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CHAPTER 3 THE ROLE OF SLAB GEOMETRY VARIATIONS IN THE EXHUMATION OF CORDILLERANTYPE OROGENS AND THEIR FORELAND: INSIGHTS FROM NORTHERN PATAGONIA

The change in plate kinematics, which may have affected slab dip, can deeply influence the interplate coupling and consequently the deformation of the overriding plate. The northcentral Patagonia represents a unique region to study the impact of slabdip changes as this area is characterized by alternating episodes of steep to flatslab since the onset of subduction below the South American Plate. The alternation of the upper plate subsidence and exhumation events related with slab steepening and shallowing episodes, respectively, or with changes in kinematics has been widely studied in the recent years along the Andes. However, some topics remain highly debated, and especially the magnitude of the vertical movements through time and space. Lowtemperature thermochronology systems, which are sensitive to events involving the upper first kilometers of the upper crust, represent an efficient approach for dating and quantifying significant episodes of burial and exhumation. This thesis investigates the thermal history of the northcentral Patagonian broken foreland and the Cordillera.

The latter area has been widely studied through bedrock thermochronology studies compared with data from the Patagonian foreland, where only few data are available. Thus, this work aims at improving our knowledge on the relationships between the surface cooling record and the geodynamic evolution.

Three apatites thermochronometers (UPb, fission tracks and (UThSm)/He) were used on bedrocks, Mesozoic and Cenozoic sandstones as well as on modern sediments. All samples were collected from the inner part of the northcentral Patagonian Cordillera to the distal part of the broken foreland along the Atlantic coast. Compilation of these diverse thermochronology datasets, integrated by inverse thermal modeling and provenance analysis, is discussed here and compared with the different geodynamic processes proposed for Patagonia (e.g. convergence changes, slab dip variations). The new thermochronology records indicate that main unroofing of Patagonia (~3 -4 km), Cordillera and broken foreland included, occurred during a slabshallowing episode from late Early Cretaceous to early Paleogene, after a Jurassic -Early Cretaceous heating episode related to a significant burial below a thick sedimentary cover. This regional exhumation phase was followed by a period between the late Eocene and the early Miocene of foreland subsidence associated with slab rollback, characterized by a steadystate postshortening low exhumation rates. During this period of relative quiescence, detrital analysis point to the Cordillera as a primary contributor of sediments for the entire foreland with a local input from the broken foreland reliefs. Finally, Miocene substantial exhumation is recognized into the Cordillera after a change of convergence rates and obliquity, especially along a dextral strikeslip fault zone active along the Cordillera. However, this exhumation phase is not detected regionally in the broken foreland. Since no regional sedimentary burial or relevant exhumation events affected the north central Patagonian foreland, the few OligoMiocene ages identified along the foreland have been ascribed to the coeval intraplate magmatic processes.

RIASSUNTO

In un contesto di subduzione, il regime tettonico e la deformazione della placca superiore sono governati dalla dinamica della litosfera, avendo un impatto diretto sull'accoppiamento tra placche e talvolta sulla geometria della subduzione. La Patagonia centrosettentrionale (4048° S) rappresenta un caso di studio ideale per gli studi sull'impatto che meccanismi profondi, come la variazione dell'angolo della placca in subduzione, hanno sul sollevamento topografico e la formazione del rilievo. Lungo le Ande sono stati effettuati diversi studi sull'alternanza di fasi di esumazione e subduzione indotte da processi geodinamici. Tuttavia, rimangono numerosi interrogativi sull'entità di questi movimenti verticali sia in termini temporali che spaziali. I sistemi di termocronologia a bassa temperatura sono molto sensibili ai movimenti verticali che interessano i primi chilometri della crosta. Questi sistemi rappresentano quindi un approccio efficace per localizzare, datare e quantificare i periodi più significativi di subduzione ed esumazione. L'obiettivo di questa tesi è quello di analizzare l'evoluzione termica e tettonica della catena andina e del suo avampaese nel settore della Patagonia centro settentrionale. L'evoluzione topografica delle Ande a queste latitudini è state ampiamente studiata con analisi in situ, mentre esistono pochi dati di termocronologia nell'avampaese. Pertanto, questo studio mira a fornire una conoscenza più approfondita sulle relazioni tra i processi superficiali come l'erosione e la dinamica del mantello.

In questo lavoro sono stati utilizzati diversi termocronometri su apatite (UPb, tracce di fissione e (UThSm) / He) ottenuta da campioni di granita e di sedimenti recenti, Cenozoici e Mesozoici, tutti raccolti dalla Cordigliera della Patagonia alla costa atlantica. La compilazione di questo gruppo di dati, integrando modelli di inversione termica e analisi di provenienza, viene qui discussa e confrontata con i diversi processi geodinamici proposti per la Patagonia. Questi nuovi dati indicano che un importante episodio di esumazione di 34 km ha interessato tutta la Patagonia centrosettentrionale, Cordigliera e avampaese inclusi, durante una fase di subduzione a basso angolo dal tardo Cretaceo fino all'inizio del Paleogene. Questa fase è seguita da un periodo di subsidenza generalizzata tra tardo Eocene e il Miocene inferiore associata al "rollback" della placca in subduzione. Questo periodo è caratterizzato da tassi di esumazione bassi e costanti lungo la Cordigliera. Le analisi su sedimenti dell'avampaese hanno dimostrato che la maggior parte di loro deriva dall'erosione della catena della Ande, con un contributo locale dei rilievi extraandini. Infine, dopo una variazione del tasso di convergenza e inclinazione della placca in subduzione, si è riconosciuta una fase di esumazione importante lungo la Cordigliera durante il Miocene, ed in particolare lungo una strutture tettonica trascorrente. Tuttavia, questa fase di esumazione non è stata rilevata nell'avampaese, dove la deformazione è stata quindi minore. Le poche età OligoMioceniche ottenute nell'avampaese sono state qundi attribuite a processi magmatici e vulcanici intraplacca attivi durante la sedimentazione.

RESUME

Le régime tectonique des zones de subduction et la déformation de la plaque chevauchante sont régis par la convergence des plaques lithosphériques, ayant un impact direct sur le couplage intraplaque et parfois sur la géométrie de la plaque plongeante. La Patagonie centralenord (4048°S) constitue une région remarquable pour étudier l'impact des mécanismes profonds, tel que l'horizontalisation de la plaque plongeante, ayant conduit à la surrection de la Cordillère Patagonienne et de son avantpays.

Diverses études sur l'alternance des phases d'exhumation et de subsidence en surface ont été menées le long des Andes. Pourtant, de nombreuses interrogations demeurent sur la magnitude de ces mouvements verticaux à travers le temps et l'espace. Les systèmes de thermochronologie bassetempérature sont sensibles aux mouvements verticaux impliquant les premiers kilomètres de la croûte supérieure. Ils représentent donc une approche efficace pour localiser, dater et quantifier les périodes de subsidence et d'exhumation les plus significatives. Cette thèse a pour objectif d'examiner les histoires thermiques de la Patagonie centralenord, de son avantpays et de sa Cordillère. Les reliefs andins à ces latitudes ont été largement étudiés par des analyses insitu, tandis que peu de données de thermochronologie existent dans l'avantpays. Ainsi, cette étude vise à apporter des connaissances plus approfondies à propos des relations entre la dynamique mantellique et les processus de dénudation à la surface.

Trois thermochronomètres (l'UPb, les traces de fission et l'(UThSm)/He) ont été utilisés sur des apatites extraites d'échantillons provenant du substratum ainsi que de sédiments modernes, Cénozoïque et Mésozoïque, tous collectés dans la Cordillère Patagonienne et l'avantpays, jusqu'à la côte Atlantique. La compilation de ces jeux de données, intégrant des modèles d'inversion thermique et des analyses de provenance, est discutée ici et comparée avec les différents processus géodynamiques proposés pour la Patagonie. Les nouveaux enregistrements de thermochronologie indiquent qu'un épisode d'exhumation majeure de 3 à 4 km a affecté l'intégralité de la Patagonie centralenord, Cordillère et avantpays inclus, de la fin du Crétacé supérieur jusqu'au Paléogène, période correspondant à un épisode de subduction horizontale. Cette phase est suivie d'une période de subsidence de l'avant pays entre l'Eocène tardif et le Miocène inférieur associé à la retraite du segment en subduction. Les analyses détritiques ont permis de mettre en évidence que, durant cette période, l'évolution de la Cordillère a été caractérisée par des taux d'exhumation postdéformation faibles et constants, et a été le principal contributeur sédimentaire de l'avantpays proximal et distal. Une contribution locale des reliefs extraandins a aussi été observée. Finalement, une phase d'exhumation considérable de la Cordillère est reconnue durant le Miocène, et particulièrement le long d'une zone de décrochement dextre active au sein de la Cordillère. Pourtant, cette phase d'exhumation, qui serait induite par un changement de taux de convergence et d'obliquité de la plaque de Nazca, n'est pas détectée régionalement dans l'avantpays, ce qui signifie que la déformation y a été mineure. Comme aucun mouvement vertical notable n'a affecté l'avantpays durant le Néogène, les rares âges OligoMiocène identifiés dans l'avantpays ont été imputés à des processus magmatiques intraplaques.
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Graphical introduction

The following cartoons have been extracted from the book "Sciences en bulles" (for Fête de la Science 2019, by SNE -Sciences pour tous, Ministère de l'Enseignement Supérieur, de la Recherche et de l'Innovation, Ministère de la Culture, Université de Lorraine, Peb & Fox) and translated. They introduce shortly the thermochronological method mostly applied in Patagonia for this thesis, a project chosen to represent the University of Lille in a French national project. 12 1.3 Geological background

South America current geodynamic setting

The Andes are the longest active orogenic system in the world and were developed by several processes mainly associated with the subduction of various Pacific oceanic plates (Nazca and Antarctica plates nowadays) beneath the South American continental plate. The Andes are commonly subdivided in three regional morphostructural domains (Figure 1.1A), based on volcanic segmentation and major structural features (Gansser, 1973; Ramos, 1999): the Northern Andes (Venezuela to Ecuador, 12 °N -4 °S), the Central Andes (Ecuador to North Chile, 4 °S -46 °S), and the Southern Andes (South Chile, 46 °S -55 °S). This nearly continuous belt presents spatial upper plate variations and shift of the volcanic arc through time. They are mostly related to kinematic changes (Maloney et al., 2013; PardoCasas and Molnar, 1987; Somoza, 1998) and geometric variations of the subduction along the margin (Figure 1. 2A; Horton, 2018). Along the Andes, the slab dips to the east with an angle of ~ 30 ° (Figure 1. 2C; Maksymowicz and Tassara, 2018). Three subhorizontal segments have been recognized on the basis of the seismic events distribution (Espurt et al., 2008; Gutscher et al., 2000; Ramos and Folguera, 2009) and fit with gaps in volcanic arc activity in some parts of the chain (Figure 1.1A and Figure 1.2B). Furthermore, identification of such slab configurations in the past has been unraveled considering magmatic and tectonic cycle along the Andes (Figure 1. 2A; Ramos and Folguera, 2009).

The Patagonian Andes extend from 35 °S to 55 °S and encompassed the southern Central Andes as well as the whole Southern Andes (Figure 1.1A). They correspond to a narrow, segmented and roughly linear belt with a lower average topography (with some summits reaching 3000 m of altitude), compared with the large and arched Central Andes that are characterized by a high average topography. Despite a relative morphological continuity, the north Patagonian Andes show a noticeable alongstrike segmentation that influences magmatism and the style of deformation in the overriding plate (e.g. Coira et al., 1993; Gutscher, 2002; Ramos, 2009). The onset of subduction in this area occurred during the Paleozoic since the arc has been active since the Carboniferous [START_REF] Oliveros | Lithospheric evolution of the Preand Early Andean convergent margin, Chile[END_REF]references therein; Vasquez et al., 2011), and not during the Jurassic as previously proposed by Mpodozis andRamos (1990, 2008). Then, the Cordillera grew by several pulses since late Early Cretaceous (e.g. Echaurren et al., 2016; Horton, 2018a, 2018b). The central Patagonia is the transitional zone between the North and the Austral Patagonia at ~ 46 °S (± 2 °), where the Chile Spreading Ridge (CSR) is currently subducted at the socalled Chile Triple Junction (CTJ) that separates the Nazca and the Antarctica Plates (Figure 1. 3A; Scalabrino et al., 2009).

The first CSR segment entered in subduction at ~ 15 Ma along the austral Patagonia (Lagabrielle et al., 2004; Scalabrino et al., 2009), then migrated northward to reach its current position (Figure 1.1B). The migration of the subducted ridge segments enabled the inception of a slab window, that extends nowadays under the whole Austral Patagonia (Figure 1.1B and Figure 1. 2D; Breitsprecher andThorkelson, 2009; Scalabrino et al., 2009). The development of this slab window has been enhanced by differences in velocity and orientation of the Nazca and the Antarctica low viscosity of the mantle induced by the slab window [START_REF] Ramos | Plate tectonic setting of the Andean Cordillera[END_REF]; location of active volcanic zone [START_REF] Gutscher | Geodynamics of flat subduction: Seismicity and tomographic constraints from the Andean margin[END_REF], revealing the flatslab segments (evidenced by earthquakes depth, shown in D and E, or tomography as presented by (Gutscher et al., 2000; Portner et al., 2017) and the slab window. Black square delimitates (B) and Figure 1.3. (B) Geodynamic setting of the active Chile Spreading Ridge beneath the South American Plate in a point called the Chile Triple Junction (CTJ) and the location of the current slab window located below the while Patagonia [START_REF] Breitsprecher | Neogene kinematic history of Nazca-Antarctic-Phoenix slab windows beneath Patagonia and the Antarctic Peninsula[END_REF]. Migration of the CTJ is indicated by the colored circle migrating northward through time along the trench. [START_REF] Ramos | Andean flatslab subduction through time[END_REF]. (B) Profile of the Nazca slab beneath the South American plate from earthquake epicenter plotted [START_REF] Gutscher | Geodynamics of flat subduction: Seismicity and tomographic constraints from the Andean margin[END_REF] marked by a flat slab beneath Peru, and (C) by a ~ 30° dipping slab beneath northern Chile/Bolivia (profiles from [START_REF] Espurt | Flat subduction dynamics and deformation of the South American plate: Insights from analog modeling[END_REF]. (D) Block diagram of modern Patagonia slab window projected towards the northwest (modified after [START_REF] Breitsprecher | Neogene kinematic history of Nazca-Antarctic-Phoenix slab windows beneath Patagonia and the Antarctic Peninsula[END_REF] with earthquake epicenters plotted from USGS data.

below Patagonia favored high uplift rates and the migration of the deformation front, which extended through a wide fold and thrust belt, whereas north of the CTJ mild deformation involved the retroarc basins (Figure 1.3 and 3D; Ramos, 2005).

The Patagonian Andes are also related to the Patagonian Broken Foreland system represented by a conspicuous NNWtrending intraplate belt, extended between 40 and 48 °S from the western North Patagonian Massif to the western Deseado Massif and across the San Bernardo Thrust Belt (San Bernardo FTB; Figure 1. 3A; Gianni et al., 2015; Homovc et al., 1995; Peroni et al., 1995). These reliefs are separated by extensional basins, such as the transverse San Jorge (Gulf) Basin at the current latitude of the CTJ, or the Cañadon Asfalto Basin to the north (Figure 1. 3B; Figari et al., 2015). The Rio Mayo Embayment is a retroarc basin developed between the central Patagonian Andes and the broken foreland and linking westward with the San Jorge Basin [START_REF] Miller | New insights from the Neocomian basins in the West of Chubut and Santa Cruz provinces, Argentina[END_REF]Marino, 2019; Navarrete et al., 2015).

Northcentral Patagonia geodynamic setting

Northcentral Patagonia has been affected since Jurassic times by variations of subduction kinematics (velocity, obliquity and orientation of the convergence) that strongly influenced magmatism and tectonic as reported in Figure 1.4 (Echaurren et al., 2016; Horton, 2018a; Mpodozis and Ramos, 2008).

Nevertheless, the impact of the successive oceanic subduction episodes beneath Patagonia on the geodynamics of the overriding plate remains indirect and poorly constrained.

Significant subsidence affected the northcentral Patagonia from the Early Jurassic to the Early Cretaceous [START_REF] Mpodozis | Tectónica jurásica en Argentina y Chile: extensión, subducción oblicua, rifting, deriva y colisiones?[END_REF]. Toward the trench, the subsidence is evidenced by the opening of NNWtrending basins associated with the emplacement of the Subcordillera Plutonic Belt in a backarc configuration [START_REF] Page | Las diabasas y gabros del Jurasico de la Precordillera del Chubut. Geologíca Argentina[END_REF]Page, 1999; Rapela et al., 2005). Subsidence was triggered by a protracted slab [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] and Atlantic convergence variations [START_REF] Nürnberg | The tectonic evolution of the South Atlantic from Late Jurassic to present[END_REF]. Global eustacy curve from [START_REF] Haq | Chronology of fluctuating sea levels since the Triassic[END_REF]. Plates and ridges subduction in North (43 °S) and CentralSouth Patagonia (49°S) from [START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF]. SCR0 corresponds to the current Segment of the Chile Ridge while SCR1 is related to the previous that has been already consumed by the subduction [START_REF] Scalabrino | Using glacial morphology to constrain the impact of the Chile active spreading ridge subduction in Central Patagonia[END_REF]. The tectonic events are summarized from [START_REF] Echaurren | Tectonic evolution of the North Patagonian Andes (41-44 S) through recognition of syntectonic strata[END_REF] and the volcanic activity (with the Pilcaniyeu and El Maíten Belts indicated) from [START_REF] Butler | CretaceousCenozoic growth of the Patagonian broken foreland basin, Argentina: Chronostratigraphic framework and provenance variations during transitions in Andean subduction dynamics[END_REF].

rollback and the resulting slab steepening throughout this period (Figure 1.5A), coetaneous with a negative value of the trenchnormal absolute velocity of the South American Plate [START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF]. Coevally to the east, the metamorphic basement experienced a broad rifting related to the breakup of Western Gondwana. This extensional regime generated NWoriented strike halfgrabens, the socalled Cañadón Asfalto Rift Basin [START_REF] Figari | Estratigrafía y evolución geológica de la Cuenca de Cañadón Asfalto, Provincia del Chubut, Argentina[END_REF] or the Neocomian Basin developed in the San Jorge Basin (Gianni et al., 2015a; Navarrete et al., 2015).

At the end of the Early Cretaceous (~ 120 Ma) the whole Patagonia recorded an earliest compressional stage. The deformation acted on a weakened continental lithosphere (due to crustal heterogeneities, mechanical and thermal weakening) and involved the formation of the initial foldthrust belt and the Patagonian Broken Foreland (Cobbold and Rossello, 2003; Echaurren et al., 2016; Folguera and Ramos, 2011; Horton and Fuentes, 2016; Mpodozis and Ramos, 2008). For the latter, the noticeable inversion of the former basins was enhanced by the reactivation of the NNWtrending faults associated with the deposition of synorogenic deposits (Gianni et al., 2015a; Navarrete et al., 2015). The formation of the Patagonian Broken Foreland, highlighted by growth strata, was controlled by NNWtrending former heterogeneities acting as anisotropies focalizing strain during compression ~500 km away from the trench (Gianni et al., 2015a; Homovc et al., 1995; Navarrete et al., 2015; Peroni et al., 1995). This late Early Cretaceous basin reorganization is also marked by the coeval exhumation of the Deseado Massif (Giacosa et al., 2010a) and the retroarc basin known as the Rio Mayo Embayment/Subbasin (AguirreUrreta and [START_REF] Ramos | Descripción Geológica de la Hoja 47 Ab" Lago Fontana[END_REF] or Aysén Basin [START_REF] Suarez | Relationship between volcanism and marine sedimentation in northern Austral (Aisén) Basin, central Patagonia: Stratigraphic, U-Pb SHRIMP and paleontologic evidence[END_REF]. The latter is developed along the Andean piedmont and show deformation and regional angular unconformity between deposits of AptianAlbian and Late Cretaceous ages (Folguera andIannizzotto, 2004; Suarez et al., 2009). The onset of the regional shortening in northcentral Patagonia during the late Early Cretaceous coincided with a change of the absolute motion of the South American Plate to the west (according to the model of [START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF] induced by the increase of the trenchnormal plate convergence of the South American Plate and the acceleration of the South Atlantic seafloor global spreading (Eagles, 2007; Somoza, 1998). It is worth noting that high trenchward convergence rates of the overriding plate promote slab shallowing (Figure 1. 5B; Heuret et al., 2007; Lallemand et al., 2005). As mechanical plate coupling variations are governed by subduction geometry changes, the shallowing of the slab beneath Patagonia (flattening during Late Cretaceous) favored a strong increase of the intraplate coupling resulting in an enhanced regional shortening (e.g. Gianni et al., 2018; Horton and Fuentes, 2016; Martinod et al., 2010).

Paradoxically, a second main stage of extensional tectonics occurred during Early Cretaceous.

During the preceding first stage, sediments were restricted to deep halfgrabens developed in variable orientations referred as Neocomian or Cañadón Asfalto Rift Basins, while this second phase generated wider depocenters along Patagonia known as the Chubutian Basin (Fitzgerald et al., 1990; Gianni et al., 2015a). The Chubutian Basin recovered unconformably the former depocenters and reached to up to 8000 m of thickness in the center of the San Jorge Gulf Basin (Barcat et al., 1989; Chelotti, 1997; Clavijo, 1986; Figari et al., 2002, 1999; Foix et al., 2012; Gianni et al., 2015a; Hechem et al., 1990; Paredes et al., 2013, 2018; Uliana et al., 1989). Another noticeable process at that time is the roughly NS extension at ~ 46°S, responsible of the formation of the San Jorge Basin which crosscuts the broken foreland at this latitude and involved the reactivation of structures mostly parallel to the maximum EW horizontal stress active from late Early Cretaceous (Figari et al., 1999; Gianni et al., 2015a; Paredes et al., 2013; Ramos, 2015).

Synextensional deposits are evidenced in the whole San Jorge Basin in the exception of the broken foreland area where structures are much more complexes due to the simultaneous activity of both compression and extension in this particular place of the foreland [START_REF] Gianni | Cuenca de Chubut: su relación con el antepaís fragmentado y el impactogeno andino[END_REF](Gianni et al., , 2015a)).

A second major compressional event occurred during Late Cretaceous times as evidenced by the regional angular unconformity that capped the Chubutian Basin in the foreland (e.g. Barcat et al., 1989; Ramos, 1981). This episode coincided with the main emplacement of the North Patagonian Batholith and is followed by an eastward migration of the magmatic arc (probably responsible of the closure of the Rio Mayo Subbasin; [START_REF] Suarez | Relationship between volcanism and marine sedimentation in northern Austral (Aisén) Basin, central Patagonia: Stratigraphic, U-Pb SHRIMP and paleontologic evidence[END_REF], related with the flattening of the slab (Figure 1.5C; Barcat et al., 1989; Folguera and Ramos, 2011; Gianni et al., 2018; Suarez et al., 2009). Between latest Cretaceous and early Paleogene, the considerable withinplate volcanism provides surface evidences of the opening of a slab window following the subduction of the FarallonAluk ridge (Figure 1. 5D; Aragón et al., 2011; Cande and Leslie, 1986; Echaurren et al., 2016; Maloney et al., 2013; Rapela et al., 1988; Suárez and De la Cruz, 2001). This setting may have consequence on the prolonged regional deformation that affected Patagonia as asthenospheric windows trigger mantle flow responsible of significant nonisostatic uplift on the overriding plate (Aragón et al., 2013; Guillaume et al., 2009). Slab flattening associated with increase of the intraplate coupling, and slab window producing nonisostatic uplift are frequently involved in kilometerscale uplift (e.g. Ávila and Dávila, 2020; Bishop et al., 2018; Fan and Carrapa, 2014; Guillaume et al., 2009; Margirier et al., 2015).

Contractional events are still recorded in the foreland to the early Eocene [START_REF] Gianni | Cenozoic intraplate tectonics in Central Patagonia: Record of main Andean phases in a weak upper plate[END_REF], characterized by a diminished shortening (Horton, 2018a; Horton et al., 2016; Horton and Fuentes, 2016). The following regional extension, recognized in the foreland from late Paleogene to early Neogene (Fernández Paz et al., 2020; Gianni et al., 2017; Muñoz, 1999), and the migration of the magmatic arc to the trench may have involved a slab steepening associated with pronounced slab rollback and advanced intraplate decoupling (Figure 1. 5E; Aragón et al., 2011; Iannelli et al., 2018; Muñoz, 1999; Ramos and Folguera, 2005; Rapela et al., 1988; Suárez and De la Cruz, 2001). This tectonic relaxation occurred after a proposed sharp reduction in average trench velocity [START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF]). The regional tectonic relaxation and the flexural response to the crustal thickening of the Cordillera allowed the marine flooding of the whole Patagonia from Oligocene to Early Miocene [START_REF] Encinas | The late Oligocene-early Miocene marine transgression of Patagonia[END_REF]. The location of the marine deposits evidences the existence of reliefs (the present Cordillera, the San Bernardo FTB and the Deseado Massif), acting as paleotopographic barriers during the Cenozoic (Figure 1.7B; [START_REF] Malumian | The Late Cretaceous-Cenozoic transgressions in Patagonia and the Fuegian Andes: foraminifera, palaeoecology, and palaeogeography[END_REF].

The breakup of the oceanic Farallon Plate into Nazca and Cocos Plate at ~23 Ma reorganized the plate convergence [START_REF] Lonsdale | Creation of the Cocos and Nazca plates by fission of the Farallon plate[END_REF]. Therefore, increase of convergence rates is noticeable and convergence between the Nazca and the South American plates became oblique (Figure 1. 4; Maloney et al., 2013). Since this time, higher convergence rate and a mostly orthogonal subduction affected the South American Plate at the latitudes of the northcentral Patagonia (Maloney et al., 2013; Somoza, 1998). This new configuration may have allowed an increase of intraplate coupling not related with change of slab dip (Figure 1.5F). Middle Miocene to Pliocene exhumation of the AustralCentral Cordillera, clearly revealed by relict planar surfaces, is responsible of the actual deeply incised topography along Patagonian Andes [START_REF] Scalabrino | Using glacial morphology to constrain the impact of the Chile active spreading ridge subduction in Central Patagonia[END_REF]. It may have been enhanced by complex feedback between tectonic as the dextral LiquiñeOfqui Fault Zone extended from Central to Northern Patagonian Andes (Georgieva et al., 2016; Lagabrielle et al., 2007) and deeper dynamic processes, both triggered by the successive collisions of segments of the South Chile spreading ridge and subsequent outset of slab window [START_REF] Guillaume | Dynamic topography control on Patagonian relief evolution as inferred from low temperature thermochronology[END_REF], or by climate (Folguera et al., 2015; Thomson et al., 2010). Modest to substantial deformations controlled by former heterogeneities are also evidenced along the Patagonian Broken Foreland during the Neogene (Bilmes et al., 2013; Gianni et al., 2015a).

Figure 1.5 -Schematic representation of the tectonic evolution of the Patagonian fold and thrust belt and broken foreland from the Jurassic to the Present linking intraplate contraction and magmatic arc migration to changes in slab angle (modified after (Echaurren et al., 2016; Gianni et al., 2018). The slab window appearing during the Paleogene (D) affected first the north Patagonia and the central one as it migrated southward. See section above for details.

