbs the convergence by deformation -in our experimental set-up through shortening, thickening and extrusion on the free edges.

The second main finding here concerns the boundary conditions fixing or not the position of plates trailing edges, highlighting the importance of the force exerted by the here imposed backwall. In the case of SA01 with the oceanic plate fixed, the continental plate trailing edge is free to move according to imposed background mantle flow and subduction dynamics. The answer of this unconstrained overriding plate to convergence is limited compression (Figure 4.5, 4.6) compared to the configuration of SA02 (Figure 4.7,4.8), where we impose a no-velocity condition for the overriding plate by fixing it to the backwall. In fact, total shortening accounts for ~7% for SA01, versus ~24% in the case of SA02 (Figure 4.14b). The difference in terms of continental thickening is even more pronounced, with ~2% in model SA01 compared to ~21% for SA02. As such, the exerted backwall force plays a key-role when putting the upper plate under compression.

Other model's outcomes, which are secondary when addressing the question of continental plate compression, are interesting in terms of subducting slab characteristics. When comparing the slab shape seen in models SA01 and SA02, we clearly observe two different features: a curving-back slab in the case of mantle flow reaching the foreside of the slab (Figure 4.3b,4.4), versus a slab down-laying at depth for a mantle flow coming from behind the slab (Figure 4.3a,4.5). Under the influence of overpressure induced by the advancing mantle material on the foreside of the slab, this latter rapidly steepens, wherefore its edge surpasses the 90° dip before reaching the 660-km-limit.

These first results clearly indicate that compression of the continental plate is favored in the set-up where the continent is settled between the backwall and the background-flow-driven subducting lithosphere (configuration of SA02). Even if shortening and thickening is not completely homogeneously distributed over the continent, we attribute this asymmetry to the experimental variability and / or linked to a not perfectly homogeneous initiation of the subduction when forcing the plate's foreedge down into the asthenospheric mantle.

In the following models SA04 and SA05 aiming to further investigate the distribution of deformation within the overriding plate, we use the same plate configuration as for SA02 (Figure 4.3a). Indeed, this configuration, which favors strong upper-plate compressive deformation, will allow the problem of continental shortening localisation to be studied at best.

Localisation of deformation

In order to explore the role of the upper plate's structure for its subsequent compression in a subduction context, we tested how the localisation of deformation can be promoted by introducing pieces of weak lithosphere in this continental plate (models SA04 and SA05 on Figure 4.2). Indeed, this is in line with the known pre-structuration of the South American margin during the early Andean cycle, with back-arc continental extension and basins creation (cf. geological reviews of [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]Horton et al., 2018a). Silicone is a material which accommodates deformation in a homogeneous manner, and as such silicone putties with differing rheological characteristics have to be accreted to model a specific pre-structuration that may favor deformation localisation. We investigated two different structurations of the overriding plate with two silicones of differing strengths (as described in section 4.2.2) with the same boundary conditions as in experiment SA02 (Figure 4.3a). We recall that "black silicone" in this section refers to the black continental silicone, even though the oceanic plate material is black, too, but not the focus of our investigations here.

Models SA04 and SA05 -pre-structuration of the continental plate

In experiments SA04 and SA05, the overriding plate is fixed to the backwall, and the subducting plate is freely moving over the imposed mantle flow (vflow= 10 cm/yr) (Figure 4.2d,e and 4.3a).

The final top and lateral snapshots are shown in Figure 4.9 for SA04, and in Figure 4.11 for SA05, with t0 the initial stage (before the start of subduction, minute 0), t1 the initiation of subduction (after 2 minutes), t2 the moment when the slab arrives at the 660-km-boundary (after 10 minutes), and t5 the end-stage, for SA04 after 90 minutes of modeling, equal to ~70 Myr in nature, and for SA05 after 100 minutes, corresponding to ~81 Myr in nature. Supplementary intermediate stages t3 (minute 30 and 40, for SA04 and SA05, respectively) and t4 (minute 60 and 70, for SA04 and SA05, respectively) illustrate the evolving shape of the slab (Figure 4.9,4.11). In both experiments, the continent consists of three parts, where [a] refers to the portion closest to the backwall (east), [b] to the central piece, and [c] to the trenchward (western) part (Figures 4.2d,e,4.9,4.11). As for previous models, the final continental plate extent (at t5) is drawn on the model's lateral view. Diagrams of Figures 4.10 and 4.13 summarize the evolution of all recorded measurements during the entire experiment, and all data are provided in Appendix 4.3.c,d,for SA04 and SA05,respectively. The stages t0-t5 are represented in Figure 4.12 for model SA05, and can be consulted in the appendix for all other experiments. Figures 4.14 and 4.15 illustrate extracted key parameters from all models for a direct comparison of their evolution. The colored dotted lines represent the back edge of the oceanic plate at t0-t5, accordingly. The lateral snapshot is taken from the northern side. On this side-view, the subducting plate is redrawn at stages t0-t5, whereas the continental plate is represented in its final extent only. Find the photos corresponding to stages t0-t5 in Appendix 4.4c. North (N), South (S), East (E) and West (W) are indicated with respect to the Nazca-subduction configuration, i.e. where the South American continental plate to the East is subducted along its western side by the oceanic Nazca plate.

We recall that in these models the conditions are met to generate compression within the upper plate. Here, the upper lithosphere, pre-structured by merging three stripes of silicone putties, is underthrusted by the oceanic plate driven by the imposed underlying mantle flow and the negative buoyancy of the slab. As expected from its lower viscosity, deformation is preferentially localised in the orange silicone, whereas the more viscous black silicone behaves as a relatively more rigid block transmitting compressive stresses. Shortening and thickening are significantly more important compared to the previous experiments. Independently of the type of material (stronger black vs weaker orange silicone), shortening and thickening are enhanced close to the backwall. We detail the evolution of models SA04 and SA05 below. The final lateral view (Figure 4.9, 4.11) illustrates the slab shape evolution of SA04 and SA05, which behaves in a similar way to that in model SA01 (slab reversal). Anyhow, in SA04, the slab shape does not evolve symmetrically at both edges of the subducting lithosphere -indeed the southern edge of the slab deforms as in model SA02 (slab down-laying), anyhow not properly imaged by our side-view snapshots (taken from the northern side only). At ~150 km depth, we observe a rapid slab steepening over the first 4-10 minutes until a dip of ~45-48° right after the forced subduction initiation. The slab dip then decreases rapidly to ~20° by t3, then slowlier by t4 to ~17°, and finally increases again until stage t5, slightly in the case of SA04 to ~23° (Figures 4.9,4.10a), and more intensely to ~30° in model SA05 (Figure 4.11,[START_REF] Parks | Kinematic, flexural, and thermal modelling in the Central Andes: Unravelling age and signal of deformation, exhumation, and uplift[END_REF]13a, see also Figure 4.14a for direct comparison). The oceanic plate subducts rapidly during t0-t2, and slows down progressively afterwards, as illustrated by the plot of unsubducted oceanic plate length (Figure 4.10a,4.13a). The final subducted length reaches ~23.9-24.4 cm (~1610 km and ~1575 km for SA04 and SA05, respectively), which is clearly above the amount of subducted lithosphere in experiments SA01 and SA02 (respectively ~10.6 cm and ~18.2 cm, i.e. ~700 km and ~1203 km in nature). The absolute velocity of the oceanic lithosphere is given in 10-minutes-intervals (Figure 4.14c) and shows a rapid plate displacement over the first ~10 minutes of subduction, of ~10 cm/yr in SA04 and ~7 cm/yr in SA05. This velocity then decreases abruptly to ~2.5-3.5 cm/yr and can be considered to remain approximately stable between minutes 10-60, in the limits of our experimental set-up (section 4.2.5), before a final slow-down until the end of the modeling, to ~1.3 cm/yr for SA04 and ~0.7 cm/yr for SA05. This final velocity corresponds to ~10% of the initial rate. The general velocity evolution is similar to that of model SA02, but at higher speed (Figure 4.14c). SA04 shows the highest mean oceanic plate velocity over all stages. A velocity anomaly is observed for SA05 between minutes 40-50, which is linked to a piston acceleration after a stucking of the cord-pulley system (see section 4.2.5).

Trench advance is more rapid in these experiments compared to SA02, with an absolute trench displacement of ~8.4-9.2 cm (~607 km and ~554 km for SA04 and SA05, respectively) at t5 (Figure 4.10a,4.13a). In Figures 4.9,4.11, the trench evolution is indicated by dashed colored lines on the top view, and by vertical colored arrows on the lateral view. A minor trench retreat is observed between t0-t1 linked to the initiation of subduction. In both experiments, the plate convergence is asymmetric, even if only very slightly in SA05, which evolves symmetrically between t0-t4 (Figure 4.11,4.12 and Appendix 4.4d). In SA04, the obvious southward drift of the oceanic plate can be associated with the differing slab shape evolution on the northern and southern sides of the silicone putty, especially pronounced from t3 and further on (Figure 4.9 and Appendix 4.4c). The colored dotted lines represent the back edge of the oceanic plate at t0-t5, accordingly. The lateral snapshot is taken from the northern side. On this side-view, the subducting plate is redrawn at stages t0-t5, whereas the continental plate is represented in its final extent only. Find the photos corresponding to stages t0-t5 in Appendix 4.4d. North (N), South (S), East (E) and West (W) are indicated with respect to the Nazca-subduction configuration, i.e. where the South American continental plate to the East is subducted along its western side by the oceanic Nazca plate. Note that the grid pattern of white dots on the continental plate has been spaced by 1 cm on trenchward-half, and by 2 cm on the backwall-half. The air-filled bubbles formed towards the North of the orange silicone part are due to the putty preparation and as such to be attributed to the experimental variability, and not as a meaningful compressional feature. The final continental plate length accounts for ~21.2-21.6 cm (~1397 km and ~1425 km for SA04 and SA05, respectively) in the center (Figure 4.10a,4.13a) where shortening is most significant and totals ~28-30%, i.e ~4-6% more than the final shortening in SA02 (Figure 4.14b). Keeping in mind that the time-scaling is slightly different between the experiments, it is more meaningful to compare the deformation at a time scaled to the natural conditions. For instance, the end of model SA01 (76 minutes) equals ~56.7 Myr in nature, which corresponds to ~83 minutes in SA02, ~73 minutes in SA04 and ~70 minutes in SA05. After ~56.7 Myr, we obtain a shortening of ~7%, ~19.5%, ~26% and ~20%, respectively for SA01, SA02, SA04 and SA05 (Figure 4.14b).

The major difference between experiments SA04 and SA05 is the prestructuration of the upper plate: In model SA04, portions [a] and [c] are made of the weaker orange silicone, [b] of the stronger black silicone, and all three parts have a roughly equal initial length of ~10 cm (~660 km in nature) (Figure 4.2d). In contrast, SA05 is characterized by one single orange silicone portion of initially 6.2 cm (~409 km) length in the middle position [b], enclosed by the parts [a] and [c] constituted of the black silicone, with initial lengths of 20 cm (~1320 km) and 3.8 cm (~248 km), respectively (Figure 4.2e). As such, when seen in its totality, the continental lithosphere of SA04 is weaker, with ~67% of orange silicone, than that of SA05 constituted to ~79% by the stronger black silicone. All three portions show a relatively constant shortening between t1-t5, but at significantly differing rates. Shortening of the orange silicone portions is clearly more intense. In SA04, part [a] accommodates the maximum of total shortening with ~43% (4.2 cm, i.e. ~276 km, at t5), followed by part [c] with ~35% (3.8 cm, i.e. ~253 km, at t5), whereas the central black silicone part [b] shortens only by ~13% (1.2 cm,i.e. ~77 km),at t5 (Figure 4.9,4.10b). Most shortening is found to be absorbed by the part closest to the backwall. This suggests that the stronger central part of the continental plate transmits compression preferentially to portion [a], which had initially the same length as [c], but since trapped between the backwall and plate-part [b], it is most affected by the compressional stresses. Experiment SA05 shows maximum shortening in its portion [b] with ~53% (2.9 cm, i.e. ~191 km), while the black silicone parts [a] and [c] shorten by ~22% (4.4 cm, i.e. ~290 km) and ~15% (0.6 cm, i.e. ~38 km), respectively, at t5 (Figure 4.11,4.13b). Thus, the black silicone in SA04 and SA05 shortens less than in model SA02 (~24%), but still more than in SA01 (~7%) (Figure 4.15a). When comparing the two black silicone portions of SA05, we observe enhanced shortening in the part closest to the backwall, as in SA04 between the two orange silicone parts. This suggests once again the importance of this backwall, but also the transmitting behavior of the stronger lithospheric part closest to the trench. We note a temporary acceleration of shortening around minutes 40-50 in SA05, which can probably be attributed to the subduction-velocity anomaly described above.

The widening of the upper plate in SA04 is most pronounced close to the trench, accounting at t5 for ~15% (~3. 4-6.4 cm, i.e. ~224-425 km, for [c]), followed by ~8% close to the backwall (~1.9-2.5 cm, i.e. ~123-162 km, for [a]) and ~4% in the center of the overriding lithosphere (~1. 3-1.6 cm, i.e. ~85-103 km, for [b]) (Figure 4.10c). In model SA05, widening is maximal in the weaker portion [b] with ~19% (~3.6-6 cm, i.e. ~238-396 km at Earth-scale), while the black silicone portions accommodate only ~7% (~1. 1-2.1 cm, i.e. ~71-137 km, for [a]) to ~9% (~2.5-2.7 cm, i.e. ~164-177 km, for [c]). Widening progresses relatively homogeneously over time in experiment SA05, and also in parts [b] and [c] of SA04, while accelerated extrusion is observed for SA04 's part [c] between minutes [START_REF] Chase | Plate kinematics: The Americas, East Africa, and the rest of the world[END_REF][21][22][23][24][25][26][27][28][29][30]. When comparing the portions of the same materials within one experiment, we observe higher extrusion close to the trench, where the continental plate is less constrained. Also, once the upper plate is wider than the subducting plate, it becomes directly exposed to the mantle flow which can additionally promote its deformation. This results in a relatively important minimummaximum-range of widening, especially for the weaker orange silicone, represented by the attenuated areas in Figures 4.10c and 4.13c. This large variability in the width appears also in the calculated continental thickening. Maximum thickening for SA04 occurs close to the backwall with ~61% (~0.5 cm, i.e. ~32-34 km in nature, for [a]), followed by ~33% close to the trench (~0. 2-0.3 cm, i.e. ~13-21 km, for [c]), and only ~9% (~0.1 cm, i.e. ~4-5 km, for [b]) in the central black silicone, at t5, respectively (Figure 4.10d). The thickening calculated for the overriding plate of SA05 is most concentrated in portion [b] with ~80% (~0.6-0.8 cm, i.e. ~42-50 km), whereas the black silicone portions [a] and [c] accommodate only ~20% (~0.2 cm, i.e. ~11-14 km) and ~9% (~0.1 cm, i.e. ~4-5 km) by t5, respectively (Figure 4.13d).

Finally, we observe an interesting detail at the end of experiment SA05, as illustrated in the perspective view of Figure 4.16: the orange silicone is "uplifted" (compared to the flatter surroundings) at its interface with the portions of black silicone, and starts to "roll" over this latter. This observation has not been quantified in more details here due to a lack of time and proper topographic image-acquisition missing in our lab set-up. 

Outcomes from models SA04 and SA05 on the localisation of shortening in the upper plate

An overview of the deformational evolution of the continental lithosphere is provided in Figure 4.15.

From our experiments SA04 and SA05, we are able to conclude that the way in which the overriding plate is pre-structured plays a key role in terms of continental shortening. By taking materials of different properties, namely of various viscosities (black vs orange silicone) the distribution of deformation is modified. Shortening and thickening are clearly enhanced in the weaker orange silicone. When comparing models SA04 and SA05 after ~56.7 Myr of subduction (corresponding to ~73 and 70 minutes respectively), we determine ~26% and ~20% of shortening in the orange continental part, and ~9-16% in the black continental silicone (Figure 4.15a). The calculated continental thickening shows the same pattern: the orange silicone thickens by ~30-53%, whereas the black silicone accommodates only ~2-15% (after 75 minutes of subduction) (Figure 4.15c). Both bulk finite upper plate shortening (Figure 4.14b) and shortening rates are the highest in experiment SA04, where the continental plate is on average the weakest. The oceanic plate velocity is also found to be maximal in SA04 compared to the other models (Figure 4.14c). This suggests that the weaker the continental plate, the higher the velocity of the subducting plate and trench advance.

In terms of upper plate widening, the type of silicone also plays a major role, but less significantly than on shortening and thickening. In fact, part [c] in SA05 is made of black silicone and widens as much as the orange silicone part [a] in SA04, and the widening of these two portions is only slightly more important than that accommodated by the black silicone parts [b] of SA04 and [a] of SA05. We therefore conclude that a determining factor for widening is the proximity to the trench. Indeed, where the lithosphere is less constrained and in contact with the subducting slab, extrusion is enhanced (Figure 4.15b). The side effects limit the significance of the widths measured in our set-up, since such unconstrained plate boundaries are probably not realistic in nature. Anyhow, we notice that the probably exaggerated plate widening does not compensate for the shortening, since the calculated thickness increases steadily between t1-t5 (in the models SA02, SA04 and SA05). If the widening is overestimated in the putty-parts close to the trench, this results in an underestimation of continental thickening in these portions.

To put it in a nutshell, models SA04 and SA05 illustrate how the rheology of the upper plate and its pre-structuration control the distribution of deformation once the conditions are met to generate compression within the upper plate in a subduction context. They also more precisely illustrate that deformation (with shortening and thickening) is definitely promoted in the case that the upper plate is weak.

Discussion

Conditions to generate and localise upper-plate shortening

Our new experimental analog subduction set-up has proven to be able to produce clearly visible deformation in the upper continental plate. We demonstrate that in the configuration where plate convergence is not only driven by slab pull but also by a strong background mantle flow (i.e. in the experiments SA01, SA02, SA04 and SA05) the continental overriding lithosphere deforms with significant shortening and thickening (Figure 4.17).

We further identify two main factors promoting shortening and thickening in the upper continental lithosphere:

(1) The boundary conditions (Figure 4.3a vs. 4.3b), where the case of a fixed continental plate undergoing oceanic plate subduction driven by a mantle flow advancing towards the continent clearly favors upper plate shortening. The presence of a backwall (fixed continental lithosphere), interpretable as a ridge push force, obviously favors deformation and contributes to its localisation (Figure 4.17).

(2) A weaker upper plate is more deformable than a stronger one. The prestructuration of the upper plate is a requisite to localise the deformation, which is evidently promoted in the weaker orange silicone, compared to the black continental one (Figure 4.17). .17 -Sketches of final 3D-views resuming the main results of models SA03, SA01, SA02, and SA05. SA04 can be seen as a particular version of SA05 and is therefore not represented separately. For comparison with the Andean configuration, all models are represented with the subducting oceanic plate on the left (W, i.e. West) and the upper continental plate on the right (E, i.e. East). The black T-shaped pin symbolizes the backwall to which one plate is fixed.

As such, we can confirm that the underlying mantle flow and the backwall exert the major driving forces necessary to induce compressive stresses in the upper plate and from there deformation. From the models tested in the available time here, it is difficult to separately determine the influence of mantle flow and backwall, because we were not able to test both subduction-configurations (Figure 4.3a,b) with varying mantle flow velocities or patterns. Indeed, in our experimental set-up, it is not possible to check the configuration of a constrained continental lithosphere with a mantle flow coming from beneath the upper plate (corresponding to the mantle flow direction in model SA01). Anyhow, those two parameters essentially condition the net trench motion (Figure 4.17). Net trench advance is seen to be required to trigger compression in the continental lithosphere. In model SA03, the trench retreats, wherefore we observe continental plate extension. In the particular case of SA01, trench retreat is observed but this retreat appears less important than the movement of the upper plate toward the trench driven by the underlying mantle flow, resulting in an absolute advance between the trench and the upper plate, and producing reduced upper plate compression, here. Significant net trench advance occurs when mantle flow is high and the continental plate is inhibited to retreat (i.e. continent fixed to the backwall) as in experiments SA02, SA04 and SA05 (Figure 4.17). This is in line with outcomes from numerical modeling (e.g. [START_REF] Cerpa | The interplay between overriding plate kinematics, slab dip and tectonics[END_REF][START_REF] Guillaume | Slab dip, surface tectonics: How and when do they change following an acceleration/slow down of the overriding plate?[END_REF]Wolf & Huisman, 2019) suggesting the necessity of a net convergence velocity exceeding the average speed of slab retreat and sinking to put the upper lithosphere under compression and to deform it. Sobolev et al. (2005) argue that a high overriding rate would be imperative to obtain the amount of shortening observed in the Central Andes, based on numerical modeling, too. Laboratory experiments of [START_REF] Espurt | Flat subduction dynamics and deformation of the South American plate: Insights from analog modeling[END_REF] suggest that the velocity of the upper plate has to be higher than that of trench retreat to trigger shortening in the overriding plate, hence in combination with forced subduction of a buoyant oceanic plateau and with constant piston-induced upper plate motion. These former results highlighting the possible importance of the absolute subducting-overriding plate motion are confirmed by our analog modeling results with the new mantle flow configuration.

Laboratory models focussing on collision driven by piston-push also proposed that important plate convergence resulting in a comparative trench advance favors the transmission of part of the driving forces towards the upper continental plate [START_REF] Pitard | Mantle kinematics driving collisional subduction: Insights from analogue modeling[END_REF]. Comparatively, in our experiments, the net trench advance causes the transfer of forces, which drive the subduction, to the upper plate. This latter absorbs the convergence by deformation -in our analog set-up through shortening, thickening and extrusion on the free side edges.