Stratigraphic setting

Patagonian Cordillera

Along the Andes, the Early Jurassic grabenlike depocenters hosted the thick volcanosedimentary Piltriquitrón Formation (Gabaldón, 1982; Suarez and[START_REF] Suarez | A Toarcian retroarc basin of Central Patagonia (Chubut), Argentina: Middle Jurassic closure, arc migration and tectonic setting[END_REF] associated with some marine incursions. This formation overlies unconformably the Precambrian metamorphic basement represented by the Colohuincul Complex (Giacosa and Heredia, 2004; Lizuain, 1980; Lizuain Fuentes, 1983). It was then buried below the MiddleLate Jurassic volcanic IbáñezLago La Plata Formations and the Early Cretaceous sedimentary Coyhaique Group subdivided in the ToquiTres Lagunas, the Katterfeld and the Apeleg Formations (Figure 1. 6; Suarez et al., 2009). This last group, deposited in the Rio Mayo Embayment, is characterized by an eastern provenance from the adjacent foreland areas [START_REF] Bell | The evolution of the Aysen Basin, an early Cretaceous epicontinental interior seaway in southernmost South America[END_REF] and is represented by shelf to open marine deposits interbedded with pyroclastic beds (Hervé et al., 2000; Olivero and AguirreUrreta, 2002; Suarez et al., 2009). An unconformably relationship is recognized between the Coyhaique Group and the Late Cretaceous Divisadero Group, the latest composed of synorogenic volcanic deposits [START_REF] Echaurren | Geología y fases de deformación en la Cordillera Patagónica, norte de Chubut[END_REF].

South of the Rio Mayo Embayment (i.e. south of the General Carrera -Buenos Aires lake) the arc related volcanic rocks that marked the initiation of the subduction of Pacific plates beneath the South American Plate are gathered in the El Quemado Complex (Iglesia Llanos et al., 2003; Ramos, 1982). There, Cretaceous formations are represented by continental deposits [START_REF] Ramos | Tectónica de la región del río y lago Belgrano, Cordillera Patagónica, Argentina[END_REF]. The Pueyrredón Group overlies the El Quemado Complex and is divided in three units defined as Springhill, Rio Mayer and Rio Belgrano Formations (Figure 1.6). The younger San Martin Group is composed of the Rio Tarde (correlated with the Apeleg Formation; [START_REF] Suarez | Relationship between volcanism and marine sedimentation in northern Austral (Aisén) Basin, central Patagonia: Stratigraphic, U-Pb SHRIMP and paleontologic evidence[END_REF] and the Cardiel Formations. During the Cenozoic, some sediments (defined below) are deposited along the Andean piedmont since the Eocene. During the Paleogene, retroarc volcanic plateau, represented by the Posadas Basalt for example, were erupted in Central and Austral Patagonia, while the gap of magmatism in the north Patagonian Cordillera is explained by the migration of the arc to the foreland (Folguera andRamos, 2011; Ramos, 2005). The Paleogene volcanism, south of 44 °S, coincided in time and space with the region affected by the subduction of the ChascaCatequil and FarallonAluk ridges (Maloney et al., 2013; Ramos, 2005). Intense magmatism along the entire Patagonian Cordillera commenced during Early Miocene as evidenced by RbSr and UPb intrusion ages (Aragón et al., 2011; Pankhurst et al., 1999) and thermochronology ZFT and AFT ages [START_REF] Thomson | Late cenozoic tectonic and geomorphic evolution of the Patagonian Andes between 42 ${$sup o[END_REF].

Patagonian Foreland

In Northern Patagonia, the preJurassic basement of the foreland is composed of metamorphic rocks dated from Carboniferous to Triassic ages (Cushamen andCalcatapul Formations; Proserpio, 1978; Volkheimer, 1964) intruded by plutonic bodies as those represented by the Mamil Choique and the Lipetrén Formations (Duhart et al., 2002; Pankhurst et al., 2006; Ravazzoli and Sesana, 1977). In central Patagonia, preJurassic units are recognized in the Deseado Massif [START_REF] Guido | La Formación Bajo Pobre (Jurásico) en el este del Macizo del Deseado, Patagonia: vinculación con el Grupo Bahía Laura[END_REF]. To the Atlantic coast, the Late Precambrian to Early Paleozoic basement is composed of lowgrade metamorphic rocks intruded by granitoids (Rio Deseado Complex, La Modesta Formation, Río Lácteo Formation to the Cordillera; (Di Persia, 1962; Giacosa et al., 2002; Viera, 1976). All these rocks have been metamorphosed during the Pampean cycle in late Precambrian to MidCambrian time [START_REF] Guido | La Formación Bajo Pobre (Jurásico) en el este del Macizo del Deseado, Patagonia: vinculación con el Grupo Bahía Laura[END_REF]. In north Patagonia, CarboniferousPermian sedimentary units named the Tepuel Group rest unconformably on the metamorphic basement [START_REF] Andreis | Late Paleozoic highconstructive deltaic sequences from northwestern Patagonia, Argentine Republic[END_REF]. In central Patagonia, the PrePermian basement is covered by PermianTriassic thick sedimentary units (e.g. El Tranquilo Formation; Archangelsky, 1966; Arrondo, 1972; Di Persia, 1965).

The Patagonian foreland is then characterized by thick Early Jurassic to Early Cretaceous volcano sedimentary successions hosted by the Cañadón Asfalto Rift Basin system: Las Leoneras Formation, Lonco Trapial Group, Cañadón Asfalto Formation and locally Cañadón Calcareo (Cúneo et al., 2013; Figari et al., 2015; Zaffarana and Somoza, 2012). These Jurassic sedimentary formations are associated with the Marifil Complex [START_REF] Rapela | El volcanismo riolítico del noreste de la Patagonia: Un evento meso jurásico de corta duración y origen profundo[END_REF] developed in the eastern Patagonian Foreland (Figure 1.7A). To the southern Deseado Massif, the Chon Aike Magmatic Province emplaced coevally included various magmatic units as Roca Blanca, La Leona (solely to the east), or Bajo Pobre Formations, which have been overlain by the Bahia Laura Group (Guido et al., 2006; Pankhurst et al., 1998). These synextensional sequences are unconformably overlain by Neocomian deposits known as Bajo Grande Formation in the Deseado Massif (Giacosa et al., 2010a), and Las Heras Group in San Jorge Basin which gather various non exposed formations as Pozo Anticlinal Aguada Bandera or Pozo Cerro Guadal appearing on seismic data [START_REF] Lesta | Chubut extraandino, in: Simposio Geología Regional Argentina[END_REF]. An angular unconformity is recognized between these deposits and the late Early -Late Cretaceous Chubut Group (Figure 1. 6; Codignotto et al., 1978; Lesta, 1968). This discontinuity has been documented with the first episode of the Andean uplift at these latitudes (Folguera and Iannizzotto, 2004; Ramos, 1981; Suarez et al., 2009).

The Chubut Group, representing the main hydrocarbon reservoirs in the Patagonian foreland, is widely documented. Deposition of the Chubut strata started during the Aptian with the pyroclastic Matasiete Formation, the fluvial Pozo D129 Formation and the Baqueró Formation, which is their lateral equivalent in the Deseado massif. They are covered by the volcanosedimentary Castillo Formation, which has been attributed to the AptianAlbian [START_REF] Hechem | Secuencia sedimentaria mesozoica del Golfo San Jorge, in: Geología y Recursos Naturales de Santa Cruz[END_REF]. The fluvial Bajo Barreal Formation (Cenomanian -Early Turonian) is a product of transitional or dissected magmatic arc, while the former Matasiete Formation presented clearly a source from a nondissected magmatic arc [START_REF] Olazábal | Sandstone petrography and provenance of the Chubut Group (Cretaceous) in the Cañadón Matasiete (Golfo San Jorge Basin, central Patagonia): Implications for basin evolution and alluvial organization[END_REF].

The upper layers of the Chubut Group are represented by the Laguna Palacios and the Lago ColhuéHuapi Formations (its basinward equivalent) with an interval age still discussed but possibly spanning from Late Cenomanian to Maastrichtian (Casal et al., 2015; Genise et al., 2007; Vallati et al., 2016). The continental successions of the Chubut Group are the oldest exposed rocks along the San Bernardo FTB (Figure 1.7A) and suggest a synorogenic character, evidence of the ongoing regional deformation in the foreland at deposition time (Barcat et al., 1989; Echaurren et al., 2016; Gianni et al., 2015a; Navarrete et al., 2015; Suarez et al., 2009). On the contrary, coeval strata in the eastern San Jorge Basin present a clear synextensional regime (Gianni et al., 2015b). The continental Chubut group is capped by a regional unconformity interpreted as the result of a major compressional event through the Cretaceous (Barcat et al., 1989; Echaurren et al., 2016; Feruglio, 1949; Proserpio, 1978; Ramos, 1981; Ramos et al., 2002) which can be related to tectonic inversion, especially in the San Jorge Basin, starting during the late Late Cretaceous (Allard et al., 2020; Foix et al., 2020; Paredes et al., 2018) or the late Early Cretaceous (Gianni et al., 2015a). Therefore, the development of the San Jorge Basin is still debated as period of extension and compression has been poorly constrained. The Chubut Group is overlapped to the east by marine sediments associated with a Atlantic marine transgression occurring during the Maastrichtian -Danian. In the San Jorge Gulf Basin, this formation is known as Salamanca Formation. To the north Patagonia, it corresponds to the fluvialestuarine Paso del Sapo and Lefipán Formations sustained by supply from the North Patagonian Massif (NPM; [START_REF] Lesta | Región extraandina de Chubut y norte de Santa Cruz[END_REF]. A fan of westgrowing strata observed in all these deposits attested for their synorogenic character around the Patagonian Broken Foreland [START_REF] Echaurren | Tectonic evolution of the North Patagonian Andes (41-44 S) through recognition of syntectonic strata[END_REF]. The location of marine deposits indicates the presence of several topographic highs (Figure 1.7B). The gradational contact between the marine formations and the following continental formations suggested a progressive replacement. In the San Jorge Basin, the Late Paleocene -Early Eocene unit is known as the volcanosedimentary Rio Chico Group and is strongly pyroclastic [START_REF] Foix | Fluvial architecture variations linked to changes in accommodation space: Río Chico Formation (late Paleocene), Golfo San Jorge basin, Argentina[END_REF]. This group display strong lateral variations mainly related with the diversity of fluvial architectures. Field observations and seismic data interpretation suggest synextensional deposition basinward, while synorogenic strata are evidenced close to the Patagonian Broken Foreland (San Bernardo FTB and western Deseado Massif), attesting respectively of the continuous subsidence of the San Jorge Basin, and of the foreland compression through the Paleogene [START_REF] Gianni | Cenozoic intraplate tectonics in Central Patagonia: Record of main Andean phases in a weak upper plate[END_REF]. To the NPM, the volcanosedimentary layers deposited from the Paleogene to the Eocene are identified as the Huitrera Formation. They have been related to the retroarc Pilcaniyeu Belt associated with bimodal volcanism (Figure 1. 4; Aragón et al., 2011; Rapela et al., 1988). The Patagonian foreland is then affected by a regional relaxation from Late Eocene to Early Miocene (e.g. Echaurren et al., 2016; Horton et al., 2016) related to the intraplate magmatic events (e.g. Bruni et al., 2008) and the synextensional character of the continental formations: Sarmiento in San Jorge Basin, Ligorio Márquez along the Andes, Ventana close to the NPM (Bellosi, 2010; Orts et al., 2012). The last members of the Sarmiento Formation (San José Formation, equivalent in Chile) are laterally graded by the marine Chenque Formation, correlated with the Centinella Formation along the Andean piedmont and with the Guadal Formation in Chile. The equivalent of the Chenque Formation in the Deseado Massif is evidenced by three units: San Julián, Monte León and Patagonico Formations; Cuitiño et al., 2015b; Parras et al., 2012). Patagonia was largely flooded to the Andes from the Oligocene to the Early Miocene related to three episodes of Atlantic transgression through this period known as Juliense, Leonense and Superpatagoniense stages [START_REF] Ameghino | Las formaciones sedimentarias del Cretáceo superior y del Terciario de Patagonia, con un paralelo entre sus faunas mastológicas y las del Antiguo Continente[END_REF].

Coevally in the north Patagonian Foreland, the development of a second retroarc belt named the El Maitén Belt, associated with the Ventana Formation, is developed to the west, compared to the Pilcaniyeu Belt.

The tholeiitic affinity of the rocks from the El Maitén Belt may suggest similarity with the magmatic evolution of seafloor (Aragón et al., 2011; Rapela et al., 1988). On the other hand, the marine Chenque Formation is progressively overlain by the fluvial Santa Cruz formation (equivalent to the Galera Formation in Chile, and to Rio Frias, Rio Pinturas and Rio Zeballos along the Andean piedmont) evolving up to the Middle Miocene (Bellosi, 1998; Cuitiño et al., 2016; Suárez et al., 2000). This formation is associated with a new orogenic pulse along the Andes and a renewed contraction along the Patagonian Broken Foreland at ca. 16 Ma (Echaurren et al., 2016; Gianni et al., 2015a). Despite the evidences of synorogenic Cretaceous strata, some authors proposed that the Patagonian Broken Foreland was mainly deformed during this Miocene compression phase (e.g. Bilmes et al., 2013; Homovc et al., 1995; Peroni et al., 1995). This deformation is also recorded to the NPM by the Early and Middle Miocene Ñirihuau and Collón Curá Formations (Orts et al., 2012; J. M. Paredes et al., 2009; Ramos et al., 2011). Thus, timing and magnitude of deformation along the Patagonian Broken Foreland has been poorly constrained and few thermochronological studies, which can clarify these issues, exist along this intraplate belt (Fernández et al., 2020; Savignano et al., 2016). Along the Andean piedmont, especially in the Rio Mayo Embayment, the erosive regime related with the last Andean uplift phase supplied deposits forming the following sedimentary formations: Rio Frias, Pedregroso, Rio Mayo and Chalia Formations [START_REF] Dal Molin | Reinterpretación estratigráfica de las sedimentitas terciarias del sudoeste de Chubut[END_REF]. In the foreland, deformation was sealed with mafic plateaus and Quaternary fluvioglacial deposits as the Rodados Patagonicos Formation (Pliocene -Pleistocene) in the San Jorge Basin [START_REF] Martínez | The 'Rodados Patagónicos'(Patagonian shingle formation) of eastern Patagonia: environmental conditions of gravel sedimentation[END_REF].

Goals of the study

The aim of this thesis is to provide dating and magnitude of exhumation that affected the north central Patagonia. Objectives are to identify and quantify the exhumation phases in the Patagonian Andes and the related intraplate belt at these latitudes, as well as to determine the sediment provenance history of the foreland basin. Finally, this thesis intends to better understand the effects of geodynamic processes (changes of convergence or slab dip) on the tectonic and thermal evolution of the northcentral Patagonian by providing an extensive thermochronology dataset including diverse methods to constrain main tectonic events in this area (40 to 48°S) in time and space. Sampling, analysis and data interpretation are detailed in different chapters (Figure 1.8).

This work has been done in the framework of a large project, which involves Italian, French and Argentinian researchers. The PhD thesis of Alexis Derycke (University of ParisSaclay, France) focuses on UThSm/He thermochronology analysis on apatites and hematites from basement rocks of the Deseado Massif in order to decipher the significance of the exhumation events in this area, which is complementary with this thesis. 

Thesis outline

This thesis integrates one manuscript submitted for peerreview to a scientific journal, one chapter that will soon be submitted for peerreview, two chapters that will be submitted later as further analysis and/or discussions are needed, a general synthesis and three manuscripts in appendices.

Chapter 2 provides a synthesis of the background about thermochronometric methods used in this thesis (Figure 1.8).

Chapter 3 presents the application of apatite fission tracks and (UThSm)/He thermochronology between 40 and 44°S. This part of the work constitutes the achievement of the study initiated during the the PhD thesis of Elisa Savignano [START_REF] Savignano | Northern Patagonian Andes: New insights into the exhumation history of the thrust belt foreland sector[END_REF]. The aim was to quantify the exhumation of the Patagonian Precordillera and broken foreland at these latitudes and relate the surface unroofing with geodynamic processes.

Chapter 4 is focused on apatite UPb and fissiontrack ages extracted from detrital samples collected in the San Jorge Gulf Basin and surrounding areas (45° to 49° S) in order to better understand provenance and evolution of the source area(s) through the Cenozoic. Lag time is applied on apatite content to interpret the denudation of the source rocks.

Chapter 5 discusses the tectonothermal history of the southern San Bernardo Fold and Thrust Belt, a complex intraplate belt for which tectonic evolution is still debated, from apatite fission tracks, (UTh Sm)/He ages and thermal modeling. Interestingly, this short chapter allows to explore the impact of moderate exhumation and volcanic activity on the lowtemperature thermochronometer.

Chapter 6 is related to the central Patagonian Cordillera evolution based on detrital apatite fission track data obtained from modern outlet sample and inverse modeling following a recent method. This latter method allows to unravel the exhumation pattern along the central Patagonian Cordillera through a novel detrital thermochronology approach.

In Chapter 7 are summarized the main conclusions of the thesis from chapters 3 to 6. All the results are then discussed in a largerscale context and perspectives are proposed.

In the appendices A, B, C and D are included supplementary materials for chapters 3, 4, 5 and 6.In other appendices, some works done during the thesis and not presented in the above mentioned chapters have been gathered in three manuscripts within the framework of other studies as they are relevant for the conclusions presented in the chapter 7: i) appendix E corresponds to a manuscript published in Tectonophysics (2020) as coauthor and dealing with the structural analysis of La Paloma area (Deseado Massif, central Patagonia) associated with thermochronology analysis; ii) appendix F to a manuscript about the thermal history of the Deseado Massif, in preparation for Journal of South American Earth Sciences as coauthor; and iii) appendix G to a paper published in Tectonophysics (2020) as first author about my Master thesis which focused on the tectonic evolution of the northcentral Peruvian forearc through seismic analysis.

CHAPTER 2 MATERIALS AND METHODS

Sampling

The studied areas are located (i) in the Argentinian north Patagonia (between 40 and 44 °S), (ii) in the Argentinian central Patagonia (from 45 to 49 °S) and (iii) in the Chilean northcentral Patagonia (from 44 to 48 °S). Fiftynine samples have been collected and analyzed during this thesis (Figure 1.7C; the samples processed but without apatites have been excluded by the counting). Twentyfour samples from north Patagonia have been collected formerly for the thesis of E. [START_REF] Savignano | Northern Patagonian Andes: New insights into the exhumation history of the thrust belt foreland sector[END_REF], mainly granitoids with some PaleozoicMesozoic sedimentary samples. She already analyzed these samples in the context of her PhD with the (UThSm)/He dating method described below. The same samples were thus analyzed in this study with the apatite fission tracks method. Samples from the Argentinian central Patagonia include a variety of sedimentary rocks spanning from Early Cretaceous to Pliocene. Thus, thirty samples have been collected for detrital thermochronology and three basalts for KAr analysis. In Chile, twentyseven samples have been collected: two granites for apatite fission tracks dating, one from Pleistocene terrace for provenance analysis, six from sedimentary formations equivalent to the ones collected in Argentina., four from modern river sand for cosmogenic nuclides analysis, and thirteen from modern river sand for detrital thermochronology. Apatite fission tracks analysis of six basement samples collected in the central Patagonia (Deseado Massif) are still in progress. They are carried out within the framework of cooperation between the University of Padua and the University of ParisSaclay where A. Derycke is doing his PhD about the tectonic evolution of the Deseado Massif by (UThSm)/He thermochronological studies on basement and iron oxydes. He analyzed some of our samples with the (UThSm)/He dating method on apatites. Samples information are presented in Table 2.1.

Apatites

Apatite, Ca5(PO4)3(OH, F, Cl), is amongst the most abundant phosphate minerals and is a common accessory phase in felsic through mafic igneous, allgrade metamorphic rocks and clastic sediments derived from them [START_REF] Piccoli | Apatite in igneous systems[END_REF]Candela, 2002; Spear and[START_REF] Spear | Apatite, monazite, and xenotime in metamorphic rocks[END_REF]. Apatite is often highly persistent during diagenesis and metamorphism while it is unstable during intense weathering. Apatite is more likely to be preserved after burial beyond the meteoric water sources [START_REF] Morton | Processes controlling the composition of heavy mineral assemblages in sandstones[END_REF]. Compared to chemically resistant minerals (zircon, rutile, tourmaline), apatite represents rather firstcycle detritus event if some refractory grains can resist through time [START_REF] O'sullivan | An integrated apatite geochronology and geochemistry tool for sedimentary provenance analysis[END_REF]. Furthermore, it has been demonstrated that abrasion and burial have almost no importance in the reduction of the diversity of heavy mineral species in fluvial settings as they are reasonably physically resilient (e.g. Garzanti, 2017; Morton and Hallsworth, 2007; Morton and Smale, 1990). Therefore, the presence or absence of apatite in any given sediment can be mainly attributed to either the source fertility (abundance of apatite is very low in phosphorouspoor source rocks) or dissolution by acidic meteoric waters or prolonged alluvial storage.

Apatite is often used as geochronological or thermochronological tool owing to its ability to substitute Ca and halogens with rare earth elements as the actinides U and Th [START_REF] Ayers | Apatite/fluid partitioning of rareearth elements and strontium: Experimental results at 1.0 GPa and 1000 C and application to models of fluidrock interaction[END_REF]Watson, 1993; Nagasawa, 1970). Also, the incorporation of U into the apatite lattice enables the routine dating of individual apatite grains by the fission track, the (UThSm)/He and the UPb methods (Chew et al., 2011; Green et al., 1989; Wolf et al., 1996; see following sections). Furthermore, apatite has strong potential as provenance tool in basin analysis for paleotectonic reconstructions as different proxies can be employed combining the three mentioned methods (e.g. Carrapa et al., 2009; Zattin et al., 2012). Finally, differences in the abundance of the wide spectrum of incorporated elements can be used as a geological tracer recording both the age and the lithology of its source rock protolith (e.g. O'Sullivan et al., 2018).

Lowtemperature thermochronometry

LowT thermochronology measures the timing and rates at which rocks cool and approach the surface as a result of exhumation (e.g. Reiners andBrandon, 2006; Ring et al., 1999). It can be (in certain circumstances) related to the surface uplift (described as the vertical motion of a rock; [START_REF] England | Surface uplift, uplift of rocks, and exhumation of rocks[END_REF] induced by tectonic and/or surficial processes as the erosion patterns (Figure 2.1A). It is important to notice that exhumation is defined as the movement of a rock with respect to the Earth's surface and occurs always by denudation, corresponding to the removal of rock by tectonism and/or erosion [START_REF] Reiners | Using thermochronology to understand orogenic erosion[END_REF]. The interaction and variations in space and time between these movements and the crustal thermal field result in specific thermal history studied by thermochronometry analysis (Figure 2.1B). The thermochronometry methods are based on the radioactive decay of nuclides into a crystal and the accumulation of their products which correspond either to daughter nuclides or lattice damages. The products are used to date the cooling age of a mineral directly related to their specific thermal sensitivity (Figure 2.2), represented by closure temperatures (Tc), of each radioactive system (thermochronometer) to switch from a closed to an open system [START_REF] Dodson | Closure temperature in cooling geochronological and petrological systems[END_REF]. LowT thermochronology is concerning the thermochronometers with the lowest closure temperatures (generally comprised between ca. 30 °C and 550 °C) as the apatite fission track (AFT) and the apatite (UThSm)/He (AHe) described below. The closure temperature of a thermochronometer occurs through a range of temperatures where the retention of decay products progressively increases and register consequently the timetemperature history of the sample. This temperature window is called the Partial Annealing Zone (PAZ) for AFT system and the Partial Retention Zone (PRZ) for AHe system [START_REF] Wagner | Correction and interpretation of fission track ages[END_REF]. Thus, the thermochronometric age has a true temporal meaning in case of monotonic cooling, when the age corresponds to the cooling through the closure temperature. Thus, integrating different thermochronometers on various minerals or single grains (referred to as double or tripledating) allow better constraints to infer thermal histories of host rocks. This is particularly useful to detail complex histories affected by burial and reset. The latter term being a concept used to refer to rocks, after having been hold for a certain time at low temperature, buried sufficiently to reach temperature high enough to reopen a system. Therefore, the former products are partially or totally reset. In case of total reset, the thermal history record corresponds to the final cooling to the surface. [START_REF] Kronenberg | Beyond Plate Tectonics: Rheology and Orogenesis of the Continents[END_REF]. Black polygons show the thermochronometers used in this study. , 1964; Hurford and Green, 1982; Price and Walker, 1963; Wagner, 1968) as the relative abundance of other radioactive isotopes is low (e.g. 234 U has a relative abundance of 5,44.10 5 % with respect to 238 U). Heavy and light fission fragments are expulsed in opposite directions by a combination of energy released by the spontaneous fission of 238 U and coulomb repulsion forces. These fragments provoke widespread dislocation of atoms in the surrounding crystal lattice induced by changes of electrostatic charge and ionization (Figure 2.3; [START_REF] Silk | Examination of fission fragment tracks with an electron microscope[END_REF]. The fission track is indeed the linear damage zone (of ca. 16 µm length in apatite) formed by the displacement of atoms during the passage of the daughter nuclides through the lattice (Reiners and Brandon, 2006 and references therein). The AFT method rests on the quantification of the density of these tracks, whose accumulation is described by the decay equation.

The decay equation has been modified with a much higher decay constant to include the effects of both spontaneous and α decay on the 238 U decay (equation (1), [START_REF] Tagami | Fundamentals of fissiontrack thermochronology[END_REF].

(1)

𝑁 𝑠 = λ 𝑓 λ 𝑎 𝑁(𝑒 𝜆 𝛼 𝑡 -1)
238 N s is the number of spontaneous fission tracks per unit volume; 238 N is the number of 238 U atoms per unit volume; λf and λα are the decay constants for spontaneous fission and α decay of 238 U (λf = 8.5 10 17 yr 1 and λα=1.5 10 10 yr 1 ).

Figure 2.3 -The "Ion Explosion Spike" model for AFT formation (from Fleischer et al., 1975). The uranium nucleus splits in two nuclear fragments (A) (HFF and LFF are Heavy and Light Fission Fragments) pushed away from each other (B); along their track they tear off electrons from the atoms of the lattice and the positively charged atoms along the track dislocate from their lattice position due to repulsive electrostatic forces (C).

To infer single crystal age, parent and daughter products are measured indirectly by counting fission tracks with the External Detector Method (EDM) represented on Figure 2.5 (Gleadow, 1981; Hurford, 1990; Hurford and Green, 1983, 1982), and calculated following the equation ( 2):

( [START_REF] Hurford | Standardization of fission track dating calibration: Recommendation by the Fission Track Working Group of the IUGS Subcommission on Geochronology[END_REF], depending on the microscope, the reactor and the operator; g is the geometry factor for spontaneous fission track registration, ρd the induced fission track density for a uranium standard corresponding to the sample position during neutron irradiation, ρs,i is the spontaneous fission track density for grain i; ρi,i is the induced fission track density for the grain i [START_REF] Donelick | Apatite fissiontrack analysis[END_REF].

The EDM comes to dominate the practice of AFT analysis over the variety of experimental methods developed as the EDM method provides information on individual grains, the first of any geochronological technique doing it routinely [START_REF] Gleadow | The Future of FissionTrack Thermochronology[END_REF]. Etching procedures of the grains are generally common or quite similar for each laboratory. The apatite grains for each sample are first mounted with epoxy resin (previously separated by heavy liquids and magnetic separation techniques), then polished and chemically etched (20 seconds in 5.5M HNO3 at 20 °C) to reveal spontaneous fission tracks (Figure 2.5). Low Uranium mica sheets are placed over the mount as external detector and then irradiated with lowenergy thermal neutrons in a nuclear reactor. Neutron irradiation induces fission of 235 U and produces fission tracks in both apatites and mica sheet. Induced fission tracks can be measured on the mica surface after chemical etching (40 minutes in 40% HF at 20 °C) and not in the apatites mounted since the chemical etching of the minerals is done before the neutron irradiation (Figure 2.5). As ratio of 238 U / 235 U is constant, their content is then calculated from the density of spontaneous and induced fission tracks respectively counted on the mounted apatites and the mica monitor assembled in the same slide [START_REF] Reiners | Using thermochronology to understand orogenic erosion[END_REF]. Samples are analyzed by the operator with an optical microscope implemented with a sliding table and a dedicated software. The AFT age of a single apatite grain determined using the EDM method is given by the equation ( 2) and obtained through the software Trackey (Dunkl, 2002). To describe the age of an AFT age population, track densities are usually measured on 20 to 40 grains and visualized on radial plots. Age for a single population is therefore reported by the central age statistical parameter [START_REF] Galbraith | Graphical display of estimates having differing standard errors[END_REF].

Fission tracks annealing is a process dependent of the temperature following the Arrhenius law, of the crystallographic orientation (higher annealing for tracks orthogonal to the Caxis), of the mineral composition and of the characteristics of the crystal (Barbarand et al., 2003; Carlson et al., 1999; Donelick et al., 1999; Green, 1985; Ketcham et al., 2007, 1999). Fission tracks annealing models have thus been developed using a completely empirical approach, looking at what form of the annealing relationship best fit the data statistically [START_REF] Braun | Quantitative thermochronology: numerical methods for the interpretation of thermochronological data[END_REF]. The Dpar, i.e. the diameter of fissiontrack etched pits parallel to the apatite crystal Caxis, is a commonly proxy for track retentivity of single crystals [START_REF] Ketcham | Variability of apatite fissiontrack annealing kinetics: III. Extrapolation to geological time scales[END_REF]. One way to quantify the effects of annealing is to measure the lengths of horizontal confined tracks (Figure 2.4; [START_REF] Gleadow | Fission track lengths in the apatite annealing zone and the interpretation of mixed ages[END_REF] knowing that initial length of a fission track is ~ 16 µm in apatite [START_REF] Carlson | Variability of apatite fissiontrack annealing kinetics: I. Experimental results[END_REF]. Their distribution, obtained by measuring a sufficient number of horizontal tracks (40 to 100), contains information on the thermal history experienced by the sample [START_REF] Braun | Quantitative thermochronology: numerical methods for the interpretation of thermochronological data[END_REF]. The PAZ values depend on cooling rates and apatite chemistry and are generally comprised between 30 and 130 °C [START_REF] Reiners | Using thermochronology to understand orogenic erosion[END_REF]. Closure temperature vary between 80 and 120 °C but an apatite of average composition has a bulk closure temperature of ~ 116 °C (Fitzgerald and Gleadow, 1990; Ketcham et al., 2007, 1999).

Tracks formed at higher temperatures than PAZ will anneal rapidly and not be preserved over geologic time while they will be close to their original length if crystals experience a rapid cooling (Figure 2.6). On the contrary, if samples reside in the PAZ for a significant time, fission tracks will shorten because the annealing processes produces an apparent AFT age younger than the real age [START_REF] Wagner | Fission track tectonics: the tectonic interpretation of fission track apatite ages[END_REF].

Sample can reside in PAZ during a longterm cooling or after burial. In the latter case, older tracks will be shorter than new tracks formed and it results in a bimodal distribution of track lengths. If burial is sufficient enough to reach temperatures higher than the PAZ, the fission tracks are reset and completely annealed (Figure 2.6). 2.3.2 Apatite (UThSm)/He thermochronometry (UThSm)/He thermochronometry is one of the most sensitive thermochronometer with a closure temperature of 75 ± 15 °C (Farley, 2000; Wolf et al., 1996). It is based on the production of He nuclei (corresponding to α particles) during the decay of Uranium, Thorium and Samarium. The decay equation is noting as following:

( where 4 He, 238 U, 235 U and 232 Th and 147 Sm are the presentday atoms, λ are their relevant decay constants and t is the accumulation time or Helium age (Farley andStockli, 2002; Reiners et al., 2002). The coefficients preceding the Uranium and Thorium abundances account for the α multiple particles emitted within each decay series [START_REF] Farley | UTh)/He dating of phosphates: Apatite, monazite, and xenotime[END_REF]. The ingrowth of helium with time can be written as a function of the concentration in U, Th and He as the 238 U / 235 U ratio has a constant value in the solar system [START_REF] Steiger | Subcommission on geochronology: convention on the use of decay constants in geoand cosmochronology[END_REF]. The He ingrowth equation assumes absence of 4 He, both initial and produced by sources extraneous to the crystal, and secular equilibrium among all daughters in the decay chain. These assumptions are valid for apatites without UTh inclusions (e.g. zircons) or coating (e.g. oxides) as these latter mineral phases behaved as external sources of He and induced a bias in the results. Careful selection of the grains (prismatic, inclusion free, intact, > 60 µm) is consequently required prior to analyze (Murray et al., 2014). Three to five grains from each sample are selected and packed in Nb tubes. A twostage analytical procedure is commonly used to measure the concentration of 4 He, U, Th and Sm. In the first stage the crystal is degassed by twice heating using a diode laser to release totally the He contained (Fillon et al., 2013), then measured by gassource mass spectrometry (during this study at the University of Paris Saclay, IDES lowtemperature thermochonology Laboratory, Orsay, France). In the second stage, after chemical dissolution of apatites in HNO3 5N (3 hours at 70 °C), U, Th and Sm concentrations are measured by quadrupole inductively coupled plasma mass spectrometry (in LSCE, University of Versailles, Gifsur Yvette, France, or Element XR from Thermo Scientific, Orsay, France). External age standards, in our case Limberg Tuff and/or Durango apatites, are used to calibrate the age.

When the AHe age is calculated, several factors must be considered: (i) the αejection, (ii) the diffusion behavior, (iii) the presence of zonation and (iv) the possible presence of Urich inclusions. Data are consequently processed to test their significance and their meaning. The αejection takes into account the distance travelled by the α particles of ca. 20 µm during the decay process. The loss of α particles ejected out of the crystal leads to an underestimation of the age [START_REF] Farley | The effects of long alphastopping distances on (U Th)/He ages[END_REF]. The αejection correction factor is calculated as a function of the crystal size, assuming an idealized geometry of the crystal and homogeneous distribution of U and Th in apatites [START_REF] Farley | UTh)/He dating of phosphates: Apatite, monazite, and xenotime[END_REF]. The diffusional behavior of He into the crystal impacts the temperature interval called Partial Retention Zone (PRZ), usually ranging between 20 -60 °C (Ault et al., 2019; Reiners and[START_REF] Reiners | Using thermochronology to understand orogenic erosion[END_REF], whereas the closure temperatures vary in the range 40 -80 °C (Farley, 2000; Wolf et al., 1996). In order to constrain thermal histories, knowledges about the He diffusivity in the crystal are required, based on the relationships between the diffusivity and Arrhenius law:

(4)

𝐷 𝑎² = 𝐷 0 𝑎² 𝑒 -𝐸 𝑎 𝑅𝑇
where D0 is the frequency factor, that is diffusion at infinite temperature, Ea is the activation energy, T is the temperature, R is the gas law constant and a is the radius of the spherical diffusion domain corresponding, in most cases, to the grain volume (Farley, 2000; Reiners and[START_REF] Reiners | Using thermochronology to understand orogenic erosion[END_REF]. The diffusion parameter is obtained through step heating experiments and is used to estimate the PRZ and the closure temperature for He thermochronometers of analyzed grains for given cooling rates and size of grains [START_REF] Reiners | Using thermochronology to understand orogenic erosion[END_REF]. Several new diffusional models for He have been proposed, always based on the same equation, but accounting other complication as the radiation damages effect on He diffusivity (e.g. Flowers et al., 2009; Gautheron et al., 2009; Gautheron and TassanGot, 2010; Shuster and Farley, 2009).

Both αejection and He diffusion kinetics are affected by a prolonged stay in the PRZ during a slow cooling.

For such samples, AHe ages are representing a more complex thermal history [START_REF] Reiners | Influence of crystal size on apatite (UTh)/He thermochronology: an example from the Bighorn Mountains, Wyoming[END_REF].

After the correction of the age, age reproducibility is first checked. Mean ages can be used for interpretation in case of well reproducible samples [START_REF] Fitzgerald | Interpretation of (U-Th)/He single grain ages from slowly cooled crustal terranes: a case study from the Transantarctic Mountains of southern Victoria Land[END_REF]. In case of high dispersion, owing to differences in grain size, crystal defects, radiation damages or partially reset samples, single grain ages are preferably shown and biased ages are removed when they are identifiable.

Inverse modeling

With the central AFT ages, the track length distribution, the Dpar values and the singlegrain AHe ages (including grains sizes and chemical characteristics), it is possible to determine the optimal thermal history (Tt paths) for single samples (Figure 2.7). A quantitative evaluation of the thermal history can be carried out through modeling procedures, which find a range of cooling paths compatible with the input data [START_REF] Ketcham | Forward and inverse modeling of lowtemperature thermochronometry data[END_REF]. Thermal history simulations can be conducted using the inverse modeling capabilities of the computer programs HeFTy [START_REF] Ehlers | Computational tools for lowtemperature thermochronometer interpretation[END_REF] or QTQt [START_REF] Gallagher | Transdimensional inverse thermal history modeling for quantitative thermochronology[END_REF] both generating possible Tt paths by a Monte Carlo algorithm. Hefty simulates random timetemperature (tT)

paths that satisfy the input data entered for each sample. Acceptable fit between model and data is given by the Goodness of Fit (GOF), which indicates the probability of failing the null hypothesis that the model and data are different. A modelled thermal history is considered good with a GOF > 0.5 for more than 100.000 random tT paths simulated [START_REF] Ketcham | Reproducibility of apatite fission track length data and thermal history reconstruction[END_REF]. The program QTQt allows inverting AFT annealing and AHe diffusion parameters with the Markov chain Monte Carlo method (Gallagher, 2012; Gallagher et al., 2009). It avoids also the overinterpretation of the data with a Bayesian transdimensional inversion approach which balances the complexity of the inferred thermal history models with the fit to the data [START_REF] Gallagher | Transdimensional inverse thermal history modeling for quantitative thermochronology[END_REF]. The inversion code incorporates kinetic models of He diffusion in apatite (Flowers et al., 2009; Gautheron et al., 2009) and AFT annealing multikinetic model [START_REF] Ketcham | Improved modeling of fissiontrack annealing in apatite[END_REF]. Thermal history simulations with QTQt are considered as robust when they are the product of 150.000 iterations [START_REF] Gallagher | Transdimensional inverse thermal history modeling for quantitative thermochronology[END_REF].

Detrital apatite thermochronometry

Detrital thermochronometry is a branch of low to intermediate temperature thermochronology which may constrain the cooling history of the source terrains of the sediments. The exhumation signal is transferred to the sedimentary basin during erosional processes with detrital apatite (or zircon) cooling ages.

This record is more or less preserved during burial, depending of the amount of burial and consequent thermal conditions, as well as annealing. Apatites are regularly used as detrital chronometers in provenance studies as they are a common accessory component in clastic sedimentary rocks [START_REF] Morton | Detrital apatite geochemistry and its application in provenance studies[END_REF].

Ancient sandstones

Samples are generally collected through a stratigraphic succession. Indeed, the sedimentary rocks can provide information on the provenance and the exhumation of the source rocks, which is sometime impossible to investigate directly at the source rock location because of burial or substantial erosion. In detrital samples, a discrimination of the age populations is based on the distribution of the AFT grain ages.

The χsquare statistical test is used to determine if counted grains belong to the same population of ages, by comparing the variance of the observed population with the variance predicted for the decay process Figure 2.7 -Analytical sequence required for the reconstruction of thermal histories from primary measurements of the number and the lengths of fission tracks in a mineral sample, together with the 238 U concentration and 4 He, from the sample G04 (described in this study). Image (a) shows good apatite grain selected for (UThSm)/He analysis. Image (b) includes a region of interest outlining the area to be counted and an internal grid to assist in counting. Image (c) shows a confined fission track and its measured length.

In the center, a radial plot (e) shows the distribution all of grain ages, and a histogram the distribution of all lengths measured in a sample (f). The table (d) show some results obtained after (UThSm)/He analysis. These results can be thought of as primarily reflecting the time component, and the temperature component of the underlying thermal history. The thermal history reconstructed from such data, considering the diverse age constraints obtained from stratigraphy as unconformity or depositional age (g), is shown in the time temperature plot (h) (modified from [START_REF] Gleadow | The Future of FissionTrack Thermochronology[END_REF]. ( Brandon, 2002; Galbraith, 1981). A probability (Pχ) of less than 5% is an evidence of asymmetric spread of single grain ages, and thus it indicates the presence of several age populations. The software BINOMFIT (by Brandon, 2002; summarized by Ehlers et al., 2005) is used to estimate the components in a mixed fissiontrack grainage distribution (Figure 2.8) as it takes into consideration the binomial peak fitting algorithm of Galbraith and Laslett (1993). The ages obtained are compared with the depositional age to infer provenance (for not reset samples with AFT ages older than depositional ages) or basin exhumation story (for reset samples with AFT ages younger than depositional ages). Additionally, partially reset samples present a large dispersion with some grains younger or older than the depositional age. For considerable dataset, multidimensional scaling (MDS) can be applied with the software package provenance [START_REF] Vermeesch | An R package for statistical provenance analysis[END_REF] to visualize the level of similarity of individual samples of the dataset.

Lag time concept

The lagtime is the time elapsed from the closure of the thermochronometric system chosen, to the deposition of the grains in the depocenter after exhumation [START_REF] Garver | Exhumation history of orogenic highlands determined by detrital fissiontrack thermochronology[END_REF], with transport time considered as negligible [START_REF] Heller | The largescale dynamics of grainsize variation in alluvial basins, 2: Application to syntectonic conglomerate[END_REF] and deposition time reasonably well known (Figure 2.9A). Lagtime variations of sediments coming from the source provide then information on source evolution: a growing orogen would generate a lagtime decrease in the sediments, whereas a decaying orogen would induce a lagtime increase (Figure 2.9B). Change from slow to fast exhumation may cause variations of the isotherms affecting the geothermal gradient (Braun et al., 2016; Malusà and Fitzgerald, 2019; Rahl et al., 2007). These variations must be examined as they influence the lagtimes (Figure 2.10).

The flat isotherms are also influenced by the topography and tend to mimics the shape at the surface. Also long wavelength to the surface (e.g. deformation by folds) affected more the isotherms than short wavelength deformation (Figure 2.10).

Figure 2.9 -(A) Schematic upper crustal crosssection of an orogen, showing the relationship between the progressive exhumation of a source region and deposition of the eroded exhumation record in an adjacent sedimentary basin (modified after [START_REF] Garver | Exhumation history of orogenic highlands determined by detrital fissiontrack thermochronology[END_REF]. A 'stratigraphy' of apatite fissiontrack ages develops within the basin, which is the inverse of the sourceregion exhumation age trend (modified from [START_REF] Lisker | Apatite thermochronology in modern geology[END_REF]. (B) Expected distribution of thermochronometer ages for three separate scenarios: orogenic decay (or decreasing erosion rate), steadystate and orogenic growth (or increasing erosion rate).

For the latter, ages will young faster than the stratigraphic age (modified from [START_REF] Proserpio | Quantifying transient erosion of orogens with detrital thermochronology from syntectonic basin deposits[END_REF]. 

Modern sediments

Detrital thermochronology has been proposed as a method to quantify the distribution of catchment erosion (Stock andDietrich, 2006; Vermeesch, 2007) and identify uniform and nonuniform erosion by comparing the measured detrital age distributions (probability density function, PDF) with the hypsometric curve of the catchment (Figure 2. 11A; Brewer et al., 2003; Ehlers et al., 2015). Predicted PDF is formerly produced assuming uniform erosion from the convolution of the catchment hypsometry with linear age elevation relationship from the catchment and consider therefore that every unit area of the catchment is delivering the amount of sediment. Measured PDF created using grain age data is then compared to the predicted one (which is mostly the equivalent of the hypsometric curve) to test the validity of several assumptions as the steady state erosion and topography (needed for the predicted ageelevation curve), the uniform modern erosion rates (can be modified by glacial erosion, Figure 2.11B), the sediment storage and mixing of the catchment. They are affected by inhomogeneous lithologies, structural geology or the presence or absence of vegetation. If the measured data do not match with the predicted one, it is difficult to assess which one of the assumptions were disregarded. Simplified approach whereby the convolution of the catchment hypsometry and an ageelevation relationship are used to construct a predicted PDF. This approach assumes a uniform distribution of erosion over the catchment. If observed data are not uniform when compared with the predicted PDF, it means that erosion was not uniform. In this example, the peaks in measured ages (e.g., 1 and 2) are shifted to older and slightly younger ages when compared to the predicted PDF due to increased erosion at higher elevations. (B) Glacier profile, showing increased erosion at higher elevations and steps in the slope of the underlying bedrock (modified from Ehlers et al., 2015; Stock et al., 2006).

Figure 2.12 -Conceptual model to predict detrital distributions for thermochronological data (modified after [START_REF] Gallagher | A new approach to thermal history modelling with detrital low temperature thermochronological data[END_REF]. (A) Comparison between typical in situ vertical profile, that may not cover the entire elevation range in catchment, and the modern detrital sample from the outlet for which a set of hypothetical dummy samples spanned over the total elevation range of the catchment. From a given specified thermal history (B) and the hypothetical samples, we can predict an age elevation profile (C) including kinetic parameters for FT (DPar). This allows to produce a set of AFT ages for the dummy samples at each elevation.

Recently, a new approach of inverse modelling has been proposed, relying on the assumption that thermal history was the same for the entire catchment studied (e.g. without fault activity across). This approach, based on the tendency of thermochronometer cooling ages to increase with elevation, allow to build hypothetical vertical profiles models (Figure 2.12; [START_REF] Gallagher | A new approach to thermal history modelling with detrital low temperature thermochronological data[END_REF]. Despite the uncertainties of the results, the cooling age distribution of the detrital outlet sample and the hypsometry of the catchment used to predict thermal history offer reliable information about the catchment denudation. It may represent an alternative tool to study inaccessible areas were vertical profile sampling is unthinkable.

UPb dating

UPb dating of minerals by LAICPMS is now a rapid, routine and effective dating tool with a precision better than 2% for apatites due to advance on data reduction and matrixmatched standards [START_REF] Chew | U-Pb LA-ICPMS dating using accessory mineral standards with variable common Pb[END_REF]. It led to an increasing number of provenance studies employing the apatite UPb system in recent years (e.g. [START_REF] Carrapa | Apatite triple dating and white mica 40Ar/39Ar thermochronology of syntectonic detritus in the Central Andes: A multiphase tectonothermal history[END_REF][START_REF] Mark | Tracking exhumation and drainage divide migration of the Western Alps: A test of the apatite UPb thermochronometer as a detrital provenance tool[END_REF][START_REF] O'sullivan | Detecting magmapoor orogens in the detrital record[END_REF][START_REF] Zattin | New constraints on the provenance of the ANDRILL AND2A succession (western Ross Sea, Antarctica) from apatite triple dating[END_REF]. Apatite

UPb system has intermediate closure temperatures (375550°C; Figure 2.2; [START_REF] Cochrane | High temperature (> 350 C) thermochronology and mechanisms of Pb loss in apatite[END_REF] and records lower temperature events than UPb zircon system. Nevertheless, the UPb apatite system is less precise and is generally employed to obtain firstorder information, which is often sufficient to discriminate distinct sources. Indeed, apatite from igneous and highgrade metamorphic rocks typically contains sufficient U for UPb dating, while apatite from lowmedium metamorphic terranes is often Udeficient and common Pbenriched [START_REF] Hsieh | Petrogenesis of the Nanling Mountains granites from South China: constraints from systematic apatite geochemistry and wholerock geochemical and Sr-Nd isotope compositions[END_REF][START_REF] O'sullivan | Detecting magmapoor orogens in the detrital record[END_REF].

Nevertheless, this method is restrained by, for example, the grain size as an ablation spot of minimum 40 µm is required [START_REF] O'sullivan | An integrated apatite geochronology and geochemistry tool for sedimentary provenance analysis[END_REF], so bigger grains are required. Limitations of the method concerned also low U abundance (do not yield favorable Pb*/Pbc ratios) and high initial common

Pb incorporated during the crystallization of the grains (even with the common Pbcorrection; [START_REF] Chew | U-Pb LA-ICPMS dating using accessory mineral standards with variable common Pb[END_REF]. Grains too young are therefore not reliable with this method.

Six isotopes ( 204,206,207,208 Pb, 232 Th and 238 U) are commonly analyzed for UPb geochronology studies. 43 Ca and 202 Hg are also measured as 43 Ca is used as an internal standard to correct variations in ablation volume and 202 Hg to monitor interference on the 204 Pb peak [START_REF] Chew | Combined apatite fission track and UPb dating by LAICPMS and its application in apatite provenance analysis[END_REF]. LaICP MS data are then reduced using the Iolite software, developed as a set of IgorPro, through the set VizualAge DRS [START_REF] Petrus | VizualAge: A novel approach to laser ablation ICPMS UPb geochronology data reduction[END_REF] Additionally, lithological information can be obtained by the abundance of the REE, U/Th and Sr/Mn ratios and the magnitude of Eu and Ce anomalies (e.g. [START_REF] Belousova | Apatite as an indicator mineral for mineral exploration: traceelement compositions and their relationship to host rock type[END_REF][START_REF] Belousova | Traceelement signatures of apatites in granitoids from the Mt Isa Inlier, northwestern Queensland[END_REF]. The igneous type can be distinguished from one another geochemically [START_REF] Hsieh | Petrogenesis of the Nanling Mountains granites from South China: constraints from systematic apatite geochemistry and wholerock geochemical and Sr-Nd isotope compositions[END_REF] from the apatite trace element geochemistry (e.g. "Stype" and "Itype" granitoidderived apatite, basic apatite, and mantle derived apatite). 

Introduction

Mechanical plate coupling is governed by subduction geometry, and particularly by slab dip. This latter is controlled by various parameters including: (i) upper plate absolute motion, (ii) subducting slab buoyancy, (iii) overriding plate temperature, and (iv) faulting of the oceanic lithosphere (Cerpa et al., 2018; Gutscher, 2002; Gutscher and Peacock, 2003; Lallemand et al., 2005; RodríguezGonzález et al., 2012).

Many authors also pointed out correlations in time and space between shallow slab segments and the subduction of buoyant oceanic features such as aseismic ridges or oceanic plateau (Gutscher et al., 2000; McGeary et al., 1985; Pilger and Rex, 1981). Upper plate compression is generally associated with strong interplate coupling during shallow to flatslab subduction, while extension is correlated with weak interplate coupling during slab rollback. Therefore, plate coupling variations are believed to result in alternating phases of upper plate shortening and extension (Horton, 2018a; Lallemand et al., 2005), thereby regulating orogenic growth and foreland evolution [START_REF] Martinod | Horizontal subduction zones, convergence velocity and the building of the Andes[END_REF]. Although a high degree of interplate coupling can also characterize steep subduction (depending on convergence rate), this is generally less effective with respect to that associated with shallow to flatslab segments [START_REF] Gutscher | Andean subduction styles and their effect on thermal structure and interplate coupling[END_REF]. At present, slab dip varies significantly along the Andean margin from the dominant dip angle of ~30° to flatslab segments (Horton and Fuentes, 2016; Maksymowicz and Tassara, 2018; Ramos and Folguera, 2009). This results in alongstrike segmentation and coupling variations that influence magmatism and the style of recent to active deformation of the overriding plate (Coira et al., 1993; Ramos and Folguera, 2009; Yáñez and Cembrano, 2004).

The geological record of pulsed upper plate shortening episodes in Patagonia has been related with variable plate coupling associated with changes of plate convergence settings, particularly slab dip (Echaurren et al., 2016; Gianni et al., 2015; Horton, 2018; Orts et al., 2012). A late Early Cretaceous to early Paleogene and a middle Miocene to Pliocene orogenic stages have been recognized in the Patagonian Cordillera, Precordillera (Figure 3.1A) and the socalled broken foreland generated by the inversion of former graben/half graben systems [START_REF] Echaurren | Tectonic evolution of the North Patagonian Andes (41-44 S) through recognition of syntectonic strata[END_REF]. These latter were formed in the context of Early Jurassic to Early Cretaceous extension associated with a protracted slab rollback, which is coherent with the westward shift of arc magmatism [START_REF] Ramos | Plate tectonic setting of the Andean Cordillera[END_REF][START_REF] Ramos | The tectonic regime along the Andes: Presentday and Mesozoic regimes[END_REF]. Similar processes have been documented for the intervening late Eocene to early Miocene period, characterized by abundant magmatism toward the Cordillera and modest foreland subsidence (Folguera andRamos, 2011; Horton, 2018a). Basin inversion emphasizes the role of inherited upper plate weaknesses in controlling the propagation of the deformation to the broken foreland during regional shortening episodes [START_REF] Gianni | Cenozoic intraplate tectonics in Central Patagonia: Record of main Andean phases in a weak upper plate[END_REF]. However, little is known about the amount of regional unroofing in the foreland of the Patagonian Andes, as thermochronological studies focused mainly on the growth of the Cordillera (Thomson et al., 2010a). In this study we present 

Geological setting

The northern Patagonian margin is characterized by several morphotectonic units, including the Patagonian Precordillera and the broken foreland to the east (Figure 3. 1A; Echaurren et al., 2016). The Precordillera is a retroarc thickskinned foldthrust belt (Giacosa andHeredia, 2004; Orts et al., 2012). On the other hand, the broken foreland got its name because it is structurally articulated and fragmented by a series of uplifted blocks (e.g. [START_REF] Bilmes | Miocene block uplift and basin formation in the Patagonian foreland: the Gastre Basin, Argentina[END_REF] Calcatapul Formations; Volkheimer, 1964; Von Gosen and[START_REF] Von Gosen | Tectonic history of the Calcatapul Formation, Chubut province, Argentina, and the "Gastre fault system[END_REF]) and coeval intrusions (e.g.

Colohuincul Complex, Mamil Choique and Lipetrén Formations; Rapela et al., 1992; Ravazzoli and Sesana, 1977; Turner, 1965; Varela et al., 2005). The Cañadón Asfalto Rift Basin is mainly the product of extension induced by Gondwana breakup during the Early Jurassic and of the following Early Cretaceous sag stage (Figure 3. 2; Figari et al., 2015; Mpodozis andRamos, 2008). The sedimentary infill includes the marine Las Leoneras Formation, followed above by the continental Cañadon Asfalto and Cañadón Calcáreo Formations, laterally interbedded with the volcanic Lonco Trapial Formation (Cúneo et al., 2013; Zaffarana and[START_REF] Zaffarana | Palaeomagnetism and 40Ar/39Ar dating from Lower Jurassic rocks in Gastre, central Patagonia: further data to explore tectonomagmatic events associated with the breakup of Gondwana[END_REF]. Few discordances observed in the basin succession are correlated with minor shortening events associated with changes in plate motion and volcanic activity (Figari et al., 2015; Maloney et al., 2013; Navarrete et al., 2016, 2018). Along the Precordillera, roughly coeval back arc extension was triggered by a protracted slab rollback generated by low convergence rates and eastward motion of the South American Plate (Giacosa and Heredia, 2004; Horton, 2018a; Maloney et al., 2013; Seton et al., 2012; Suarez and Marquez, 2007). This resulted in steepening of the slab, as evidenced by the westward migration of the magmatic arc (Figure 3.2) marked by the Early Jurassic Sub cordillera Plutonic Belt (Gordon andOrt, 1993; Page and[START_REF] Page | Las diabasas y gabros del Jurasico de la Precordillera del Chubut. Geologíca Argentina[END_REF] and by the Late Jurassic -Early Cretaceous North Patagonian Batholith [START_REF] Pankhurst | Coeval plutonic and volcanic activity in the Patagonian Andes: the Patagonian Batholith and the Ibáñez and Divisadero formations, Aysén, southern Chile[END_REF][START_REF] Suárez | Jurassic to Miocene K-Ar dates from eastern central Patagonian Cordillera plutons, Chile (45-48 S)[END_REF]. Coeval volcanism is recorded by the Middle -Late Jurassic Lago La Plata Formation (correlated with the Ibáñez Group in Chile; Folguera andIannizzotto, 2004; Olivero, 1982) and the late Early Cretaceous Divisadero Group (Ramos, 1981; Suárez et al., 2009). These volcanic deposits overlie respectively the NNE trending graben/halfgraben systems of the Piltriquitrón Basin (filled by the Early -Middle Jurassic Osta Arena Formation, Piltriquitrón Formation and equivalent units; Gabaldón, 1982; Giacosa and Heredia, 2004; Suarez and Marquez, 2007), and the Late Jurassic -Early Cretaceous sedimentary successions of the Coyhaique Group hosted in the Rio Mayo Basin (Echaurren et al., 2017; Olivero, 1982; Skarmeta, 1976). As revealed by the regional unconformity observed in the upper volcanic succession of the Divisadero Group and on top of the Cañadón Asfalto Rift Basin deposits, extension was suddenly interrupted at ~ 120 Ma by a regional shortening episode (Folguera and Iannizzotto, 2004; Horton, 2018a; Suárez et al., 2009). This latter, acting on a mechanically and thermally weakened continental lithosphere, produced both the earliest stage of Andean uplift and deformation of the Patagonian broken foreland. The deformation, reaching areas ~ 500 km away from the trench [START_REF] Navarrete | Episodic Jurassic to lower Cretaceous intraplate compression in Central Patagonia during Gondwana breakup[END_REF], was dominated by fault reactivation and inversion of former depocenters (Gianni et al., 2015a). The initiation of regional shortening coincided with a change of absolute motion of the South American Plate, which became west directed (Figure 3. 2; Maloney et al., 2013; Müller et al., 2016; Seton et al., 2012; Silver et al., 1998). Trenchward absolute motion of the overriding plate and increase of convergence rates (Eagles, 2007; Maloney et al., 2013; Müller et al., 2016) were accompanied by slab shallowing manifested in the upper crust by the eastward expansion of the magmatic arc during the Late Cretaceous (Haller et al., 2010; Aragón et al., 2013). This change in slab dip favored a strong increase of coupling between the subducting plates and the overriding plate (Horton and Fuentes, 2016).