We were only able to test the two extreme cases of zero and high mantle flow. Slower mantle flow velocities should probably result in intermediate scenarios, and we can postulate that a threshold velocity exists under which the upper continental plate does not deform -beneath this threshold, the system would balance to extension, above it to compression. This remains to be tested by a future set of experiments.

The main factors described here are very probably not the only parameters responsible for the onset, long-term maintenance and distribution of Andean-type overriding plate compression and deformation. The combination with other promoting factors is likely, as herited pre-structuration of the continental crust (e.g. thickened, weakened or extended), or intensified friction at the subduction interface (Sobolev et al., 2005), for example. Several authors attribute a major role to the presence of flat slab segments resulting in strong coupling between the overriding and subducting plates (e.g. [START_REF] Martinod | Horizontal subduction zones, convergence velocity and the building of the Andes[END_REF][START_REF] Martinod | Effect of aseismic ridge subduction on slab geometry and overriding plate deformation: Insights from analogue modeling[END_REF]Martinod et al., , 2020) ) when addressing the issue of Andean-type deformation. We observe indeed reduced dip in the upper slab parts in our experiments accommodating most compression, but we interpret this flattening more as an accompanying than a causal factor, and as resulting from the general mechanical boundary conditions (i.e. the driving forces exerted by the mantle flow and the backwall), which also allow for continental compression. This interpretation is supported by the recent work of [START_REF] Lossada | Detrital Thermochronology Reveals Major Middle Miocene Exhumation of the Eastern Flank ofthe Andes That Predates the PampeanFlat Slab (33°-33.5°S[END_REF] describing a temporal shift between the onset of deformation and potential flat slab segment formation beneath the Central Andes at ~33°S. In summary, by our new modeling approach, we determined the boundary conditions necessary to trigger shortening and thickening in the upper continental plate. We modeled, for the first time to our knowledge, a pre-structured continental lithosphere deformed in a subduction context, and showed that deformation is localised in the pre-weakened regions of the upper plate.

Analogy to Andean orogeny

The last objective of this modeling work was to test the effect of an upper-plate pre-structuration on its resulting shortening pattern, with the aim to better understand, to the first order, the Central Andean context. Structurally, the South American subduction margin can be subdivided at ~20-22°S into three main ensembles (see Figure 2 in the General Introduction of this thesis, and chapter 1), from west to east : (1) the Marginal block (after [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], ( 2) the Andes-Altiplano, and (3) the Brazilian Shield. The Marginal Block and the Brazilian Shield are relatively rigid upper plate features, fewly affected by crustal shortening (e.g. [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF]2015;[START_REF] Wölbern | Receiver function images from the Moho and the slab beneath the Altiplano and Puna plateaus in the Central Andes[END_REF]and references therein). From there, the Andes-Altiplano appears as an orogenic system built up through crustal shortening and thickening localised in the supposedly initially weaker portion of this continental margin (e.g. [START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], in between two rigid blocks.

Our model SA05 is the one which represents best the compressional pattern encountered along the western margin of the South American plate. In this experiment, we approximately scaled the widths of the three silicone portions to the Central Andean setting, with a narrow strong continental part at the contact with the subducting plate representing the Marginal Block, followed by a weaker plate-portion as analogue for the Andes-Altiplano, and with a vast strong eastern part mimicking the Brazilian Shield (Figure 11c in the General Introduction of this thesis). The backwall can cautiously be compared to the Atlantic lithosphere exerting a ridge push force, even if not scaled properly to the natural setting. In this experimental configuration, the plate convergence triggers compression and localisation of deformation resembling -to the very first order -the Central Andean configuration. The shortening found from our modeling is probably underestimated because the upper plate does in our set-up not move towards the trench, as it is the case with the South American plate which moves towards the West (e.g. [START_REF] O'neill | On the uncertainties in hot spot reconstructions and the significance of moving hot spot reference frames[END_REF][START_REF] Schellart | Overriding plate shortening and extension above subduction zones: A parametric study to explain formation of the Andes Mountains[END_REF]. Once scaled to natural dimensions, the plate convergence is quite low (~2-3 cm/yr in SA05) and the proportion of this convergence accommodated by shortening is quite high (at the order of one third for SA05). For the Central Andes we are rather on a ratio of 1 to 8 (shortening of ~1 cm/yr, for 8 cm/yr of plate convergence -e.g. [START_REF] Brooks | Orogenic-wedge deformation and potential for great earthquakes in the central Andean backarc[END_REF][START_REF] Norabuena | Space geodetic observations of Nazca-South America convergence across the Central Andes[END_REF].

The major limit here is however the material used, since silicone tends to distribute the shortening homogeneously over its entire extent, even if the experimental boundary conditions (namely at the plate edges) modify this distribution. Despite merging silicones of different rheologies together, this set-up highly simplifies the nature-like pre-structuration of the continental lithosphere. We showed that deformation is preferentially localised in the weakest part of the continental plate, but we were not able to properly mimic the tectonic ensembles of the Andean orogen in detail, which would either necessitate an ad-hoc structuration at a much finer scale or the use of an analog material able to localise deformation and generate faults. Nevertheless, in Figure 4.16 we observe that the orange silicone is "uplifted" (compared to the flatter surroundings) at its borders with the black silicone parts, and starts to "roll" over this latter. This could be tentatively -but very cautiously -interpreted as the overthrusting of the tectonic features described along the East and West Andean flanks.

Conclusion

To summarize, we successfully created a new analog set-up where compressional deformation within the continental lithosphere is produced in the context of a subduction driven by imposed background mantle flow rather than by imposing a constant-velocity boundary condition. We figured out that the boundary conditions that favor and promote important shortening and thickening in the overriding plate are (1) active underlying mantle flow as driving force for the subduction (buoyancy-driven subduction is not sufficient), and (2) a backwall to which the continental plate is fixed, as analogue for a ridge-push force. Under these two conditions, net trench advance occurs, enabling the transmission of the forces -which are necessary to shorten and thicken the upper continental plate -from the subducting to the overriding plate.

Additionally, we showed that a pre-structuration of the continental lithosphere favors the localisation of deformation, and we presented, for the first time to our knowledge, a model comparable to the first order to the Central Andean configuration, with the highly deformed Andes-Altiplano between two rigid blocks (the Marginal block and the Brazilian Shield), in line with the described pre-weakened regions within the South American plate.

These new and promising results contribute to elucidating one of the main questions about Andean orogeny, which is "Why the Andes exist?" -and open towards a plenitude of perspectives on models to be tested to deepen our understanding of the initiation and evolution of Andean-type orogeny. The ideas emerging from these outcomes will be taken up in the following concluding chapter of this thesis.

CONCLUSION & PERSPECTIVES

When ?

Various (direct or indirect) observations on the difference in cumulated folding and shortening of Cenozoic and Mesozoic layers in the area of the WAFTB reveal that the major part of Andean deformation at ~20-22°S has been accommodated prior to the sealing of the Choja Pediplain -i.e. the erosional surface separating these units -by the ~29-5 Ma old sediments of the Altos de Pica Formation. The youngest conformably folded Mesozoic units involved in the WAFTB -where it crops out -bear ages of ~68 Ma in the Quebrada Blanca area. There, the WAFTB is cartographically unconformably intruded at few places by volcanic intrusions dated to ~44 Ma. From there, it becomes possible to delineate the main period of activity of the WAFTB between ~68-29 Ma, and possibly even to ~68-44 Ma (chapter 1).

My new thermochronological data and their modeling using QTQt code (chapter 2) shows that the earliest compressive deformation along the western Andes at ~20-22°S can be documented by deciphering the exhumation history of the basement above the ABT. This exhumation is found to have initiated by ~100-85 Ma and was mainly finished by ~50-45 Ma (chapter 2).

Altogether, these results indicate that the main shortening in this part of the orogen occured between ~100-85 and ~29 Ma, and possibly in a shorter time interval form ~100-85 to ~44 Ma, after which compression slowed down significantly along the western margin of the Andes at this latitude. As such, an initiation of Central Andean orogeny by Late Cretaceous times is supported by the outcomes of my thesis work. This timing is earlier compared to a wide range of ages proposed previously at the Bolivian Orocline, but in agreement with some other works. As such, my thesis work provided an important additional piece to the puzzle on the question of when the Andes started to grow.

How?

I already began to address this issue through answering the "where" and "when" questions about the early Andean orogeny. Indeed, the shortening I have documented appears to be accommodated by two major west-vergent structural systems, the ABT and the WAFTB. In chapter 3, I investigated how these two structures can be integrated in their broader geological context in order to better understand the architecture of the whole West Andean flank. As such, I integrated topographic, geomorphological and seismic data to propose a structural reasoning on the crustal-scale geometry of the western Andean flank at ~20-22°S (chapter 3).

From this analysis, I propounded that the individual thrust-structures constituting the major west-vergent WAFTB connect onto a common décollement at ~3 km depth a.s.l., i.e. ~6 km beneath the current mean-topographic surface at ~69°W. The deformation started by ~100-85 Ma along the ABT when the Paleozoic basement was thrusted westward over the Mesozoic sediments. Until ~68 Ma, the shortening was concentrated along the ABT (by ~69°W), before propagating westward to form the WAFTB by folding and thrusting the Mesozoic deposits. Until ~50-45 Ma, shortening occurred simultaneously on both the ABT and the WAFTB, and is therefore attributed to the same protracted compressional event.

The ABT appears now locally sealed by Cenozoic sediments and can be considered as inactive. The WAFTB remains active, even though its deformation rates significantly decreased after ~29 Ma (starting possibly by ~44 Ma). Various studies documented the eastward propagation of the deformation by ~40-45 Ma, towards the Altiplano Plateau, the Eastern Cordillera, and further east. As such, the ending of the main-activity of the ABT by ~44 Ma, and possibly also of the WAFTB (by ~44-29 Ma), is interpreted as resulting from the regional slowing-down of the compressional process that caused the formation and deformation of these west-vergent structures along the West Andean flank at ~20-22°S, most probably accompanying the transfer of Andean deformation towards the East.

Hence, the "how" the Andes started growing has been better clarified in this crucial part of the mountain belt.

How much ?

From investigations at the local-scale on the Quebrada Blanca and Pinchal areas, I determined a strict minimum shortening of ≥ 2.6 km on the ABT and of ≥ 3-9 km on the few outcropping structures of the WAFTB (chapter 1). In terms of exhumation, the thermochronological analysis of the basement-rocks in the hanging-wall of the ABT revealed that those Paleozoic rocks originated from at least ~6.3 km depth at the onset of exhumation, and located at ~1 km depth at the end of the main period of the ABT's activity (chapter 2). As such, a minimum exhumation of ~5.3 km is documented.

Integrating these outcomes in the broader geological framework of the Western Andes, by combining these results with multi-scale seismic, topographic and geomorphological observations, I conclude that a total E-W-shortening of ~40-50 km is attributable to the ABT and WAFTB together. This corresponds to ~44-50 % of shortening at the scale of the ~50 km wide western flank at ~20-22°S (chapter 3). In detail, the WAFTB accommodated ~23-36 km of shortening as quantified from a section at the Quebrada Blanca latitude (~20°45'S), whereas the ABT absorbed a minimum shortening of ~15 km, as inferred from a section at the Pinchal latitude (~21°30'S). These ~40-50 km correspond to ~10-17 % of the total finite shortening across the entire Central Andes.

This work provides constraints in terms of deformation rates, too. An average exhumation rate of ~0.13-0.15 mm/yr characterizes the main phase of the ABT's activity, between the Late Cretaceous to the Early Eocene (chapter 2). An average shortening-rate of ~1 mm/yr between ~100-45 Ma is deduced from the results obtained on total shortening and on the timing of deformation, a value higher by 1 order of magnitude compared to the period of slower deformation since ~29 Ma (chapter 3). These rates remain low compared to the current ~10 mm/yr of shortening along the East Andean flank as inferred from GNSS studies.

When compared to the total crustal shortening of ~300-400 km across the whole Central Andean orogen, the here estimated ~40-50 km of shortening accommodated by the WAFTB and the ABT may seem negligible. However, they correspond to the overall deformation accommodated only during the early stages of Andean orogeny, and are therefore to be considered as significant at this specific period of time -an effect which has been widely dismissed in previous studies. The "how much" the West Andean flank contributed to mountain-building seems therefore an important part in understanding the Andes.

Immediate perspectives from this first part of my thesis

These outcomes could be further enhanced, by deepening and enlarging these investigations. Some data can be improved qualitatively, others quantitatively. The question of "where" can be further enlightened by continuing the tracking of the ABT north and south of where it has been pointed out in my thesis work and by previous studies. At the Quebrada Blanca latitude, this basement-over-Mesozoic-contact is hidden beneath Cenozoic volcanics. One possible way to solve for its existence at this latitude and, if applicable, for its geometry at depth, would come from seismic profiling or borehole drilling across the Pampa Caya. New constraints on the geometry of the ABT at depth could also greatly contribute to better delineate how much deformation has been accommodated by this basement thrust system. Furthermore, better constraints on the deep geometry of the WAFTB hidden beneath the Atacama Bench, and most specifically on the geometry of the folded Mesozoic units buried under the Altos de Pica Formation, would be helpful to better resolve the deformation of this fold-and-thrust belt. New seismic acquisitions across this region, with a better deep resolution and extending further west and east compared to the ones realized in 1999, would likely allow for improving the identification of the buried units, their geometries, and on this basis their cumulated deformation. Especially the exact location of the deformation front, that is to say where the most frontal thrust of the WAFTB emerges at the surface, is an important point to explore.

Borehole and well data, with additional ages and time constraints at the regional scale on the Cenozoic deposits of the Altos de Pica Formation, could be beneficial to more precisely discuss the relative timing of the identified folds and thrusts from the chronology of identified growth layers. This would also allow for verifying if the base of Cenozoic deposits is synchronous everywhere (~29 Ma), or if lateral variations may emerge, for instance as westward younging.

Additionally, the multi-scale approach I applied at some sites (chapter 3), combining the inferred deep geometry with topography and geomorphology at the surface, appears as a promising way that should be exploited in other zones, such as at the latitude of Pinchal to connect to the investigated field site, but also elsewhere along the whole West Andean flank and Atacama Bench. Altogether, these data would not only improve our understanding of the "where" and "how", but also of the "when" and "how much".

Further solving the issue of the "when" passes evidently by improved thermochronological analyses. Herefore, more samples of basement rocks along strategic profiles would be beneficial. Further completing the initiated vertical profiles could be interesting. Our results from chapter 2 could be completed, in particular, by better constraining the hotter, older part of the thermal history. An option to do so can be by acquiring samples from higher altitudes in the Pinchal area. Obtaining samples with a larger number of zircons would furthermore allow for realizing supplementary zircon (U-Th)/He analyses, as well as zircon fission-track thermochronology. In addition to this and other possible vertical profiles, sampling could be undertaken along horizontal profiles crossing the various basement-complexes from east to west. In the framework of my PhD thesis, I had planned initially to resample at Maksaev and Zentilli (1999)'s sites at the Pinchal latitude -a mission finally not realizable because of the travelling restrictions related to the Covid crisis. Also the sampling site of [START_REF] Reiners | Low-temperature thermochronologic trends across the central Andes, 21[END_REF] would be interesting to re-investigate, as well as other basement ensembles of the Sierra de Moreno and at the Quebrada Blanca latitude.

Part II: Modeling the initiation of Andean orogeny

In the second and last part of my thesis, I tempted to investigate the wide question:

Why did Andean orogeny initiate?

In chapter 4 of my thesis, I was able to partly address this question, using a new analog modeling set-up. The originality of this modeling consisted in tracking the deformation of the upper continental plate in the context of a subduction driven by imposed background mantle flow, rather than by imposing a constant-velocity boundary condition.

The mechanical conditions that favor and promote important shortening and thickening in the upper continental lithosphere have been found to be: (1) active underlying mantle flow as a driving force for the subduction, and (2) a backwall to which the overriding continental plate is fixed, interpretable as a ridge-push force. These modeling outcomes illustrate that the net trench advance reproduced in these conditions enables transmitting compressive forces from the subducting to the overriding plate -a situation which triggers upper plate shortening and thickening.

As such, an important key point to understand the general process of why Andean mountain-building began has been determined.

In a second step, the localisation of deformation has been investigated and found to be notably linked to the pre-structuration of the continental lithosphere. Probably for the first time, my thesis presents an analog experiment comparable to the Central Andean configuration, to the first order, where the strongly deformed Andes-Altiplano between two rigid blocks (the Marginal block and the Brazilian Shield) is modeled. This supports previous geological and geophysical studies emphasizing the existence of pre-weakened regions within the South American plate to deliver elements explaining the issue of localising the deformation in the area of the Andes-Altiplano, about 100 km away from the coast and more than 200 km from the subduction trench. As such, these results also provide some first-order hints on "how" and "where" Andean deformation proceeded after initiation.

Immediate perspectives from the second part of my thesis

These promising outcomes shed some new light on the question of why the Andes exist. A plenitude of perspectives to better understand the initiation and evolution of Andean-type orogeny are opened by those preliminary analog experiments.

If I had more time during my thesis, I would have performed quantitative analyses based on particle image velocimetry (PIV) analysis of the successive images, which would have allowed me to more precisely identify incremental and finite deformation. I initially planned 4 weeks of analog modeling in April 2020 (not realizable due to restrictions linked to the Covid crisis) where I could have tested numerous configurations and parameters. The five days of analog experiments at Géosciences Rennes in June-July 2021 turned out however to be already very promising. Namely pre-structurating the upper continental plate has been successfully integrated in two of my models (chapter 4). To take additional advantage of these modeling results, it would be interesting to examine the topographic evolution in this setting in 3D by photogrammetry. Adding four cameras slightly inclined above the modeling box, acquiring photos simultaneously, would provide rich and promising supplementary data. Ongoing investigations using the same modeling box at Géosciences Rennes are yet planned for the first half of 2022, to test additional configurations in the framework of a Master's degree internship accompanied by my colleagues and me.

One of the first steps in moving forward from this preliminary modeling could consist in testing the effect of different mantle flow velocities. This is of primary interest in order to determine a possible « limit » velocity, i.e. where the trench is stable. If neither trench retreat, nor advance occurs, in theory, neither extension nor shortening should occur in the continental upper plate. Here, it will also be interesting to see if this limit is found in a narrow or wider range of velocities, and how it relates to the rate of spontaneous trench retreat, i.e. the rate of trench retreat in the case of no mantle flow.

A next parameter to test could be the plate width. Indeed, larger plates and larger subduction zones have been suggested to influence the mantle flow pattern (e.g. [START_REF] Schellart | Evolution and diversity of subduction zones controlled by slab width[END_REF]. Since the Andean subduction margin extends over several thousands of kilometers, investigating this point could shed further light on the mechanical conditions determining why and how deformation is triggered and distributed within the upper plate. Anyhow, the dimensions of the experimental box are a limiting factor, as well as the fact that the larger the silicone putties, the more difficult they are to manipulate.

To better define the basic conditions, experiments without backwall could be envisioned: if neither the continent nor the oceanic plate are fixed, this would allow for studying in more detail the influence of the mantle flow direction -that is to say the influence of whether underlying flow comes from the side of the continental or of the oceanic plate -on the slab behavior and on the upper plate deformation. For such a configuration with freely moving plates, it might be necessary to use a larger box. An alternative approach could be to fix both plates to two different backwalls. The ideal would be to have two flows, one from each side, since converging plates on Earth probably involve at least two convection cells, with opposite directions. In the laboratory, this supposes technical implementations not yet in place because they are potentially difficult, perhaps impossible.

The mantle flow is also interacting with the subducting slab, which can be blocked at the 660 km discontinuity (as in the models of chapter 4 and generally in analog experiments), but it can also penetrate into the lower mantle. This will very probably influence the functioning of several elements of the subduction system -as the one I am particularly interested in: the upper plate deformation (e.g. [START_REF] Faccenna | Initiation of the Andean orogeny by lower mantle subduction[END_REF]. Creating an analogue experiment enabling to test under which conditions slab penetration can occur, and how this penetration has an impact or not on the deformation of the upper plate, would probably necessitate a completely new set-up -if realizable by analog modeling.

Another testable hypothesis in future analog experiments is that of the impact of portions of flat slabs in the triggering of deformation in the upper plate. Such flat slab geometry has been proposed to relate to the existence of features within the oceanic plate such as oceanic ridges, or lighter oceanic plateaus. Some previous studies introduced portions of enhanced buoyancy in the subducting oceanic slab, but in piston-push configurations only [START_REF] Espurt | Flat subduction dynamics and deformation of the South American plate: Insights from analog modeling[END_REF][START_REF] Martinod | Effect of aseismic ridge subduction on slab geometry and overriding plate deformation: Insights from analogue modeling[END_REF]. These could be enhanced using the configuration tested in this thesis, with a pre-structured oceanic lithosphere.

Finally, another interesting point concerns the timing of deformational evolution and localisation of the shortening in the upper plate, by comparison to what we know for the Andean orogeny. For instance, can we see a propagation of the shortening from west to east over time? It remains open if the current set-up and materials can allow for following such an evolution in detail. The silicone used to simulate the upper plate is not a localising material. Therefore, a perspective on the longer term could consist in searching for a new analog material enabling such experiments. Some details linked to the general question of the "why" remain unresolved. For instance, beyond the 2D propagation issues proposed as perspectives, it would be highly intriguing to enlarge the framework in order to explore the orogenic spreading in it's three spatial dimensions over time. This point will be further deepened in the following final section.

A step further: enlarging the perspectives

My thesis work provides new strong constraints on the early period of Andean orogeny, completing the big puzzle aiming at better understanding the main questions of "where", "when", "how" and "why" the Andes started to arise. However, various points remain un-answered -this is the beauty of human curiosity: questioning is never ending. Some of those questions have been asked in the introduction of my thesis: Do we observe a characteristic pattern of deformation propagation across and along the orogen's strike, and if so, why? What are the mechanical conditions for it? How and where is the deformation located and what factors determine this distribution?

The propagation of the deformation across the Andean orogen is widely admitted. As developed in my thesis, orogeny initiated along the nowadays Western Cordillera, before propagating towards the eastern part of the mountain-belt. This is documented at the latitude of the Bolivian Orocline (~16-22°S), but also at other sites along the Central Andes -with possibly comparable first-order structural style, but, however, with different timings.

For instance, at the latitude of Santiago the Chile by ~33°30'S , the kinematics of the early orogenic stages seem very similar to what is proposed further north at ~20-22°S, based on some recent investigations [START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Riesner | Kinematics of the active West Andean fold-and-thrust belt (central Chile): Structure and longterm shortening rate[END_REF][START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF][START_REF] Riesner | Early exhumation of the Frontal Cordillera (Southern Central Andes) and implications for Andean mountainbuilding at ~33.5°S[END_REF]. There, the range is in fact much simpler, with a narrower width and less structural units, and also much younger. Indeed, orogeny is suggested to begin there by ~20-25 Ma (e.g. [START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF][START_REF] Riesner | Early exhumation of the Frontal Cordillera (Southern Central Andes) and implications for Andean mountainbuilding at ~33.5°S[END_REF], i.e. ~70-80 Ma later than what I found out at ~20-22°S (chapter 2). The general evolution remains similar, with initial west-vergent crustal and lithospheric structures on the present-day western flank, which have been progressively abandoned over time in favor of structures further east [START_REF] Riesner | Évolution tectonique des Andes centrales (33°S) : Implications sur la mécanique des chaînes de subduction[END_REF]. As such, the across-strike propagation of deformation from west to east is well documented at these two latitudes and appears comparable at their initial ~20-50 Myr long stages, even though separated by more than 10° of latitude in between.

A further perspective would therefore consist in exploring sites along the Central Andes to connect these two existing sections, in order to see if this deformational pattern is also valid elsewhere. If yes, this would further support the previous results from my thesis and from that of Magali Riesner's thesis [START_REF] Riesner | Évolution tectonique des Andes centrales (33°S) : Implications sur la mécanique des chaînes de subduction[END_REF] at the Santiago latitude, and indicate that a comparable evolution -characterized by across-strike orogenic growth mainly from W to E -can probably be generalized all along the Central Andes. Or in other words, it would further support the idea that initiation of deformation on westvergent crustal and lithospheric structures, before a transfer of deformation further east onto the continent, could be characteristic of Andean mountain-building, and possibly of subduction-type orogens in general.

The timing shift between both latitudes evoqued just above is a first indicator suggesting that Andean mountain-building also experiences a propagation of deformation along-strike. As developed in the General Introduction of my thesis, indicators exist that Andean orogeny started asynchronously along the mountain-belt (e.g. [START_REF] Jordan | Extension and basin formation in the southern Andes caused by increased convergence rate: A mid-Cenozoic trigger for the Andes[END_REF][START_REF] Mpodozis | Cenozoic Tectonics and Porphyry Copper Systems of the Chilean Andes[END_REF][START_REF] Charrier | Tectono-stratigraphic evolution of the Andean Orogen between 31 and 37°S (Chile and Western Argentina)[END_REF][START_REF] Horton | Sedimentary record of plate coupling and decoupling during growth of the Andes[END_REF][START_REF] Horton | Tectonic Regimes of the Central and Southern Andes: Responses to Variations in Plate Coupling During Subduction[END_REF][START_REF] Chen | Southward propagation of Nazca subduction along the Andes[END_REF], and some authors already proposed a diachronic evolution (e.g. [START_REF] Kley | Geologic and geometric constraints on a kinematic model of the Bolivian orocline[END_REF][START_REF] Picard | Direction and timing of uplift propagation in the Peruvian Andes deduced from molecular phylogenetics of highland biotaxa[END_REF][START_REF] Barnes | End member models for Andean Plateau uplift[END_REF][START_REF] Ramos | The tectonic regime along the Andes: Present-day and Mesozoic regimes[END_REF][START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF][START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF][START_REF] Chen | Southward propagation of Nazca subduction along the Andes[END_REF]. The characteristic shape of the Andean orogen -with largest widths in its central part, namely at the Bolivian Orocline, and narrowing towards the north and south -is observable in satellite and map view (Figure 1 of the General Introduction) and is interpreted here as reflecting a difference in total cumulative shortening. This observation is a first argument for the possible along-strike evolution of the Andes, from the Bolivian orocline towards the north and south in the direction of decreasing current orogenic volume.

Thanks to the data I provide in my thesis, in comparison with works at ~33°30'S (e.g. [START_REF] Riesner | Revisiting the Crustal Structure and Kinematics of the Central Andes at 33.5°S: Implications for the Mechanics of Andean Mountain Building[END_REF][START_REF] Riesner | Early exhumation of the Frontal Cordillera (Southern Central Andes) and implications for Andean mountainbuilding at ~33.5°S[END_REF], the idea of an along-strike growth is further sustained. Starting probably during the Late Cretaceous at the Bolivian orocline latitude, compressional deformation propagated southward and reached the Santiago latitude by the time of the Oligocene-Miocene transition. Towards the north, [START_REF] Picard | Direction and timing of uplift propagation in the Peruvian Andes deduced from molecular phylogenetics of highland biotaxa[END_REF] demonstrated through a phylogeographic and phylochronologic analysis that the Peruvian Andes grew longitudinally from south to north. These authors point to the Bolivian Orocline, too, as the region where high elevations were first attained. A bilateral propagation along the Andes can therefore be suggested, but this postulate has to be further confirmed and documented in more details.

Even if the idea of bilateral growth along the Andes has been indicated since ~20 years by some authors (e.g. [START_REF] Kley | Geologic and geometric constraints on a kinematic model of the Bolivian orocline[END_REF][START_REF] Barnes | End member models for Andean Plateau uplift[END_REF][START_REF] Ramos | The tectonic regime along the Andes: Present-day and Mesozoic regimes[END_REF][START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], additional data is needed. The method I used in my thesis (partly similar to what has also been done at the Santiago latitude in Magali Riesner's thesis work, 2017), combining structural geology and thermochronology data on the West Andean flank, is promising to explore and document the idea of an along-strike-growth of the Andes. A research project regularly submitted over the past 3-4 years (ANR), where I would be involved in, aims precisely at linking the western Andes of Chili and Peru through such approach. Namely thermochronolgical analyses and the construction of structural crosssections at various latitudes between Santiago de Chile (~33°S) and Central Peru (~10°S) appears as a promising way to shed further light onto this question.

I already began such investigations in parallel to my thesis, at the latitude of ~30°S, in a preliminary way. Using the same method as in chapter 2 of my thesis, I started modeling with Audrey Margirier the exhumation of basement-rocks from the Elqui Valley, ~500 km north of Santiago de Chili. From the modeling of the thermochronological samples collected by my colleagues (Robin Lacassin, Daniel Carrizo and Magali Riesner) as well as data recently published by [START_REF] Lossada | Thermochronologic evidence for late Eocene Andean mountain building at 30 S. Tectonics[END_REF], I obtained first preliminary results suggesting that exhumation could have started as early as ~80-70 Ma at ~30°S. This exhumation appears rapid up until ~25 Ma at least. These preliminary results reveal an age of initiation of basement exhumation -and possibly of Andean orogeny -at this latitude intermediate between our results at ~20-22°S (chapter 2) and those of [START_REF] Riesner | Early exhumation of the Frontal Cordillera (Southern Central Andes) and implications for Andean mountainbuilding at ~33.5°S[END_REF] at ~33°30'S.

I also imagine addressing this issue through analogue modeling. This was already an idea I would have liked to test during the experimental series initially planned at the Laboratory of Experimental Tectonics in Roma. Whether modeling diachronic propagation of compressional deformation in the three dimensional space is doable with silicone putties is questionable. As evoqued before, it will probably first be necessary to solve the problem of using localising materials -maybe by reinvestigating those used in early laboratory experiments (e.g. Shemenda, 1984Shemenda, , 1992;;Shemenda & Grocholsky, 1992). Another perspective could one day possibly consist in numerical experiments, but until today the modeling in the three dimensional space over long-geological times remains numerically challenging.

Finally, the overall "Why the Andes" remains linked to the apparently sudden switch from a classical Mariana-type subduction to the Andean-type configuration -that is to say passing from upper-plate-extension to -compression -after millions of years of relatively steady subduction. This issue, still open, is waiting for being further deepened in the future. Neither the trishear angle, nor the P/S ratio are deductible from geological observations (Allmendinger & Shaw, 2000), while their effect on folding is crucial as pointed out by various studies (e.g., Hardy & Ford, 1997;Allmendinger, 1998;Zehnder & Allmendinger, 2000). With the aim to satisfactorily reproduce the geometry of the folded Mesozoic units and the tilt of the Cenozoic strata cover (Figures 5 and 10), we tested numerous combinations of parameters, in the range of values considered as reasonable in the cited studies, and regarding our geological constraints. By trial and error, we thus establish a set of best-fitting parameters for Quebrada Tambillo and Quebrada Blanca respectively, indicated in Tables S1 to S3. We recognize here that these may not be unique but only represent possible geologically viable solutions.

Results

The final stages (i.e. present-day deformation pattern) of our best fitting models are represented in Figure 13 (main text), together with the corresponding structural cross-section. The cumulative shortening, as constrained by the trishear modeling, in agreement with our geological cross-sections, is of 3.1 km for Quebrada Tambillo, and of 6.6 km for Quebrada Blanca (Figure 13). We recall here that these values account for folding and fault slip, but only for the westernmost anticlines and the two study sites.

Figures S20 and S21 illustrate the various stages of folding and fault propagation of our models, and complement the findings and discussion of section 6.3 in the main text. Some chronological constraints can be added to these various stages using geological observations, from the initial conditions prior to folding (~68 Ma), the first Cenozoic syn-tectonic deposits (~29 Ma) and to the present-day situation (0 Ma). Considering this, we find that most folding occurred prior to the first Cenozoic deposits of the Altos de Pica Formation at ~29 Ma (stage 3 on Figures S20-S21): before ~29 Ma, 2.6 km (out of the total 3.1 km) and 6.2 km (out of the total 6.6 km) of shortening had been completed for Quebrada Tambillo and for Quebrada Blanca, respectively. After ~29 Ma, the amount of additional shortening is only of 0.5 km and 0.4 km for Quebrada Tambillo and Quebrada Blanca, respectively, and corresponds to less than 20% (16% and 6%, respectively) of the total shortening, even though the duration of both time spans (~68-29 Ma and ~29-0 Ma periods) is of the same order. These findings are further represented on the graph of Figure 13d in the main text). (Allmendinger, 1998) in the case of the Quebrada Tambillo section, with chronological constraints provided from geological observations and data (see section 6.1 in main text). The black horizontal arrows underline the cumulated shortening at each stage. The final stage (present-day situation) is overlapped with our structural cross-section. Model parameters are provided in Table S2. In final stage, fault segments are numbered as in Table S1.

Figure S21.

Outcomes from trishear modeling performed with FaultFold Forward v.6 (Allmendinger, 1998) in the case of the Quebrada Blanca section, with chronological constraints provided from geological observations and data (see section 6.1 in main text). The black horizontal arrows underline the cumulated shortening at each stage. The final stage (present-day situation) is overlapped with our structural cross-section. Model parameters are provided in Table S3. In final stage, fault segments are numbered as in Table S1. S1. Range of tested parameters for the trishear modeling performed with FaultFold Forward v.6 (Allmendinger, 1998). Trial and error forward modeling lead to ~65 tested models for Quebrada Tambillo and ~100 models for Quebrada Blanca. Best results came out with a fault-ramp composed of 4 segments for Quebrada Tambillo, and 3 segments for Quebrada Blanca; segments are here numbered from the deepest to the shallowest. Fault position (tips and bends) and slip on the fault are derived from our geological cross-sections. Initial layer dip angles are chosen in view of the current topography in a range of reasonable initial geometries, which allow to correctly reproduce the sections. The trishear angle controls the size of the deformed area, the P/S (propagation/slip) ratio controls the degree of folding accommodated in the trishear zone. Values for both parameters were tested based on values described as common in the literature. Concerning the inclined shear angle, best fit is obtained with parallel folding for all stages. The inclined shear angle controls the shape of the fold backlimb (Cristallini & Allmendinger, 2002). Table S3. Best-fit parameters for the trishear modeling performed with FaultFold Forward v.6 (Allmendinger, 1998) at Quebrada Blanca. Model results are illustrated on Figure S21.

Stage Fault angle

Additional Supporting Information (Files uploaded separately) Data Set S1. Georeferenced dataset (field-logistics.kmz) for visualization (e.g. on Google Earth) of strategic points and paths for the realization of our field missions (in 2018 and 2019). Data points are organized in self-explaining folders:

The folders "major roads" and "dirt tracks" contain lines showing the main paths we followed. Pink, red and orange lines are practicable by (4W drive) cars. White lines are practicable by foot only. Pay attention that we followed the "dirt tracks" for the last time in January 2019. In the case of subsequent rain, even moderate, part of the tracks may have become impracticable by car since then. The folder "guiding points" comprises strategic (turning-) points on the road, towns and the position of our base-camp in the Pinchal area. Please leave the base-camp always clean and tidy, in the same way as you wish to find it. There, we enjoyed the moon and the stars while cooking excellent French-German-Chilean dishes.

The folder "GPS positions photos" includes two sub-folders for the two investigated areas with the localisations of the field photographs equivalent to those depicted on the structural schemes (Figures 4,9 and S13). Color and symbol of the point-markers give additional information: Paddle symbol stands for view points, pushpin symbol for pictures illustrating stratigraphic and sedimentary observations. Red for Paleozoic basement, blue for Mesozoic units, yellow for Cenozoic deposits. 

Figure 1 -

 1 Figure 1 -The Andean orogen. (a) Google Earth view on the South American continent and neighboring plates. (b) Inset: Location of the Central Andes along the South American Continent.Main map (located by red corners on inset): Enlarged topography of the Central Andes outlining the main structural Andean belts: Western Cordillera (WC), Eastern Cordillera (EC) and Subandes Belt (SB). AP is Altiplano Plateau, AB is Atacama Bench. The location of Figure2is given by red corners on the main map. The vector of horizontal convergence between the Nazca plate and South America is taken from NUVEL-1A model[START_REF] Demets | Effect of recent revisions to the geomagnetic reversal time scale on estimates of current plate motions[END_REF]. Li for Lima; Ar for Arica; Sa for Santiago.

Figure 2 -

 2 Figure 2 -Geological sketch map of Andean orogen modified from[START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]. The main morphological-structural units of the Central Andes are represented within horizontal boundary conditions (converging Nazca and South America plates). Plate convergence vector is from NUVEL 1-A model[START_REF] Demets | Effect of recent revisions to the geomagnetic reversal time scale on estimates of current plate motions[END_REF]. Tectonic units are specified. The Marginal Block is defined as a rigid basement feature and stands as a major mechanical boundary with the same vergence as the subduction zone[START_REF] Armijo | The West Andean Thrust, the San Ramón Fault, and the seismic hazard for Santiago, Chile[END_REF]. According to[START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF], the Andes are bounded by two major thrust-systems: the West Andean Thrust (WAT), and by the East Andean Thrust (EAT).

Figure 3 -

 3 Figure 3 -Converging plate boundaries: (a) Collision type, (b) Mariana-type subduction, and (c) Andean-type (or Chilean-type) subduction. Modified after[START_REF] Uyeda | Back-arc opening and the mode of subduction[END_REF],[START_REF] Stern | Subduction Zones[END_REF].

INTRODUCTION 10 Figure 6

 106 Figure 6 -"La formation des Alpes occidentales". Reconstruction of the principal stages of the formation of the western Alps, by Emile Argand (1916).

Figure 7 -

 7 Figure 7 -(a) Structural reconstruction across the Himalayan orogen at the longitude of Mount Everest of[START_REF] Gansser | Himalaya[END_REF]. (b) Sketch profile across the Central Andes at ~22°S, extracted from[START_REF] Rutland | Andes: Antofagasta segment (20°-25[END_REF]. Eastern portion interpreted after[START_REF] Turner | The Andes of northwestern Argentina[END_REF]. Note the clear difference in the understanding of orogenic architecture illustrated on these cross-sections, which have been published at the same time(1974) in the same book. While the Himalayan orogen is already understood to have formed by thrusts accreting crustal slices, shallow detachments and fold-thrustbelts, the structural interpretation of the Central Andes is based on several normal faults at that time.

Figure 10 -

 10 Figure 10 -Conceptual models of the Central Andes at the level of the Bolivian Orocline (~16-22°S), extracted from (a)[START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF] and (b)[START_REF] Lamb | Did shortening in thick crust cause rapid Late Cenozoic uplift in the northern Bolivian Andes[END_REF]. These lithospheric-scale sections explain Andean orogeny through the principle of a "hydraulic ramp" linked to the underthrusting of the Brazilian Shield. According to this vision, main tectonic structures are located on the East Andean side, whereas the western flank would only passively accommodate the topographic difference between the Altiplano Plateau and the forearc.

Figure 11 -

 11 Figure 11 -Structural sections across the Central Andes at the level of the Bolivian Orocline (~16-22°S), extracted from (a) Mpodozis & Ramos (1989), (b) McQuarrie et al. (2002) and (c)[START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]. Note the bivergent architecture of the sketches (a) and (c) attributing also a significant role to the thrust-systems along the western Andes, whereas the proposition (b) follows the vision of[START_REF] Isacks | Uplift of the Central Andean Plateau and bending of the Bolivian Orocline[END_REF] and others (Figure9), explaining crustal shortening and thickening as linked to the East Andean structures only.
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 12 Figure12-Schematic evolution of the growth process of the Central Andes across the Bolivian Orocline, extracted from[START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF].

Figure 14 -

 14 Figure 14 -Geodynamic setting of Nazca subduction along the Andes, extracted from Chen et al. (2019), according to the predictions of their plate model at 30 Ma. Note the cartoons illustrating the two end-members of slab-configuration (anchored vs free) and the impact of this on upper plate deformation.

Figure 15 -

 15 Figure 15 -Conceptual model of Faccenna et al. (2017) representing the two end-members for the mode of subduction and back-arc deformation: (a) Slab pondering confines subduction in the upper mantle, promoting trench retreat and back-arc extension in the upper plate; (b) slab penetration into the lower mantle favoring trench stabilization and upper plate trench-ward motion linked to enhanced return flow.

Figure 16 -

 16 Figure16-Present-day geodynamic configuration of the Nazca -South American convergence system, with emphasis on four slab segments along the Peru-Chile Trench. Figure extracted from[START_REF] Espurt | Flat subduction dynamics and deformation of the South American plate: Insights from analog modeling[END_REF]. Red triangles depict active volcanoes.

Figure 17 -

 17 Figure 17 -Cartoon by[START_REF] Wolf | Mountain Building or Backarc Extension in Ocean-Continent Subduction Systems: A Function of Backarc Lithospheric Strength and Absolute Plate Velocities[END_REF] showing the parameters which are needed to go from stable subduction to back-arc extension or overriding plate (OP) shortening. The latter case is seen to fit the structural reconstruction of the Central Andes as proposed in by[START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] (see also Figure11c).
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 18 Figure 18 -Illustration of studied objects and areas of my thesis chapters 1 to 4. See section III. of the General Introduction and the four main chapters for further details.

Figure 1 . 2 -

 12 Figure 1.2 -Landscape field overviews of the Pinchal area depicting the main tectonostratigraphic units. The Paleozoic (Pz) basement stands clearly out in the background, characterized by its darker color and higher altitudes. The Mesozoic (Mz) series in the central part and in the foreground bear a marine part and a volcano-detrital part, delimited by an outstanding calcareous (Calc.) crest. Unconformable Cenozoic erosional surfaces, with limited fluvial deposits can also be observed. View points of both pictures are located on Figure 1.4.

Figure 1 . 3 -

 13 Figure 1.3 -First-order stratigraphic column of the Pinchal area derived from field observations obtained mainly along Quebrada Tania (Figures1.4 and 1.5a) where the Mesozoic series seems to be most complete. By analogy to regional descriptions, these layers are suspected to be Triassic at the base, and Jurassic in the case of the marine fossiliferous levels (see section 1.4.2.1 for additional details). The description of Cenozoic units is here completed based on the work of[START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF]. Color-code in line with maps(Figures 1.1, 1.4 and S13) and cross-sections (Figure1.5). In the Pinchal area, Paleozoic basement overthrusts folded Mesozoic series along the Andean Basement Thrust (ABT), so that part of the deeper and older Mesozoic series may be missing here (as depicted by "?"). Abbreviation "sed." for sediments. See FiguresS1-S12and corresponding captions (in supplementary material) for detailed sedimentologic descriptions.