Growth strata in foreland basins have been detected in the continental Upper Cretaceous Chubut Group, Paso del Sapo Formations and in the marine Paleocene Lefipán Formations (Echaurren et al., 2016; Gianni et al., 2015a; Navarrete et al., 2016). It indicates that crustal shortening persisted throughout Late Cretaceous to Paleocene times (Echaurren et al., 2016; Horton, 2018a). Subduction of midocean ridges may sustained this longterm and significant deformation, as the positive buoyancy of younger lithosphere tends to resist subduction [START_REF] Cloos | Lithospheric buoyancy and collisional orogenesis: Subduction of oceanic plateaus, continental margins, island arcs, spreading ridges, and seamounts[END_REF], and allow the opening of a slab window during latest Cretaceous [START_REF] Echaurren | Tectonic evolution of the North Patagonian Andes (41-44 S) through recognition of syntectonic strata[END_REF]. Slab window model, supported by seismic tomography [START_REF] Aragón | Tectonomagmatic response to major convergence changes in the North Patagonian suprasubduction system; the Paleogene subduction-transcurrent plate margin transition[END_REF], is generally accompanied by an isostatic uplift of the overriding plate and a dynamic topography related with limited deformation of the retroarc [START_REF] Aragón | The FarallonAluk ridge collision with South America: Implications for the geochemical changes of slab window magmas from foreto backarc[END_REF], 2011; Ávila and Dávila, 2020).

Growth strata in early Eocene deposits are observed north and south of the studied area (Charrier et al., 2007; Cobbold and Rossello, 2003; Gianni et al., 2017; Navarrete et al., 2016) where only syn extensional strata have been recognized in the late Paleocene -Eocene Huitrera Formation associated with bimodal withinplate volcanism (Pilcaniyeu Belt; Figure 3. 3; Echaurren et al., 2016; Iannelli et al., 2018; Mazzoni et al., 1991). Cessation of the contraction between 40° and 45°S during Paleocene may 2011; Cucchi et al., 2001, 1998; Escosteguy et al., 2013; Giacosa et al., 2001; González et al., 2000; Haller et al., 2010; Lizuaín et al., 2010; Lizuaín and Nieto, 2011; Orts et al., 2015; Remesal et al., 2001; Savignano et al., 2016; Silva Nieto et al., 2005. be related with the resteepening of the subducting slab induced by a sharp reduction in average trench ward velocity, an increase of slab pull forces after asthenospheric window development and/or the decreasing buoyancy of oceanic segments (Aragón et al., 2011; Echaurren et al., 2016; Horton, 2018a; Maloney et al., 2013; Suárez and De la Cruz, 2001). Pronounced slab rollback during late Paleogene generated decoupling of the subducting plate and intake of hot atmosphere (De Ignacio et al., 2001; Encinas et al., 2016). The steepening of the slab is revealed by pervasive magmatism close to the Precordillera (El Maitén Belt; Figure 3. 3; Fernández Paz et al., 2018; Iannelli et al., 2018; Rapela et al., 1988) and a modest extensional setting (Ventana Formation) reported in the whole Patagonia (from Neuquén to Magallanes -Austral Basins; George et al., 2020; Horton et al., 2016; Orts et al., 2012).

The Eocene -Miocene Somuncura Plateau and associated Formations (e.g. El Buitre Fm) represented magmatism in the distal retroarc zone. Several origins have been proposed (e.g. slab detachment, plume like mantle upwelling) due to the complex geochemical signature of these volcanic plateaus (Aragón et al., 2013; De Ignacio et al., 2001; Kay et al., 2007).

Trenchnormal absolute velocity of the South American Plate remained low to ~23 Ma, when the breakup of the oceanic Farallon Plate into Nazca and Cocos Plate reorganized the plate convergence (Lonsdale, 2005; Somoza, 1998). This new configuration allowed an increase of interplate coupling, not necessary linked with a change of slab dip (Cerpa et al., 2018; Schellart, 2020). Resumption of the upper plate shortening is recorded along the Precordillera and associated with the Miocene rejuvenation of the North Patagonian Batholith [START_REF] Echaurren | Tectonic evolution of the North Patagonian Andes (41-44 S) through recognition of syntectonic strata[END_REF]. Mild contractional deformation of the foreland has been proposed based on the growth strata documented in the earlymiddle Miocene foreland basins known as Ñirihuau and Collón Curá Basins (Figure 3. 2; Echaurren et al., 2016; Orts et al., 2012; Ramos et al., 2011). Substantial Miocene deformation controlled by former heterogeneities is also suggested in the foreland (Bilmes et al., 2013; Gianni et al., 2015a).

Materials and methods

The low closure temperatures of apatite (U-Th)/He (AHe, ∼ 65°C; e.g. Flowers et al., 2009; Gautheron et al., 2009) and apatite fission track (AFT, ∼110°C; e.g. [START_REF] Ketcham | Improved modeling of fissiontrack annealing in apatite[END_REF] systems provide information on cooling histories and exhumation within the upper crust. In this study, we present thirtythree (UTh)/He (AHe) and thirtyone apatite fissiontrack (AFT) new ages from samples collected from the Patagonian Precordillera and its broken foreland between 40° and 45°S. Fifteen of the new AFT ages (with track measurements) were obtained from the same samples that yielded further thirtyfour singlegrain AHe ages published by [START_REF] Savignano | Un) Coupled thrust beltforeland deformation in the northern Patagonian Andes: New insights from the EsquelGastre sector (41° 30′-43° S)[END_REF], thus achieving an extensive dataset (Figure 3.2). Geographic coordinates, elevation, formation (mainly metamorphic basement, Jurassic sedimentary rocks and Cretaceous granitoids), stratigraphic age and rock lithology of all samples are included in Table 3.1.

Apatite Fission Tracks (AFT)

We performed AFT analysis at the University of Padua (Italy). Apatite grains were mounted in epoxy resin, polished and etched at 5.5M HNO3 during 20 seconds at 20°C to reveal spontaneous tracks.

The samples were analyzed by applying the external detector method (Gleadow, 1981) using low uranium muscovite foils, as external detector, to cover apatite mounts then irradiated at the Radiation Center of Oregon State University with a nominal fluence of 9×10 15 neutrons/cm². After irradiation, we etched mica detectors for 40 minutes in 40% HF at 20°C to reveal induced tracks. We counted tracks and measured track length distribution using an Olympus optical microscope at a magnification of ×1250. We carried out age calculation and statistics with Trackkey software (Dunkl, 2002). We report AFT ages as central age with 1σ errors (Galbraith and Laslett, 1993), using a zeta calibration approach (Hurford and Green, 1983) with a zeta value of 345 ± 8 (samples G1G22) and a zeta value of 346 ± 12 (samples G30G55) for the CN5 dosimeter glass. Dpar measurements were used to characterize the chemical kinetic properties of the apatite crystals [START_REF] Burtner | Thermochronology of Lower Cretaceous source rocks in the IdahoWyoming thrust belt[END_REF]. Both track density ratio and average track etch pit diameter (Dpar) is recorded for 20 grains per sample (Table1).

Apatite (UThSm)/He (AHe)

The first steps of AHe dating involved apatite picking at the University of ParisSaclay (Orsay, France). Apatite grains were selected carefully according to their morphology, size (minimum width of 60 μm) and lack of visible inclusions or grain boundary phases (Murray et al., 2014), and then placed into a Niobium basket for Heextraction. From 1 to 3 grains were dated per sample, depending on sample apatite quality. The Niobium baskets were heated twice using a diode laser at 1030 ± 50°C for 5 min, allowing for total He degassing and to check the presence of He trapped in small inclusions (Fillon et al., 2013). The 4 He content was determined by comparison with a known amount of 3He spike added during analysis. After He extraction, Nb baskets were placed into singleused polypropylene vials.

Apatite grains were dissolved for 3 hours at 70°C in a 50 μL HNO3 5N solution containing a known content of 235U, 230Th, and 149Sm, and additional 50 μL HNO3 5N and then filled with 0.9 mL of ultrapure MQ water. 

Timetemperature modeling

In this work we used the QTQt software (version PC 5.7.0) to model thirty samples including those, previously never modeled, from [START_REF] Savignano | Un) Coupled thrust beltforeland deformation in the northern Patagonian Andes: New insights from the EsquelGastre sector (41° 30′-43° S)[END_REF]. The program allows inverting AFT annealing and AHe diffusion parameters with the Markov chain Monte Carlo method (Gallagher, 2012; Gallagher et al., 2009). The inversion code incorporates kinetic models of He diffusion in apatite (Flowers et al., 2009; Gautheron et al., 2009) and AFT annealing multikinetic model [START_REF] Ketcham | Improved modeling of fissiontrack annealing in apatite[END_REF]. The modeling procedure is detailed in [START_REF] Gallagher | Transdimensional inverse thermal history modeling for quantitative thermochronology[END_REF]. The input parameters used to model each profile are: present day temperature (10 ± 10 °C for all the rocks). Thermal history simulation results were obtained taking into account the influence of αrecoil damage, grain size and apatite kinetic properties.

Results

A homogeneous single grain AFT population (χ 2 test passed) was detected in all the samples, whereas significant intrasample variability was observed in only two cases among the AHe data despite the large variety of rock types and UThSm composition (in both these latter samples, apatites derive from Paleozoic rocks from the foreland). No particular relationships occur between age, eU (eU = [U] + 0.235[Th] + 0.0047 [Sm]) and grain radius. Obtained AFT ages are in all instances older than AHe ages, as expected given the closure temperatures. The regional picture is characterized by a marked thermochronological age difference between the Precordillera and the foreland (Figure 3.1B, Figure 3.1C and Figure 3.4). In fact, the samples from the Precordillera show consistent middle Miocene to Pliocene cooling ages. In contrast, AFT and AHe ages in the broken foreland range from 154.4 ± 6.0 Ma to 59.3 ± 4.2 Ma, and from 109.2 ± 9.8 Ma to 26.9 ± 2.4 Ma, respectively. Both AFT and AHe ages are always younger than depositional age of the sampled sedimentary rocks. This testifies that all samples were affected by a significant heating able to almost completely reset both AFT and AHe systems. It is noteworthy that the samples from the broken foreland display short fission track lengths (Table 3.1), thus suggesting a long residence in the socalled Partial Annealing Zone (~60 -120°C; [START_REF] Green | Thermal annealing of fission tracks in apatite 4. Quantitative modelling techniques and extension to geological timescales[END_REF].

Cretaceous granitoids collected in the Precordillera register Late Neogene AFT and AHe records excepted for three samples with older AFT or/and AHe ages.

Temperatures were then extracted from the bestfit models (Figure 3.4; see Data Repository, Figures DR1a andDR1b) at different times and then plotted in the map of Figure 3.5. During Early Jurassic times, most of samples were at shallow depths (at temperatures comprised between 40 and 80°C) whereas some granitoids were emplaced along the socalled Subcordillera Plutonic Belt (red dots in Figure 3.5A). Between Early and early Late Cretaceous maximum burial temperatures, exceeding or very close to the total reset limit for fission tracks in apatite (i.e. ~120°C; Green et al., 1989) were reached all across the foreland. Soon later, exhumation of the foreland samples started at very slow rates. From the Late Cretaceous, a clear differentiation occurred between the foreland and the orogen. Samples from the latter still lay at greater depth (except for a few intrusions, away from the basins and therefore not affected by any burial, that were already close to the surface). The foreland area remained quite stable for the following 70 m.y., whereas the Precordillera was affected by rapid cooling during late Miocene -Pliocene times.

Figure 3.4 -Bestfit timetemperature models for all samples considering: (A) their location (Precordillera or broken foreland), or (B) their age and lithology.

Discussion

Bestfit thermal histories derived from the inverse modeling for samples collected in the foreland show maximum burial at temperatures higher than 110°C (Figure 3.4Figure 3.5Figure 3.6). Despite a precise estimation of paleogeothermal gradients is not possible, these data demonstrate a regional burial of 34 km across the foreland (taking into account variations around an average geothermal gradient of ~ 30 °C/km). This significant burial may be explained by the thickness of the JurassicEarly Cretaceous sedimentary succession deposited in the halfgraben systems forming the Cañadón Asfalto Rift Basin (Figari et al., 2015; Zaffarana and[START_REF] Zaffarana | Palaeomagnetism and 40Ar/39Ar dating from Lower Jurassic rocks in Gastre, central Patagonia: further data to explore tectonomagmatic events associated with the breakup of Gondwana[END_REF]. The samples from the Precordillera were collected close to the thick successions deposited in Piltriquitrón and Rio Mayo Basins (Cesari, 1977; Ghiorzi, 1979) for which basin subsidence was related to backarc extension triggered by ongoing slab rollback and slab steepening (Figure 3. 6B; Horton, 2018a). Also for these samples, an exhumation of 2.5 to 4 km may be envisaged.

Regional exhumation recorded by our data is consistent with the unconformity recognized between the Jurassic -Early Cretaceous succession and the synorogenic Late Cretaceous deposits (Gianni et al., 2015a). This regional exhumation was favored by the strong increase of coupling between the subducting plates and the overriding plate (Horton and Fuentes, 2016), which also resulted in regional uplift (Figure 3.6C; e.g. [START_REF] Mescua | Late Cretaceous uplift in the Malargüe foldandthrust belt (35° S), southern Central Andes of Argentina and Chile[END_REF]. Strong coupling is related to slab shallowing induced by the change of absolute motion of the South American Plate, which became west directed [START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF]. Overriding plate kinematics exert a firstorder control on slab dip evolution [START_REF] Cerpa | The interplay between overriding plate kinematics, slab dip and tectonics[END_REF]. This is dominant over oceanic subducting plate convergence as demonstrated in the Central Andes, where an increase of deformation occurred during stages of convergence rate decrease (Oncken et al., 2006; Silver et al., 1998). Slab shallowing is recognized to produce significant foreland uplift, as observed along the present day flatslab in central Chile [START_REF] Ramos | The Pampean flatslab of the Central Andes[END_REF] and Peru [START_REF] Bishop | Foreland uplift during flat subduction: Insights from the Peruvian Andes and Fitzcarrald Arch[END_REF]. Examples in the geological record include the Late Cretaceous to early Eocene lowangle subduction in the Laramide orogen (USA; [START_REF] Fan | Late Cretaceous-early Eocene Laramide uplift, exhumation, and basin subsidence in Wyoming: Crustal responses to flat slab subduction[END_REF]Carrapa, 2014; Jordán et al., 1983) and Paleocene lowangle subduction in Alaska [START_REF] Finzel | Upper plate proxies for flatslab subduction processes in southern Alaska[END_REF]. In northern Patagonia, exhumation of the overriding plate during the Late Cretaceous may have been further enhanced by the subduction of mid ocean ridges, further triggering shallow subduction and possibly also opening of a slab window [START_REF] Aragón | Tectonomagmatic response to major convergence changes in the North Patagonian suprasubduction system; the Paleogene subduction-transcurrent plate margin transition[END_REF]. This latter may have added a further component of foreland uplift (Figure 3.6; Ávila and Dávila, 2020; [START_REF] Guillaume | Neogene uplift of central eastern Patagonia: Dynamic response to active spreading ridge subduction?[END_REF]. The integrated uplift and coeval erosion may account for the cooling ages recorded over the whole northern Patagonia, and particularly in the broken foreland. Although a significant spread of cooling ages characterizes the foreland samples, almost all of them record exhumation during upper plate shortening, around the Late Cretaceous deformation peak and through the early Paleocene (Figure 3.6D). Actually, few single grain ages from the GastreNavidad area yielded AHe ages spanning through the early Eocene and the Oligocene [START_REF] Savignano | Un) Coupled thrust beltforeland deformation in the northern Patagonian Andes: New insights from the EsquelGastre sector (41° 30′-43° S)[END_REF]. However, discrepancy among replicates makes a reliable evaluation of thermal history not possible. The lack of late Eoceneearly Miocene exhumation both in the foreland and the mountain range is a clear signal of tectonic quiescenceor even local subsidencewhich we relate to plate decoupling due to the onset of slab rollback and resteepening of the subduction geometry (Figure 3.6E). This was induced by a sharp reduction in average trenchward velocity and/or by subduction of the former oceanic segment of the Farallon plate and related decreasing buoyancy (Aragón et al., 2011; Maloney et al., 2013).

Coeval retroarc magmatism was widespread (Pilcaniyeu Belt, El Maitén Belt and Somuncura Plateau; De Ignacio et al., 2001; Echaurren et al., 2016; Iannelli et al., 2018). Cooling ages and thermal histories derived from thermal modeling indicate distinct evolution patterns for the Andean chain and the broken foreland during the Neogene. Indeed, middle Miocene -Pliocene exhumation is solely recorded by our data in the Precordillera, although the cooling pattern is not homogenous throughout the investigated area.

In fact, a few samples collected from subvolcanic bodies show a rapid cooling soon after emplacement at shallow depths during the Cretaceous [START_REF] Adriasola | Postmagmatic cooling and late Cenozoic denudation of the North Patagonian Batholith in the Los Lagos region of Chile, 41 42 15′[END_REF]. Other samples were affected at the same time by minor heating, maybe related with the intrusion of the North Patagonia Batholith. While Late Cretaceous -Paleocene regional shortening was related to flatslab subduction, Neogene deformation occurred without major changes in the subduction geometry [START_REF] Echaurren | Tectonic controls on the building of the North Patagonian foldthrust belt (∼ 43° S)[END_REF]. Plate coupling increase at this time was rather controlled by plate reorganization due to higher convergence rates and a mostly orthogonal subduction induced by the breakup of the Farallon Plate at ~23 Ma (Lonsdale, 2005; Somoza, 1998). On the other hand, our data do not record any significant Neogene exhumation in the broken foreland. Although substantial middle Miocene -Pliocene shortening was suggested also in this sector [START_REF] Bilmes | Miocene block uplift and basin formation in the Patagonian foreland: the Gastre Basin, Argentina[END_REF], the lack of any thermochronology signal since the Paleogene confirms that Neogene deformation was minor [START_REF] Savignano | Un) Coupled thrust beltforeland deformation in the northern Patagonian Andes: New insights from the EsquelGastre sector (41° 30′-43° S)[END_REF] and anyway unable to produce significant vertical movements. Based on inverse modeling, we propose that the thermal history of the foreland over the last 70 m.y. was characterized by regional cooling not affected by any particular thermal and/or important deformation event (with the exception of few local areas characterized by some heating related with volcanic activity). Available lowtemperature thermochronological data from the southern Andean foreland at 47° -49°S (Deseado Massif; [START_REF] Fernández | Structural controls on Jurassic gold mineralization, and CretaceousTertiary exhumation in the foreland of the southern Patagonian Andes: New constraints from La Paloma area, Deseado Massif, Argentina[END_REF] suggest that such a nearly steadystate, slow cooling may have characterized the whole Patagonian foreland since the Late Cretaceous. 

Conclusions

AFT and AHe data, as well as temperaturetime history modeling, suggest spatiotemporal variations of exhumation associated with alternating phases of platescale regional shortening and tectonic quiescence in Patagonia. Kilometerscale subsidence during the Jurassic resulted from protracted slab rollback and a rifting phase in the eastern retroarc. Exhumation of the Precordillera and the broken foreland related to slab shallowing started during the late Early Cretaceous to the Paleocene and was enhanced by the inversion of former grabens. Thermochronological data in the foreland show minor subsidence from late Eocene to early Miocene. Marked contrast is observed between the broken foreland samples, already at low temperature during Paleogene, and the Precordilleran granite samples, affected by a late reheating phase possibly linked with Miocene arc magmatism. Middle Miocene -Pliocene exhumation is then exclusively recorded in the Andean chain, whereas coeval deformation in the broken foreland was rather limited and anyway insufficient to produce noticeable exhumation. Besides allowing us to define the articulated exhumation pattern characterizing the Andean orogen and its foreland between 40° and 45°S, altogether our results unravel with unprecedented resolution the significant magnitude of Jurassic to Early Cretaceous burial and Late Cretaceous to present unroofing of northern Patagonia. A significant amount of data derives from detrital thermochronological tools that have been applied on sandstones from Andean foreland basins (e.g. Bande et al., 2012; Folguera et al., 2015; Leonard et al., 2020; Spikings et al., 2010). However, such studies are lacking for the central Patagonia where
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Early Cretaceous to upper Miocene sedimentary records exposed around the San Jorge Basin may provide information about the longterm exhumation of the southern segment of the Andes, previously studied mainly by insitu analysis [START_REF] Georgieva | Tectonic control on rock uplift, exhumation, and topography above an oceanic ridge collision: Southern Patagonian Andes (47° S), Chile[END_REF], 2019; Guillaume et al., 2013; Thomson et al., 2001; Thomson, 2002; Thomson et al., 2010a), as well as the Patagonian Broken Foreland (Fernández et al., 2020; Savignano et al., 2016). These insitu thermochronology studies, based on apatite fission tracks depocenter resulting from a longlived subsidence characterized by a complex structural pattern (Gianni et al., 2015a). This basin interacts with the NNWtrending contractional structures of the San Bernardo FTB. Both extensional and compressional styles in the San Bernardo FTB are mainly triggered by the reactivation of inherited structures developed during a late Early Cretaceousearly Paleogene shortening event (Gianni et al., 2015b; Navarrete et al., 2018).

Our data demonstrate that sediments, volcanic input apart, derived both from distant (i.e. the Cordillera) and local (i.e. the San Bernardo FTB) sources. Furthermore, these sediments allow to obtain first order constraints for the reconstruction of the topographic growth and shed light into the geodynamics of the entire system.

Regional geological setting

The This region is coincident with the Chile Triple Junction at 46°30' S, where the Chilean midoceanic ridge segment, which separates the Nazca and the Antarctic oceanic plates, is currently being subducted beneath the South American plate (e.g. [START_REF] Cande | Late Cenozoic tectonics of the southern Chile trench[END_REF]. The northward migration of the Chilean mid oceanic ridge (from 54°S to 46°S) during the past 14 Ma resulted in the opening of a slab window extended below the whole Austral Patagonia (e.g. [START_REF] Breitsprecher | Neogene kinematic history of Nazca-Antarctic-Phoenix slab windows beneath Patagonia and the Antarctic Peninsula[END_REF]Thorkelson, 2009; Scalabrino et al., 2009).

Compared to other sectors of the Andean Cordillera, the central Patagonian Andes are characterized by lower elevations, narrow width and reduced crustal thickness (Mpodozis andRamos, 2008; Orts et al., 2012). The foreland at these latitudes is represented by the San Jorge Basin (Figure 4.1), which is a broadly EW elongated offshore and onshore intraplate basin limited to the south by the igneousmetamorphic province known as the Deseado Massif (e.g. Giacosa et al., 2010). This basin is bordered to the north by the sedimentary successions deposited in the Cañadón Asfalto Basin [START_REF] Figari | Estratigrafía y evolución geológica de la Cuenca de Cañadón Asfalto, Provincia del Chubut, Argentina[END_REF], which is derived from the breakup of the Gondwana paleocontinent through the entire Jurassic and the Early Cretaceous (Fitzgerald et al., 1990; Mpodozis andRamos, 2008). Inversion of the Cañadón Asfalto Basin, occurred episodically since late Early Cretaceous and resulted in the development of the NNWSSEtrending broken (deformed) foreland, named the San Bernardo FTB, dividing the eastern San Jorge Basin from the RioMayo Subbasin (Figari et al., 1999; Homovc et al., 1995; Navarrete et al., 2015; Peroni et al., 1995). Thermochronological data obtained in the Precordillera and the foreland at ~42°S (Anselmi et al., 2004b; Ardolino et al., 2003; Cobos et al., 2003; Dal Molin, 1998; Escosteguy et al., 2003; Giacosa et al., 2001a; Giacosa and Genini, 1998; Lizuain et al., 1995; Panza et al., 2018, 2003, 2001a, 2001b, 1998, 1994; Panza and Márquez, 1994; Pezzuchi, 2018; Sciutto et al., 2008, 2000).

(Figure 4.1) suggest that this intraplate belt was mostly developed during a period with shallowslab subduction (from late Early Cretaceous to early Paleogene) related to arc and chain broadening processes including coupling between the foreland and the orogen [START_REF] Savignano | Un) Coupled thrust beltforeland deformation in the northern Patagonian Andes: New insights from the EsquelGastre sector (41° 30′-43° S)[END_REF].

The major unconformity observed regionally on top of the Jurassic -Early Cretaceous deposits is related to the late Early Cretaceous to early Paleogene EW shortening associated with a slab shallowing in the region (Horton, 2018a; Navarrete et al., 2016, 2018) that progressed to a flatslab during Late Cretaceous [START_REF] Gianni | Cretaceous intraplate contraction in southern Patagonia: a farfield response to changing subduction dynamics?[END_REF]. This change of slab dip is originated from the increase of convergence rates and the switch of the absolute velocity of the South American plate to the west (Figure 4. 3; Maloney et al., 2013). This EW shortening affected the whole central Patagonia as evidenced by the synorogenic character of the late Early -Late Cretaceous Chubut Group, generally characterized by a high proportion of volcaniclastic supply and mainly exposed across the San Bernardo FTB (Figure 4.2; e.g. Allard et al., 2020; Clavijo, 1986; Gianni et al., 2015a; Homovc et al., 1995; Lesta and Ferello, 1972; Navarrete et al., 2015; Tunik et al., 2004; Umazano et al., 2012). The EW main stress also controlled the coeval NS extension of the San Jorge Basin, with the reactivation of structures mostly parallel to the maximum horizontal stress (Foix et al., 2012; Gianni et al., 2015b; Ramos, 2014).