Figure 1 . 4 -

 14 Figure 1.4 -Structural map of the Pinchal area (at ~21°30'S) derived from mapping in the field and on satellite imagery (location on Figure 1.1, box A). White thin lines highlight Mesozoic layers mappable on satellite images. Thick blue line depicts a robust, out-sticking Mesozoic limestone layer forming a prominent calcareous crest in the landscape (Figure 1.2). A-A' and B-B' sections locate the topographic profiles used for the surface cross-sections of Quebrada Tania and Quebrada Martine, respectively (Figures 1.5a-b).In the case of the Quebrada Tambillo cross-section, a topographic swath profile was used along C-C'. The fold axes are relatively well defined for the synclinal fold, but less well constrained for the anticlinal fold because only observable along Quebrada Tambillo. Black dots refer to the location of field photographs, and are numbered according to the figures where these pictures are reported (e.g. 6 for 1.6).
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 15 Figure 1.5 -Surface field observations and cross-sections along (a) the Quebrada Tania (A-A' on Figure 1.4), (b) the Quebrada Martine (B-B' on Figure 1.4), and (c) the Quebrada Tambillo (C-C' on Figure 1.4). Reported dip angles have been measured in the field. Faults are outlined in black, and dashed when they are only observable at a local spatial scale. Only larger faults (continuous lines) are mapped on Figure 1.4. Grey numbers with arrows point out to field pictures and indicate the associated figure. In the case of the Quebrada Tania section (a), the sedimentary polarity criterion (β) indicated to the West of the section has been observed ~1 km further downstream than reported here. For the Quebrada Martine section (b), note the stripe of continental Mesozoic rocks trapped in between two strands of the Andean Basement Thrust (ABT). Sub-surface interpretation from surface observations is reported with transparent colors in the case of the Quebrada Tambillo section (c). Note the different spatial scales of the three sections.
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 16 Figure 1.6 -Field view of the Andean Basement Thrust (ABT), overthrusting the dark-grayish Paleozoic basement over the greenish folded Mesozoic units. Reddish rocks on the hanging wall to the East-Northeast correspond to the thrust shear zone (hatched area in picture). Location on Figure 1.4. Non-interpreted photograph can be found in the supporting information (Figure S15).

Figure 1

 1 Figure 1.7 -Field pictures of small-scale structural features characteristic of the deformation within the Pinchal area (Location on Figures 1.4 and 1.5). Noninterpreted photographs for (b) and (c) can be found in the supporting information (Figures S16).(a) Shear band with characteristic C/S-fabric (for "Cisaillement/Schistosité") indicative of top-to-thewest thrusting. Observation within the metamorphic basement in the hanging wall of the Andean Basement Thrust. (b) Example of a smallscale fold within the marine Mesozoic units (blue line) in Quebrada Tania, within the inverted limb of the mapped syncline, nearby the fold axis. Note also the erosional surface (yellow) forming the unconformable contact between the Cenozoic deposits over the deformed Mesozoic. (c) Small-scale thrusts (steep red line to the right) and décollements (flat red line to the left) observed within the marine Mesozoic strata (blue) of the inverted synclinal limb along Quebrada Tania. The limestone-dominated cm-dm beds are characteristic of the upper part of the marine Mesozoic units (Figure 1.3).

  Figure 1.7 -Field pictures of small-scale structural features characteristic of the deformation within the Pinchal area (Location on Figures 1.4 and 1.5). Noninterpreted photographs for (b) and (c) can be found in the supporting information (Figures S16).(a) Shear band with characteristic C/S-fabric (for "Cisaillement/Schistosité") indicative of top-to-thewest thrusting. Observation within the metamorphic basement in the hanging wall of the Andean Basement Thrust. (b) Example of a smallscale fold within the marine Mesozoic units (blue line) in Quebrada Tania, within the inverted limb of the mapped syncline, nearby the fold axis. Note also the erosional surface (yellow) forming the unconformable contact between the Cenozoic deposits over the deformed Mesozoic. (c) Small-scale thrusts (steep red line to the right) and décollements (flat red line to the left) observed within the marine Mesozoic strata (blue) of the inverted synclinal limb along Quebrada Tania. The limestone-dominated cm-dm beds are characteristic of the upper part of the marine Mesozoic units (Figure 1.3).

Figure 1 .

 1 Figure 1.8 -Field pictures of the two major folds within the Pinchal area (location on Figure 1.4). Non-interpreted photos can be found in the supporting information (Figures S17).(a) Panoramic view on the north-eastern part of the Pinchal area. The Paleozoic basement (red crosses) overthrusts the Mesozoic units (blue and violet horizons) along Andean Basement Thrust (ABTred line with triangles). The topographic low locates the synclinal fold axis. The calcareous crest on both sides is highlighted by the thick blue lines. For better visibility, Cenozoic erosional surfaces covered by thin deposits are not highlighted. (b) Panoramic view along Quebrada Tambillo, in the southern part of the Pinchal area. The ~200 m deep incised canyon reveals the geometry of the large western anticline affecting Mesozoic layers (violet) underneath the unconformable Cenozoic strata (yellow). The fold axis (black line) probably coincides with an approximately vertical fault, also well observable on satellite imagery. Note also the repetition of smaller folds with westward decreasing amplitude and wavelength discernable beneath the westward thickening Cenozoic growth strata to the right of the picture. The Mesozoic calcareous crest (blue) and the Paleozoic basement (red crosses) over the ABT (red) appear in the far eastern background.

  Figure 1.8 -Field pictures of the two major folds within the Pinchal area (location on Figure 1.4). Non-interpreted photos can be found in the supporting information (Figures S17).(a) Panoramic view on the north-eastern part of the Pinchal area. The Paleozoic basement (red crosses) overthrusts the Mesozoic units (blue and violet horizons) along Andean Basement Thrust (ABTred line with triangles). The topographic low locates the synclinal fold axis. The calcareous crest on both sides is highlighted by the thick blue lines. For better visibility, Cenozoic erosional surfaces covered by thin deposits are not highlighted. (b) Panoramic view along Quebrada Tambillo, in the southern part of the Pinchal area. The ~200 m deep incised canyon reveals the geometry of the large western anticline affecting Mesozoic layers (violet) underneath the unconformable Cenozoic strata (yellow). The fold axis (black line) probably coincides with an approximately vertical fault, also well observable on satellite imagery. Note also the repetition of smaller folds with westward decreasing amplitude and wavelength discernable beneath the westward thickening Cenozoic growth strata to the right of the picture. The Mesozoic calcareous crest (blue) and the Paleozoic basement (red crosses) over the ABT (red) appear in the far eastern background.
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 19 Figure1.9 -Structural map of the Quebrada Blanca zone (at ~20°45'S), refined from[START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF] (location onFigure 1.1, box B). Colored lines report mappable layers. For visibility, only major, well-correlated layer traces are represented here. Black boxes locate the swath profiles from which layers were projected for the construction of the structural east-west cross-section (Figure1.10). The A-B section corresponds to the topographic profile used for this same cross-section. Strike and dip measurements are extracted from 3D-mapping (see section1.3.3) or observed in the field. Strike without dip derives from satellite imagery. Thick black lines correspond to major fold axes. Field pictures are located (with view direction), and numbered according to the associated figure(e.g. 11 for 1.11). Ages from uranium-lead (U/Pb) radioisotope dating on zircon are taken from the Guatacondo geological map[START_REF] Blanco | Levantamiento Geológico para el Fomento de la Exploración de Recursos Minerales e Hídricos de la Cordillera de la Costa[END_REF]. Letters C, D, E, F, G and H to the North-East (within the folded Cretaceous Empexa Formation) report the layers illustrated on Figure1.12. Cz: Cenozoic; K: Cretaceous; Jr: Jurassic; Q: Quebrada.

Figure 1 .

 1 Figure 1.10 -East-west cross-section of the Quebrada Blanca area, established from the projection of selected, well-expressed layers mapped on satellite imagery. APF: Altos de Pica Formation. (a) Observations, reporting the geometry of projected layers and associated dip angles, together with their stratigraphic ages (color-code). Field pictures are located by black boxes and numbered according to the associated figure (e.g. 11 for 1.11). (b) Sub-surface interpretation and extrapolation of observations. (c) Synthetic east-west cross-section based on (a) and (b). Interpretation at depth is indicated with transparent colors, in contrast with sub-surface observations. Extrapolation above the topographic surface is drawn with dashed lines. Ages from uranium-lead (U/Pb) radioisotope dating on zircon are taken from the Guatacondo geological map[START_REF] Blanco | Levantamiento Geológico para el Fomento de la Exploración de Recursos Minerales e Hídricos de la Cordillera de la Costa[END_REF]. The ~27-29 Ma age of the basal deposits of the Altos de Pica formation is derived from regional considerations[START_REF] Victor | Uplift of the western Altiplano plateau: Evidence from the Precordillera between 20° and 21°S (northern Chile): Altiplano West Flank[END_REF].

Figure 1 .

 1 Figure 1.11 -Field picture of the western limb of the western anticline in the Quebrada Blanca area. Non-interpreted photographs are provided in supporting material (Figure S18). Location on Figures 1.9 and 1.10. (a) Series of folds with westward decreasing amplitude and wavelength (hundreds to tens of meters) observed at the front of the western anticline. (b) Detailed view of the westernmost outcropping small-scale anticlines, located on (a) by the black box.

Figure 1 .

 1 Figure 1.12 -Landscape view on the western limb of the eastern large-scale anticline in the Quebrada Blanca area (Location on Figures 1.9 and 1.10). Here, steeply inclined Mesozoic horizons are very well discernible in the landscape. Bedding traces C,D, E, F, G and Hunderlined here are also georeferenced on the structural map (Figure1.9) from mapping on satellite imagery. Note the thrust-affected small-scale fold (red dashed line) emphasizing the west-vergence of tectonic structures. The non-interpreted picture is provided in supporting material (FigureS19).
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 21 Figure 2.1 -Illustration of the thermal structure of the first kilometres of the continental crust, taking a thrust-fault bordered mountain range as an example. The isotherms (grey lines) are deflected due to advection of heat and mass in the footwall and hanging wall of the fault as well as by topographic relief. The average closure temperature of the three thermochronometric systems used in this study (AHe, AFT, ZHe) are represented. The rocks (green circles) have crossed those closure temperatures while being exhumed, and at present can be sampled at the surface for thermochronological analyses.
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 24 Figure 2.4 -(a) Structural map of the Pinchal area (~21°30'S), with localisation of the basementrock samples upstream of the Andean Basement Thrust (ABT) along the canyons -or Quebradas (Q.) -DG and Martine. For further geological and structural details about the area, see chapter 1. (b) Google Earth 3D view of the Pinchal area towards the North-East. View direction is shown by the eye-symbol on (a). Red lines highlight the thrusts of the ABT system, as in the map of Figure 2.4a. Note the limit between two satellite images west of the ABT, causing a sharp color-contrast. The samples are indicated by dots, colors refer to the three sample groups: yellow for Quebrada DG downstream, pink for Quebrada DG upstream, blue for Quebrada Martine.

Figure 2 .

 2 Figure 2.5 -(a) Age vs. elevation plot showing Apatite (U-Th-Sm)/He (triangles, AHe), Apatite fission-track (circles, AFT) and Zircon (U-Th)/He (diamonds, ZHe) ages. (b) Age vs. eU-content plot (eU for effective Uranium) of single grains of apatites. Color-code is the same as in Figure 2.4. On both plots, four AHe ages are encircled, which are abnormally old compared to their eU. This indicates that they have probably been contaminated by the environment and are therefore excluded from further interpretations.

Figure 2 .

 2 Figure 2.6 -Apatite fission track length histograms for all bedrock samples. Samples SM02 and SMO13 are plotted together on the same graph since they bear very few tracks (1 and 6, respectively) and originate from the same location. Same color-code as in Figure 2.4.

Figure 2 .

 2 Figure 2.7 -(a)Thermal history of Quebrada DG obtained using QTQt software: model 1. *Depth calculated from temperature using a geothermal gradient of 30°C/km. Attenuated areas refer to the time-temperature intervals that are poorly constrained by the data. (b) Age / fission track mean track length vs elevation plot comparing observed raw ages and ages predicted from QTQt modeling. Abbreviations: FT for fission-track; MTL for mean track length; Obs for observed; Pred for predicted; Kin In for observed Dpar; Kin Pred for predicted Dpar. Sampled Pred stands for the 95% credible range for predicted AHe; Sampled FTA Pred for the 95% credible range for predicted AFT; Sampled MTL Pred for the 95% credible range for predicted mean track length.

Figure 2 .

 2 Figure 2.8 -Thermal history of Quebrada DG upstream obtained using QTQt software: model 2. *Depth calculated from temperature using a geothermal gradient of 30°C/km. Attenuated areas refer to the time-temperature intervals which are poorly constrained by the data. (b) Age / fission track mean track length vs elevation plot comparing observed raw ages and ages predicted from QTQt modeling. For abbreviations, see legend of Figure 2.7.

Figure 2 .

 2 Figure 2.9 -Thermal history of Quebrada DG downstream obtained using QTQt software: model 3. *Depth calculated from temperature using a geothermal gradient of 30°C/km. Attenuated areas refer to the time-temperature intervals which are poorly constrained by the data. (b) Age / fission track mean track length vs elevation plot comparing observed raw ages and ages predicted from QTQt modeling. For abbreviations, see legend of Figure 2.7.
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 2 Figure 2.10 -Thermal history of Quebrada Martine obtained using QTQt software: model 4. *Depth calculated from temperature using a geothermal gradient of 30°C/km. Attenuated areas refer to the time-temperature intervals which are poorly constrained by the data. (b) Age / fission track mean track length vs elevation plot comparing observed raw ages and ages predicted from QTQt modeling. For abbreviations, see legend of Figure 2.7.

Figure 2 .

 2 Figure 2.11 -Age-elevation plot of observed raw ages and of ages predicted by QTQt modeling, for the best-fit models 2, 3 and 4. Find the original plots for each model in Figures 2.8b-2.10b. Colors and symbols follow the same code as in Figure 2.4. Horizontal lines correspond to age uncertainties. For model 2, samples come from two elevations, and the dotted lines in between illustrate the predicted age-elevation curve for AHe and AFT data.

  Figure 2.11 -Age-elevation plot of observed raw ages and of ages predicted by QTQt modeling, for the best-fit models 2, 3 and 4. Find the original plots for each model in Figures 2.8b-2.10b. Colors and symbols follow the same code as in Figure 2.4. Horizontal lines correspond to age uncertainties. For model 2, samples come from two elevations, and the dotted lines in between illustrate the predicted age-elevation curve for AHe and AFT data.

Figure 2 .

 2 Figure 2.12 -Thermal history of Quebrada DG downstream and Quebrada Martine together, obtained using QTQt software: model 5. *Depth calculated from temperature using a geothermal gradient of 30°C/km. Attenuated areas refer to the time-temperature intervals which are poorly constrained by the data. (b) Age / fission track mean track length vs elevation plot comparing observed raw ages and ages predicted from QTQt modeling. For abbreviations, see legend of Figure 2.7.

Figure 2 .

 2 Figure 2.13 -Comparison of the thermal histories derived from models 1 to 5. *Depth calculated from temperature using a geothermal gradient of 30°C/km. Attenuated areas refer to the timetemperature intervals which are poorly constrained by the data.
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 214 Figure 2.14 -Thermal history probability density for SMO10 AFT age predictions from QTQt modeling: (a) Model 2, (b) Model 2 with an additional fictive constraint of 200 ± 50°C at 270 ± 30 Ma, (c) Model 2 with additional fictive constraints of 300 ± 50°C at 100 ± 20 Ma and of 40 ± 10°C at 15 ± 10 Ma. All three models result in nearly the same good age fit, since thermochronological data here only constrain well the thermal history between ~40-180°C . These graphs show the range of possible cooling histories, pointing to a higher probability for exhumation initiation ("initiation kink") by ~90 Ma. The summary prediction (age-elevation) plots of models 2b and 2c are provided in Appendix 2.3a and 2.3b.

Figure 2 .

 2 Figure 2.15 -Thermal history probability density for SM03 AFT age predictions from QTQt modeling: (a) Model 3, (b) Model 3 with an additional fictive constraint of 150 ± 50°C at 270 ± 20 Ma, (c) Model 3 with additional fictive constraints of 300 ± 50°C at 100 ± 20 Ma, and 1 5± 15°C at 50 ± 10 Ma. All three models result in nearly the same good age fit, since thermochronological data here only constrain well the thermal history between ~40-100°C. The summary prediction (age-elevation) plots of models 3b and 3c are provided in Appendix 2.3c and 2.3d.

Figure 2 .

 2 Figure 2.16 -Thermal history probability density for SMO08 AFT age predictions from QTQt modeling: (a) Model 4, (b) Model 4 with an additional fictive constraint of 150 ± 50°C at 270 ± 20 Ma, (c) Model 4 with additional fictive constraints of 300 ± 50°C at 100 ± 20 Ma, and 15 ± 15°C at 50 ± 10 Ma. All three models result in nearly the same good age fit, since thermochronological data here only constrain well the thermal history between ~40-100°C. The summary prediction (age-elevation) plots of models 4b and 4c are provided in Appendix 2.3e and 2.3f.
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 2 Figure 2.17 -Schematic geological map with sample locations of geochronological ages discussed in section 2.4. Color-code of the sample ages on the right refers to the authors' names beneath the map. El Bordo E. stands for El Bordo Escarpment.
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 31 Figure 3.1 -Structural map modified from[START_REF] Armijo | Coupled tectonic evolution of Andean orogeny and global climate[END_REF]. The localisation of this map on the South American continent is indicated by the red box on the top-right inset. Topographic swath-profiles from ~20.4-21.6°S atop (vertical exaggeration (ve) of 5): thick black line corresponding to the mean topography, thin black lines to the maximum and minimum envelopes. Grey dashed box shows the location of Figure3.2, and black boxes A, B, and C locate the Pinchal area (Figure1.4), the Quebrada Blanca area (Figure1.9) and the geomorphological map of Figure3.3b, respectively. Grey dotted lines refer to existing ENAP seismic profiles. Grey hashed area to the south-west of box C corresponds to Lomas de Sal (LS). Blue triangles locate summits (hills, mountains and volcanoes). Q. for Quebrada (canyon).

Figure 3 . 2 -

 32 Figure 3.2 -Hill-shaded high-resolution topographic map (located in Figure 3.1 by grey dashed box), based on 2-m-resolution DEM calculated from European Pléiades imagery. Seismic profiles are located in orange (continuous lines for those investigated here, dotted lines for the other existingprofiles). Black dots locate the borehole wells Soledad-1 (S1) and Pintados-1 (P1). White boxes A, B and C refer to areas with field observations (identical to boxes A, B and C in Figure 3.1). Orange boxes inside boxes A and B indicate the detailed local Tambillo and Quebrada Blanca sections(Figures 1.5 and 1.10, respectively). White dashed boxes locate swath-profiles taken for the construction of synthetic cross-sections of Figure3.9, in combination with neighboring structural and geomorphological features. Pink lines surround geomorphological surfaces (see alsoFigure 3.3).

Figure 3 . 3 -

 33 Figure 3.3 -Almond-shaped surface truncated by normal faults. (a) Field photograph of normal fault scarps. Normal faults are pointed out by red arrows. Field picture is located on (b). (b) High-resolution topographic map (box C on Figures 3.1, 3.2), calculated from Pléiades imagery, highlighting the uplifted surfaces (t1-t3) forming this almond-shaped geomorphic feature, as well as the grabens associated with the N-S oriented faults. (c) Sketch modified from Meyer et al. (1998) showing the structural interpretation of surface warping and faulting (top) in terms of fault geometry of depth (bottom).

Figure 3 . 4 -

 34 Figure 3.4 -(a) Interpretation of ENAP seismic profile 99-04 (bottom) in correlation with topographic swath-profiles (top) extracted every 500 m between 20°39'-20°44'S. Northernmost profile in yellow, southernmost in green, all swath-profiles in between in black. On the zoom, color gradient from yellow (north) to green (south). (b) and (c) show zooms on selected areas marked by dashed boxes on the complete seismic profile in (a). Well-imaged horizons are inferred to be Cenozoic and part of the Altos de Pica Formation, posterior to the Choja Pediplain; they are highlighted in orange. Non-well resolved horizons are interpreted to be deformed Mesozoic units, and are depicted in blue. Reddish color at depth is suggestive of Paleozoic basement.

Figure 3 . 5 -

 35 Figure 3.5 -(a) Interpretation of ENAP seismic profile 99-05 (bottom) in correlation with topographic swath-profiles extracted every 500 m between 20°45'-20°50'S. Northernmost profile in yellow, southernmost in green, all swath-profiles in between in black. On the zoom, color gradient from yellow (north) to green (south). (b) and (c) show zooms on selected areas marked by dashed boxes on the complete seismic profile in (a). Well-imaged horizons are inferred to be Cenozoic and part of the Altos de Pica Formation, posterior to the Choja Pediplain; they are highlighted in orange. Non-well resolved horizons are interpreted to be deformed Mesozoic units, and are depicted in blue. Reddish color at depth is suggestive of Paleozoic basement.

Figure 3 . 6 -

 36 Figure 3.6 -(a) Interpretation of ENAP seismic profile 99-06 (bottom) in correlation with topographic swath-profiles (top) extracted every 500 m between 20°49'-20°54'30''S. Northernmost profile in yellow, southernmost in green, all swath-profiles in between in black. On the zoom, color gradient from yellow (north) to green (south). (b) and (c) show zooms on selected areas marked by dashed boxes on the complete seismic profile in (a). Well-imaged horizons are inferred to be Cenozoic and part of the Altos de Pica Formation, posterior to the Choja Pediplain; they are highlighted in orange. Non-well resolved horizons are interpreted to be deformed Mesozoic units, and are depicted in blue. Reddish color at depth is suggestive of Paleozoic basement.

Figure 3 . 7 -

 37 Figure 3.7 -(a) Interpretation of ENAP seismic profile 99-07 (bottom) in correlation with topographic swath-profiles extracted every 500 m between 20°54'30''-21°01'30''S. Northernmost profile in yellow, southernmost in green, all swath-profiles in between in black. On the zoom, color gradient from yellow (north) to green (south). (b) and (c) show zooms on selected areas marked by dashed boxes on the complete seismic profile in (a). Well-imaged horizons are inferred to be Cenozoic and part of the Altos de Pica Formation, posterior to the Choja Pediplain; they are highlighted in orange. Non-well resolved horizons are interpreted to be deformed Mesozoic units, and are depicted in blue. Reddish color at depth is suggestive of Paleozoic basement.

Figure 3 .

 3 Figure 3.8 -Sections (a) 99-04, (b) 99-05, (c) 99-06 and (d) 99-07 set at homogeneous horizontal scale and aligned at 69°20'W (keeping in mind that these profiles are not exactly parallel with each other), according to their positions from north to south (see maps of Figures 3.1, 3.2). The individual fault-thrusts above the interpreted anticlinal folds are connected by pink lines, as far as reasonably traceable, which represent the thrust traces in map view. Towards their inferred termination, these thrust traces are dashed.

Figure 4 . 1 -

 41 Figure 4.1 -Model set-up, with view from atop (above) and from aside (below) of the experimental box. Dimensions in cm. The mantle flow is generated by a motor-driven pulley-cord-system actioning a piston-panel moving through the lower mantle over nearly the entire width of the box.

Figure 4 . 2 -

 42 Figure 4.2 -Configuration of the five tested models SA01-SA05, (a)-(e) respectively, from lateral view.

Figure 4 . 3 -

 43 Figure 4.3 -Sketch modified from Guillaume et al. (2021) illustrating forces at work in the subduction system, in the two tested configurations: (a) continental plate fixed, oceanic plate free, mantle flow imposed or absent ; (b) oceanic plate fixed, continental plate free, mantle flow imposed. Abbreviations: w for plate width; h for plate thickness; l for length of subducted lithosphere; β for slab dip; ρl for plate density; ρm for mantle density; ηl for plate viscosity; ηm for mantle viscosity. The main forces in our model are the slab pull force (Fsp), the plate bending force (Fb), the resisting viscous forces (Fv), and the flow-induced viscous force (Ff), the backwall-induced force (Fw), and the force transmitted from the oceanic to the continental plate at their interface(Fd). The backwall imposes a zero-velocity boundary condition at the trailing edge of the fixed plate, implying that Fw acts either as (a) a ridge push force, or (b) a pulling force.

Figure 4 . 4 -

 44 Figure 4.4 -Top and lateral view photos of final stage (t5) of experiment SA03. On the top view, the pink and cyan lines mark the position, at t0 and t5 respectively, of the trenchward continent's edge by dashed lines, of the trench by continuous lines, and of the trailing edge of the oceanic plate by the dotted lines. The lateral snapshot is taken from the northern side, with pink and cyan vertical arrows pointing to the trenchward continent's edge (dashed), and to the trench position (continuous). On this side-view, the subducting plate is redrawn at stages t0-t5, whereas the continental plate is represented in its final extent only. North (N), South (S), East (E) and West (W) are indicated with respect to the Nazca-subduction configuration, i.e. where the South American continental plate to the East is subducted along its western side by the oceanic Nazca plate.

Figure 4 .

 4 Figure 4.5 -Top and lateral view photos of final stage (t5) of experiment SA01. Colored dashed lines in the top view, and the vertical arrows with the same color code in the lateral view mark the trench position (equal to the trenchward continent's edge) at the stages t0-t5, respectively. The colored dotted lines represent the back edge of the oceanic plate at t0-t5, accordingly. The lateral snapshot is taken from the southern side. On this side-view, the subducting plate is redrawn at stages t0-t5, whereas the continental plate is represented in its final extent only. Find the photos corresponding to stages t0-t5 in Appendix 4.4a. North (N), South (S), East (E) and West (W) are indicated with respect to the Nazca-subduction configuration, i.e. where the South American continental plate to the East is subducted along its western side by the oceanic Nazca plate. Therefore, N and S are inverted on this figure compared to the experimental configurations of all the other models.

Figure 4 . 6 -

 46 Figure 4.6 -Overview of model SA01 over time (min): (a) Trench position, continental and subducting plate lengths (in cm), and Slab angle (°) at a depth corresponding to ~150 km in nature; (b) Length of continental plate (cm) and corresponding shortening (%); (c) Width of continental plate (cm) and corresponding widening (%); (d) Thickness of continental plate (cm) and corresponding thickening (%). On graphs b, c, and d, the transparent surfaces indicate the minimum-maximum-envelopes of the measurements. Southern (S) and northern (N) sides of the plates are indicated with respect to Figure 4.6. Figure on next page.

Figure 4 .

 4 Figure 4.7 -Top and lateral view photos of final stage (t5) of experiment SA02. Colored dashed lines in the top view, and the vertical arrows with the same color code in the lateral view mark the trench position (equal to the trenchward continent's edge) at the stages t0-t5, respectively. The colored dotted lines represent the back edge of the oceanic plate at t0-t5, accordingly. The lateral snapshot is taken from the northern side. On this side-view, the subducting plate is redrawn at stages t0-t5, whereas the continental plate is represented in its final extent only. Find the photos corresponding to stages t0-t5 in Appendix 4.4b. North (N), South (S), East (E) and West (W) are indicated with respect to the Nazca-subduction configuration, i.e. where the South American continental plate to the East is subducted along its western side by the oceanic Nazca plate.

Figure 4 . 8 -

 48 Figure 4.8 -Overview of model SA02 over time (min): (a) Trench position, continental and subducting plate lengths (in cm), and Slab angle (°) at a depth corresponding to ~150 km in nature; (b) Length of continental plate (cm) and corresponding shortening (%); (c) Width of continental plate (cm) and corresponding widening (%); (d) Thickness of continental plate (cm) and corresponding thickening (%). On graphs b, c, and d, the transparent surfaces indicate the minimum-maximum-envelopes of the measurements. Southern (S) and northern (N) sides of the plates are indicated with respect to Figure 4.8. Figure on next page.

Figure 4 .

 4 Figure 4.9 -Top and lateral view photos of final stage (t5) of experiment SA04. Colored dashed lines in the top view, and the vertical arrows with the same color code in the lateral view mark the trench position (equal to the trenchward continent's edge) at the stages t0-t5, respectively.The colored dotted lines represent the back edge of the oceanic plate at t0-t5, accordingly. The lateral snapshot is taken from the northern side. On this side-view, the subducting plate is redrawn at stages t0-t5, whereas the continental plate is represented in its final extent only. Find the photos corresponding to stages t0-t5 inAppendix 4.4c. North (N), South (S), East (E) and West (W) are indicated with respect to the Nazca-subduction configuration, i.e. where the South American continental plate to the East is subducted along its western side by the oceanic Nazca plate.

Figure 4 .

 4 Figure 4.10 -Overview of model SA04 over time (min): (a) Trench position, continental and subducting plate lengths (in cm), and Slab angle (°) at a depth corresponding to ~150 km in nature; (b) Length of continental plate (cm) and corresponding shortening (%); (c) Width of continental plate (cm) and corresponding widening (%); (d) Thickness of continental plate (cm) and corresponding thickening (%). On graphs b, c, and d, the three continental plate parts are differentiated. The transparent surfaces indicate the minimum-maximum-envelopes of the measurements. Southern (S) and northern (N) sides of the plates are indicated with respect to Figure 4.10.

Figure 4 .

 4 Figure 4.11 -Top and lateral view photos of final stage (t5) of experiment SA05. Colored dashed lines in the top view, and the vertical arrows with the same color code in the lateral view mark the trench position (equal to the trenchward continent's edge) at the stages t0-t5, respectively.The colored dotted lines represent the back edge of the oceanic plate at t0-t5, accordingly. The lateral snapshot is taken from the northern side. On this side-view, the subducting plate is redrawn at stages t0-t5, whereas the continental plate is represented in its final extent only. Find the photos corresponding to stages t0-t5 in Appendix 4.4d. North (N), South (S), East (E) and West (W) are indicated with respect to the Nazca-subduction configuration, i.e. where the South American continental plate to the East is subducted along its western side by the oceanic Nazca plate. Note that the grid pattern of white dots on the continental plate has been spaced by 1 cm on trenchward-half, and by 2 cm on the backwall-half. The air-filled bubbles formed towards the North of the orange silicone part are due to the putty preparation and as such to be attributed to the experimental variability, and not as a meaningful compressional feature.

Figure 4 .

 4 Figure 4.12 -Top and lateral view photos of stages t0-t5 of model SA05. Initial plate dimensions are indicated on stage t0. Colored dashed lines in the top view mark the trench position (equal to the trenchward continent's edge), using the same color code as in previous figures. Find these pictures in enlarged size in Appendix 4.4d.

Figure 4 .

 4 Figure 4.13 -Overview of model SA05 over time (min): (a) Trench position, continental and subducting plate lengths (in cm), and Slab angle (°) at a depth corresponding to ~150 km in nature; (b) Length of continental plate (cm) and corresponding shortening (%); (c) Width of continental plate (cm) and corresponding widening (%); (d) Thickness of continental plate (cm) and corresponding thickening (%). On graphs b, c, and d, the three continental plate parts are differentiated. The transparent surfaces indicate the minimum-maximum-envelopes of the measurements. Southern (S) and northern (N) sides of the plates are indicated with respect to Figure 4.12.

Figures

  Figures 4.10band 4.13b report the length evolution of the continental lithospheres of SA04 and SA05 as measured in their central parts, distinguishing portions [a], [b] and [c].All three portions show a relatively constant shortening between t1-t5, but at significantly differing rates. Shortening of the orange silicone portions is clearly more intense. In SA04, part [a] accommodates the maximum of total shortening with ~43% (4.2 cm, i.e. ~276 km, at t5), followed by part [c] with ~35% (3.8 cm, i.e. ~253 km, at t5), whereas the central black silicone part [b] shortens only by ~13% (1.2 cm, i.e. ~77 km), at t5 (Figure4.9, 4.10b). Most shortening is found to be absorbed by the part closest to the backwall. This suggests that the stronger central part of the continental plate transmits compression preferentially to portion [a], which had initially the same length as[c], but since trapped between the backwall and plate-part [b], it is most affected by the compressional stresses. Experiment SA05 shows maximum shortening in its portion[b] with ~53% (2.9 cm, i.e. ~191 km), while the black silicone

  Figures 4.10band 4.13b report the length evolution of the continental lithospheres of SA04 and SA05 as measured in their central parts, distinguishing portions [a], [b] and [c].All three portions show a relatively constant shortening between t1-t5, but at significantly differing rates. Shortening of the orange silicone portions is clearly more intense. In SA04, part [a] accommodates the maximum of total shortening with ~43% (4.2 cm, i.e. ~276 km, at t5), followed by part [c] with ~35% (3.8 cm, i.e. ~253 km, at t5), whereas the central black silicone part [b] shortens only by ~13% (1.2 cm, i.e. ~77 km), at t5 (Figure4.9, 4.10b). Most shortening is found to be absorbed by the part closest to the backwall. This suggests that the stronger central part of the continental plate transmits compression preferentially to portion [a], which had initially the same length as[c], but since trapped between the backwall and plate-part [b], it is most affected by the compressional stresses. Experiment SA05 shows maximum shortening in its portion[b] with ~53% (2.9 cm, i.e. ~191 km), while the black silicone
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 414 Figure 4. SA02, SA04 and SA05 over time (min) in terms of (a) Slab angle (°) at a depth corresponding to ~150 km in nature, (b) Shortening (%) of the entire continental plate, and (c) Velocity of the subducting oceanic plate (in cm/yr properly scaled for each model according to section 4.2.3). To smooth the variability due to our lab set-up, the velocity values given here are middeled over time-intervals of 10 minutes between t1-t5 (see also section 4.2.5) and given with their ± 0.25 cm/yr uncertainties, corresponding to ± 0.03 cm/min in the lab.

Figure 4 .

 4 Figure 4.15 -Comparison of models SA01, SA02, SA04 and SA05 in terms of (a) Shortening, (b) Widening, and (c) Thickening of the continental plate (in %), over time (min).

Figure 4 .

 4 Figure 4.16 -Perspective view illustrating the final "topography" of SA05.

Figure 4

 4 Figure 4.17 -Sketches of final 3D-views resuming the main results of models SA03, SA01, SA02, and SA05. SA04 can be seen as a particular version of SA05 and is therefore not represented separately. For comparison with the Andean configuration, all models are represented with the subducting oceanic plate on the left (W, i.e. West) and the upper continental plate on the right(E, i.e. East). The black T-shaped pin symbolizes the backwall to which one plate is fixed.

Figure S2 .

 S2 Figure S2. Volcano-detrital conglomerates, here of greenish color, belonging to the continental Mesozoic series, with millimetric to centimetric clasts. Location #S2 on Figures 5a, S13 and S14.

Figure S3 .

 S3 Figure S3. Detrital layers within the Mesozoic units, characterized by (a) tangential beds, indicative of normal polarity with top-to-the-east; (b) grain-size grading (finer at the top, coarser at the base of the layer) indicating top-to-the-east bedding polarity. Note also the erosive base contrasting with the sharp top of the layer. Top: interpreted field pictures; bottom: non-interpreted pictures. Location #S3 on Figures S13 and S14.

Figure S4 .

 S4 Figure S4. Dark green detrital pelites (lutites). This unit resembles sediments given a Triassic age (Aguilef et al., 2019) immediately north of the Pinchal area. Note the strong deformation as these lutites are located next to the ABT. Location #S4 on Figures 5a, S13 and S14.

Figure S5 .

 S5 Figure S5. Silex nodules at the base of the calcareous crest (blue pencil for scale). Location #S5 on Figures 5a, S13 and S14.

Figure S6 .

 S6 Figure S6. Stromatolite fossils from the Mesozoic (marine) series, located within (a) the western normal synclinal fold limb; and (b) the eastern inverted synclinal fold limb. Location #S6a and S6b, respectively, on Figures S13 and S14.

Figure S7 .

 S7 Figure S7. Bivalve fossils from the Mesozoic (marine) series, located within the western normal synclinal fold limb. Location #S7 on Figures S13 and S14.

Figure S8 .Figure S9 .

 S8S9 Figure S8. Fine limestone layers within the Mesozoic (marine) series, characterized by a rose-beige color and an alternance of thin-bedded (cm-dm), regular beds. Location #S8 on Figures 5a, S13 and S14.

Figure S10 .Figure S11 .Figure S12 .

 S10S11S12 Figure S10. Thin-layered limestone series within marls. Location #S10 on Figures 5b, S13 and S14.

Figure S13 .

 S13 Figure S13. Structural map of the Pinchal area (~21°30'S), as Figure4in main text, but here with locations of supplementary field references (S1-S12). Black dots refer to the location of field photographs, and are numbered according to the figures where these pictures are reported. Location of this map is reported on Figure1as box A. White thin lines highlight Mesozoic layers mappable on satellite images. Thick blue line depicts a robust, outsticking Mesozoic limestone layer forming a prominent calcareous crest in the landscape (Figure2). A-A' and B-B' sections locate the topographic profiles used for the cross-sections of Quebrada Tania and Quebrada Martine, respectively (Figures5a-b). In the case of the Quebrada Tambillo cross-section, a topographic swath profile was used along C-C' . Q.: Quebrada.

Figure S14 .

 S14 Figure S14. First-order stratigraphic column of the Pinchal area derived from field observations obtained mainly along Quebrada Tania (Figures 1.4and S13) where the Mesozoic series seems to be most complete. This column is also reported on Figure1.3 (main text), but here with the addition of the stratigraphic locations of field observations illustrated on Figures S1 to S12. In the Pinchal area, Paleozoic basement overthrusts folded Mesozoic series along the Andean Basement Thrust (ABT), so that part of the deeper and older Mesozoic series may be missing here (as depicted by "?"). Abbreviation "sed. " for sediments. See FiguresS1-S12and corresponding captions (in supplementary material) for detailed sedimentologic descriptions.

Figure S15 .

 S15 Figure S15. Field view of the Andean Basement Thrust (ABT), overthrusting the dark-grayish Paleozoic basement over the greenish folded Mesozoic units. Reddish rocks on the hanging wall to the East-Northeast correspond to the thrust shear zone (hatched area in picture). Same as Figure 1.6 (top), but with non-interpreted field picture (bottom). Location #6 on Figure 1.4.

( 2 )

 2 Figure S16. Field pictures of small-scale structural features characteristic of the deformation within the Pinchal zone, as in Figures 7b-c in main text. Locations #7b and 7c in Figure 4, respectively. Left: interpreted picture as in main text; right: non-interpreted picture. (b) Example of a small-scale fold within the marine Mesozoic units (blue lines) in Quebrada Tania, within the inverted limb of the mapped syncline, nearby the fold axis. Note also the erosional surface (yellow) forming the unconformable contact between the Cenozoic deposits over the deformed Mesozoic. (c) Small-scale thrusts (steep red line to the right) and décollements (flat red line to the left) observed within the marine Mesozoic strata (blue) of the inverted synclinal limb along Quebrada Tania.

Figure S17 .

 S17 Figure S17. Field pictures of the two major folds within the Pinchal zone, as in Figure 8 in main text. Location #8a and 8b in Figure 4. (a) Panoramic view on the north-eastern part of the Pinchal area. (b) Panoramic view along Quebrada Tambillo, in the southern part of the Pinchal area. Top: interpreted picture; bottom: noninterpreted picture, for (a) and (b) respectively. For complete figure descriptions see main text.

Figure S18 .

 S18 Figure S18. Field picture of the western limb of the western anticline in the Quebrada Blanca area. Same as Figure 11 in main text. Location #11 in Figure 9. (a) Series of folds with westward decreasing amplitude and wavelength (hundreds to tens of meters) observed at the front of the western anticline. Top: interpreted picture; bottom: non-interpreted picture. (b) Detailed view of the westernmost outcropping small-scale anticlines, located on (a) by the black box. Left: interpreted picture; right: non-interpreted picture.

Figure S19 .

 S19 Figure S19. Landscape view on the western limb of the eastern large-scale anticline in the Quebrada Blanca area. Same as Figure 12 in main text; location #12 in Figure 9. Here, steeply inclined Mesozoic horizons are very well discernible in the landscape. Bedding traces C, D, E, F, G and H underlined here are also georeferenced on the structural map (Figure 9) by mapping on satellite imagery. Note the thrust-affected small-scale fold (red dashed line) emphasizing the west-vergence of tectonic structures. Top: interpreted picture; bottom: non-interpreted picture.

Figure S20 .

 S20 Figure S20. See second part of the figure and description next page.

Figure S20 .

 S20 Figure S20.Outcomes from trishear modeling performed with FaultFold Forward v.6(Allmendinger, 1998) in the case of the Quebrada Tambillo section, with chronological constraints provided from geological observations and data (see section 6.1 in main text). The black horizontal arrows underline the cumulated shortening at each stage. The final stage (present-day situation) is overlapped with our structural cross-section. Model parameters are provided in TableS2. In final stage, fault segments are numbered as in TableS1.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 

1 -Overview of the dated samples from the Pinchal area.

Table 2 . 2

 22 

	Localisation	Sample	Altitude Lithology	AHe :	AFT :	ZHe :
		name			Corrected single grain	Pooled age (Ma)	Corrected single
					age (Ma)	Min-max age (Ma)	grain age (Ma)
					Excluded ages (Ma)		
	Quebrada DG	SM03	2600 m	Bedrock	5 grains: 69.8 ; 57.6 ;	85.0 ± 3.8	-
	downstream			Migmatitic	70.2 ; 78.3 ; 72.3	(25 grains)	
				gneiss	Mean age: ~69.6 Ma		
		SMO14	2600 m	Detrital	-	29.8-109.4	-
						(98 grains)	
	Quebrada DG	SM02	2670 m	Bedrock	5 grains: 108.0 ; 46.4 ;	58.7 ± 4	-
	upstream			Migmatitic	112.0 ; 44.5 ; 91.6	(25 grains)	
				gneiss	Mean age: ~45.5 Ma		
		SMO13	2670 m	Bedrock	-	55.2 ± 4.1	-
				Migmatitic		(30 grains)	
				gneiss			
		SMO10	2890 m	Bedrock	6 grains : 69.2 ; 81.4 ;	77.4 ± 5	3 grains :
				Migmatitic	161.8 ; 40.2 ; 38.5 ; 61.2	(20 grains)	85.2 ; 73.5 ; 75.4
				gneiss	Mean age: ~58.1 Ma		Mean age: ~78 Ma
		SMO11	2890 m	Bedrock	-	57.7 ± 4	-
				Migmatitic		(20 grains)	
				gneiss			
		SMO12	2890 m	Detrital	-	29.8-112.0	-
						(80 grains)	
	Quebrada	SMO08	2520 m	Bedrock	5 grains : 76.3 ; 61.5 ;	68.6 ± 3.4	-
	Martine			Migmatitic	70.4 ; 69.4 ; 52.0	(25 grains)	
				gneiss	Mean age: ~65.9 Ma		
		SMO09	2520 m	Bedrock	-	84.3 ± 4.6	-
				Migmatitic		(20 grains)	
				gneiss			

-AHe, AFT and ZHe age results for all samples from the Pinchal area. Find the full data tables in Appendixes 2.

1 and 2.2. 

  *Depth calculated from temperature using a geothermal gradient of 30°C/km. Attenuated areas refer to the time-temperature intervals that are poorly constrained by the data. (b) Age / fission track mean track length vs elevation plot comparing observed raw ages and ages predicted from QTQt modeling. Abbreviations: FT for fission-track; MTL for mean track length; Obs for observed; Pred for predicted; Kin In for observed Dpar; Kin Pred for predicted Dpar. Sampled Pred stands for the 95% credible range for predicted AHe; Sampled FTA Pred for the 95% credible range for predicted AFT; Sampled MTL Pred for the 95% credible range for predicted mean track length.

Table 4 .