The continental Chubut Group is locally covered by transitional to unconformable marine successions of the Danian -Paleocene Salamanca Formation (Bellosi et al., 2000; Clyde et al., 2014; Lesta and Ferello, 1972; Navarrete et al., 2015). Deposition of these sediments is related to an Atlantic marine transgression given by a global highstand [START_REF] Haq | Chronology of fluctuating sea levels since the Triassic[END_REF], combined with regional tilting linked to the Andean uplift (Nullo and Combina, 2011) and/or with dynamic subsidence focused at the edges of a flatslab segment [START_REF] Gianni | Cretaceous intraplate contraction in southern Patagonia: a farfield response to changing subduction dynamics?[END_REF]. Subsequent regression is recorded by the continental Rio Chico Group (late Paleocenemiddle Eocene) deposited conformably above the Salamanca Formation (Feruglio, 1949; Foix et al., 2013; Gianni et al., 2017; Krause and Bellosi, 2006; Navarrete et al., 2015; Raigemborn et al., 2010). The Rio Chico Group subsequently evolves to the overlying middle Eoceneearly Miocene continental Sarmiento Formation, extensively composed of tuffaceous deposits accumulated under low subsidence rates (Bellosi, 2010; Feruglio, 1949; Figari et al., 2002, 1999; Legarreta and Uliana, 1994; Ré et al., 2010). The upper section of the Sarmiento Formation is laterally interfingered with late Oligocenemiddle Miocene marine deposits ( from 87Sr/86Sr chronostratigraphy from skeletal material as oysters' valves (Cuitiño et al., 2015b(Cuitiño et al., , 2015a;;[START_REF] Parras | Srisotope chronostratigraphy of Paleogene-Neogene marine deposits: Austral Basin, southern Patagonia (Argentina)[END_REF]. These marine deposits grade transitionally to synorogenic earlymiddle Miocene fluvial and aeolian deposits of the Santa Cruz Formation (Barreda and Bellosi, 2014; Cuitiño et al., 2016, 2015a; Lesta et al., 1980). The sedimentary succession is closed by late Miocene to Pleistocene fluvio glacial and alluvial units (i.e. Rio Mayo Formation; Dal [START_REF] Dal Molin | Hoja Geológica 4572IV Alto Río Senguerr[END_REF]Franchi, 1996; De Iuliis et al., 2008).

Arc volcanism was coeval to sedimentary deposition into the foreland through the Eocene, part of the Oligocene and the entire Neogene [START_REF] Butler | CretaceousCenozoic growth of the Patagonian broken foreland basin, Argentina: Chronostratigraphic framework and provenance variations during transitions in Andean subduction dynamics[END_REF]references therein; Suárez et al., 2015).

Material and methods

Twentythree samples were collected from sedimentary outcrops in the Cordillera, the proximal foreland and the distal foreland including four samples from the Chubut Group exposed in the southern San Bernardo FTB (Table 1; Figure 

Apatite Fission Tracks

Spontaneous fission decay of 238U in apatite lead to the accumulation of linear damage trails in the crystal lattice (e.g. Hurford and Green, 1982; Gleadow et al., 1986; Reiners and Brandon, 2006). These trails are erased above ~120 °C and retained below ~60 °C, defining the range of temperature for the Partial Annealing Zone (PAZ; [START_REF] Green | Thermal annealing of fission tracks in apatite 4. Quantitative modelling techniques and extension to geological timescales[END_REF]. All the samples were dated by the external detector method at the University of Padua (Italy) using a Zeta calibration factor for Fish Canyon and Durango age standards (Gleadow, 1981; Hurford, 1990). Apatites extracted from the detrital samples were mounted in epoxy, polished and etched in a 5M HNO3 solution at 20°C for 20s to reveal spontaneous fission tracks.

Apatite mount were then covered by Upoor mica sheet as external detector and irradiated at the Radiation Center of Oregon State University with a nominal fluence of 9×1015 neutrons/cm². Induced tracks on the mica detectors appeared after etching in 40% HF at 20°C for 40 minutes. Ages were obtained after fission tracks counting and statistical processing with the Trackkey software (Dunkl, 2002; Table 2). Only 10 to 67 grains per sample were analyzed due to the paucity of apatites in the samples (Table 2). 

Apatite UPb dating

Along the Andes, the exhumation signal may be easily overtaken by the significant volcanic input, which is recognized in the detrital record by the presence of considerable tuffs in the entire region (Figure 4.3). In order to distinguish detrital AFT ages related to exhumation from those related to rapid magmatic cooling, apatite grains belonging to the youngest cluster were dated by apatite UPb chronology. Indeed, as the closure temperature of this thermochronometer is around 450 -550 °C (Cherniak et al., 1991), an

UPb age overlapping the AFT cooling age is indicative for magmatic cooling. However, UPb dating on apatite is more challenging than in zircons as the amount of uranium is generally lower and the content of common Pb higher. Therefore, apatite grains are discordant in the UPb system and a 207 Pbbased correction is needed using a known initial 207 Pb/ 206 Pb ratio (e.g. [START_REF] Chew | U-Pb LA-ICPMS dating using accessory mineral standards with variable common Pb[END_REF]. apatites (to correct ion counter gain and instrument drift during the session). Repeated measurements on these standards [START_REF] Thomson | Routine lowdamage apatite UPb dating using laser ablation-multicollector-ICPMS[END_REF] were made following the VizualAge scheme (IOLITE) for data reduction [START_REF] Petrus | VizualAge: A novel approach to laser ablation ICPMS UPb geochronology data reduction[END_REF]. This allows correcting the presence of variable common Pb in the standard material while further analyses are needed to correct the common Pb in unknown detrital apatites as using an iterative approach based on 207 Pb correction [START_REF] Chew | U-Pb and Th-Pb dating of apatite by LAICPMS[END_REF] or plotting the data on a Tera Wasserburg diagram. In the latter, cogenetic apatite grains from a single source defined a linear array that allows to visualize initial 207 Pb/ 206 Pb ratio from the discordia intercept. Final data reduction and calculation of concordia ages, isochron ages, radial plot and Kernel density plots were done using IsoplotR [START_REF] Vermeesch | IsoplotR: A free and open toolbox for geochronology[END_REF].

Results

AFT data

As clearly visible in the radial plots by comparison of singlegrain ages with depositional age (Figure 4.5), all the Cretaceous samples have been partially reset (MG7, MG9, MG17 and MG20) with depositional ages generally slightly older than the AFT ages. Only the sample MG20 seems less affected by the reset and displays a central age similar to the deposition age. Thus, the four Cretaceous samples do not give any indication about provenance. Despite the low closure temperature of the AFT thermochronometer and the period of extension recognized in this area during the Oligoceneearly Miocene (Bechis et al., 2014; Echaurren et al., 2016; Fernández Paz et al., 2020, 2018), Cenozoic sediments have never been fully reset (Figure 4.5). It means that samples were not subjected to any substantial postdepositional heating as subsidence was not significant enough through the Cenozoic, and that data can be interpreted in terms of lag times.

On the contrary, the AFT ages in Cenozoic deposits vary widely (from ~20 Ma to ~180 Ma), especially for the middle Eoceneearly Miocene deposits of the Sarmiento Formation, and are all older than depositional age, suggesting that apatites were never fully reset by burial or heating. Analyses were subjected to χ² test in order to identify statistically spread of singlegrain dates and detect the presence of multiple age components. For samples which did not pass the test, grainage distributions were decomposed by using the binomial peak fitting with the BINOMFIT software [START_REF] Brandon | Decomposition of mixed grain age distributions using Binomfit[END_REF] 91.5 7.3 100 † Zeta= 346 ± 12 using dosimeter glass CN5 N: number of apatite crystal counted; and ρ: track density (x 10 5 tracks/cm²); subscripts s, I and d denote spontaneous, induced and dosimeter, respectively; P(χ²): probability of obtaining a Chi-square value for n degrees of freedom, samples with a probability P(χ²) < 5% and/or dispersion > 15% have been analysed with the binomial peak-fitting method. 

Apatite UPb data

Large uncertainties can result from low radiogenic Pb content in young grains or lowU content.

As a first step, we excluded grains with 2σ errors > 25% (as in Mark et al., 2016; Zattin et al., 2012) and 207 Pb corrected ages with negative values. Seventeen grains produced ages that range from 84.6 ± 28.5

Ma to 159.9 ±75.7 Ma (Table 3). These ages give a peak at 109.64 ± 3.21 Ma on the radial plot and ~114

Ma on the Kernel density plot (Figure 4 

Discussion

Volcanic content

In detrital thermochronology studies, the youngest cooling age population (here P1) is usually paired with the sedimentation age to measure the lag time in order to obtain information about the exhumation history of the source rock, assuming that the age of grains is not related to a volcanic input (Bernet et al., 2001; Garver et al., 1999). The combined application of UPb and AFT analysis allows to discriminate the presence of syndepositional volcanic apatites. In the case of volcanism, the singlegrain UPb and AFT ages obtained should be very similar to the depositional age as cooling is almost instantaneous.

A significant volcanic content can be actually recognized in all the samples as supported by the numerous volcanic clasts observed in thin sections analysis (Figure 4.7) and the euhedral morphologies of some apatites, especially for the Cretaceous samples. The petrography of Cretaceous rocks from this region has been extensively interpreted (e.g. Foix et al., 2020; Olazábal et al., 2020) and related to volcanic arc with a decreasing signal in the distal foreland.

Our results from double dating confirm that a volcanic input was active during deposition of the OligoMiocene sedimentary strata (i.e. UPb ages overlap within error with P1; Figure 4.6). This volcanic input is consistent with literature that describes an arc volcanic activity through the late Paleogene and the Neogene (Butler et al., 2020; Suárez et al., 2015) and withinplate volcanism during the late Oligocene (Bruni et al., 2008b; Gianni et al., 2015a), after the acceleration in plate convergence rate during middle Eocene, Oligocene and early Miocene (Figure 4.3; [START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF].

Provenance of OligoMiocene deposits

Beyond the syndepositional volcanism, double dating allowed to identified a source rock that crystallized at ca. 110 Ma and was then exhumed between about 20 and 40 Ma. However, an unambiguous identification of the source area is extremely difficult, also because the apatite UPb signal is remarkably uniform. We therefore used the multidimensional scaling (MDS) method to add some constraints on the interpretation of the dataset. This is a dimension reducing technique which analyzed objectively the level of similarity of individual data [START_REF] Borg | Modern multidimensional scaling: Theory and applications[END_REF] and has been adapted for provenance studies [START_REF] Vermeesch | Multisample comparison of detrital age distributions[END_REF]. The method is based on pairwise dissimilarities between samples translated into a scatter plot representing a way to visualize similar samples plotted close together [START_REF] Vermeesch | An R package for statistical provenance analysis[END_REF].

Here we choose a distributional dataset including singlegrain AFT data and related analytical uncertainties with the SircombeHazelton distance. The results display short distances for all the Oligo Miocene samples excepted for two samples collected close to the Cordillera in the Santa Cruz Formation Paleocenemiddle Eocene and late Eoceneearly Miocene bedrock AFT ages have been dated (Thomson et al., 2010a). A direct connection between a western source and the Rio Mayo basin can be therefore inferred (Figure 4.10C). This sector of the Cordillera was probably representing a major source also for sediments that deposited close to the presentday Atlantic coast during the early Miocene, as indicated by sample MG6 and the reconstructions of the drainage made by [START_REF] Guillaume | Neogene uplift of central eastern Patagonia: Dynamic response to active spreading ridge subduction?[END_REF]. Indeed, a recent thermochronology study in the Deseado Massif shows few Paleocenemiddle Eocene AFT ages [START_REF] Fernández | Structural controls on Jurassic gold mineralization, and CretaceousTertiary exhumation in the foreland of the southern Patagonian Andes: New constraints from La Paloma area, Deseado Massif, Argentina[END_REF], suggesting that the Deseado Massif is a potential source for the P2 component in the surrounding areas. However, detrital data obtained all around the Deseado Massif lack the Cretaceous AFT ages that are dominant in the bedrock analysis [START_REF] Fernández | Structural controls on Jurassic gold mineralization, and CretaceousTertiary exhumation in the foreland of the southern Patagonian Andes: New constraints from La Paloma area, Deseado Massif, Argentina[END_REF]. Therefore, despite the proximity with the surrounding basins, we infer that the Deseado Massif was not actively eroding during OligoMiocene. particularly low trench normal absolute velocity (Maloney et al., 2013; Muñoz, 1999; Orts et al., 2012, p. 201; Ramos and Folguera, 2005). During times of relative tectonic quiescence, eustatic sealevel changes may govern the deposition of sediments. Thus, extension was prevalent in the central Patagonian foreland from the late Eocene to the early Miocene, during marine flooding occurring over a large area (e.g. Bechis et al., 2014; Encinas et al., 2018). Marine deposits are also identified along the western and the eastern areas of the Patagonian Cordillera, with fossil records indicating Pacific and Atlantic origin respectively [START_REF] Encinas | The late Oligocene-early Miocene marine transgression of Patagonia[END_REF]. Although these deposits are geographically close, the lack of an extended transient connection between the Pacific and the Atlantic in the Patagonia Andes evidences the persistence of existing reliefs acting as an orographic barrier during the marine incursion from the late Oligocene to the early Miocene (Frassinetti and Covacevich, 1999; Mpodozis and Ramos, 1990; Ramos, 1982).

Furthermore, the wide distribution of OligoMiocene deposits to the distal foreland evidenced a significant bypass and, in consequence, the absence of a topographic barrier as a pronounced forebulge. This is typical for broken foreland as deformation is controlled there by former heterogeneities of the upper crust rather than a flexural uplift (DeCelles and Giles, 1996). Moreover, few AFT ages in the central Patagonian Cordillera show that this area was governed by denudation processes at ca. 30 Ma (Thomson et al., 2010b[START_REF] Thomson | Late cenozoic tectonic and geomorphic evolution of the Patagonian Andes between 42 ${$sup o[END_REF]. This result is also coherent with data from the eastern front adjacent to the Neuquén and the Magallanes retroarc basin, north and south of the study area respectively (e.g. Bande et al., 2012; Folguera et al., 2015; Leonard et al., 2020).

Our data provide further information about the evolution of the Cordillera during the Oligo Miocene. In fact, as described above, lag time derived for P1 component allow to quantify the denudation in the last 30 Ma. Although quite scattered, lag time trend appears relatively constant and generally comprised between 10 and 20 m.y. (Figure 4.9). This trend is consistent with a nearly steadystate exhumation (as defined by [START_REF] Garver | Exhumation history of orogenic highlands determined by detrital fissiontrack thermochronology[END_REF] from Oligocene to Miocene. Considering an average geothermal gradient of 34 ± 11°C/km through the Cenozoic for the central Patagonia (Adriasola et al., 2006; Hamza and Muñoz, 1996; Muñoz, 1999; Thomson, 2002), the lag time indicates that ~2 -4 km of overburden has been removed from the Cordillera in 10 -20 m.y. We can therefore document that the Cordillera exhumed with exhumation rates of 0.1 -0.4 km/Ma between 40 to 20 Ma. As last shortening event occurred during middle Eocene [START_REF] Gianni | Cenozoic intraplate tectonics in Central Patagonia: Record of main Andean phases in a weak upper plate[END_REF], we conclude that the Cordillera was in nearly exhumational steadystate (as defined by [START_REF] Willett | On steady states in mountain belts[END_REF] through the Oligocene. Our oldest OligoMiocene sample (MG45), is actually showing a much shorter lag time that may be related to the transition from an orogenic constructional state with higher erosion rates.

Afterward, a new orogenic exhumation episode started during the middlelate Miocene, coinciding with an increase of the plate convergence rates and a shift from a mostly orthogonal to oblique subduction (Gianni et al., 2017; Maloney et al., 2013; Orts et al., 2012; PardoCasas and Molnar, 1987; Ramos, 2005; Thomson, 2002).

Conclusion

Detrital thermochronology in the central Patagonian foreland basin is dominated by a persistent volcanic signal but, nevertheless, it provides valuable provenance information on source denudation history. Our findings highlight that the adjacent Cordillera was the primary source of sediment for the distal foreland since ca. 50 Ma and persisted until Miocene time. The lag time relationships indicate that the chain was broadly in a steady erosional state during Oligocene and Miocene, coeval with a regional extensional setting in the foreland. This phase started after the cessation of an early significant shortening episode along the Patagonian Andes, here recorded by our detrital Paleocenemiddle Eocene AFT age populations. Therefore, the identified OligoMiocene steadystate erosion, previously unrecognized, may be a signal of low rate (0.1 -0.4 km/Ma) erosional processes over the entire width of the Cordillera with a noticeable unroofing of 2 -4 km in 10 -20 m.y. Additionally, our AFT ages suggest: 1) a waning of sediment contribution from the Deseado Massif, supporting that this area was definitely stable since at least the Oligocene, and 2) an active erosion of the San Bernardo FTB during the Eocene -Oligocene. with the termination of this intraplate volcanic phase and with a modest exhumation related to a mild deformation episode of the broken foreland during the middle Miocene.
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Introduction

Intraplate belts are enigmatic features, developed far from the orogen due to the reactivation of upper plate weaknesses mostly perpendicular to the main compressional stress during orogenic shortening as the Iberian Chain [START_REF] Guimerá | Structure et évolution de la compression alpine dans la Chaîne Ibérique et la Chaîne côtière catalane (Espagne)[END_REF]Alvaro, 1990; Guimerà Rosso, 2018), the Yinshan foldandthrust belt (Davis et al., 1998; Lin et al., 2013), the Laramide (Blackstone, 1980; Yonkee and[START_REF] Yonkee | Tectonic evolution of the Sevier and Laramide belts within the North American Cordillera orogenic system[END_REF] and the ArabiaEurasia collision zone [START_REF] Cavazza | Continental accretion and incremental deformation in the thermochronologic evolution of the Lesser Caucasus[END_REF]. The external part of the Patagonian Andes is also related with a conspicuous NNWtrending intraplate belt named the Patagonian Broken Foreland and extended between 40 and 48 °S (Gianni et al., 2015a; Homovc et al., 1995; Peroni et al., 1995). This work Bernardo FTB (Barcat et al., 1989; Gianni et al., 2017; Navarrete et al., 2015; Suarez et al., 2009).

Neogene and Quaternary deformation episodes are also recognized for the intraplate belt (Gianni et al., 2015a). The topographic growth of the San Bernardo FTB is directly related to the inversion of former depocenters enhanced by the reactivation of NNWtrending faults (Homovc et al., 1995; Navarrete et al., 2015; Peroni et al., 1995). These structural inheritances acted as anisotropies focalizing strain during compression ~500 km away from the trench [START_REF] Navarrete | Tectonic inversion events in the western San Jorge Gulf Basin from seismic, borehole and field data[END_REF]. To unravel the significance of these deformational stages, still debated, we analyzed lowtemperature thermochronology from the syntectonic Cretaceous deposits exposed across the southwestern San Bernardo FTB. Lowtemperature thermochronological ages can record the signal of diverse thermal events which may be related to significant sedimentary burial [START_REF] Brandon | Late Cenozoic exhumation of the Cascadia accretionary wedge in the Olympic Mountains, northwest Washington State[END_REF], magmatism [START_REF] Calk | The thermal effect of a basalt intrusion on fission tracks in quartz monzonite[END_REF]Naeser, 1973; Roy et al., 2004), faulting [START_REF] Ehlers | Normal fault thermal regimes and the interpretation of lowtemperature thermochronometers[END_REF], or exhumation (Malusà et al., 2005; Willett et al., 2003). The southwestern San Bernardo FTB represents a valuable natural laboratory to study the effect of burial, denudation and volcanism. Indeed, three main intraplate magmatism events occurred during the late Eocene, from the late Oligocene to the early Miocene and during the Pliocene, which are related with periods of tectonic quiescence across the study area (Bruni et al., 2008; Gianni et al., 2015). In this work, we will mostly focus on apatite fission tracks (AFT) and (UThSm)/He (AHe) data. The latter allow to identify an Oligo -Miocene thermal event, whose interpretation could be either related to tectonic and associated denudation, or volcanism heating in this area.

Geological setting

The San Bernardo FTB represents an intraplate belt that disrupts the central Patagonian foreland at ~45°S. This NNWSSE trending broken foreland was initiated through several contraction episodes that reactivated inherited faults and former depocenters [START_REF] Homovc | Fold belt in the San Jorge Basin, Argentina: an example of tectonic inversion[END_REF]. Many halfgraben systems were developed across this area through the Jurassic and the Early Cretaceous [START_REF] Figari | Estratigrafía y evolución geológica de la Cuenca de Cañadón Asfalto, Provincia del Chubut, Argentina[END_REF]. Indeed, the magmaticmetamorphic basement was buried below thick Jurassic to Early Cretaceous volcano sedimentary sequences deposited in these halfgraben systems (Allard et al., 2020 and references therein).

These deposits are topped by a regional unconformity underlain by the late Early -Late Cretaceous Chubut Group, mainly exposed across the southern San Bernardo FTB. Initial sedimentation of the continental Chubut Group is represented by the Aptian Matasiete Formation, interfingered to the east with the Pozo D129 Formation (e.g. Sciutto, 1981; Carignano et al., 2017; Paredes et al., 2007). Both units are overlain by the Aptian -Albian Castillo Formation (e.g. Lesta and Ferello, 1972; Tunik et al., 2015; Suarez et al., 2009), which is topped (locally unconformably) by the fluvial members of the Bajo Barreal Formation assigned to Cenomanian -Maastrichtian (e.g. Hechem et al., 1990; Umazano et al., 2009).

Thereby, the Laguna Palacios Formation and the Lago Colhué Huapi Formation (restricted to the western domain) represent the last fluvial infill of the Chubut Group (e.g. Genise et al., 2007; Casal et al., 2015; Vallati et al., 2016). They are unconformably covered by Paleogene successions stratigraphically arranged as follows: Danianearly Paleocene marine Salamanca Formation restricted to the east due to the existence of topographic barriers at deposition time (e.g. Lesta et al., 1980; Legarreta and[START_REF] Legarreta | Asociaciones de fósiles y hiatos en el SupracretácicoNeógeno de Patagonia: una perspectiva estratigráficosecuencial[END_REF]; late Paleocenemiddle Eocene continental Rio Chico Formation (e.g. [START_REF] Foix | Fluvial architecture variations linked to changes in accommodation space: Río Chico Formation (late Paleocene), Golfo San Jorge basin, Argentina[END_REF]; and middle Eoceneearly Miocene tuffaceous Sarmiento Formation (e.g. [START_REF] Ré | A geochronology for the Sarmiento Formation at Gran Barranca[END_REF]. Neogene marine deposits recognized in the foreland basin (e.g. Chenque Formation) were not deposited across the southwestern San Bernardo FTB as this area represented already a topographic barrier during the Oligocene [START_REF] Barreda | Ecosistemas terrestres del Mioceno Temprano de la Patagonia central, Argentina: primeros avances[END_REF]Bellosi, 2014; Sciutto et al., 2008). C) inspired from new structural data, seismic analysis (Allard et al., 2020; Gianni et al., 2015a) and existing crosssections [START_REF] Pezzuchi | Hoja Geológica 4569III Sarmiento[END_REF]. Stratigraphic thickness of Chubut unit from Allard et al. In the study area, the description of sediments belonging to the upper Chubut Group, the Salamanca and the Rio Chico Formations, evidence a late Early -Late Cretaceous and a Paleocenemiddle Eocene deformation episodes acting in the intraplate belt [START_REF] Gianni | Cenozoic intraplate tectonics in Central Patagonia: Record of main Andean phases in a weak upper plate[END_REF], 2015a; Navarrete et al., 2015), while these formations appear mostly related to a synrift stage into the adjacent San Jorge

Basin (Gianni et al., 2015a; Paredes et al., 2018[START_REF] Vermeesch | Multisample comparison of detrital age distributions[END_REF] and into the lower Chubut Group units (Allard et al., 2020 and references therein). These Late Cretaceous -Paleogene contractional events are followed by a period of tectonic quiescence characterized by intraplate volcanism and modest foreland subsidence resulting from crustal thinning (Bruni et al., 2008; Encinas et al., 2018) which is related to slab rollback (Echaurren et al., 2016; Rapela and[START_REF] Rapela | Late Paleozoic to Recent magmatic evolution of northern Patagonia[END_REF] after a reduction in average trench velocity [START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF]. Intraplate late Oligoceneearly Miocene basalts, called the Buen Pasto Formation, whose origin is still debated (e.g. mantle plume, Kay et al., 2007; asthenospheric upwelling, Bruni et al., 2008; delamination, Remesal et al., 2012), cap vast portions of the southern San Bernardo FTB, sometimes forming plateaus (Figure 5.1A). These basalts are also associated with moderate extensional processes as evidence by coeval activity of minor normal faults (Gianni et al., 2017; Bruni et al., 2008). The Plio-Pleistocene Cerro Grande basalts lie unconformably above all the underlying formations and remain mostly undeformed (Bruni et al., 2008), unlike the Buen Pasto basaltic cover. Indeed, the latter has been affected by narrow NNWtrending folds with a maximum tilting of ~35° (Figure 5.1A) which indicate deformation processes across the broken foreland through the Miocene (Barcat et al., 1989; Homovc et al., 1995; Peroni et al., 1995). 

Material and methods

Apatite fission tracks

The apatite fission tracks (AFT) dating depends of the accumulation of linear damage in the apatite lattice due to the spontaneous fission decay of 238 U into the crystal. The partial annealing zone (PAZ) corresponds to the interval (~120 -60°C) above which tracks are retained in the lattice [START_REF] Green | Thermal annealing of fission tracks in apatite 4. Quantitative modelling techniques and extension to geological timescales[END_REF]. AFT have been counted in this study with the external detector method on the four Cretaceous detrital samples (Figure 5.2A). Apatite grains were separated from crushed rock samples at the University of Padua (Italy) using standard magnetic and heavyliquid separation technique (Napolytungstate with a density of 2.8 g/cm 3 ). Apatite grains were then mounted in epoxy resin, polished and etched at 5.5M

HNO3 during 20 seconds at 20°C to reveal spontaneous tracks. The mounts were covered by lowuranium muscovite foils, as external detector (Gleadow, 1981), and irradiated at the Radiation Center of Oregon State University with a nominal fluence of 9×10 15 neutrons/cm 2 . After irradiation, mica detectors were etched for 40 minutes in 40% HF at 20°C to reveal induced tracks. We counted tracks and measured track length distribution using an Olympus optical microscope at a magnification of ×1250. Age calculation and statistics were carried out with the Trackkey software (Dunkl, 2002). We report AFT ages as central age with 1σ errors (Galbraith and Laslett, 1993), using a zeta calibration approach (Hurford and Green, 1983) with a zeta value of 346 ± 12 for the CN5 dosimeter glass.

Apatite (UThSm)/He

The (UThSm)/He thermochronology method is based on the production, ejection and accumulation in the crystal of 4 He gas produced by the decay of radioactive elements ( 238 U, 235 U, 232 Th, 147 Sm). As He is a gas, the accumulation in the crystal is thermodependent and will be function of the timetemperature path, crystal size and diffusion coefficient that is strongly modified by the amount of radiation damage (Farley, 2000; Gautheron et al., 2009; Flowers et al., 2009). The partial retention zone (PRZ) is the interval above which He diffusivity is sufficiently low to retain He within the crystal. For apatite, the PRZ ranges approximately from 40 to 120°C depending on the thermal history and damage amount (Ault et al., 2019 and references therein). We performed (UThSm)/He analysis at the University of ParisSaclay (Orsay, France) on ten single grains from samples MG7, MG17 and MG20. After a careful selection (morphology, size, lack of visible inclusions, grain boundary phase), 2 to 4 apatite grains per sample were placed into platinum baskets and heated twice by a diode laser (1030 ± 50°C for 5 min) for

Heextraction. The 4 He gas is mixed with a known 3 He spike, purified and analyzed with a Prisma quadrupole mass spectrometer. These grains were then dissolved in a nitric acid solution (3 hours at 70°C

in 50 μL HNO3 5N containing a known content of 42 Ca, 235 U, 232 Th, and 149 Sm followed by the addition of 0.9 mL ultrapure MQ water), before to be analyzed with high resolution ICP mass spectrometry (Element XR from Thermo Scientific). Durango apatite fragments analyzed similarly were used for calibration. Single ages were corrected using the calculated ejection factor FT, determined using the Monte Carlo simulation technique of Ketcham et al. (2011); the equivalentsphere radius (Rs) was calculated using the procedure of (Gautheron and TassanGot, 2010). The 1σ error on singlegrain AHe ages should be considered as 9%, reflecting the sum of errors in the ejectionfactor correction and age dispersion of the standards.