 4 

	1 -Properties of Experimental Materials. *Viscosities are given for an experimental strain
	rate of 0.01 s -1 , and for measured (a) room temperature (18.6-19.9°C) in the case of the silicone
	plates, or (b) syrup temperature (19.1-19.9°C) for the asthenospheric mantle. The syrup's viscosity

is sensitive to slight temperature variations, whereas the silicone putties' viscosity can be considered as not changing in the range of temperatures encountered in the laboratory.

Table S2 .

 S2 Best-fit parameters for the trishear modeling performed with FaultFold Forward v.6(Allmendinger, 1998) at Quebrada Tambillo. Model results are illustrated on FigureS20.

	Stage Fault angle	Trishear angle	P/S	Slip (km)	Initial bedding dip
	0	2°E	50°	0.9	0	Mesozoic: 2°E
	1	40.6°E	70°	0.9	3.6	
	2	40.6°E	80°	1.0	4.8	
	3	0°	90°	0.9	6.2	Cenozoic: 6°W
	4	0°	90°	0.9	6.5	
	5	0°	90°	0.9	6.6	
			Trishear angle	P/S	Slip (km)	Initial bedding dip
	0	3°E	60°	1.4	0	Mesozoic: 3°E
	1	24.0°E	60°	1.4	1.0	
	2	0°	60°	1.2	2.0	
	3	0°	60°	1.2	2.5	
	4	11.3°E	90°	1.2	2.6	Cenozoic: 3°W
	5	11.3°E	90°	1.2	3.1	

INITIAL GUESS FOR MODEL PARAMETERS (number of peaks to fit = 1)

  Datafile: E:\AFT Robin Lacassin\SM02.fta Title: SM 02 -Irr 2-2019-10 FIT OPTION: Best-fit peaks using the binomial model of Galbraith and Green Datafile: E:\AFT Robin Lacassin\SMO-08.fta Title: SMO 08 -Irr 1-2020-3 FIT OPTION: Best-fit peaks using the binomial model of Galbraith and Green
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			Peak #. Peak Age	Theta	Fraction(%)	Count
				1.	58.70	0.226		50.5	12.63
		Total range for grain ages:			41,0 to 72,4 Ma
		Number of active grains (Num. used for fit):	25
		Number of removed grains:				0
		Degrees of freedom for fit:			24
		Average of the SE(Z)'s for the grains:		0,34
		Estimated width of peaks in PD plot in Z units: 0,39
					PARAMETERS FOR BEST-FIT PEAKS
	*	Standard error for peak age includes group error
	*	Peak width is for PD plot assuming a kernel factor = 0.60
	#. Peak Age(Ma)	68%CI		95%CI		W(Z) Frac(%) SE,%	Count
	1.	58.8	-3,8 ...+4,0	-7,2 ...+8,1	0.32	100.0	0.0	25.0
	Log-likelihood for best fit: Chi-squared value for best fit: Reduced chi-squared value: Probability for F test: Condition number for COVAR matrix: 9,91E+05 ( 38) 3,26E+06 ( 125) 1,17E+06 ( 75) 3,30E+06 ( 211) 8,45E+05 ( 54) 2,93E+06 ( 187) 1,29E+06 ( 66) 4,19E+06 ( 214) 9,98E+05 ( 51) 2,84E+06 ( 145) Number of iterations: 55.0 110.5 -58,134 11,122 0,463 0% 1,00 60 34 6 60.0 40.5 86.5 100 34 5 69.7 53.1 91.5 100 30 4 56.9 41.2 77.3 80 43 6 60.6 45.6 80.4 80 29 5 69.3 49.2 95.7 1,38E+06 ( 53) 3,52E+06 ( 135) 60 36 6 77.3 55.1 106.6
		1,25E+06 ( 80) 3,40E+06 ( 217)	100	35	5	72.3	55.5	94.2
		1,06E+06 ( 34) 2,91E+06 ( 93)	50	30	6	72.1	47.1 107.3
		1,19E+06 ( 76) 3,21E+06 ( 205)	100	33	5	72.7	55.4	95.4
		1,05E+06 ( 33) 3,07E+06 ( 96)	49	32	6	67.8	44.1 101.2
		1,14E+06 ( 51) 3,44E+06 ( 154)	70	35	6	65.3	46.5	89.9
		1,21E+06 ( 77) 3,60E+06 ( 230)	100	37	5	65.7	50.3	85.8
		1,22E+06 ( 78) 2,96E+06 ( 189)	100	30	5	80.9	61.6 106.1
		1,66E+06 ( 53) 4,88E+06 ( 156)	50	50	8	66.9	48.0	91.7
		1,02E+06 ( 65) 2,61E+06 ( 167)	100	27	4	76.6	56.5 102.4
		1,00E+06 ( 32) 2,91E+06 ( 93)	50	30	6	67.9	43.8 101.9
	POOLED 1,19E+06( 1424) 3,40E+06( 4080) 1878	35	1	68.6	62.3	75.5
	CHI^2 PROBABILITY (%): 93.5			
	POOLED AGE W/ 68% CONF. INTERVAL(Ma):	68.6, 65.3 --72.0 ( -3.3 +3.4)
			95% CONF. INTERVAL(Ma):		62.3 --75.5 ( -6.3 +6.9)
	CENTRAL AGE W/ 68% CONF. INTERVAL(Ma):	68.6, 65.3 --72.0 ( -3.3 +3.4)
			95% CONF. INTERVAL(Ma):		62.3 --75.5 ( -6.3 +6.9)
				AGE DISPERSION (%):	0.5	

INITIAL GUESS FOR MODEL PARAMETERS (number of peaks to fit = 1)

  Datafile: E:\AFT Robin Lacassin\SMO-11.fta Title: SMO 11 -Irr 1-2020-6FIT OPTION: Best-fit peaks using the binomial model of Galbraith and Green
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		Peak #. Peak Age	Theta	Fraction(%)	Count
		1.	68.60	0.259		99.3	24.82
		Total range for grain ages:				55,9 to 87,8 Ma
		Number of active grains (Num. used for fit):	25
		Number of removed grains:				0
		Degrees of freedom for fit:				24
		Average of the SE(Z)'s for the grains:		0,16
		Estimated width of peaks in PD plot in Z units: 0,19
			PARAMETERS FOR BEST-FIT PEAKS
	*	Standard error for peak age includes group error	
	* Log-likelihood for best fit: Peak width is for PD plot assuming a kernel factor = 0.60 #. Peak Age(Ma) 68%CI 95%CI W(Z) Frac(%) SE,% 1. 68.6 -3,3 ...+3,4 -6,3 ...+6,9 0.18 100.0 0.0 -76,351 Chi-squared value for best fit: 14,470 Reduced chi-squared value: 0,603 Probability for F test: 0% Condition number for COVAR matrix: 1,00 44.3 129.2 Count 25.0 2,97E+05 ( 19) 9,23E+05 ( 59) 100 9 2 64.2 36.0 108.3 5,14E+05 ( 23) 1,61E+06 ( 72) 70 16 4 63.7 37.8 102.3 3,29E+05 ( 21) 1,39E+06 ( 89) 100 14 3 47.1 27.7 75.9 4,69E+05 ( 21) 1,56E+06 ( 70) 70 16 4 59.8 34.7 97.9 3,13E+05 ( 14) 1,23E+06 ( 55) 70 13 3 51.0 26.0 91.9 2,68E+05 ( 12) 9,39E+05 ( 42) 70 10 3 57.2 27.2 109.3 3,13E+05 ( 14) 1,21E+06 ( 54) 70 12 3 51.9 26.4 93.7 4,52E+05 ( 26) 1,36E+06 ( 78) 90 14 3 66.4 40.7 104.0 Number of iterations: 77.4 2,69E+05 ( 11) 9,78E+05 ( 40) 64 10 3 55.2 25.3 108.0
		3,60E+05 ( 23) 1,63E+06 ( 104)	100	17	3	44.2	26.7	69.4
		6,46E+05 ( 33) 2,29E+06 ( 117)	80	23	4	56.2	36.8	82.9
		6,26E+05 ( 40) 1,69E+06 ( 108)	100	17	3	73.6	49.8 106.2
		4,23E+05 ( 27) 1,60E+06 ( 102)	100	16	3	52.8	33.1	80.8
		5,32E+05 ( 34) 1,69E+06 ( 108)	100	17	3	62.6	41.2	92.4
	POOLED 4,02E+05( 406) 1,38E+06( 1396) 1580	14	1	57.7	50.5	65.8
	CHI^2 PROBABILITY (%): 97.9				
	POOLED AGE W/ 68% CONF. INTERVAL(Ma):	57.7, 53.9 --61.7 ( -3.8 +4.0)
		95% CONF. INTERVAL(Ma):		50.5 --65.8 ( -7.1 +8.1)
	CENTRAL AGE W/ 68% CONF. INTERVAL(Ma):	57.7, 53.9 --61.7 ( -3.8 +4.0)
		95% CONF. INTERVAL(Ma):		50.5 --65.8 ( -7.1 +8.2)
		AGE DISPERSION (%):	0.2		

INITIAL GUESS FOR MODEL PARAMETERS (number of peaks to fit = 1)

  Datafile: E:\AFT Robin Lacassin\SMO-12.fta Title: SMO 12 -Irr 1-2020-7 Datafile: E:\AFT Robin Lacassin\SMO-12.fta Title: SMO 12 -Irr 1-2020-7FIT OPTION: Best-fit peaks using the binomial model of Galbraith and Green
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	Grain	RhoS	(Ns)	RhoI	(Ni) Squares U+/-2s	Grain Age (Ma)
	no.	(cm^-2)			(cm^-2)				Age	--95% CI--
	55 56	Peak #. Peak Age 6,89E+05 ( 22) 1,91E+06 ( 61) Theta 8,45E+05 ( 27) 1,97E+06 ( 63)	50 50	Fraction(%) 19 5 20 5	72.1 Count 42.0 118.1 85.4 52.2 135.2
	57	1. 1,12E+06 ( 35) 2,81E+06 ( 88) 57.70 0.225	49	29	63.2 6	12.64 79.3 51.9 117.9
	Total range for grain ages: 5,48E+05 ( 14) 1,84E+06 ( 47) Number of active grains (Num. used for fit): 40 19 1,30E+06 ( 25) 3,03E+06 ( 58) 30 31 Number of removed grains: 7,82E+05 ( 25) 2,07E+06 ( 66) 50 21 Degrees of freedom for fit: 9,39E+05 ( 24) 2,66E+06 ( 68) 40 27 Average of the SE(Z)'s for the grains: 4,17E+05 ( 16) 1,38E+06 ( 53) 60 14 8,05E+05 ( 36) 2,48E+06 ( 111) 70 25 Estimated width of peaks in PD plot in Z units: 0,32 5 59.8 44,7 to 78,1 Ma 30.2 109.2 8 85.9 51.4 138.6 20 5 75.6 45.6 120.6 0 7 70.5 42.2 113.0 19 4 60.5 32.1 106.4 0,27 5 64.7 43.1 94.6 PARAMETERS FOR BEST-FIT PEAKS Standard error for peak age includes group error 58 59 60 61 62 63 Peak width is for PD plot assuming a kernel factor = 0.60 #. Peak Age(Ma) 68%CI 95%CI W(Z) Frac(%) SE,% Count 1. 57.7 -3,8 ...+4,0 -7,1 ...+8,2 0.29 100.0 0.0 20.0 Log-likelihood for best fit: * * -49,499 Chi-squared value for best fit: 8,617 Reduced chi-squared value: 0,454 Probability for F test: 0% Condition number for COVAR matrix: 1,00 53.3 151.9 7,82E+04 ( 5) 3,91E+05 ( 25) 100 4 2 40.9 11.9 105.5 6,26E+05 ( 16) 2,00E+06 ( 51) 40 20 6 62.9 33.3 110.9 5,22E+05 ( 10) 1,83E+06 ( 35) 30 19 6 57.5 25.2 116.9 8,76E+05 ( 14) 2,19E+06 ( 35) 25 22 7 80.0 39.6 150.8 1,10E+06 ( 35) 3,29E+06 ( 105) 50 33 7 66.5 43.9 97.9 9,13E+05 ( 14) 3,39E+06 ( 52) 24 34 10 54.1 27.5 97.9 9,39E+05 ( 15) 2,82E+06 ( 45) 25 29 9 66.8 34.4 120.8 8,38E+04 ( 3) 5,87E+05 ( 21) 56 6 3 29.8 5.5 95.0 5,67E+05 ( 29) 1,92E+06 ( 98) 80 19 4 59.1 37.5 89.8 5,63E+05 ( 18) 3,10E+06 ( 99) 50 31 6 36.5 20.7 60.2 1,13E+06 ( 72) 3,54E+06 ( 226) 100 36 5 63.3 48.2 83.1 8,35E+05 ( 16) 2,87E+06 ( 55) 30 29 8 58.3 31.0 102.3 7,04E+05 ( 18) 2,07E+06 ( 53) 40 21 6 68.0 37.3 116.8 64 6,06E+05 ( 31) 1,55E+06 ( 79) 80 16 4 78.2 49.8 119.2 65 8,61E+05 ( 55) 1,92E+06 ( 123) 100 20 4 88.9 63.5 122.8 66 8,22E+05 ( 21) 2,00E+06 ( 51) 40 20 6 82.2 46.8 137.9 67 1,41E+06 ( 63) 2,93E+06 ( 131) 70 30 5 95.6 69.6 129.7 68 6,89E+05 ( 22) 2,88E+06 ( 92) 50 29 6 47.9 28.5 76.4 69 8,22E+05 ( 21) 2,07E+06 ( 53) 40 21 6 79.1 45.2 132.3 70 1,31E+06 ( 21) 4,76E+06 ( 76) 25 48 11 55.3 32.3 90.0 71 1,03E+06 ( 33) 2,72E+06 ( 87) 50 28 6 75.6 49.0 113.5 72 6,57E+05 ( 42) 2,07E+06 ( 132) 100 21 4 63.5 43.7 90.1 73 1,23E+06 ( 63) 2,68E+06 ( 137) 80 27 5 91.4 66.7 123.7 74 8,45E+05 ( 27) 1,97E+06 ( 63) 50 20 5 85.4 52.2 135.2 75 7,82E+04 ( 5) 3,60E+05 ( 23) 100 4 2 44.4 12.9 115.9 76 9,39E+05 ( 15) 2,00E+06 ( 32) 25 20 7 93.6 47.0 175.8 77 3,35E+05 ( 6) 6,71E+05 ( 12) 28 7 4 100.5 30.7 281.7 Number of iterations: 91.7 3,59E+05 ( 11) 1,01E+06 ( 31) 48 10 4 71.2 32.1 143.5 78 8,76E+05 ( 56) 1,80E+06 ( 115) 100 18 3 96.8 69.0 133.9
	79	8,92E+05 ( 57) 2,16E+06 ( 138) 1,14E+06 ( 51) 3,09E+06 ( 138)	100 70	22 31	4 5	82.2 73.6	59.2 112.4 52.3 101.9
	80	6,89E+05 ( 22) 2,35E+06 ( 75) 6,73E+05 ( 43) 1,75E+06 ( 112)	50 100	24 18	6 3	58.7 76.5	34.6 52.5 109.2 94.8
	5,01E+05 ( 16) 1,97E+06 ( 63) 1,10E+06 ( 70) 3,55E+06 ( 227) POOLED 7,34E+05( 2188) 2,09E+06( 6225) 4668 50 100	20 36 21	5 5 1	51.0 61.3 69.9	27.3 46.5 64.0	88.4 80.7 76.3
	1,17E+05 ( 1,05E+06 ( 67) 3,02E+06 ( 193) 3) 3,52E+05 ( 9) CHI^2 PROBABILITY (%): 16.1 1,96E+05 ( 5) 1,06E+06 ( 27) >>> Beware: possible upward bias in Chi^2 probability due to low counts <<< 40 4 2 68.6 11.6 261.8 100 31 4 68.9 51.8 91.6 40 11 4 37.9 11.1 96.9
	1,50E+06 ( 96) 3,52E+06 ( 225) 5,63E+05 ( 18) 2,25E+06 ( 72) POOLED AGE W/ 68% CONF. INTERVAL(Ma): 6,96E+05 ( 16) 2,22E+06 ( 51) 95% CONF. INTERVAL(Ma):	100 50 69.9, 66.8 --73.1 ( -3.1 +3.2) 36 5 84.6 66.0 108.4 23 5 50.1 28.0 84.2 36 23 6 62.9 33.3 110.9 64.0 --76.3 ( -5.9 +6.4)
	4,07E+05 ( 13) 1,50E+06 ( 48) 3,29E+05 ( 21) 1,16E+06 ( 74) CENTRAL AGE W/ 68% CONF. INTERVAL(Ma): 7,82E+05 ( 20) 3,83E+06 ( 98) 95% CONF. INTERVAL(Ma): 2,91E+05 ( 13) 1,23E+06 ( 55) AGE DISPERSION (%):	50 100 69.5, 66.4 --72.8 ( -3.2 +3.3) 15 4 54.4 26.8 100.8 12 3 56.8 33.1 92.6 40 39 8 40.9 23.8 63.5 --76.2 ( -6.1 +6.6) 66.2 70 12 3 47.5 23.6 87.1 10.2
		8,14E+05 ( 52) 1,61E+06 ( 103)	100	16	3 100.3	70.4 140.8
		5,22E+05 ( 20) 1,77E+06 ( 68)	60	18	4	58.9	33.7	97.3
		9,70E+05 ( 62) 3,38E+06 ( 216)	100	34	5	57.0	42.7	76.2
		1,25E+06 ( 40) 2,50E+06 ( 80)	50	25	6	99.4	66.2 146.3
		7,82E+05 ( 30) 2,22E+06 ( 85)	60	23	5	70.4	44.7 107.3
		5,32E+05 ( 34) 1,77E+06 ( 113)	100	18	3	60.1	39.6	88.4
		1,02E+06 ( 26) 2,58E+06 ( 66)	40	26	6	78.6	47.8 124.6
		4,89E+05 ( 10) 9,29E+05 ( 19)	32	9	4 105.2	43.5 233.7
		4,30E+05 ( 22) 1,43E+06 ( 73)	80	15	3	60.3	35.5	97.5
		8,76E+05 ( 28) 2,35E+06 ( 75)	50	24	6	74.5	46.4 115.7
		1,41E+05 (	9) 7,67E+05 ( 49)	100	8	2	37.2	15.8	75.2
		9,13E+05 ( 21) 2,17E+06 ( 50)	36	22	6	83.8	47.7 140.9
		1,47E+05 (	3) 8,31E+05 ( 17)	32	8	4	36.7	6.6 120.9
		1,06E+06 ( 34) 2,47E+06 ( 79)	50	25	6	85.7	55.5 129.0
		5,87E+05 ( 18) 2,31E+06 ( 71)	48	24	6	50.8	28.4	85.5
		7,67E+05 ( 49) 1,96E+06 ( 125)	100	20	4	78.1	54.9 109.1
		6,26E+05 ( 12) 2,24E+06 ( 43)	30	23	7	56.1	26.7 106.9
		8,30E+05 ( 26) 2,20E+06 ( 69)	49	22	5	75.2	45.9 118.8
		8,26E+05 ( 19) 2,22E+06 ( 51)	36	23	6	74.5	41.4 127.2
		6,93E+05 ( 31) 1,23E+06 ( 55)	70	12	3 112.0	69.7 175.9
		4,38E+05 (	7) 2,44E+06 ( 39)	25	25	8	36.5	13.5	80.7
		2,61E+05 ( 10) 1,20E+06 ( 46)	60	12	4	43.9	19.5	86.8
		9,39E+05 ( 30) 2,94E+06 ( 94)	50	30	6	63.7	40.7	96.5
		5,95E+05 ( 19) 1,28E+06 ( 41)	50	13	4	92.4	50.6 161.4
		1,60E+06 ( 41) 3,56E+06 ( 91)	40	36	8	89.7	60.4 130.4

INITIAL GUESS FOR MODEL PARAMETERS (number of peaks to fit = 2)