KAr dating

In order to constrain the timing of the late deformation phase in this area (e.g. Bruni et al., 2008), a tilted basalt (MG18) and an undeformed basaltic dike related to the basaltic plateau (MG21) were collected in the San Bernardo FTB for KAr dating into the OligoMiocene Buen Pasto formation, and in the Pliocene Cerro Grande basalts, respectively. The KAr dating technique, which relies on the measurement of radiogenic argon ( 40 Ar*) content produced from the radioactive decay of 40 K, has been applied here to the groundmass. As it is the last mineral phase to crystallize, this technique provides ages of the lava emplacement. Effectively, any inherited 40 Ar carried by early crystallizing minerals, such as olivine, pyroxene, or plagioclase, is not a concern here (e.g. [START_REF] Samper | Radiometric dating of three large volume flank collapses in the Lesser Antilles Arc[END_REF]. Furthermore, this phase is enriched in incompatible elements including potassium, and it was in isotopic equilibrium with the atmosphere during cooling to surface temperature. From both samples, groundmass was separated within a 125250 m size fraction, determined from thin section analyses. Following manual crushing and sieving, heavy liquids (diiodomethane) were used to extract groundmass within a narrow density range in order to remove any undetected weathered fraction. Both potassium and argon measurements were carried out twice in the GEOPS laboratory (ParisSaclay University, France) by using the unspiked KAr

CassignolGillot technique (e.g. Gillot et al., 2006). Decay constants and isotopic ratios of [START_REF] Steiger | Subcommission on geochronology: convention on the use of decay constants in geoand cosmochronology[END_REF] have been used. The full description of analytical procedures, standards, age calculation and uncertainty calculation are given in [START_REF] Bablon | Eruptive chronology of Tungurahua volcano (Ecuador) revisited based on new KAr ages and geomorphological reconstructions[END_REF].

Results

Partially reset AFT ages

Despite the low number of counted grains (10 to 53), Cretaceous samples yield consistent late Early -Late Cretaceous AFT ages between 128.0 ± 8.7 Ma and 88.5 ± 11.4 Ma. The chisquare probability (> 5%) indicates a single population for all the samples. Looking at the radial plot for singlegrain AFT ages (Figure 5.2C), a significant number of grains are younger than the depositional age and few grains are older, which evidences a moderate partial reset of the AFT ages. For the samples MG7, MG9 and MG17, the central AFT ages are fairly younger than the depositional age whereas the sample MG20 is somewhat older (Table 1; Figure 5.2A). However, taking in account the uncertainty for these values (Figure 5.2A), the overall picture shows AFT ages quite similar to the depositional ages. Noticeable also, most of the apatite grains in the samples are euhedral. Therefore, the apatite crystals are mainly considered as volcanic and the ages obtained could be related to coeval arc volcanism during the deposition of the Chubut deposits [START_REF] Foix | Spatiotemporal variations in the Mesozoic sedimentary record, Golfo San Jorge Basin (Patagonia, Argentina): Andean vs. cratonic sources[END_REF]. Then, the apatite grains have been moderately affected by a thermal event as evidenced by the modest partial reset of the AFT data.

Totally reset AHe ages

AHe samples yield single grain ages between 15.9 ± 1.3 Ma and 28.7 ± 2.3 Ma with low effective Uranium (eU) content that range from 5 to 40 ppm and relatively high Th/U ratio (5 to 12) (Table 2). The AHe ages are significantly younger than the depositional age ( 

Thermal history

With the aim of evaluating the thermal history of the San Bernardo FTB, Tt histories for samples MG7, MG17 and MG20 have been realized through inverse modelling with the QTQt software (v. 5.7.1; [START_REF] Gallagher | Transdimensional inverse thermal history modeling for quantitative thermochronology[END_REF]. The QTQt software allows inverting AFT annealing and AHe diffusion parameters with the Markov Chain Monte Carlo method (Gallagher, 2012; Gallagher et al., 2009) for single samples. He diffusion model incorporating the impact of radiation damage in apatite from [START_REF] Flowers | Apatite (U-Th)/He thermochronometry using a radiation damage accumulation and annealing model[END_REF], rather than the He diffusion model from Gautheron et al. (2009), has been used because of the relatively low eU content and thus damage content. Beyond the He diffusion model, AFT annealing kinetic model by [START_REF] Ketcham | Improved modeling of fissiontrack annealing in apatite[END_REF] has been considered. The modeling procedure is detailed in [START_REF] Gallagher | Transdimensional inverse thermal history modeling for quantitative thermochronology[END_REF]. The input parameters used to model each sample are the singlegrain AFT and AHe ages, as well as the grains sizes and the chemical characteristics for AHe data. Main constraints were the depositional age of each sample (at 20 ± 10°C) and a presentday temperature at 10 ± 10°C. A hightemperature constraint has been added closely before the deposition age as the high Th/U ratio (Table 2) and the euhedral shape of the apatite grains suggests a volcanic (not recycled) origin for those apatite crystals. The thermal history results (Figure 5.3) are strongly impacted by the total reset of the AHe data that impose a minimum temperature of ~60 °C during the Oligo -Miocene. Therefore, the models demonstrate the presence of a significant heating phase through the late Paleogene, closely followed by a cooling event starting from early Miocene (Figure 5.3). Predicted values obtained for AHe and AFT ages are mostly consistent with observed ages. 

KAr ages

The tilted basalt and the basaltic dike yield ages of 23.71 ± 0.34 and 2.84 ± 0.04 Ma, respectively.

Age results are given at the 1σ confidence level and details are given in Table 3. These ages are in agreement with former studies, which reported ages between 28 and 18 Ma for the Buen Pasto basalts and younger than 4 Ma for Cerro Grande basalts (Sinito, 1980; Linares et al., 1989; Bruni et al., 2008). Thus, 95 our results further support earlier observations that the area was affected by two intraplate volcanic events from the late Oligocene to the early Miocene, and later, through the Pliocene. Overall, the OligoMiocene Buen Pasto basalts display ages between 28 and 18 Ma, but only ages older than 20.5 Ma have been previously reported (Bruni et al., 2008a) close to the sampled areas. The youngest KAr ages (< 20 Ma) have been obtained about 20 km to the north and to the east of our study area (Bruni et al., 2008). As erosion of this OligoMiocene basaltic cover is clearly visible on crosssections (Figure 5.1B and 5.1C) , the upper layers of the basaltic cover with ages younger than 20 Ma may have been removed or altered.

Therefore, as demonstrated by the geometry of the basalts sampled, and the KAr ages obtained here, a tectonic phase occurred between the deposition of these OligoMiocene and Pliocene basaltic layers. 

Discussion

Consistent totally reset Oligo -Miocene AHe ages and partially reset AFT ages have been obtained in all the samples. Thermal models (Figure 5.3) are coherent with a period of thermal quiescence between the Cretaceous and the Oligocene. This period is followed by a significant heating event during the early Miocene with peak temperatures reached at ca. 25 ± 2 Ma, mostly coincident with the KAr ages in the area (Figure 5.1A). We discuss here the causes for this heating event, which could be due either to a sedimentary load, basaltic load and / or to magmatic heating effects. We will also discuss the tectonic implications in the postheating phase recorded into the San Bernardo FTB during the Miocene.

Burial heating below sediments

Deposition of the Chubut deposits in the southwestern San Bernardo is directly controlled by fault activity and the development of folds (Gianni et al., 2015a). Seismic data in the southwestern San

Bernardo FTB show that synorogenic Cretaceous deposits were locally buried below few hundred meters of Paleogene deposits, especially between anticlines (Rio Chico Formation; Gianni et al., 2015), which are not sufficient to reset the lowtemperature thermochronometers, even the AHe one locally. In areas where no Paleogene deposits have been recognized, OligoMiocene basalts (Buen Pasto Formation) lie directly on top of the Chubut Group strata (Allard et al., 2020; Gianni et al., 2015a; Navarrete et al., 2016[START_REF] Ramos | Evolución de la cuenca golfo San Jorge: su estructuración y régimen tectónico[END_REF]. This unconformity indicates that underlying formations were at the surface prior the emplacement of these basalts, which is inconsistent with a significant burial below a Paleogene cover. Although the removal of Paleogene sediments cannot be a priori excluded, the lack of significant Paleogene sedimentary burial is supported by the thermal models which show a period of relative thermal quiescence between the Cretaceous and the Oligocene (Figure 5.3).

Thus, considering that at least 1 km of sediments are necessary to reset totally the AHe (with a closure temperature of ~ 65°C; e.g. Flowers et al., 2009; Gautheron et al., 2009) and partially the AFT thermochronometers, using an average thermal gradient of 30°C/km, we exclude burial as main cause for heating.

Impact of late Oligoceneearly Miocene volcanic activity

Thermal models show that maximum temperature of 60 -80°C was attained at 20 -30 Ma, which is roughly coeval with the emplacement of the Buen Pasto basalts (Figures 2A, 2B and3). Given the absence of a significant Cenozoic sedimentary burial in the area, we propose that the heating phase observed could be related to diverse Oligo -Miocene volcanic processes as: 1) an increase of the geothermal gradient due to heat flow anomaly, 2) a topdown heating by thermal advection after basalts emplacement, and 3) the burial exerted by the volcanic deposits.

Rocks near the surface cannot be significantly affected by a deep heat flow anomaly [START_REF] Gautier | Dating the exhumation of a metamorphic dome: geological evidence for preEocene unroofing of the Nigde Massif (Central Anatolia, Turkey)[END_REF]. Indeed, in areas affected by magmatism, the increase of the geothermal gradient resulting from magma ascent is modest toward the surface. This kind of process could give relevant effects on high temperature thermochronometers but not to AFT or AHe systems.

Otherwise, instantaneous heating events near the surface are associated with a downward thermal heating below the basalts [START_REF] Fayon | Interpretation of tectonic versus magmatic processes for resetting apatite fission track ages in the Niğde Massif, Turkey[END_REF]Whitney, 2007; Hu et al., 2020). For basaltic floods of 50 m with a temperature of 1000 °C, heating may affect instantly the first 250 meters of rocks beneath the basalts [START_REF] Fayon | Interpretation of tectonic versus magmatic processes for resetting apatite fission track ages in the Niğde Massif, Turkey[END_REF] and can affect the AFT thermochronometer [START_REF] Hu | Thermal imprints of late Permian Emeishan basalt effusion: Evidence from zircon fissiontrack thermochronology[END_REF]. It is noteworthy to consider that multiple heating events occurred in the study area from ~28 Ma to at least ~18 Ma, according to the KAr ages obtained on the basaltic cover across the San Bernardo FTB (this work; Bruni et al., 2008; Sinito, 1980; Linares et al., 1989). Therefore, it is very likely that Cretaceous rocks located near the surface during OligoMiocene experienced shortterm high temperatures events from 28 to 18

Ma due to downward thermal diffusion. Thermal diffusion of such processes may, however, not explain the few AHe ages younger than 18 Ma obtained in this study since cooling may occur instantly at the end of the volcanic event. As 18 Ma is the presumed age of the cessation of this OligoMiocene intraplate volcanic activity (Bruni et al., 2008), other processes are necessary to explain these younger AHe ages:

i) the basaltic cover may have reached a sufficient thickness to maintain the samples below the closure temperature of the AHe system after 18 Ma; or ii) the intraplate volcanic activity may have continued to ~16 Ma, as constrained by younger AHe ages obtained here.

As previously suggested, minor displacements along normal faults evidenced extensional processes through the OligoMiocene in the southwestern San Bernardo FTB, associated with the Buen Pasto basalts [START_REF] Gianni | Cenozoic intraplate tectonics in Central Patagonia: Record of main Andean phases in a weak upper plate[END_REF]. Therefore, although there is an absence of constraint about the thickness of the original basaltic cover (and hence of its erosion; Figure 5.1), a modest burial of the Cretaceous strata produced by the basaltic cover cannot be ignored as the OligoMiocene intraplate volcanism lasted for at least ~10 Ma and covered vast areas of the foreland. Considering an average geothermal gradient of ~30 °C/km and a closure temperature of ~ 65°C for the AHe system (e.g. Flowers et al., 2009; Gautheron et al., 2009), a basaltic cover thickness of at least one kilometer above the entire San Bernardo FTB would have been necessary to maintain sufficient temperatures (> 65 °C) after the cessation of volcanic activity at ~18 Ma. Then, a comparable erosion of the basaltic cover would have been required

in order to achieve current basalt thicknesses. Even a modest erosion may have been sufficient to erode intensively the OligoMiocene basalts of the Buen Pasto Formation as this silicate rocks is easily weathered (Margirier et al., 2019; Meybeck, 1987) especially during a climatic optimum, here through the late middle Miocene [START_REF] Zachos | Trends, rhythms, and aberrations in global climate 65 Ma to present[END_REF]. Nevertheless, the scenario involving a basaltic cover thickness of one kilometer minimum is not suitable with: 1) the thickness of the basaltic layers in the whole central Patagonia as they often display only tens of meters (Figures 1D and1E), and 2) the geological record as the Neogene sedimentary units in surrounding depocenters which do not show any significant basalt sourcing (Anselmi et al., 2004b; Pezzuchi, 2018; Sciutto et al., 2008) and are subjected to felsic sources coming from the main Cordillera [START_REF] Genge | Tectonic evolution of the northcentral Patagonia: a thermochronological approach[END_REF].

Considering that basaltic cover thickness alone was not sufficient to maintain high temperatures in the sediments below, we propose that the younger AHe ages obtained are related to the persistence of the volcanic activity up to ~16 Ma. As a portion of the basaltic cover has been eroded on top, the timing of the cessation of the volcanic activity so far defined at ~18 Ma, which corresponds actually to the youngest age obtained by KAr dating across the San Bernardo FTB (Bruni et al., 2008), may have been underestimated as the topmost basaltic layers have been removed. It is noteworthy that, the Oligo Miocene volcanic products were extruded through several extensional faults and fissures [START_REF] Gianni | Cenozoic intraplate tectonics in Central Patagonia: Record of main Andean phases in a weak upper plate[END_REF] and accompanied by the emplacement of sills and dikes over the San Bernardo FTB [START_REF] Plazibat | Subsurface characterization of Cenozoic igneous activity at Cerro Dragón area (Golfo San Jorge Basin, central Patagonia): Implications for basin evolution and hydrocarbon prospectivity[END_REF] that caused the entire area to be affected by high heat flow from Oligocene to early Miocene.

The OligoMiocene volcanic activity was much more significant than the Pliocene intraplate volcanism as no Pliocene thermal perturbation has been evidenced by our data. In other words, the intraplate Pliocene volcanic event did not trigger any significant heating by downward thermal diffusion able to reset our thermochronology data. This difference may be explained by thinner basaltic layers, which are thus related to a minor impact of the downward thermal heating, and/or minor circulation of fluids through faults and fissures across the San Bernardo FTB.

Miocene cooling and associated exhumation

As suggested in the previous sections, a cooling episode from c. 20 Ma to present is then observed, at the end of the OligoMiocene intraplate volcanic event. The correlation between the AHe ages and apatite crystal size (Rs) (Figure 5.2B), as well as the thermal models (Figure 5.3), indicate that the samples cooled down at moderate rates. The thermal models show that maximum cooling rate (~ 4°C/Ma) is observed for the sample MG20, considering a peak temperature of 80°C at ca. 20 Ma (Figure 5.3). For the sample MG20, cooling occurred instantly at the presumed end of the magmatic episode (~ 18 Ma), which is consistent with the cessation of the volcanic event. Nevertheless, the cooling rate obtained is not compatible with a postmagmatic cooling, which is usually much faster.

Giving the ages obtained by KAr dating on the tilted basalt and the undeformed basalt, 23.71 ± 0.34 and 2.84 ± 0.04 Ma, respectively, deformation phase occurred between the early Miocene and Pliocene. Growth strata observed in surrounding sedimentary records and reactivation of inherited normal faults pointed to the existence of a distinct tectonic event during the middle Miocene in the study area (e.g. [START_REF] Gianni | Cenozoic intraplate tectonics in Central Patagonia: Record of main Andean phases in a weak upper plate[END_REF], which, according to [START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF], could be related to the change of convergence of the Nazca plate. This deformation event was also evidenced in the northern (Gastre Basin; [START_REF] Bilmes | Miocene block uplift and basin formation in the Patagonian foreland: the Gastre Basin, Argentina[END_REF] and the southern Patagonian Broken Foreland (Deseado Massif; Giacosa et al., 2010), although lowtemperature insitu thermochronology studies in these areas suggest minor vertical displacements (Fernández et al., 2020; Savignano et al., 2016). Considering field observations (see bedding attitudes on Figure 5.1) and thermochronology results in surrounding areas, it is proposed here that the role of tectonism during the Miocene is also negligible along the southwestern San Bernardo FTB, and, thus, only modest deformation occurred in this area from early Miocene to present.

Therefore, we consider that the obtained Miocene cooling ages result from the cessation of the magmatic activity, accompanied by a slow decrease of the heat flow, whereas the role of deformation as a triggering source of enhanced exhumation was probably very minor. We thus conclude that, as previously proposed for other parts of the Patagonian Broken Foreland, main deformation of the southern San Bernardo FTB occurred from the Cretaceous to the early Paleogene, while Miocene deformation was modest, especially in terms of vertical displacements. Indeed, we can estimate the exhumation of the area lower than 1 km, as it did not significantly affect the lowtemperature thermochronometer.

Conclusions

AFT and AHe thermochronology have been applied for the first time to the San Bernardo FTB to constrain the tectonothermal evolution of this intraplate belt. The main results from dating and thermal modeling highlight a period of thermal quiescence from the Cretaceous to the Oligocene, while a thermal episode affected all the region. According to the thermal models and the ages of the Buen Pasto basalts, the OligoMiocene heating phase recorded by our data must be regarded as a magmatic signal induced mainly by the thermal downward advection from the basaltic layers, that affected thermochronometers from rocks near the surface. The emplacement of dikes, sills and the circulation of hot fluids along faults and fissures during this longterm volcanic phase may allowed to maintain a high heat flow in the area.

Our thermochronological data most likely resulted from the longterm activity of the OligoMiocene intraplate volcanism rather than to a significant tectonic activity during the Neogene. 
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Abstract

Detrital thermochronological data has been recognized as a reliable proxy to assess spatial variation and longterm evolution of catchment erosion. Based on the distribution of detrital cooling ages and the hypsometry of the catchment, a recent approach infers hypothetical vertical profile and subsequent thermal history of a single catchment. Assuming a similar history across the catchment, cooling ages increase with elevation. Thus, the study of an outlet detrital sample provides an integrated signal of rock cooling from all the sediment source areas in a catchment, including areas inaccessible for bedrock dating.

In Patagonian Andes, because the access to the highest elevations is usually arduous due to the steep slopes, few vertical profiles have been carried out. In this study, we investigate the thermal histories of 8 catchments of the northcentral Patagonian Andes by analyzing the apatite fission tracks age distribution of modern river sand collected at the outlet of the catchment. Only small catchments (< 400 km²), with a significant elevation ratio (~1500 m) and a unique lithology (Cretaceous granitoids of the Patagonian Batholith) were selected. Results are in good agreement with published bedrock data suggesting that some areas, affected by the activity of the LiquiñeOfqui Fault, recorded a recent late Miocene cooling.

However, significant variations in cooling age distribution are observed between close catchments (some sharing watershed limit). We related these discrepancies to local sediment storage and focused erosion identified on river profiles. Therefore, this study show how significant are the impact of glacier and fault activity on the cooling age distribution across a single catchment. Despite the relative unprecise information obtained, we demonstrate that this approach linked with geomorphologic study allows to obtain a respectable and quick overview of the regional evolution of a mountain range.

Introduction

The Patagonian Andes building is the result of alternating phases of compressional and extensional deformation since late Early Cretaceous which are related mainly to deep geodynamic evolution (e.g. slab flattening, slab window opening; Guillaume et al., 2013; Horton, 2018a), but with still poorly known inference due to climate (Thomson et al., 2010a). Current knowledges about the thermal evolution of the central Patagonian Cordillera are based on an extensive insitu thermochronology dataset (Figure 6. 1B; Georgieva et al., 2019, 2016; Guillaume et al., 2013; Thomson, 2002; Thomson et al., 2010, 2001). However, given the large extent of the study area (44° to 48°S) and the diverse processes affecting denudation of this range, uneven data are not sufficient to interpret regional trends. Detrital thermochronology on samples collected at the outlet of modern rivers represents a novel approach to infer the evolution of catchment erosion in inaccessible areas. Associated to hypsometry measurements extracted from digital elevation model (DEM) (Brewer et al., 2003; Ehlers et al., 2015) and predicted cooling age distribution [START_REF] Gallagher | Transdimensional inverse thermal history modeling for quantitative thermochronology[END_REF]Parra, 2020; Stock et al., 2006), this approach allows to quantify the distribution of catchment erosion (Stock andDietrich, 2006; Vermeesch, 2007), to identify catchments 2013; Thomson, 2002; Thomson et al., 2010, 2001).

with a nonuniform erosion and to infer thermal histories directly from detrital inverse modeling [START_REF] Gallagher | A new approach to thermal history modelling with detrital low temperature thermochronological data[END_REF]. Indeed, in the case of uniform erosion, each location of the DEM is delivering the same amount of sediment (Stock et al., 2006). Assuming that thermochronometer cooling ages are increasing with elevation, a comparison of the predicted data with the measured probability density function (PDF)

evidences the uniformity of the erosion and the significance of the delivery from higher or lower elevations, even if the exact source for single grain detrital data remains unknown. In this study, apatite fission tracks (AFT) and hypsometry data from 10 catchments were used as input into the QTQt software [START_REF] Gallagher | Transdimensional inverse thermal history modeling for quantitative thermochronology[END_REF] to obtain the predicted PDF in order to unravel the exhumation pattern along the Cordillera. The studied catchments were selected in key areas: i) on both side of a dextral strikeslip fault zone (LiquiñeOfqui fault zone); ii) along the Precordillera where insitu thermochronological data yield Cretaceous -Paleogene ages; iii) in a catchment where modern glacier cover large areas; and iv) south of the Chile Triple Junction (46° -48°S) to observe the effect of the slab window opened below the austral Patagonia on the overriding plate (Figure 6.1A). Furthermore, changes in erosion rates can be also indicated by geomorphic markers as the steepness variations of river profiles delimited by knickpoints [START_REF] Gailleton | A segmentation approach for the reproducible extraction and quantification of knickpoints from river long profiles[END_REF]. Therefore, as few attentions were dedicated to the river systems along the central Patagonian Cordillera, longitudinal river profiles have been analyzed through the 10 selected catchments with the aim to reveal patterns of erosion. Thus, for the first time in this area, detrital thermochronology associated with hypsometric data and longitudinal stream profiles analysis were conducted to understand the variability of the denudation and the different causes of these variations through the central Patagonian

Cordillera. The results highlight the significant impact of local features on the cooling age distribution obtained at the outlet of the catchment.

Geological setting

The central Patagonia (44 -48 °S) coincides with the Chile Triple Junction (CTJ) that joins the Nazca, Antarctic and South American plates at ~46 °S (Figures 1A and1B). The differences in direction and velocity between the oceanic plates convergence -N80 orientation at 84 mm/year for the Nazca plate and EW direction at 20 mm/year for the Antarctic plate (DeMets et al., 1990; Gripp andGordon, 1990) resulted in the northward migration of the CTJ since ~15 Ma, and generated the opening of a slab window currently extended below the entire austral Patagonia (Figure 6. 1A; Breitsprecher andThorkelson, 2009; Gorring and[START_REF] Gorring | Mantle processes and sources of Neogene slab window magmas from southern Patagonia, Argentina[END_REF]. North of the CTJ, topography along the Cordillera is reduced and uniform with an average of 2000 m, while high topography reaching locally 5000 m is recognized south of the CTJ [START_REF] Georgieva | Tectonic control on rock uplift, exhumation, and topography above an oceanic ridge collision: Southern Patagonian Andes (47° S), Chile[END_REF] and may have been affected by the successive ridge collisions (Lagabrielle et al., 2007; Scalabrino et al., 2011, 2009). The oblique subduction of the Nazca plate, north of the CTJ, led to tectonic partitioning in the Cordillera evidenced by the LiquiñeOfqui Fault Zone (LOFZ; Figure 6. 1B; Cembrano et al., 2002, 1996; Hervé, 1994; Rosenau et al., 2006). This ~ 1000 km intraarc dextral strikeslip fault system is often associated with earthquakes, volcanic activity, middle Miocene -Pliocene cooling and related exhumation (e.g. Adriasola et al., 2006; Buscher et al., 2016; Lange et al., 2008; Thomson, 2002).

Subduction of Pacific plates below the South American plate started during the Paleozoic, and possibly since the Carboniferous (e.g. Oliveros et al., 2020, and references therein). The Patagonian Andes underwent then several ridges subduction and plate configuration shifts through time [START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF]. The variation of kinematics, occasionally associated with slab dip changes, is linked with alternating stages of upper crust shortening and extension as a consequence of mechanical plate coupling variations (Horton andFuentes, 2016; Ramos and[START_REF] Ramos | Tectonic evolution of the Patagonian Andes[END_REF]. Thus, two main shortening pulses are recognized from the late Early Cretaceous to the early Paleogene, and from the middle Miocene to the Pliocene (e.g. Echaurren et al., 2016; Gianni et al., 2017; Horton, 2018a; Lagabrielle et al., 2004). Low temperature thermochronology studies show that topographic evolution of the central Patagonian Cordillera was governed by complex feedbacks between these deep geodynamic processes (Georgieva et al., 2019; Guillaume et al., 2013) with climate (Thomson et al., 2010a; Willett et al., 2020) and upper crustal tectonics [START_REF] Georgieva | Tectonic control on rock uplift, exhumation, and topography above an oceanic ridge collision: Southern Patagonian Andes (47° S), Chile[END_REF]. Few vertical profiles in the area evidence dynamic uplift processes, which are more important south of the CTJ as this area has been affected by the slab window and associated lithospheric heating [START_REF] Guillaume | Dynamic topography control on Patagonian relief evolution as inferred from low temperature thermochronology[END_REF].

Deformation episodes involved plutons related with the Patagonian Batholith [START_REF] Giacosa | Estructura de los Andes Nordpatagónicos en los cordones Piltriquitrón y Serrucho y en el valle de El Bolsón (41 o 3042 o 00 S), Río Negro[END_REF]. The granitic suites emplaced progressively since the Jurassic, broadly coincident with the Andean shortening episodes (Adriasola et al., 2006; Butler et al., 2020; Herve et al., 2007; Pankhurst et al., 1999; Rolando et al., 2002). The alternation of steep and flatslab in this region is evidenced by the migration of the magmatic arc toward the forearc and the foreland respectively (Aragón et al., 2013; Folguera and Ramos, 2011; Pankhurst et al., 2003). Cessation of the magmatic arc activity is recognized between ~70 and 55 Ma [START_REF] Butler | CretaceousCenozoic growth of the Patagonian broken foreland basin, Argentina: Chronostratigraphic framework and provenance variations during transitions in Andean subduction dynamics[END_REF] while enhanced arc magmatic activity occurred during the Late Cretaceous and the Miocene along the entire Patagonian Cordillera. Thus, the calkalkaline series of the Patagonian batholith corresponds to one of the largest cordilleran plutonic complexes related to subduction processes around the world [START_REF] Pankhurst | MesozoicCenozoic evolution of the North Patagonian batholith in Aysen, southern Chile[END_REF]. The emplacement of these large plutons is coeval with a significant bimodal activity represented by the Late Jurassic Ibañez Formation and the Lower Cretaceous Divisadero Formation [START_REF] Pankhurst | Coeval plutonic and volcanic activity in the Patagonian Andes: the Patagonian Batholith and the Ibáñez and Divisadero formations, Aysén, southern Chile[END_REF]. South of the CTJ, the presence of isolated upper Miocene plutons is common east of the Patagonian Batholith (Ramírez de Arellano et al., 2012; Ramos, 2002, involving deformation of the surrounded areas coeval with their emplacement [START_REF] Skarmeta | Intrusión sintectónica del granito de las Torres del Paine, Andes Patagónicos de Chile[END_REF]. Such plutons are observed around the Cerro San Lorenzo which has been dated at 6.26.6 Ma (Welkner et al., 2002 and references therein), which is roughly coincident with the collision of the ridge at this latitude (e.g. [START_REF] Breitsprecher | Neogene kinematic history of Nazca-Antarctic-Phoenix slab windows beneath Patagonia and the Antarctic Peninsula[END_REF].

Material and methods

Ten small catchments (<400 km²), with a significant elevation ratio (~1500 m minimum) and a unique lithology (Cretaceous granitoids of the Patagonian Batholith) were selected for this study. Modern sands have been collected at the outlet of these ten catchments (Figure 6.1B). To simplify, watersheds are called here with the same name than the samples collected at their outlet. Samples MG27 and MG28 have been selected to compare two close watersheds, sharing one ridgeline (Figure 6.2B). An active glacier is present in the watershed MG29 (Figure 6.2A). Samples MG32, MG34 and CN4 have been collected

toward the eastern border of the Cordillera (Figure 6.2C). They are located in a key area as young and old AFT cooling ages have been detected to the west and to the east of the samples, respectively. Samples MG35 and MG36 were collected at the outlet of catchments located on both side of a fault (Figure 6.3A) evidenced by the work of [START_REF] Thomson | Late Cenozoic geomorphic and tectonic evolution of the Patagonian Andes between latitudes 42 S and 46 S: An appraisal based on fissiontrack results from the transpressional intra arc LiquiñeOfqui fault zone[END_REF]. As demonstrated by the insitu thermochronology data existing along the surrounding valleys, recent Miocene activity is supposed for the areas located to the western side of the fault. MG38 and MG40 are the only samples located south of the CTJ (Figure 6.3B) and, thus, they are possibly affected by the slab window opening and subsequent dynamic topography.

As position of the faults related to the LOFZ are not well constrained from the satellite view and existing thermochronological insitu data, a granite was sampled (MG31; Figure 6.2B) in an area with few data in order to extend the AFT dataset in this particular sampling area. A detrital sandstone (MG33) was collected in the Pleistocene fluvial terrace bordering the Rio Cisnes, close to the sample CN4 (Figure 6.2C), to provide information about the source areas and their contribution in this large watershed. Indeed, as the topography indicate low reliefs toward the east and higher relief south of the sampling site, detrital thermochronology on this sample would allow to better constrain the impact of the relief on the cooling age distribution. 

Apatite fission tracks

Detrital apatite fission tracks (AFT) was applied to all the samples with a minimum of 61 grains used for counting, which is sufficient to approximate the likely current distribution of ages [START_REF] Brewer | Modelling detrital coolingage populations: insights from two Himalayan catchments[END_REF]. Apatite crystals were extracted from modern sands by standard mineral separation (crushing, magnetic and heavy liquids separation) and mounted in epoxy at the University of Padua (Italy).

Spontaneous fission decay of 238 U in apatite lead to the accumulation of linear damage trails in the crystal lattice (e.g. Gleadow et al., 1986; Hurford and[START_REF] Hurford | A users' guide to fission track dating calibration[END_REF] that can be revealed after etching of the latter polished apatite mount in a 5M HNO3 solution at 20°C for 20s. The samples were all analyzed by applying the external detector method (Gleadow, 1981) using lowuranium muscovite foils, as external detector, to cover apatite mounts. Induced tracks were obtained after irradiation of the samples with a nominal fluence of 9×10 15 neutrons/cm² (Radiation Center of Oregon State University) and etching of the mica sheet in a 40% HF solution at 20°C for 40 minutes. We carried out age calculation using a zeta calibration approach (346 ± 12 for the CN5 dosimeter glass) and statistics with IsoplotR [START_REF] Vermeesch | IsoplotR: A free and open toolbox for geochronology[END_REF].

Hypsometry data

The hypsometry statistics was extracted from the fields of integer DEMs delimiting the studied catchments by using the raster datamodel of ArcGIS, as explained in PérezPeña et al. (2009a). These data are necessary for the thermal modeling to obtain more confident results than with detrital data alone.

For the thermal modeling, we used the QTQt software (version 5.7. 1; Gallagher, 2012) to model hypothetical vertical profiles based on AFT age distribution and hypsometry data.

We investigated hypsometric curves through the percent hypsometric method to obtain geomorphologic information about the maturity of each studied watershed. Indeed, the relative area plotted with the relative elevation displays a curve with variable sinuosity distinctive for youth, mature and older stages. A convex shape curve may predict unstable and younger geomorphology, possibly actively uplifted, while concave curves indicate a denuded or mature stage (PérezPeña et al., 2009b).

Hypsometric integrals (HI), calculated from mean, minimum and maximum elevation (equation from [START_REF] Özkaymak | Tectonic geomorphology of the Spildağı high ranges, western Anatolia[END_REF] and verified with the Hypsometric Integral Toolbox [START_REF] Matos | Hypsometric Integral Toolbox for ArcGIS®[END_REF], are greater than 0.60 for unstable or young basins and less than 0.30 for older stage of basins.

Intermediate values represent a mature or equilibrium stage which indicate the watershed is still under development. Thus, the HI values provide relevant information about the development stage of the watershed and can be used as indicators of the geomorphic evolution of drainage basins.

River longitudinal profile analysis

We achieved river longitudinal profile analysis over the studied catchments using Aster global DEMs, released by the USGS (spatial resolution 30 m), to obtain further information on catchment erosion. River profiles display often diverse segments with particular steepness (ks) and concavity indices (θ) which are separated by knickpoints characterizing by their equilibrium [START_REF] Whipple | Bedrock rivers and the geomorphology of active orogens[END_REF]. When two segments hold different concavity index, the knickpoint in the middle reflects an abrupt change in channel slope and, consequently, in uplift rate. The latter rate can be related with tectonic activity as knickpoints tend to migrate headward in the case of increasing rate [START_REF] Kirby | Expression of active tectonics in erosional landscapes[END_REF]. Thus, relationship between ks and rock uplift is generally accepted (e.g. Dietrich et al., 2003; Snyder et al., 2000; Wobus et al., 2006). Extreme values for θ are associated with downstream increase or decrease and consequently to the formation of knickpoints. Indeed, spatial and temporal information on tectonics and uplift may be extracted through the analysis of θ, ks and knickpoints, as any perturbation of the steady state may be related to abrupt changes in reliefs and, therefore, on channel slopes [START_REF] Kirby | Quantifying differential rockuplift rates via stream profile analysis[END_REF].

We carried out the morphometric analysis to investigate river profiles using a dedicated MATLAB script on hydrographic network defined in ArcGIS (StreamProfiler; Snyder et al., 2000; Wobus et al., 2006). This software allows to extract stream profiles and calculate θ and ks. Smoothing window of 250 m and a contour interval of 12 m have been applied to river profiles for which we removed spikes.

We chose a reference concavity value of θref = 0.45 within the theoretical range 0.3 -0.6 (Sólyom and Tucker, 2004; Whipple and Tucker, 1999; Wickert and Schildgen, 2019) to normalize the steepness index values (ksn) as θ and ks are autocorrelated [START_REF] Sklar | River longitudinal profiles and bedrock incision models: Stream power and the influence of sediment supply[END_REF]. Knickpoints were then defined manually at abrupt and minor changes as main and secondary knickpoints, respectively. This script allows to separate stream profiles into different segments with their own θ and ks. The StreamProfiler tool generates then automatically the θ and ks into loglog diagrams of slope versus area data and a map of ksn (corresponding to the ks values normalized) for all the rivers.

6.5 Results

AFT results

For the granite sample (MG31), we obtained an age of 35.1 ± 3.6 Ma. AFT results for modern detrital samples yield central ages between 8.2 ± 0.6 Ma and 78.1 ± 4.0 Ma (Table 1). The obtained youngest singlegrain cooling ages are fairly consistent with the existing bedrocks thermochronology data (Guillaume et al., 2013; Thomson et al., 2010a, 2001). Young central ages have been detected in the inner part of the Cordillera with the samples MG28, MG29 and MG35, collected close to the LOFZ, and samples MG38 and MG40 collected south of the CTJ. Older central ages have been obtained in samples collected toward the east (MG32, MG34, CN4 and MG36) and in catchments not affected by faults or glaciers (MG27). The probability density function (PDF) [START_REF] Vermeesch | Quantitative geomorphology of the White Mountains (California) using detrital apatite fission track thermochronology[END_REF] and references therein) of all detrital ages has been realized for each sample with RadialPlotter [START_REF] Vermeesch | RadialPlotter: A Java application for fission track, luminescence and other radial plots[END_REF] as well as the binning of these data into histograms (Figure 6.4).

All the modern detrital samples and the granite yield a ꭓ² probability higher than 5%, indicating a single population, whereas it is null for the sample MG33 (Table 1). Therefore, grainage distribution were decomposed for this sample with the BINOMFIT software [START_REF] Brandon | Decomposition of mixed grain age distributions using Binomfit[END_REF] which is using the binomial peak fitting to identify the different age components. Three age components were clearly identified in this sample: the component P1 corresponding to 31.4 ± 5.3 Ma (~20% of the grains) and the component P2 equal to 79.6 ± 11.0 Ma (around 32%), corresponding exactly to the Late Cretaceous and Paleogene ages from the literature (Thomson et al., 2010a[START_REF] Thomson | Late cenozoic tectonic and geomorphic evolution of the Patagonian Andes between 42 ${$sup o[END_REF]) located few kilometers upstream to the east, whereas the oldest component P3 representing about 48% of the grains with an age of 132.7 ± 14.0 N: number of apatite crystal counted; and ρ: track density (x 10 5 tracks/cm²); subscripts s, I and d denote spontaneous, induced and dosimeter, respectively; P(χ²): probability of obtaining a Chi-square value for n degrees of freedom; Dpar: mean diameter of fission-track etch pit parallel to the c-axis.

Hypsometric curves and integral values

The hypsometric table and curves are shown in Table 2 andFigure 6.5, respectively. The hypsometric integral values vary mostly from 0.42 to 0.57 except for the sample MG38 with a value of 0.27 and the sample MG40 with a value reaching 0.77. This is coherent with the shape of the hypsometric curves which differs significantly for the samples MG38 and MG40. For the sample MG40, the shape of the hypsometric curve presents a clear convex shape that we relate to a youthful stage of development and less eroded relief, whereas MG38 displays a concave shape related with an older development and a stable landscape. For the remaining eight watersheds, similar shapes of the curve and values of the integral indicate a similar erosional status despite the different cooling history highlighted by the AFT data.

Average hypsometric integral value (~0.50) and intermediate shape obtained for these samples highlight the mature stage reached by these watersheds. The hypsometric curve for the watershed MG29 exhibits a more concave surface demonstrating that the development of this watershed is relatively mature. The HI value and the concave hypsometric curve for the catchments MG29 and MG38 may also be related to the glacial landscape displayed by these areas, as demonstrated by modern glacier into or adjacent to these watersheds, rather than old development stage of the topography.

These results are consistent with the size of the studied watersheds, all located in regions of homogeneous rock. Indeed, previous works evidence that hypsometric curve in small catchments with a unique lithology is generally convex and dominated by hillslope processes, whereas they are more concave and with decreasing HI value for larger catchments (e.g. Hurtrez et al., 1999; Willgoose and[START_REF] Willgoose | Revisiting the hypsometric curve as an indicator of form and process in transportlimited catchment[END_REF]. 

PDF vs hypsometry

In the case of uniform erosion, sediment delivery is homogeneous through the catchment and therefore, the PDF has approximately the same shape than the hypsometric curve (Stock et al., 2006).

Taking in account this assumption, the superimposition of the elevation distribution (Figure 6.6) and the Here, some samples show a good match between the peaks (e.g. MG32) and some others are displaced (e.g. MG35).

PDF (Figure 6.4) allows to see easily that erosion of some catchments is uniform while erosion is more localized in other catchments (Figure 6.7). For MG27, CN4, MG32 and MG36, PDF and elevation distribution curves shape are quite similar and stack well on each other (Figure 6.7). This means that erosion in these four latter catchments is mostly uniform from the top to the outlet, where the samples have been collected. For the catchments MG28, MG29, MG34, MG35 and MG40, the PDF peak is more or less located toward the lower elevations, which is directly related with peaks of lower elevations for some catchments (e.g. MG28 and MG34). Indeed, as we consider that cooling ages are getting older with the highest elevations, if lower elevations are more eroded, PDF is displaced to younger cooling ages. This is more evident for samples MG28 and MG40 as their PDF fit clearly with a peak of lower elevations.

Thus, erosion in these catchments is more focused around these elevations. Looking at the PDF peak for sample MG38, which seems located toward higher elevation, and the data for the sample MG35, it is more difficult to explain why the curves are not similar. However, we can conclude that erosion is not uniform across these two watersheds too.

Thermal modeling

We model thermal histories with the QTQt software (v. 5.7. 1; Gallagher, 2012) Prediction plots (Figure 6.11), also obtained from the QTQt software after inverse modeling, allow to observe if predicted singlegrain AFT distribution match or not with the observed one, the latter 

River profiles

We extracted the longitudinal profile of 51 rivers draining the ten studied watersheds, all reported in Figure 6.12. Results evidence that catchments are quite deeply incised but few significant knickpoints have been observed. Nevertheless, the presence of many knickpoints evidence that streams are not in equilibrium conditions and that diverse events affecting the morphology of the streams occurred through time. As watersheds have been selected for their unique lithology, these knickpoints are not related to any changes in rock type but to changes in denudation rates or effect of glaciers. The catchment MG29 presents a high variability in the river longitudinal profiles which is related to the presence of a glacier and lakes (Figure 6.12).

Singular relations between the watersheds were evidence from the θ and ksn values (Table 3). In all the catchments, highest elevations are systematically concave with low θ (< 0.4) and lowest ksn values of the streams, excepted for 10 rivers in watersheds MG29, MG35 and MG38. These upland landscapes are separated from lower stream segments by variable knickpoints more or less developed at different altitude. No particular trend has been observed with knickpoints analysis (Table 4) but the existence of uneven knickpoints evidence that distinct tectonic perturbations affected the different watersheds. In addition, as the steepness index (ksn) is a function of rock uplift rate, the global increase of the ksn values in lower channel segments of the watersheds may be correlated to an irregular increase of the uplift rates Figure 6.12. Longitudinal stream / river profiles realized for main rivers of each catchment. Colored crosses represent knickpoints at diverse elevations. Numbers correspond to the selected rivers which are display on the satellite views (Figures 2 and3). 

Discussion

Results obtained from modern sediments collected at the outlet of some catchments located along the Cordillera are in good agreement with published bedrock data (Figures 1B, 2 and3).

Previous studies north of the CTJ suggest that some areas, affected by the activity of the LOFZ at these latitudes, recorded a recent late Miocene cooling, while other areas display older ages [START_REF] Thomson | Late Cenozoic geomorphic and tectonic evolution of the Patagonian Andes between latitudes 42 S and 46 S: An appraisal based on fissiontrack results from the transpressional intra arc LiquiñeOfqui fault zone[END_REF]. The work of [START_REF] Guillaume | Dynamic topography control on Patagonian relief evolution as inferred from low temperature thermochronology[END_REF], south of the CTJ, also evidences spatiotemporal variations of dynamic topography for the last 16 m.y., which is consistent with the results obtained in this study. Analysis of geomorphic data demonstrated that uplift and erosion affected unequally the mountain range even in adjacent catchments with a similar size and lithology. Indeed, they present different evolution of the streams, whereas knickpoints and steepness should have been similar in the case of homogeneous denudation related to a regional uplift.

Impact of the LiquiñeOfqui Fault Zone

The results show that there is a good correlation between the elevation profile and the PDF for samples MG27, CN4, MG32 and MG36, as well as between observed and predicted AFT ages on the prediction plot (Figure 6.11). This indicates that these four watersheds are uniformly eroded. Furthermore, concavity and steepness indexes as well as river longitudinal profiles do not evidence any particular knickpoint and segment which can be related to changes of erosion rate. These results are also coherent with the high to moderate concavity index defined for these watersheds that doesn't indicate any recent stage of development. We can conclude that these watersheds reach an equilibrium thermal steady state.

Unlike these samples, a significant mismatch is observed between the data for the samples MG28, MG34 and MG35. Predicted cooling age distribution peaks obtained by inverse modeling are systematically younger than the PDF (or observed cooling age distribution) peaks. This signifies that central ages of these watersheds are underestimated, and that unknown spatial variations of erosion rates or recent deformation increase in the catchment area occurred, causing a nonuniform erosion across the catchments.

The watersheds MG28 and MG34 may have been affected by the topography as a lower elevation peak is recognized in these catchments (Figure 6.7). Nevertheless, noticeable variations between concavity and steepness indexes of some segments separated by knickpoints have been identified from the geomorphic data, which are indicative of different uplift rates affecting these segments. Watersheds explored are too far from each other to recognize a systematic pattern through the area delimiting a boundary between areas with similar uplift rates (Wobus et al., 2006). Thus, the changes in denudation pattern can be related with differential erosion rates directly related with the recent fault activity of the LOFZ as these catchments are located close to faults identified or presumed by insitu thermochronology (Thomson, 2002; Thomson et al., 2010a, 2001). These studies evidence that the LOFZ is active since the late Miocene and associated with faulted block structures which led to differential uplift across the central Patagonian Andes. Therefore, the poor match observed for those samples possibly affected by the fault activity may result from inhomogeneous erosion rates within the catchments. This is particularly clear for the catchments MG27 and MG28 where AFT results display distinct detrital signals while the watersheds are sharing a water line. Such difference may occur only in the case of restricted features able to impact locally the denudation processes and, therefore, the cooling history. In this case, the pattern of cooling ages reflects a local complexity here associated with a peak of lower elevations and nonuniform denudation due to fault activity across the watershed which allow more significant delivery of grains presenting younger ages. The presence of a recently active fault in this area is definitely evidenced by the new insitu AFT cooling age (MG31) that yield a Paleogene age while Pliocene age has been identified

to the northwest in former study (Thomson, 2002; Thomson et al., 2010a, 2001). The impact of faults activity is also noticed for the watershed MG35, located right west of a previously identified fault [START_REF] Thomson | Late Cenozoic geomorphic and tectonic evolution of the Patagonian Andes between latitudes 42 S and 46 S: An appraisal based on fissiontrack results from the transpressional intra arc LiquiñeOfqui fault zone[END_REF], whereas impact of topography is probably dominant for the watershed MG34 where no fault was recognized in surrounding areas. Nevertheless, faults related to the LOFZ are difficult to recognize either on the field or the satellite view but their presence is testified by significant variations of insitu cooling ages from Cretaceous to late Miocene from east to west, respectively. These variations have been recognized in the sector of the Rio Cisnes, where samples CN4, MG32 and MG34 were collected (Figure 6.2B). Thus, impact of possible fault activity or local exhumation of a faulted block can not be disregarded. Cooling ages distribution for samples MG28, MG34 and MG35 are consequently biased towards young ages due to particular topography of the watersheds and plausible fault activity, which induced a focused erosion of uplifted areas [START_REF] Brewer | Modelling detrital coolingage populations: insights from two Himalayan catchments[END_REF]. Therefore, a regional and uniform uplift is not appropriated to explain the thermochronology and geomorphic results north of the CTJ. Uplift governed by faults activity or independent faulted blocks vertical movements is more appropriate to explain the results obtained in this study. This is also consistent with previous works proposing a focus enhanced denudation due to the vertical motion of several faulted blocks [START_REF] Thomson | Late Cenozoic geomorphic and tectonic evolution of the Patagonian Andes between latitudes 42 S and 46 S: An appraisal based on fissiontrack results from the transpressional intra arc LiquiñeOfqui fault zone[END_REF].

Storage of grains

Potential sources of mismatch between the predicted and observed data, or hypsometry and PDF, include also sediment storage in the system. Indeed, a significant storage can bring to longterm imbalances in sediment supply to the outlet. The presence of a glacier and lakes noticeable in the northern and southeastern areas, respectively, of the watershed MG29 can be related to sediment storage. Here, the elevation profile and the predicted data mismatch with the observed PDF data. Unlike the hypothesis of fault activity across the catchments inducing focused erosion, we propose that mismatch observed between the data may be directly related to irregular erosion across the catchment which is enhanced by sediment storage promoted by glaciers or induced by the presence of lakes. Large areas cover by the ice can not deliver sediments, which represent a significant fraction of sediments not represented in the outlet modern detrital sample. Furthermore, the remaining topography after icecover removal (e.g. cirques and lateral moraines) can also trap sediments and delay their delivery to the outlet. Thus, postglacial topography may significantly affect the distribution of cooling ages through sediment storage. In both cases, recent past and modern glaciers result in nonuniform erosion through the catchment due to sediment storage. Focused erosion of particular elevations related to glacial abrasion may also affect the denudation [START_REF] Ehlers | Identifying spatial variations in glacial catchment erosion with detrital thermochronology[END_REF].

Disruption due to slab window

The watershed MG40 represents the only watershed which endured a youth stage of erosion, as demonstrated by the convex hypsometric curve, which indicate a recent stage of deformation. This is coherent with the young ages obtained with insitu thermochronology along valleys and close vertical profiles (Guillaume et al., 2013; Thomson et al., 2010a). The PDF peak mimics exactly the youngest elevation distribution peak. Furthermore, the river network for the catchment MG40 is poorly developed and has an elongated shape, which is consistent with early stage of development that we relate to a recent significant uplift.

On the contrary, the watershed MG38 is characterized by a great concave shape hypsometry, a nonuniform erosion as evidenced by the mismatch between predicted and observed data, a welldeveloped river network within a large catchment, and an older central cooling age peak. These significant differences may be related to the presence of a notable high topography (> 3000 m) while lower summits characterized the catchment MG40 (< 1800 m). Indeed, high erosion rates are predicted at high elevations due to higher debris flows which are carrying these rocks from the areas fractured by glacier and frosting (e.g. Fox et al., 2015; Sanders et al., 2012; Stoffel et al., 2005).

Despite the difference of topography, cooling ages distribution for samples MG38 and MG40 present similar minimum and maximum singlegrain ages. The young singlegrain cooling ages recognized in these two watersheds can be related to the recent subduction of the Chilean midoceanic ridges below the South American Plate at these latitudes which is responsible of the opening of a slab window below the austral Patagonia. Superficial uplift triggered by slab window is a process well accepted (e.g. Ávila and Dávila, 2020 and references therein). However, we notice a significant difference between the cooling age distribution obtained for these two watersheds (with singlegrain ages from ca.

6 to 50 Ma) and the vertical profile realized in the same sector where highest elevations have been characterized by a cooling age of 17.1 Ma (Thomson et al., 2010a). Thus, detrital AFT data show ages older than expected. It means that, despite a regional uplift generated by the opening of a slab window, denudation is not homogeneous across the Patagonian Andes as for watersheds studied north of the CTJ.

Unlike the narrow distribution of cooling ages for catchments affected by the LOFZ north of the CTJ with oldest singlegrain ages around ~30 Ma, the PDFs obtained for samples MG38 and MG40 display a wider distribution of cooling ages (to ~50 Ma) that we relate with a progressive and regional uplift, rather than sudden events linked to fault activity. This slower cooling is also evidence by the inverse modeling (Figure 6.9, Figure 6.10B). This result is consistent with previous study about the dynamic topography above the austral Patagonian slab window (e.g. [START_REF] Ávila | Lithospheric thinning and dynamic uplift effects during slab window formation, southern Patagonia (45˚55˚ S)[END_REF]Dávila, 2020; Guillaume et al., 2013).

Central Patagonian Andes denudation

Our graphical representation between predicted and observed data, obtained by inverse modeling of the detrital data, enables to visualize the mismatch between the data and evaluate the uniformity of the denudation across the catchments. Data reflect that cooling distribution signal is easily disturbed by some local complexities responsible for a focused erosion (e.g. fault activity, steep slopes) or storage of grains (e.g. glaciers). Thus, north of the CTJ, data evidence that erosion is nearly uniform in areas not affected by any faults whereas the active faults related to the LOFZ has a strong impact on the local denudation processes and sediment delivery as demonstrated by the faster cooling and the steeper ageelevation profiles (Figure 6.10). On the contrary, slab window opening is responsible for the recent and regional uplift observed south of the CTJ which appears more progressive as demonstrated by the inverse modeling.

Our results may indicate that catchments underwent differential uplift. This is consistent with the river profiles analysis as knickpoints should be generated at the same elevation approximately for catchments affected by a similar event, while here no relation between the numerous knickpoints have been observed. These spatial variations in erosion rates are add up to other assumptions known to affect a little the detrital cooling ages as: the variable concentration of specific mineral, the sorting of grainsize fractions due to drainage, the presence of partial annealing zone within the catchment inducing a nonlinear ageelevation relationship (Ehlers et al., 2015 and references therein). Despite these numerous factors of inaccuracy, this study evidences that detrital thermochronology on modern outlet sample is a reliable tool to infer spatial pattern of catchment erosion without vertical profile bedrock data and to constrain thermal history of the catchment through the distribution of the thermochronology data and the inverse modeling. Nevertheless, modelling processes for a watershed can be easily complexified by local features as faults, steepness variations or modern glaciers, which cause variable erosion rates within the catchments. Therefore, combining multiple detrital sampling with the recent inverse modeling approach and geomorphologic study bring valuable information about the longterm thermal history experienced by bedrocks samples into the catchments of the central Patagonian Andes and about the uniformity of denudation processes affected by faults and glaciers, whereas local vertical age profiles are commonly used for these predictions (e.g. Brewer et al., 2003; Malusà and Fitzgerald, 2019; Stock et al., 2006).

Conclusion

Detrital AFT data and hypsometric data, as well as temperaturetime history modeling, The thermochronological data presented in chapters 3, 4 and 5, and appendices E and F, support the idea that a late Early Cretaceousmiddle Eocene shortening phase affected significantly both the Cordillera and the entire broken foreland (Figure 7. 1A; Horton, 2018a; Savignano et al., 2016). The deformation of the overriding plate is affected by plate kinematics, which exert a firstorder control on plate coupling. Particularly, the change of convergence direction of the overriding plate is a dominant process as demonstrated in the Central Andes (~ 19°S), where an increase of deformation occurred despite the decrease of convergence rate [START_REF] Oncken | The Andes: active subduction orogeny[END_REF]. Into the northcentral Patagonian foreland, this deformation active from the late Early Cretaceous to the middle Eocene is characterized by the inversion of inherited structures such as Mesozoic riftrelated normal faults (halfgraben systems) developed with various directions [START_REF] Figari | Estratigrafía y evolución geológica de la Cuenca de Cañadón Asfalto, Provincia del Chubut, Argentina[END_REF]. The faults oriented mostly perpendicularly to the compressional stress were preferentially reactivated during the Cretaceous shortening and transmitted deformation far from the orogen due to the upper crustal weaknesses (Gianni et al., 2015a). The reactivation of inherited faults and inversion of former basins in the broken foreland may complexify significantly the evolution of the foreland as it has been observed for example along the Iberian Chain, the Yinshan foldandthrust belt and the ArabiaEurasia collision zone (Cavazza et al., 2019; Guimerà Rosso, 2018; Yonkee and Weil, 2015). Thus, the uneven reactivation of former structures obscured the tectonic signal as in the north central Patagonian foreland. Since the AFT thermochronometer records cooling below the ~110°C isotherm, corresponding roughly to the upper 3 -4 km of the crust for an average geothermal gradient of ~30°C/Ma, the relationships between surface processes, tectonics and geodynamic evolution were explored in this study. Furthermore, the surface processes, that may significantly impact the cooling age patterns, were also investigated through the AHe system which records cooling below the interval 40 - ). The onset of this regional deformation was likely triggered by a significant increase of interplate coupling induced by slab shallowing which has been provoked by the change of absolute motion of the South American Plate to the west during late Early Cretaceous (Horton, 2018a; Maloney et al., 2013). Thus, this study provides new insights for the impact of geodynamic processes on the denudation at the surface with valuable values for unroofing magnitude and denudation rates.