  Datafile: E:\AFT Robin Lacassin\SMO-14.fta Title: SMO 14 -Irr 1-2020-9 Datafile: E:\AFT Robin Lacassin\SMO-14.fta Title: SMO 14 -Irr 1-2020-9FIT OPTION: Best-fit peaks using the binomial model of Galbraith and Green
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	Grain	RhoS	(Ns)	RhoI	(Ni) Squares U+/-2s	Grain Age (Ma)
	no.	(cm^-2)			(cm^-2)			Age	--95% CI--
		55 56	Peak #. Peak Age 1,05E+06 ( 67) 2,52E+06 ( 161) Theta 8,45E+05 ( 27) 1,78E+06 ( 57)	100 50	Fraction(%) 25 4 18 5	82.9 Count 61.9 110.9 94.8 57.6 151.3
		57	1. 7,20E+05 ( 23) 1,75E+06 ( 56) 69.90 0.260	50	18	47.9 5	38.29 82.4 48.3 135.0
		58	4,69E+05 (	2. 9) 2,24E+06 ( 43) 85.60 0.301	30	23	43.5 7	34.81 42.5 18.0	87.0
		59 60 61 62 63 64 65	Total range for grain ages: 2,21E+06 ( 141) 5,02E+06 ( 321) Number of active grains (Num. used for fit): 100 51 4,69E+05 ( 21) 1,74E+06 ( 78) 70 18 Number of removed grains: 4,23E+05 ( 27) 1,63E+06 ( 104) 100 16 Degrees of freedom for fit: 6,52E+05 ( 25) 1,70E+06 ( 65) 60 17 Average of the SE(Z)'s for the grains: 1,88E+05 ( 12) 3,44E+05 ( 22) 100 3 1,76E+05 ( 9) 5,48E+05 ( 28) 80 6 Estimated width of peaks in PD plot in Z units: 0,33 6 87.6 32,5 to 112,5 Ma 71.0 108.0 4 54.2 31.6 88.0 80 3 52.2 32.7 79.9 0 4 77.2 46.5 123.2 77 1 109.4 49.3 227.4 0,28 2 65.1 26.8 139.4 1,15E+06 ( 59) 2,64E+06 ( 135) 80 27 5 87.4 63.2 119.1
		66	6,04E+05 ( 27) 2,33E+06 ( 104)	70	24	5	52.2	32.7	79.9
		67	PARAMETERS FOR BEST-FIT PEAKS 8,61E+05 ( 22) 4,50E+06 ( 115) 40 45 9	38.6	23.1	60.8
	* *	68 Standard error for peak age includes group error 5,37E+05 ( 24) 1,74E+06 ( 78) 70 18 69 5,63E+05 ( 18) 1,85E+06 ( 59) 50 19 Peak width is for PD plot assuming a kernel factor = 0.60 4 61.9 5 61.4 70 2,50E+05 ( 8) 1,25E+06 ( 40) 50 13 4 40.7	37.3 33.9 104.6 98.1 16.2 86.5
		#. Peak Age(Ma) 71 5,79E+05 ( 37) 2,08E+06 ( 133) 68%CI 95%CI	100	21	W(Z) Frac(%) SE,% 4 55.9 37.6	Count 80.6
	1. 2. Log-likelihood for best fit: 63.4 -4,8 ...+5,2 79.1 -7,2 ...+7,9 Chi-squared value for best fit: Reduced chi-squared value: Probability for F test: Condition number for COVAR matrix: -9,0 ...+10,5 -13,5 ...+16,2 -230,200 73,103 0,949 0% 63,95 5,79E+05 ( 37) 1,58E+06 ( 101) 100 2,50E+05 ( 8) 5,32E+05 ( 17) 50 4,69E+05 ( 30) 1,11E+06 ( 71) 100 3,60E+05 ( 23) 8,29E+05 ( 53) 100 6,26E+05 ( 24) 1,25E+06 ( 48) 60 7,15E+05 ( 32) 1,88E+06 ( 84) 70 1,12E+05 ( 5) 3,80E+05 ( 17) 70 72 9,39E+05 ( 30) 3,07E+06 ( 98) 50 73 2,82E+05 ( 18) 1,08E+06 ( 69) 100 74 8,50E+05 ( 38) 1,72E+06 ( 77) 70 75 2,54E+05 ( 13) 8,22E+05 ( 42) 80 76 6,57E+05 ( 42) 2,25E+06 ( 144) 100 77 3,91E+04 ( 1) 1,96E+05 ( 5) 40 78 3,91E+05 ( 6) 1,04E+06 ( 16) 24 79 5,87E+05 ( 15) 2,74E+06 ( 70) 40 Number of iterations: 95.2 0.27 60.2 0.24 39.8 16 3 73.4 5 3 94.9 11 3 84.7 8 2 87.0 13 4 100.1 19 4 76.4 4 2 60.2 31 6 61.5 11 3 52.6 17 4 98.7 8 3 62.5 23 4 58.5 2 2 44.5 11 5 76.2 28 7 43.3 1,56E+05 ( 5) 4,07E+05 ( 13) 50 4 2 78.4 80 1,10E+05 ( 7) 7,51E+05 ( 48) 100 8 2 29.8	29.0 29.0 52.0 166.7 48.2 31.8 48.9 107.5 35.2 227.3 53.2 130.6 50.8 143.3 58.6 165.3 49.1 115.4 17.0 164.9 39.3 92.9 29.3 88.5 65.1 146.6 30.6 117.1 40.4 82.7 0.8 349.7 24.1 199.8 22.9 75.6 21.5 227.1 11.2 64.9
		81	8,76E+05 ( 56) 2,32E+06 ( 148) 7,04E+05 ( 27) 2,24E+06 ( 86)	100 60	23 23	4 5	75.8 63.1	54.6 103.4 39.2 97.6
		82	1,02E+06 ( 52) 3,50E+06 ( 179) 7,56E+05 ( 29) 2,82E+06 ( 108)	80 60	35 28	5 6	58.3 54.0	41.9 34.4	79.5 81.5
		83	5,79E+05 ( 37) 1,30E+06 ( 83) 4,69E+05 ( 30) 1,44E+06 ( 92)	100 100	13 15	3 3	89.2 65.5	58.8 132.3 41.7 99.2
		84	4,92E+05 ( 22) 1,83E+06 ( 82) 7,82E+05 ( 25) 2,03E+06 ( 65)	70 50	19 21	4 5	54.0 77.2	32.0 46.5 123.2 86.7
		85	4,25E+05 ( 19) 1,81E+06 ( 81) 6,06E+05 ( 31) 2,13E+06 ( 109)	70 80	18 22	4 4	47.3 57.1	26.9 36.9	78.0 85.4
		86	5,67E+05 ( 29) 2,01E+06 ( 103) 3,67E+05 ( 15) 9,78E+05 ( 40)	80 64	20 10	4 3	56.6 75.5	36.0 38.6 138.1 85.7
		87	4,30E+05 ( 22) 1,21E+06 ( 62) 2,50E+05 ( 4) 7,51E+05 ( 12)	80 25	12 8	3 4	71.3 68.4	41.6 116.7 15.7 217.4
		88	1,00E+06 ( 32) 3,47E+06 ( 111) 2,61E+05 ( 4) 1,30E+06 ( 20)	50 24	35 13	7 6	57.9 41.4	37.7 10.0 119.0 86.0
		89	5,95E+05 ( 38) 1,55E+06 ( 99) 4,69E+05 ( 15) 1,53E+06 ( 49)	100 50	16 16	3 4	76.9 61.7	51.4 112.3 32.0 110.7
		90	3,76E+05 ( 12) 1,60E+06 ( 51) 4,07E+05 ( 26) 1,31E+06 ( 84)	50 100	16 13	5 3	47.6 62.2	22.9 38.3	89.4 96.9
		91	5,63E+05 ( 18) 1,50E+06 ( 48) 3,91E+05 ( 10) 1,72E+06 ( 44)	50 40	15 17	4 5	75.4 46.1	41.1 130.7 20.5 91.5
		92	6,78E+05 ( 26) 1,62E+06 ( 62) 8,14E+05 ( 13) 3,26E+06 ( 52)	60 25	16 33	4 9	84.1 50.5	50.9 134.0 25.0 93.0
		93	1,19E+06 ( 38) 3,63E+06 ( 116) 6,26E+05 ( 12) 1,62E+06 ( 31)	50 30	37 16	7 6	65.7 78.0	44.2 36.3 154.1 95.1
		94	5,32E+05 ( 34) 1,63E+06 ( 104) 2,09E+05 ( 8) 1,04E+06 ( 40)	100 60	16 11	3 3	65.6 40.7	43.1 16.2	97.0 86.5
		95	7,82E+05 ( 50) 1,67E+06 ( 107) 4,25E+05 ( 19) 1,72E+06 ( 77)	100 70	17 17	3 4	93.4 49.7	65.4 131.4 28.3 82.3
		96	5,48E+05 ( 35) 1,52E+06 ( 97) 7,20E+05 ( 23) 2,54E+06 ( 81)	100 50	15 26	3 6	72.3 57.1	47.6 107.0 34.2 91.1
		97	4,02E+05 ( 18) 1,01E+06 ( 45) 8,61E+05 ( 55) 3,43E+06 ( 219)	70 100	10 35	3 5	80.3 50.4	43.6 140.2 36.7 67.8
		98	5,63E+05 ( 36) 1,50E+06 ( 96) 7,82E+05 ( 18) 2,04E+06 ( 47)	100 36	15 21	3 6	75.2 77.0	49.7 110.8 41.9 133.8
	4,07E+05 ( 13) 8,14E+05 ( 26) 3,91E+05 ( 25) 9,55E+05 ( 61) POOLED 5,77E+05( 2494) 1,73E+06( 7489) 6769 50 100	8 10 18	3 100.4 2 82.2 1 66.6	47.2 199.7 49.3 131.9 61.1 72.5
	5,22E+05 ( 12) 2,09E+06 ( 48) 3,91E+05 ( 20) 1,62E+06 ( 83) CHI^2 PROBABILITY (%): 6.5 6,65E+05 ( 17) 1,53E+06 ( 39) >>> Beware: possible upward bias in Chi^2 probability due to low counts <<< 36 21 6 50.6 24.2 95.4 80 16 4 48.6 28.1 79.2 40 15 5 87.5 46.3 156.7
	2,93E+05 ( 15) 1,08E+06 ( 55) 1,10E+06 ( 35) 3,44E+06 ( 110) POOLED AGE W/ 68% CONF. INTERVAL(Ma): 1,02E+06 ( 26) 2,31E+06 ( 59) 95% CONF. INTERVAL(Ma):	80 50 66.6, 63.8 --69.6 ( -2.8 +3.0) 11 3 55.0 28.7 97.7 35 7 63.9 42.3 93.7 40 23 6 88.3 53.3 141.3 61.1 --72.5 ( -5.5 +5.9)
	2,50E+05 ( 16) 1,19E+06 ( 76) 1,34E+05 ( 6) 9,39E+05 ( 42) CENTRAL AGE W/ 68% CONF. INTERVAL(Ma): 7,15E+05 ( 32) 1,86E+06 ( 83) 95% CONF. INTERVAL(Ma): 3,80E+05 ( 17) 1,92E+06 ( 86) AGE DISPERSION (%):	100 70 66.1, 63.1 --69.2 ( -3.0 +3.1) 12 3 42.5 23.0 72.9 9 3 29.3 10.0 67.6 70 19 4 77.3 60.4 --72.3 ( -5.7 +6.2) 49.6 116.8 70 19 4 39.9 22.1 67.1 12.3
			9,70E+05 ( 62) 2,47E+06 ( 158)	100	25	4	78.5	57.5 105.7
			1,41E+05 (	9) 7,98E+05 ( 51)	100	8	2	35.9	15.3	72.4
			5,74E+05 ( 22) 2,50E+06 ( 96)	60	25	5	46.2	27.5	73.4
			4,07E+05 ( 26) 1,25E+06 ( 80)	100	13	3	65.3	40.1 102.1
			4,92E+05 ( 22) 1,27E+06 ( 57)	70	13	3	77.5	45.0 127.7
			9,39E+05 ( 60) 2,44E+06 ( 156)	100	25	4	77.0	56.1 104.0
			6,57E+05 ( 42) 1,21E+06 ( 77)	100	12	3 108.9	73.0 159.8

INITIAL GUESS FOR MODEL PARAMETERS (number of peaks to fit = 2)

  

	SMO10 SMO12 SMO14 Table A-2.1k -AFT lengths Ns 5 Ns 23 Ns	Ni 15	Ni 50 Ni 63	Dpar (µm) 0,82 Dpar (µm) 1,35 Dpar (µm) 1,31	SMO13 Ns 21 Ns 22	Ns 6	Ni 50 Ni 96	Ni 24 Dpar (µm) Dpar (µm) 1,17 1,29 Dpar (µm) 1,36
	Peak #. Peak Age 1. 57.20 2. 66.60 Total range for grain ages: Number of active grains (Num. used for fit): Theta Fraction(%) 0.222 40.3 0.250 43.2 30,7 to 110,7 Ma Count 39.51 42.37 98 Number of removed grains: 0 Degrees of freedom for fit: 95 Average of the SE(Z)'s for the grains: 0,29 Estimated width of peaks in PD plot in Z units: 0,34 PARAMETERS FOR BEST-FIT PEAKS Standard error for peak age includes group error Peak width is for PD plot assuming a kernel factor = 0.60 #. Peak Age(Ma) 68%CI 95%CI W(Z) Frac(%) SE,% 1. 57.4 -4,5 ...+4,9 -8,4 ...+9,9 0.28 49.0 23.2 2. 75.2 -5,6 ...+6,1 -10,7 ...+12,4 0.25 51.0 23.2 Log-likelihood for best fit: * * -281,329 Chi-squared value for best fit: 86,482 Reduced chi-squared value: 0,910 Probability for F test: 0% Condition number for COVAR matrix: 48,09 Number of iterations: 1,27 116 279 1,30 SMO08 Ns Ni Dpar (µm) SMO09 Ns Ni Dpar (µm) Count 48.0 50.0 260 1,17 17 40 1,27 108 242 1,30 84 164 2,03 114 1,33 46 138 1,58 106 1,28 12 26 1,32 114 1,37 37 82 1,65 142 1,29 36 93 1,18 124 1,31 22 54 1,30 241 1,31 19 54 1,33 120 1,18 113 275 1,49 125 1,19 64 172 1,31 211 1,43 66 130 1,81 187 1,31 43 102 1,46 214 1,22 51 129 1,71 145 1,14 27 56 1,29 135 1,21 122 250 1,27 217 1,37 65 151 59 1,42 13 52 1,49 11,93 14,12 13,02 1,62 78 1,19 3 15 1,16 84 1,38 15 44 1,22 62 1,00 6 27 1,10 50 1,32 38 122 1,30 40 1,14 7 30 1,31 105 1,52 14 47 1,23 131 1,39 14 65 69 1,32 7 27 1,31 114 1,14 8 30 1,07 83 1,24 8 44 1,35 66 1,29 15 47 1,10 52 1,38 12 32 1,28 35 1,07 7 26 1,32 102 1,33 8 39 1,08 43 0,81 5 20 1,28 54 1,19 18 40 73 1,25 13 39 50 1,12 11 45 1,08 56 1,18 7 40 1,16 4 16 1,28 SMO11 Ns Ni Dpar (µm) 13 42 1,20 55 1,27 10 30 1,12 81 1,31 8 31 1,17 6 28 1,14 17 65 1,20 37 1,15 4 25 43 1,24 21 75 54 1,24 14 40 1,17 59 1,25 8 31 1,42 72 1,10 12 46 1,29 89 1,17 70 1,29 55 1,21 42 1,03 54 78 40 1,22 104 1,38 117 1,08 108 1,18 102 1,14 108 1,15 26 66 1,32 15 32 1,22 10 19 1,49 6 12 1,35 22 73 1,22 56 115 1,,42 28 75 1,34 51 138 1,30 9 49 0,84 43 112 1,42 26 1,35 31 109 61 1,24 15 40 48 1,35 4 12 83 1,23 4 20 39 1,45 15 49 55 1,32 26 84 110 1,50 10 44 11,88 14,08 13 1,16 11,83 13,99 12,91 1,36 11,83 13,81 12,84 1,47 11,81 13,78 12,76 1,44 11,74 13,78 12,71 1,29 11,73 13,76 12,66 1,35 11,71 13,74 12,55 1,39 11,62 13,62 12,55 14,34 1,28 34 113 1,44 5 23 1,12 96 1,37 25 65 1,33 11,57 13,54 12,48 14,24 1,29 21 74 1,31 63 131 1,30 20 98 1,28 22 92 1,32 13 55 1,36 21 53 1,25 52 103 1,24 21 76 1,11 20 68 1,32 33 87 1,43 62 216 1,35 42 132 1,18 40 80 1,36 63 137 1,45 30 85 1,16 27 63 1,19 51 1,32 42 144 48 1,50 1 5 62 1,36 6 16 118 1,32 15 70 104 1,41 7 48 107 1,18 27 86 97 1,38 29 108 45 1,45 30 92 11,57 13,52 12,47 14,15 1,51 11,52 13,5 12,39 14,14 1,37 11,46 13,49 12,38 14,13 1,35 11,36 13,48 12,35 14,11 1,25 11,32 13,21 12,27 14,04 1,27 11,31 13,2 12,25 14,02 1,24 11,3 13,18 12,24 15,2 13,91 1,17 11,26 13,13 12,07 15,19 13,85 1,43 11,09 13,11 12,01 15,08 13,84 1,37 13 48 1,25 21 51 1,33 99 1,47 13 42 1,31 10,99 13,09 11,96 14,84 13,82 1,41 16 63 1,20 14 47 1,28 70 227 1,39 25 58 1,31 3 9 1,37 25 66 1,30 67 193 1,38 24 68 1,30 5 27 1,16 16 53 1,27 96 225 1,38 36 111 1,28 18 72 1,37 31 79 1,22 16 51 1,42 55 123 1,23 148 1,38 22 115 179 1,35 24 78 83 1,35 18 59 82 1,47 8 40 81 1,44 37 133 103 1,46 30 98 62 1,50 18 69 111 1,23 38 77 10,87 13,05 11,9 14,54 13,79 1,56 10,86 13,05 11,89 14,51 13,76 1,36 10,78 13,04 11,87 14,1 13,7 1,53 10,71 13,04 11,83 14,09 13,68 1,23 10,67 13,03 11,76 13,95 13,66 1,17 10,62 12,95 14,42 11,75 13,89 13,47 1,14 10,58 12,85 14,42 11,65 13,85 13,29 1,56 10,44 12,8 14,4 11,6 13,83 13,28 1,39 10,42 12,69 14,18 11,57 13,77 13,23 1,34 22 75 1,20 35 88 1,20 5 13 1,52 27 104 1,30 10,38 12,66 13,39 11,34 13,74 13,19 1,14 15 45 1,35 19 51 1,28 3 21 1,15 31 55 1,26 29 98 1,17 7 39 1,21 18 99 1,37 10 46 1,32 72 226 1,40 30 94 1,39 16 55 1,32 19 41 1,36 18 53 1,34 41 91 1,33 11 31 1,12 22 61 1,29 57 138 1,32 27 63 1,45 3 13 1,44 23 56 1,43 40 1,41 9 43 101 1,41 141 321 8 17 1,38 21 78 71 1,27 27 104 53 1,56 25 65 48 1,51 12 22 84 1,60 9 28 5 17 1,34 59 135 10,31 12,56 13,08 15,42 11,17 13,63 12,96 1,36 10,21 12,5 12,99 14,58 11,16 13,63 12,82 1,18 10,12 12,43 12,96 14,25 10,95 13,61 12,67 1,21 10,06 12,42 12,76 13,95 10,94 13,6 12,38 1,17 9,97 12,4 12,37 13,82 10,82 13,58 12,35 1,43 9,94 12,39 12,62 12,24 13,51 10,51 13,58 11,95 1,31 9,75 12,39 12,32 11,35 13,26 10,51 13,54 11,87 1,45 9,68 12,35 14,83 11,04 12,97 10,51 13,54 11,67 1,43 9,54 12,34 12,16 10,71 12,89 10,3 13,48 11,32 Appendix 2.1k -Table : AFT lenghts 9,51 12,29 13,04 10,65 9,35 9,8 13,48 11,17 1,13 5 25 1,35 3 17 1,20 16 51 1,14 34 79 1,20 10 35 0,95 18 71 1,60 14 35 1,34 49 125 1,30 35 105 1,15 12 43 1,29 14 52 1,36 26 69 1,44 19 1,32 26 80 1,46 64 1,46 22 57 SM02 SMO13 SMO10 SMO11 SMO09 SM03 SMO08 1,24 60 1,34 60 156 nomber of AFTs 1 6 15 11 33 100 75 1,48 79 1,47 42 77 mean Length 12,26 13,35 12,59 13 13,21 12,24 12,69 1,22 132 1,55 67 161 max Length 12,26 15,11 14,42 15,42 14,34 16,93 15,2 1,31 74 1,35 27 57 9,4 12,28 12,26 15,11 10,4 8,97 9,75 13,46 11,02 all Lengths (µm) 1,33 min Length 12,26 12,16 10,4 8,97 11,02 9,4 9,75
	11,96 6 12,07 12,1 12,11 12,12 9 12,19 12,19	93 205 96 154 230 189 156 14,16 14,19 14,2 14,2 14,59 14,6 14,73	76 42 83 86 158 51	1,31 1,46 1,38 1,31 1,37 1,26 1,22	1,29 1,21 1,44 1,40 1,50 1,38	12 8 19 23 55 18	31 25 17 92 13,04 13,06 13,12 13,13 13,14 13,24 13,34	31 40 77 81 219 47	68 69 44 213	1,26 1,22 1,39 1,00 1,38 1,36 1,47 1,37 1,43 1,37
	12,22 12,23	167 15,35 93 16,93			1,08 1,24			13,39 13,4	

Table A -2.2a -AHe data

 A 

	Full Sample Name	length 1 (µm)	width 1 (µm)	length 2 (µm)	width 2 (µm)	Geometr y	Mineral Np	Dim Mass (µg)	rs (ESR_Ft) (µm)	4He (nmol/g)	±	U (ppm)	±	Th (ppm)	±	Sm (ppm)	±	eU	Raw Date It (Ma)	±	(MEAN) Ft	Corrected Date (It) (Ma)	Analytic Unc. (Ma)2σ
	SM-02_a01	114,1 116,7 114,1 90,8	4	a	1	1,82	44,82	3,577	0,032	8,01	0,33	2,04	0,14	22,72	0,60	8,5	76,02	2,89	0,697	108,01	8,20
	SM-02_a02	74,1 118,1 74,1 149,9	4	a	1	1,40	34,74	1,185	0,014	6,88	0,43	1,51	0,10	34,82	0,74	7,2	29,14	1,65	0,617	46,39	4,67
	SM-02_a03	84,8 82,6 84,8 71,5	4	a	1	0,78	34,02	1,963	0,031	4,45	0,36	2,56	0,22	22,86	1,00	5,1	69,09	4,79	0,605	112,02	15,68
	SM-02_a04	101,8 103,3 101,8 87,6	4	a	0	1,94	43,49	0,933	0,022	5,22	0,36	0,80	0,02	19,19	0,61	5,4	31,02	2,08	0,691	44,47	6,13
	SM-02_a05	110,4 102,1 110,4 110,5	4	a	0	2,92	50,78	2,092	0,013	5,34	0,14	0,95	0,03	17,10	0,39	5,6	67,68	1,71	0,733	91,58	4,85
	SM-03_a01	152,6 112,5 152,6 111,3	4	a	0	4,33	56,76	25,419	0,120	87,76	1,56	1,61	0,04	28,18	0,44	88,1	53,15	0,94	0,760	69,80	2,55
	SM-03_a02	95,1 119,4 95,1 160,5	4	a	0	4,58	58,23	8,664	0,043	35,69	0,69	1,29	0,05	19,30	0,17	36,0	44,32	0,85	0,768	57,58	2,30
	SM-03_a03	168,6 109,7 168,6 125,4	4	a	0	5,55	61,76	20,218	0,090	67,88	1,76	0,77	0,05	23,70	0,30	68,1	54,73	1,39	0,778	70,16	3,68
	SM-03_a04	197,6 108,5 200,1 81,7	4	a	1	3,03	48,21	45,149	0,121	146,61	2,60	8,70	0,23	3,77	0,16	148,7	56,09	0,96	0,715	78,28	2,68
	SM-03_a05	120,7 128,9 120,7 129,3	4	a	0	4,58	58,95	12,973	0,034	42,63	1,17	0,58	0,05	20,06	0,29	42,8	55,82	1,48	0,770	72,33	3,96
	SM-08_a01	224,9 109,7 232,0 76,1	4	a	1	3,20	47,22	15,166	0,070	51,10	1,33	3,26	0,05	157,52	2,36	52,1	53,83	1,36	0,704	76,26	3,70
	SM-08_a02	173,6 97,3 190,4 121,2	4	a	2	3,30	58,52	14,717	0,063	57,50	0,75	2,07	0,09	163,03	2,27	58,2	46,77	0,62	0,760	61,45	1,66
	SM-08_a03	121,9 109,8 110,3 82,1	4	a	1	1,60	44,11	20,812	0,139	78,60	2,61	3,63	0,20	185,47	8,90	79,7	48,28	1,57	0,684	70,41	4,36
	SM-08_a04	133,9 105,9 130,9 82,8	4	a	1	1,88	45,71	12,956	0,083	48,91	0,91	1,86	0,05	169,65	3,68	49,6	48,33	0,91	0,694	69,38	2,54
	SM-08_a05	109,9 112,2 105,2 99,4	4	a	0	2,59	50,18	8,930	0,061	42,93	0,64	3,68	0,07	120,96	5,76	44,0	37,60	0,59	0,720	52,08	1,60
	SM-10_a01	150,5 111,1 143,1 89,5	4	a	2	1,83	48,34	2,587	0,022	8,16	0,52	6,55	1,56	52,98	5,96	9,8	48,93	3,14	0,704	69,24	8,83
	SM-10_a02	161,6 186,0 156,7 126,3	4	a	2	3,60	67,20	8,807	0,053	21,54	0,59	15,63	0,22	104,60	3,43	25,4	64,11	1,50	0,786	81,40	3,79
	SM-10_a03	143,3 148,3 148,2 106,1	4	a	2	2,40	56,20	7,694	0,051	10,61	0,41	3,68	0,20	113,92	3,97	11,6	121,64	4,23	0,747	161,75	11,20
	SM-10_a04	121,9 116,3 113,1 83,8	4	a	2	1,22	44,64	2,078	0,025	11,15	1,37	11,60	0,18	116,01	11,82	14,0	27,40	2,61	0,679	40,19	7,50
	SM-10_a05	123,0 104,4 121,6 76,1	4	a	2	1,15	42,24	0,789	0,021	3,98	0,29	7,15	0,48	58,20	7,48	5,8	25,43	1,50	0,657	38,51	4,48
	SM-10_a06	119,7 116,1 127,0 91,4	4	a	2	1,40	45,74	6,300	0,059	25,25	0,61	7,98	0,19	207,63	11,86	27,4	42,54	1,00	0,692	61,21	2,84

Table A -2.2b -ZHe data

 A 

	Full Sample Name	length 1 (mm)	width 1 (mm)	length 2 (mm)	width 2 (mm)	Geometr y	Mineral Np	Dim Mass (mg)	ESR_Ft (mm)	4He (nmol/g)	±	U (ppm)	±	Th (ppm)	±	eU	4He (ncc)	±	±	Ft 238U Ft 235U Ft 232Th Ft 147Sm Mean Ft	Corrected Date (It) (Ma)	Analytic Unc. (Ma)2s
	SM-10_z01	208,6 98,2 205,0 110,5	3	z	2	6,91	62,97	161,012	0,696	394,02	3,95	146,85	2,75	428,9	24,948	0,108	0,70	0,816	0,788	0,784	0,942	0,812	85,17	1,71
	SM-10_z02	264,1 117,6 257,5 115,6	3	z	1	14,03	73,75	161,509	0,564	452,18	6,34	128,24	1,14	482,6	50,786	0,177	0,82	0,843	0,819	0,815	0,950	0,840	73,50	1,93
	SM-10_z03	166,3 82,9 162,3 91,5	3	z	2	3,74	52,12	226,100	0,905	645,60	7,38	292,85	5,07	715,1	18,953	0,076	0,64	0,778	0,745	0,740	0,930	0,773	75,41	1,64

Figure S21. See second part of the figure and description next page.
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Chapter 4

Exploring the conditions that lead to upperplate shortening and mountain-building in a subduction context: Insights from analog modeling.

The first part of my thesis sheds light on the questions of "where", "when", "how" and "how much" early Andean orogeny proceeded. The question which remains open is the "why", which has to be treated at the scale of the tectonic plates. This large-scale problem will be touched in this last chapter of my thesis that will present the results of exploratory analogic experiments.

Summary and immediate perspectives

My PhD-thesis aimed at bringing new elements to answer a variety of open questions around the early stages of the Andean orogeny, which have not been sufficiently addressed until now or are still debated: Why, Where, When and How did Andean orogeny proceed ?

Part I: Structural Geology of the West Andean flank at ~20-22°S

In the first part of my thesis I discussed in particular the following issues:

Can we more precisely document where and when orogeny initiated along the western flank of the Central Andes?

Can we better resolve how deformation proceeded, in particular in the early stages? How much shortening has been accommodated ?

To shed light on these points, I focused on the western flank of the Andes at the latitude of the Bolivian Orocline in Northern Chile, where mountain-building is proposed to have started. Especially at the latitudes of the Quebrada Blanca, at ~20°45'S, and of the Pinchal area, at ~21°30'S, structures are locally exceptionally well preserved and allow for tracking early Andean deformation.

Where ?

Along the West Andean flank between ~20-22°S, I demonstrated the existence of two major structural features: (1) the Andean Basement Thrust (ABT) stands as a westvergent, more than 120 km long system of ~north-south trending thrusts bringing Paleozoic basement over folded Mesozoic series, within the Sierra de Moreno at ~69°W; (2) the West Andean Fold-and-Thrust-Belt (WAFTB) is a west-vergent fold-and-thrustbelt (FTB) which deforms Mesozoic and Cenozoic sediments. It is mostly covered by the Cenozoic Altos de Pica Formation, but crops out in few (up to ~10-20 km wide) places along the western orogenic flank. The WAFTB extends over at least ~200 km north-south. These regional structures have accommodated several tens of kilometers of shortening (chapters 1 and 3) in the earliest phases of Andean orogeny (chapters 1 and 2), and correspond as such to the localisation of where mountain-building initiated at ~20-22°S.
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Introduction

This supporting information document is subdivided into three sections: (1) A sedimentary description of the units encountered at the Pinchal zone, and further illustrating section 4.2.1. Field photographs are provided (Figures S1-S12) and their position is pointed out on the corresponding structural map (Figure S13) and within the stratigraphic column (Figure S14). ( 2) Non-interpreted and interpreted field photographs (Figures S15-S19), to be compared to their interpreted version in the main text (Figures 6,12).

(3) Additional information on trishear modeling. Here, we present further details on the trishear modeling method and on our results (Text S1), complementary to section 3.4 and 6.2 in the main text. This text is accompanied by figures illustrating six key stages of our best-fitting trishear model for Quebrada Tambillo (Figure S20) and Quebrada Blanca (Figure S21); by tables showing the range of tested parameters during modeling (Table S1); as well as tables with the parameters for each of the six stages of our preferred model for Quebrada Tambillo (Table S2) and Quebrada Blanca (Table S3). All the photographs (presented in the supporting information and in the main text) were taken by us during our field missions in March 2018 and January 2019 in the Western Cordillera of Northern Chile. As briefly resumed in sections 3.4 and 6.2, we used the trishear folding approach (e.g., Allmendinger, 1998;Erslev, 1991) to better constrain the amount of shortening across our study areas. We further detail the trishear method and results here.

Method

We assume fault-propagation folding to be the dominant mode of deformation in the studied fold-and-thrust-belt, and in particular in the case of the western anticlines of the cross-sections along Quebrada Tambillo (Pinchal area) and Quebrada Blanca.

We use the code FaultFold Forward version 6 (freely available from http://www.geo.cornell.edu/geology/faculty/RWA/programs/faultfoldforward.html (Allmendinger, 1998) that models the distributed deformation in triangular zones at the tip of propagating faults. The formalism relies on the following parameters: the coordinates of the fault tip, the angle of the propagating fault ramp, the slip on the fault, the propagation-to-slip-ratio (P/S) of the fault, the trishear angle (i.e. the angle of the triangular zone at the tip of the fault where distributed deformation occurs), and the inclined shear angle (either parallel or similar folding) controlling the backlimb kinematics. We assume here the case of linear symmetric trishear to keep models as simple as possible, meaning that folding of the backlimb occurs parallel to the fault. We tested non-linear trishear but these trials lead to unsatisfying results when compared to our cross-sections.

For the initial conditions of the models, we assume slightly sub-horizontal layers, with a slight eastward tilt (3°E at Quebrada Tambillo, 2°E at Quebrada Blanca) as expected in the initial Andean basin. The final geometry of the fold and sedimentary cover, the fault ramp angles and bends are constrained to fit our geological cross-sections.

By adding sedimentary layers step by step during progressing deformation, we model syntectonic deposition of the Cenozoic series and reproduce the angular unconformity of the Cenozoic over Mesozoic units. The syntectonic deposits are also assumed to be initially slightly subhorizontal, here with a slight westward tilt (3°W at Quebrada Tambillo, 6°W at Quebrada Blanca), following the approximate angle of the present-day average topography in the corresponding study areas. In fact, the basal Choja Pediplain may be comparable to the first order to the present-day average rising topography; subsequent deposition along the western mountain flank had most certainly a slight westward tilt as observed today within the eastern Atacama Bench (Figure 1). We tested the addition of horizontal syn-tectonic Cenozoic layers, but the outcoming modeled fold-forms were much less consistent with our field and map observations. We tested different dipping angles (between 1-7°W) and chose the values that allowed us to best fit our data.

The trishear modeling confirms the necessity of a fault ramp propagating from a deep décollement towards the surface to fit the observed folds, as classically observed in fold-and-thrustbelts. We simplify the fault geometry into a few fault segments: 4 segments for Quebrada Tambillo, and 3 segments for Quebrada Blanca (Figures 13,S20 and S21). Segment 1 corresponds to the flat deep detachment which is parallel to the initial Mesozoic bedding. The second fault segment rampsup from this regional décollement with an eastward dipping angle of 24°E for Quebrada Tambillo, 40.6°E for Quebrada Blanca. These geometries are needed to fit the dip angles observed in the hanging wall of the faults (i.e. within the backlimb of the modeled folds). A shallow flat detachment is needed at both study sites to reproduce the large-scale tilt of the Cenozoic cover and the geometry of fold forelimbs. For Quebrada Tambillo, an 11.3° eastward-dipping fourth segment is necessary to best fit the surface observations in the western part of the cross-section. 

Appendix 2.1 -Apatite fission track (AFT) data

CU TRaIL Policy on Co-Authorship

Thank you for working with the Colorado TRaIL. We know that every thermochronology project is unique, and our goal is to efficiently provide useful and high-quality data. We consider basic data analysis and discussions about data quality to be an essential component of our services and encourage users to contact lab staff (james.metcalf@colorado.edu) with any questions they may have about their data, or the methods and procedures used at the Colorado TRaIL. TRaIL personnel do not expect to be made co-authors on manuscripts for these standard services. Although we sincerely appreciate offers of co-authorship, we believe that this status should be reserved for individuals who make unique contributions to the science. To merit coauthorship, TRaIL personnel expect to contribute more substantially to data interpretation than entailed with our routine services, and in that circumstance request final approval of any materials prior to publication. Because this additional level of involvement requires significant time investment, please discuss potential coauthorship with TRaIL personnel as early in the process as possible. For contributions on which TRaIL personnel are not co-authors, please include the information provided in the Generic Methods for Publication below in the methods section or otherwise note that the data were collected in the CU TRaIL.

Generic Methods for Publication

Analyses carried out at the University of Colorado Boulder TRaIL (Thermochronology Research and Instrumentation Lab) used the following methods. Individual mineral grains are handpicked using a Leica M165 binocular microscope equipped with a calibrated digital camera and capable of both reflected and transmitted, polarized light. The grains are screened for quality, including crystal size, shape, and the presence of inclusions. After characterization, grains are placed into small Nb tubes that are then crimped on both ends. This Nb packet is then loaded into an ASI Alphachron He extraction and measurement line. The packet is placed in the UHV extraction line (~3 X 10 -8 torr) and heated with a 25W diode laser to ~800-1100°C for 5 to 10 minutes to extract the radiogenic 4 He. The degassed 4 He is then spiked with approximately 13 ncc of pure 3 He, cleaned via interaction with two SAES getters, and analyzed on a Balzers PrismaPlus QME 220 quadrupole mass spectrometer. This procedure is repeated at least once to ensure complete mineral degassing. Degassed grains are then removed from the line, and taken to a Class 10 clean lab for dissolution.

Apatite grains, still enclosed in the Nb tubes, are placed in 1.5 mL Cetac vials, spiked with a 235 U -230 Th -145 Nd tracer in HNO3, capped, and baked in a lab oven at 80°C for 2 hours. Zircon, titanite, and other more refractory phases are dissolved using Parr largecapacity dissolution vessels in a multi-step acid-vapor dissolution process. Grains (including the Nb tube) are placed in Ludwig-style Savillex vials, spiked with a 235 U -230Th -145 Nd tracer, and mixed with 200 ml of Optima grade HF. The vials are then capped, stacked in a 125 mL Teflon liner, placed in a Parr dissolution vessel, and baked at 220°C for 72 hours. After cooling, the vials are uncapped and dried down on a 90°C hot plate until dry. The vials then undergo a second round of acid-vapor dissolution, this time with 200 ml of 6N Optima grade HCl in each vial that is baked at 200°C for 24 hours. Vials are then dried down a second time on a hot plate. Once dry, 200 ml of a 7:1 HNO3:HF mixture is added to each vial, the vial is capped, and cooked on the hot plate at 90°C for 4 hours. Once the minerals are dissolved, regardless of the dissolution process, they are diluted with 1 to 3 mL of doubly-deionized water, and taken to the ICP-MS lab for analysis. Sample solutions, along with normal solutions and blanks, are analyzed for U, Th, and Sm content using an Agilent 7900 quadrupole ICP-MS. After the U, Th, and Sm contents are measured, He dates and all associated data are calculated on a custom spreadsheet using the methods described in Ketcham et al., (2011). The natural occurring 238U/235U ratio used in data reduction is 137.818 after Hiess et al. (2012). Every batch of samples includes standards run sporadically throughout the process to monitor procedures and maintain consistency from run to run. Long term averages of Fish Canyon Tuff zircons and Durango fluorapatites run in the CU TRaIL are 28.7 ± 1.8 Ma (n=150) and 31.1 ± 2.1 (n=85), respectively.

Suggestions for Reporting Data

CU TRaIL will provide you with an Excel spreadsheet that contains your data (see below for a full explanation of the data we will provide), however not all of this information needs to be included in published data tables. We recommend Ault et al., (2012) and [START_REF] Stanley | Erosion patterns and mantle sources of topographic change across the southern African Plateau derived from the shallow and deep records of kimberlites[END_REF] as examples of (U-Th)/He data tables that provide all of the necessary information but are not too large or unwieldy and are therefore appropriate for publication. A template can be downloaded from the link at the end of this document.

Suggestions for Thermal History Interpretation

The data you receive from CU TRaIL (see below) will include some of the information necessary for creating thermal models using programs such as HeFTy [START_REF] Ketcham | Forward and Inverse Modeling of Low-Temperature Thermochronometry Data[END_REF] or QTQt (Gallagher, 2012). See references below for links to download these software packages. Users unfamiliar with HeFTy and QTQt are also encouraged to consult [START_REF] Vermeesch | Thermal history modelling: HeFTy vs[END_REF] for a thorough discussion of the differences between the two programs. Because these modeling packages can be easily misused, we highly recommend following the suggestions outlined in [START_REF] Flowers | A reporting protocol for thermochronologic modeling illustrated with data from the Grand Canyon[END_REF], which details a comprehensive protocol for reporting thermal history model inputs and can help guide users through the most important considerations in thermal modeling. A template for a thermal history model reporting table can be downloaded from the link at the end of this document.

Explanation of Data Columns Provided by CU TRaIL

Full Sample Name -Sample Name, the subscripts such as _ap1 or _zir1 refer to separate analyses from the same sample length and width -measurements of the grain dimensions in micrometers. Each grain is measured from two different angles to ensure that the grain geometry is fully captured. These values are used to calculate alpha ejection corrections and crystal volumes and masses using the techniques described by Ketcham et al., (2011).

2X Term -Notes whether or not the grain is doubly terminated.

Np -The number of pyramidal terminations of the grain, used in the alpha ejection correction.

Dim Mass -The dimensional mass (in micrograms) is calculated based solely on the volume of the crystal (determined from the measurements) and average apatite density.

rs -

The radius of a sphere with an equivalent surface are to volume ratio as your crystal. This value is required if you wish to do any thermal modeling of your grains using HeFTy.

4He (nmol/g) -the amount of 4He measured in the crystal via isotope dilution. This includes all of the He if multiple degassing steps were required. The ± column is 1-sigma analytical uncertainty.

U (ppm) -the amount of total U in the sample, measured via isotope dilution on an ICP-MS. The ± column is 1-sigma analytical uncertainty. A value of 0.00 indicates measurements that are not larger than analytical uncertainty.

Th (ppm) -the amount of total Th in the sample, measured via isotope dilution on an ICP-MS. The ± column is 1-sigma analytical uncertainty. A value of 0.00 indicates measurements that are not larger than analytical uncertainty.

Sm (ppm) -the amount of total Sm in the sample, measured via isotope dilution on an ICP-MS. The ± column is 1-sigma analytical uncertainty. A value of 0.00 indicates measurements that are not larger than analytical uncertainty.

eU -the effective Uranium, a measurement of the total amount of radiation experienced by the crystal, equivalent to U + .235Th.

He (ncc) -the total amount of He, blank corrected, in nano-cc's, measured from the sample. This is not referenced to the grain mass.

Re (%) -the percent of the total He that was degassed during the first laser extraction.

For apatites, this number should be 99.9% or higher. Lower values are thought to indicate the presence of inclusions or other low-diffusivity zones. For zircons this value is not as instructive.

U (ng) -the total amount of Uranium measured in the sample in nanograms. This is not referenced to grain mass.

Th (ng) -the total amount of Thorium measured in the sample in nanograms. This is not referenced to grain mass.

Sm (ng)

-the total amount of Samarium measured in the sample in nanograms. This is not referenced to grain mass.

Th/U -The Thorium/Uranium ratio for the sample.

Raw Date It (Ma) -the age calculated directly from He, U, Th, and Sm measurements. The ± column is 1-sigma analytical uncertainty. This date, as well as the corrected date, are calculated iteratively using equation #34 from Ketcham et al., (2011).

Ft -The alpha ejection correction calculated using the method of Ketcham et al., (2011).

Ft is a measure of the amount of He that was ejected from the crystal. An Ft of 1.00 would indicate that no He had been lost. This is a purely geometric correction. The ± column is 1-sigma uncertainty on the alpha ejection correction, and is estimated based on the size of the crystal, using the method of Ehlers and Farley, (2003).

Corrected Date It (Ma) -The alpha-ejection corrected age, essentially equal to the Raw Age divided by the alpha-ejection correction, calculated iteratively using equation #34 from Ketcham et al., (2011).

Analytic. Unc (Ma) 2s -2-sigma uncertainty in millions of years, only including propagated direct analytical uncertainties for He, U, Th, and Sm. Analytical uncertainties can be considered the minimum uncertainty on a single measured date. Some uncertainties, like that associated with the alpha-ejection correction, are poorly quantified at present, making it challenging to properly include them in uncertainty estimates for single-grain (U-Th)/He dates. Ongoing work is aimed at improving our understanding of uncertainties associated with the alpha-ejection correction, to enable their appropriate incorporation into single-grain uncertainty estimates. Notes -These are notes taken during the picking process. They often relate to the size, shape, and quality of the grains. Again, these can be helpful when identifying odd ages.

Values in

The sheet will also include results for the Durango Fluorapatites, Fish Canyon Tuff zircons, or Fish Canyon Tuff titanites run in conjunction with your samples. These grains are interspersed throughout the runs for quality control purposes. Durango Fluorapatites have an accepted age of 31. 4 Ma (McDowell et al., 2005), whereas Fish Canyon Tuff zircons and titanites have accepted ages of 28.2 Ma [START_REF] Rivera | A refined astronomically calibrated 40Ar/39Ar age for Fish Canyon sanidine[END_REF][START_REF] Gleadow | Earth and Planetary Science Letters[END_REF]. 

Appendix 2.3 -Additional plots from QTQt thermal modeling