Persistent denudation during a phase of tectonic quiescence

The lack of late Eoceneearly Miocene shortening across the whole northcentral Patagonia points to a tectonic quiescence period that initiated after a sharp reduction in average trenchward velocity [START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF] which may be responsible for plate decoupling. The increase of subsidence in the foreland from the late Eocene to the early Miocene, allowing significant marine incursions toward the inner parts of the Cordillera [START_REF] Encinas | The late Oligocene-early Miocene marine transgression of Patagonia[END_REF], was probably related to slab rollback and steepening of the subducting slab. Nevertheless, as demonstrated by the persistent ~30 Ma AFT population recorded in the entire foreland and the older AFT components identified only around the San Bernardo FTB, denudation was still affecting the central Patagonian Cordillera and its broken foreland through this period (Figure 7.1A; chapter 4). Lag time estimates on the youngest component allow to identify very slow denudation rates (Figure 7.1C). This is supported by insitu thermochronological analysis in the Cordillera that shows some ~30 Ma AFT ages (Thomson et al., 2010a[START_REF] Thomson | Late cenozoic tectonic and geomorphic evolution of the Patagonian Andes between 42 ${$sup o[END_REF] and detrital analysis of modern river sediments along the Cordillera (chapter 6), where similar AFT central ages have been commonly

identified. We suggest that this denudation at ca. ). This stage is not recorded in the foreland, even by the low temperature AHe thermochronometer, as the few OligoMiocene AHe ages in the foreland (chapters 3 and 5) are associated to OligoMiocene volcanic processes. The Miocene compressive stage often described for the broken foreland (Bilmes et al., 2013; Gianni et al., 2015a; Homovc et al., 1995) evolution in the framework of the critical wedge theory [START_REF] Davis | Mechanics of foldandthrust belts and accretionary wedges[END_REF]. The critical wedge theory was successfully applied to the study of mountain belt in order to understand the relationships between exhumation and kinematic processes (e.g. Davis et al., 1983; DeCelles andMitra 1995). Indeed, the critical wedge theory relies on the prediction of changes of mass distribution, which are controlled by the spatiotemporal variations of exhumation, on the kinematic history of the orogenic wedge. Thus, critical taper theory predicts that front of the orogenic wedge propagates toward the foreland when the taper developed reach a critical angle, whereas continuous internal deformation occurs through folding and thrusting during subcritical state (when the taper value is less than the critical value) to increase the taper and recover a critical taper [START_REF] Gray | Ramifications of fourdimensional progressive deformation in contractional mountain belts[END_REF]. The exhumation of the orogenic wedge may be considered as a response to changes of taper state [START_REF] Davis | Mechanics of foldandthrust belts and accretionary wedges[END_REF], that may be caused by active tectonics or enhanced erosion.

Studies applying the critical wedge theory in Patagonia indicate that the orogenic Patagonian wedge underwent through critical stage during the Cretaceous [START_REF] Ghiglione | Progression of deformation and sedimentation in the southernmost Andes[END_REF]. Lagtime analysis performed in this thesis show that ~2 km of exhumation has been observed in the central Patagonian Cordillera from the late Eocene to early Miocene (chapter 4), which is consistent with a period of tectonic quiescence along the margin (Horton and Fuentes, 2016). Referring to the critical wedge theory, lag time is constant upsection for steadystate exhumation while a decreasing lag time upsection characterize increasing exhumation (e.g. [START_REF] Carrapa | Apatite triple dating and white mica 40Ar/39Ar thermochronology of syntectonic detritus in the Central Andes: A multiphase tectonothermal history[END_REF]. Thus, a precise lagtime is needed to recognized such trends. UPb dating on zircons extracted from the Cenozoic sandstones collected in the central Patagonian foreland will be carried out to obtain more precise constraints about the deposition ages of the deposits sampled. These analyses would clarify the lag time and understand if it records a critical wedge state (no deformation) dominated by the erosion of former reliefs, or a subcritical state inducing an enhanced internal deformation.

Deseado Massif thermal history: the role of mantle processes

The PhD thesis of Alexis Derycke (University of ParisSaclay, France) focuses on UThSm/He thermochronology analysis on apatites and hematites from basement rocks of the Deseado Massif. This study aims to constrain the thermal history of the Deseado Massif in order to decipher the significance of the exhumation events including considerations about the potential thermal impact of mantle processes.

Indeed, deformation stages in the Deseado Massif are poorly constrained as few surface markers have been preserved in this area. The second target of this study is to better understand how mantle processes may affect the surface evolution and thermal history. AFT analysis realized at the University of Padova, as part of the collaboration between the projects, brought critical data to better constrain the thermal history of this area and the whole Patagonian Broken Foreland. Better knowledges about the denudation of the Deseado Massif may also help clarifying sediment delivery to the adjacent foreland basin (e.g. San Jorge Basin).

Double dating with apatite fission tracks and UPb dating

In provenance studies, the use of a multidating approach on a singlephase with high (UPb) and lowtemperature (fission tracks and / or (UThSm)/He) thermochronometers is advantageous to reveal the crystallization age and the cooling/exhumation age of the grains, respectively. Although much progress has been made during the past decade, zircon thermochronometers are prevalent in multidating studies whereas apatite thermochronometers are still often neglected. The main cause is the lower amount of U content and the higher common Pb content, which result in the discordance of the apatite grains in the UPb system. Thus, double dating achieved in the chapter 4 is not routinary, while results were suitable to distinguish clearly apatite cooling ages related to rapid volcanic cooling and longer exhumation cooling.

The chapter 4 evidences the potential of this approach, especially in areas where the exhumation signal may be overtaken by the volcanic input. Recent works also propose to use apatite trace elements to reveal specific provenance (e.g. O' Sullivan et al., 2020). Thus, this thesis participates to the growing interest for apatite multidating in provenance studies, which may become a conventional method in a very near future. 

Introduction

The Deseado Massif is a large geological province belonging to the southern Patagonian Broken Foreland. The Deseado Massif represents the southernmost intraplate relief of the Patagonian Broken Foreland between 46°30' and 49°S delimited by the Patagonian Andes to the west while limits remained unclear to the east. It is surrounded by the Cretaceous San Jorge and Austral Basins to the north and to the south, respectively. The large topographic high is often divided morphologically between its eastern and western domain (Giacosa et al., 2010a). Indeed, the eastern part is characterized by a flat surface dipping gently eastward from 400 to 100 m whereas the western areas are much more incised and related to higher elevations of 800 -1200 m. The Deseado Massif is characterized by extensive magmatic rocks (mainly the Chon Aike Formation) and Mesozoic sandstones locally covered by Cenozoic lava flows.

The Deseado Massif was subjected to several tectonic and magmatic events that may affect the thermal history of this area (Figure 1), especially the Chon Aike event which induced deformation through the foreland (C. Navarrete et al., 2019). Indeed, the area is usually associated to the accretions of three terranes during a Gondwana orogenic phase which started at ca. 400 Ma. Related structures defined the northern and southern limit of the Deseado Massif, developed coevally with an orogenic (and post orogenic) plutons called the Rio Deseado Complex. The latter is directly overlied unconformably by the Permian continental series of the Tres Cerros and El Tranquilo Formations (Giacosa et al., 2010, and references therein). An angular unconformity is recognized between these deposits and the Triassic -Early Jurassic Roca Blanca Formation. All these series were folded during a phase, still highly debated, of slab flattening below the Deseado Massif which induce a noticeable deformation toward the surface properties of the apatite crystals [START_REF] Burtner | Thermochronology of Lower Cretaceous source rocks in the IdahoWyoming thrust belt[END_REF]. Both track density ratio and average track etch pit diameter (Dpar) is recorded for up to 15 grains per sample (Table 3).

Results

Insitu analysis

New AFT analysis on plutons yield consistent Cretaceous ages from 85.8 ± 5.6 Ma to 129.3 ±7.1 Ma despite the variety of rock types. This indicates that these samples were completely reset. They all passed the χ 2 test indicating a single population. The AHe ages from the basement rocks are partially reset and are spanning from 95.1 ± 6.3 Ma to 201.3 ± 10.5 Ma, which is consistent with the ages of the basement rocks (Table 2). Significantly older ages ae observed for samples collected in La Leona Formation and high effective Uranium eU content (1365 ppm). A particular high eU content (28230 ppm) has been recognized for samples from the Rio Deseado Complex. No particular relationships occur between AHe age and eU content (Figure 4), while a clear AHe age -Calcium content correlation has been evidenced (Figure 5) and corresponds to increasing ages with grain size.

The AFT display a central age of 198.60 ± 12.20 Ma (from Trackkey software; Dunkl, 2002) which is older than the deposition age (~ Lower Cretaceous) and is related with the source rock. The χ² test [START_REF] Galbraith | On statistical models for fission track counts[END_REF], used to detect any extraPoissonian error in the sample, suggests the presence of a single age population and consequently a single source rock. Track lengths measured give an average Figure 4. AHe corrected ages for all the samples over eU content. (PAZ, ~120° -60°C after Hurford and Green, 1983) associated with a fast to modest exhumation from Late Permian to Early Jurassic. Thermal path obtained by a Monte Carlo algorithm from the QTQt software (version 5.7.1, Gallagher, 2012) is the result of 100 000 iterations. Dpar values have been used as kinetic parameter. The modeling was only constrained by the depositional age of the Bajo Grande Formation (25° ± 25°C at 141 ± 11 Ma) and the presentday temperature (10° ± 10°C at 0 Ma). About the predepositional path, only a very large box (200° ± 200°C at 275 ± 125 Ma) was used to take into consideration any kind of provenance. Therefore, thermal history is not well confined for these high temperatures. The old ages obtained are not, even partially, reset. These results mean that burial was not significant enough to reach the PAZ since the deposition of the Bajo Grande Formation.

Thermal modeling

We used the QTQt software (version 5.7.0) to model 11 samples including those from [START_REF] Fernández | Structural controls on Jurassic gold mineralization, and CretaceousTertiary exhumation in the foreland of the southern Patagonian Andes: New constraints from La Paloma area, Deseado Massif, Argentina[END_REF]. The program allows inverting AFT annealing and AHe diffusion parameters with the Markov chain Monte Carlo method [START_REF] Gallagher | Transdimensional inverse thermal history modeling for quantitative thermochronology[END_REF]. The inversion code incorporates kinetic models of He diffusion in apatite (Flowers et al., 2009; Gautheron et al., 2009) and AFT annealing multikinetic model [START_REF] Ketcham | Improved modeling of fissiontrack annealing in apatite[END_REF]. The input parameters used to model each profile are, when available: (i) central AFT ages, (ii) track length distribution, and (iii) singlegrain AHe ages, with grain size and chemical characteristics. Chemical composition ranges of the analyzed apatites were taken into consideration during both AFT and AHe modeling, by imposing the mean measured Dpar values for the sample, following Gautheron et al. (2013). Thermal history simulation results were obtained taking into account the influence of αrecoil damage, grain size and apatite kinetic properties.

Discussion

Triassic -Jurassic exhumation Considering the detrital AFT age obtained, the source of Bajo Grande sandstone is definitely one of the basement rocks that are cropping out in the area. The closest exposed unit is the lowgrade metamorphic basement known as La Modesta Formation with a maximum age of sedimentation (UPb SHRIMP) about 446 ± 6 Ma (Moreira et al., 2013). Two abnormal K/Ar ages obtained from micaceous shales and given ~ 210 [START_REF] Gutscher | Andean subduction styles and their effect on thermal structure and interplate coupling[END_REF]205 ± 10 Ma (De Giusto et al., 1980; de Barrio, 1984) have been interpreted as characteristic of tardive rejuvenation [START_REF] Giacosa | Basamento paleozoico inferior del Macizo del Deseado, in: Geología y Recursos Naturales de Santa Cruz[END_REF]. Further, a second source identifiable corresponds to the Lower Jurassic plutonic rocks included in La Leona Formation which has been fastly exhumated at ca. 200 Ma as evidenced by the thermal modeling. Modelling demonstrated then that 23 km of burial was necessary around ~150 Ma and seems coeval with the Chon Aike event.

Thus, significant burial may have been triggered by the SLIP emplacement. However, existing data for this formation [START_REF] Fernández | Structural controls on Jurassic gold mineralization, and CretaceousTertiary exhumation in the foreland of the southern Patagonian Andes: New constraints from La Paloma area, Deseado Massif, Argentina[END_REF] show a reset of the AFT during Early -Middle Jurassic while this data demonstrate that this particular area of the Deseado Massif was not buried significantly since the Late Triassic -Early Jurassic (Figure 6). To better constrain the provenance of this sample, the Uranium content can be used as it represents a main difference between La Leona Formation and the Paleozoic metamorphic basement. Looking at AHe data (Table 2), the Uranium content is much higher for samples from the Paleozoic basement, which is consistent with the high spontaneous fission tracks associated to magmatic activity or sedimentary burial. The latter process requires material income and a sink, often associated to subsidence and increase to accommodation space. We expect that burial occurred during the Chon Aike event as extension processes were recorded during this phase and the significant volcaniclastic units offered substantial material input toward the foreland. Nevertheless, it is hard to image a regional burial through the Deseado Massif as detrital data in this study evidences quite old ages. In this case, burial may affect locally the samples and a second process related to coeval magmatism must be considered to explain all the ages obtained. Therefore, we relate these results to a "cooking" phenomenon toward the edges of the pluton or a significant burial, potentially asymmetric, below the Chon Aike deposits. The data for the latter samples, which present clearly younger ages, indicate that a slow cooling event started as soon as Early Cretaceous. This cooling phase is associated with a regional exhumation phase which started probably at ca. 130 Ma as evidenced by our entire dataset (both AHe and AFT data; Figures F -7 and F -8). This cooling phase is consistent with the numerous angular unconformities between the diverse formations, especially the Early Cretaceous Bajo Grande Unconformity. This exhumation event may have been related to the Atlantic opening changes that affected the kinematics of the South American Plate triggering deformation of the Andean fold and thrust belt. Exhumation continues through the entire Cretaceous as demonstrated by the younger AFT records (~70 Ma) in some sites. If AFT data are reliable, it means that AHe data present a significantly higher closure temperature
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Figure 1 . 1 -

 11 Figure 1.1 -Geodynamic setting of the NazcaSouth American convergence system. (A) Digital Elevation Model (DEM from ESRI) of South America and bathymetric data (GEBCO 2014, ESRI) with presentday plate kinematics (according to global model NUVEL1); major structural characteristics of the Cordillera, mainly thrust faults[START_REF] Ramos | Plate tectonic setting of the Andean Cordillera[END_REF]; location of active volcanic zone[START_REF] Gutscher | Geodynamics of flat subduction: Seismicity and tomographic constraints from the Andean margin[END_REF], revealing the flatslab segments (evidenced by earthquakes depth, shown in D and E, or tomography as presented by(Gutscher et al., 2000; Portner et al., 2017) and the slab window. Black square delimitates (B) and Figure1.3. (B) Geodynamic setting of the active Chile Spreading Ridge beneath the South American Plate in a point called the Chile Triple Junction (CTJ) and the location of the current slab window located below the while Patagonia[START_REF] Breitsprecher | Neogene kinematic history of Nazca-Antarctic-Phoenix slab windows beneath Patagonia and the Antarctic Peninsula[END_REF]. Migration of the CTJ is indicated by the colored circle migrating northward through time along the trench.
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 12 Figure 1.2 -Slab configuration along the South American Plate. (A) Cenozoic segments characterized by flatslab geometries (Ramos and Folguera, 2009). (B) Profile of the Nazca slab beneath the South American plate from earthquake epicenter plotted (Gutscher et al., 2000) marked by a flat slab beneath Peru, and (C) by a ~ 30° dipping slab beneath northern Chile/Bolivia (profiles from Espurt et al., 2008). (D) Block diagram of modern Patagonia slab window projected towards the northwest (modified after Breitsprecher and Thorkelson, 2009) with earthquake epicenters plotted from USGS data.
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 1 Figure 1.3 -(A) Plate tectonic setting in the Patagonian Andes with the indication of major tectonic features of Patagonia (modified from Navarrete et al., 2016). Blue surrounded areas represent foreland basins (AMB: AustralMagallanes Basin, CAB: Cañadón Asfalto Basin, MB: Malvinas Basin, NB: Neuquén Basin, RME: Rio Mayo Embayment, SJGB: San Jorge Gulf Basin) and in purple the foreland reliefs (DM: Deseado Massif, NPM: North Patagonian Massif, SBTB: San Bernardo Thrust Belt). White arrows indicate current motions of oceanic plates relative to South America, according to global model NUVEL1. (B) Schematic structural SWNE crosssection (DD') across north Patagonia to show the inversion of the Jurassic -Early Cretaceous basins during Late Cretaceous (modified after Figari et al., 2015). (C) Present tectonic setting of the Patagonian Cordillera north of the Chile Triple Junction (CTJ) and (D) south of the CTJ (modified after Ramos, 2005).
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 14 Figure 1.4 -Summary of plate kinematics affecting Patagonia: Pacific (PardoCasas and Molnar, 1987;[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] and Atlantic convergence variations[START_REF] Nürnberg | The tectonic evolution of the South Atlantic from Late Jurassic to present[END_REF]. Global eustacy curve from[START_REF] Haq | Chronology of fluctuating sea levels since the Triassic[END_REF]. Plates and ridges subduction in North (43 °S) and CentralSouth Patagonia (49°S) from[START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF]. SCR0 corresponds to the current Segment of the Chile Ridge while SCR1 is related to the previous that has been already consumed by the subduction[START_REF] Scalabrino | Using glacial morphology to constrain the impact of the Chile active spreading ridge subduction in Central Patagonia[END_REF]. The tectonic events are summarized from[START_REF] Echaurren | Tectonic evolution of the North Patagonian Andes (41-44 S) through recognition of syntectonic strata[END_REF] and the volcanic activity (with the Pilcaniyeu and El Maíten Belts indicated) from[START_REF] Butler | CretaceousCenozoic growth of the Patagonian broken foreland basin, Argentina: Chronostratigraphic framework and provenance variations during transitions in Andean subduction dynamics[END_REF].
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 16 Figure 1.6 -Stratigraphic chart of the north Patagonia (at 42 °S), central Patagonia (at 46°S) and austral Patagonia (at 49 °S) Andes and foreland. Main magmatism episodes are indicated by salmonpink rectangles. About (volcano) sedimentary formations, same colors emphasize the coeval deposition of the different formations. See text for details. Modified from Echaurren et al. (2016) and Gianni et al. (2015b).
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 1 Figure 1.7 -(A) Geological map of the studied area in Patagonia between 40 and 49 °S. See section above for details about the formations. (B) Geological map of marine deposits with approximative limit of sea progression through time. (C) Map with the location of the samples analyzed in this study. The different colors used show in which chapter they are described.
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 18 Figure 1.8 -Workflow followed in the thesis to study tectonic evolution and cooling history of the north central Patagonia. All the thermochronology methods are described in Chapter 2 while others are explained in the following chapters.
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 21 Figure 2.1 -Schematic representation of the denudation (blue arrow) and uplift (red arrow) concepts (A), of the PAZ/PRZ and Tc concepts with colored lines indicating present and past (dashed lines) isotherms (B) (modified from Vernon, 2008; Andreucci, 2013).
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 22 Figure 2.2 -Nominal closure temperatures of various geochronometers and thermochronometers. Systems are ordered by closure temperature on the Yaxis[START_REF] Kronenberg | Beyond Plate Tectonics: Rheology and Orogenesis of the Continents[END_REF]. Black polygons show the thermochronometers used in this study.
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 2 Figure 2.4 -(A) Schematic diagram of confined tracks in apatite. TINCLE is a confined track which intersects a crack or a cleavage. TINT is a confined track which intersects a surface track. Measurements of track lengths are done only on horizontal confined track length as the projected track length do not reflect the true length (from Hurford, 2019). (B) Photomicrograph of an apatite showing near horizontal confined tracks amongst surface track (TINT) and frack/cleavage (TINCLE) (picture from Kohn et al., 2019).
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 25 Figure 2.5 -Schematic procedure for AFT analysis with the EDM method (Tagami and O'Sullivan, 2005).
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 26 Figure 2.6 -Relationships between track length distribution and thermal history in case of fast cooling (red), progressive cooling (yellow) or different cases of reheating (blues) (modified after Dumitru, 1989; Tagami, 2005).
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 28 Figure 2.8 -Estimate of the components of a mixed grain age distribution made with BINOMFIT program (Brandon, 2002) (A) and associated radial plot (B) of sample MG33 (this study).
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 2 Figure 2.10 -(A) Isothermal surfaces mimic the shape of topography; (B) Heat advection during rapid exhumation determines the progressive elevation of isothermal surfaces and a transient increase in near surface geothermal gradient; (C) Penetration of lowtemperature isothermal surfaces beneath ridges is facilitated by longer topographic wavelength (from Malusà and Fitzgerald, 2019).

Figure 2 .

 2 Figure 2.11 -(A) Schematic diagram illustrating how detrital thermochronometer data can be used to quantify the spatial distribution of erosion in a catchment.Simplified approach whereby the convolution of the catchment hypsometry and an ageelevation relationship are used to construct a predicted PDF. This approach assumes a uniform distribution of erosion over the catchment. If observed data are not uniform when compared with the predicted PDF, it means that erosion was not uniform. In this example, the peaks in measured ages (e.g., 1 and 2) are shifted to older and slightly younger ages when compared to the predicted PDF due to increased erosion at higher elevations. (B) Glacier profile, showing increased erosion at higher elevations and steps in the slope of the underlying bedrock (modified fromEhlers et al., 2015; Stock et al., 2006).
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 2 Figure 2.13 -(A) Timeresolved 207 Pb/ 235 U downhole signal collected from singlespot ablations of McClure Mountain apatite without any common Pbcorrection and (B) a 207 Pb correction for common Pb (from Chew et al., 2014). Example of UPb analysis on apatite as a provenance tool (Mark et al., 2016) evidencing two populations in TeraWasserburg plot (C), Kernel Density plot (D) and Radial plot (E).

  the results obtained by thermal inverse modeling of lowtemperature thermochronology data collected in the Patagonian Precordillera and the broken foreland between 40° and 45°S (Figure 3.1B and Figure 3.1C) with the goal of evaluating the impact of slab geometry changesand associated plate coupling variations on the deformation of the overriding plate. Our results provide a new and unexpected picture of the large unroofing (in excess of 3 km considering an average geothermal gradient of ~ 34 ± 11 °C/km) experienced by the whole northern Patagoniaand not just the Cordillerasince the late Early Cretaceous.

  . Regional deformation in northern Patagonia is characterized by the inversion of former sedimentary basins (Piltriquitrón Basin and Rio Mayo Basin along the Precordillera, Cañadón Asfalto Rift Basin to the foreland) developed on top of a lowgrade metamorphic basement. The latter is constituted of PaleozoicTriassic volcanosedimentary successions (e.g. Cushamen,

Figure 3

 3 Figure 3.1 -A. Map view of major tectonic features of the Southern Andes showing (modified after Navarrete et al., 2016), showing location of diagrams BC. Blue dashed lines outline foreland basins (AMB: AustralMagallanes Basin, CAB: Cañadón Asfalto Basin, MB: Malvinas Basin, NB: Neuquén Basin, SJGB: San Jorge Gulf Basin), purple dashed lines outline foreland reliefs (DM: Deseado Massif, NPM: North Patagonian Massif, NP: Neuquén Precordillera, PBF: Patagonian Broken Foreland). White arrows indicate current motions of oceanic plates relative to South America, according to the global model NUVEL1. B. Map view of main morphotectonic features between 40° and 45°S, with new and published (Thomson, 2002; Thomson et al., 2010a) AFT ages. C. New and published (Savignano et al., 2016; Thomson et al., 2010a) AHe ages.
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 32 Figure 3.2 -Chronological table for northern Patagonia at around 43°S showing slab variations, plate convergence changes, timespace history of deformation, magmatism, basin development(Butler et al., 2020; Echaurren et al., 2016; Horton, 2018a; Maloney et al., 2013) and thermochronological data (AFT and AHe ages vs. longitudinal distribution) used in this study.
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 33 Figure 3.3 -Detailed geological map of the study area based onAnselmi et al., 2004; Ardolino et al., 2011; Cucchi et al., 2001, 1998; Escosteguy et al., 2013; Giacosa et al., 2001; González et al., 2000; Haller et al., 2010; Lizuaín et al., 2010; Lizuaín and Nieto, 2011; Orts et al., 2015; Remesal et al., 2001; Savignano et al., 2016; Silva Nieto et al., 2005. 

  (i) central AFT ages, (ii) track length distribution, (iii) Dpar values, and (iv) singlegrain AHe ages, with grain size and chemical characteristics. Chemical composition ranges of the analyzed apatites were taken into consideration during both AFT and AHe modeling, by imposing the mean measured Dpar values for the sample, following Gautheron et al. (2013). Thermal history constraints included: (i) age and emplacement depth of intrusive bodies such as the Permian Mamil Choique formation (t = 275 ± 25 Ma, T = 350 ± 50°C), the Lower Jurassic Subcordilleran Batholith and equivalents (t = 190 ± 20 Ma, T = 350 ± 50°C), the Upper Jurassic to Lower Cretaceous North Patagonian Batholith (t = 135 ± 35 Ma, T = 350 ± 50°C), and Upper Cretaceous shallow intrusions (t = 80 ± 20 Ma and T = 100 ± 20°C); (ii) depositional age of sedimentary rocks such as the Osta Arena Formation (Lower Jurassic) and Cañadon Asfalto Formation (Upper Jurassic); (iii) age of the unconformity (Early Jurassic) on top of the basement; and (iv)
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 35 Figure 3.5 -Reconstructed Early Jurassic to Pliocene (AF) paleotemperature evolution for the samples collected in northern Patagonia.
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 36 Figure 3.6 -Cartoons showing interpreted geodynamic evolution and migrations of the magmatism revealing slab geometry variations. (A) Regional subsidence linked with pronounced slab rollback and Gondwana rifting during Jurassic -Early Cretaceous times (PB: Piltriquitrón Basin, CAB: Cañadon Asfalto Basin, SB: Subcordilleran Batholith). (B) Late Cretaceous shallowing of the subducting slab and increase of plate coupling, triggering tectonic inversion of former basins (PBF: Patagonian Broken Foreland, NPB: North Patagonian Batholith). (C) Paleogene opening of a slab window, enhancing uplift (PB: Pilcaniyeu Belt). (D) Arc retreating (EMB: El Maitén Belt), distal retroarc volcanism (SM: Somuncura plateau) and retroarc quiescence during the late Paleogene to Early Miocene time frame. (E) Increased interplate coupling induced by plate reorganization, triggering exhumation of the Precordillera (and possibly modest deformation of the broken foreland).

  Funding for this work was provided by the University of Padova (Progetto di Ateneo 2015, CPDA158355) and the Universidad Nacional de Río Negro (PICTFONCyT 20132916, PIPCONICET 330, U.N. Comahue). S. Boesso, R. Pinna, and L. Bordier are thanked for sample preparation and for their assistance during the analyses. CHAPTER 4 TRACING THERMAL HISTORY OF THE CENTRAL PATAGONIAN ANDES AND ITS BROKEN FORELAND WITH DETRITAL MULTIDATING OF FORELAND BASIN DEPOSITS Marie C.Genge1,2 , Massimiliano Zattin 1 , César Witt 2 , Alexis Derycke 3 , Cécile Gautheron 3 , Stefano Mazzoli 4 , Marcelo Marquez 5 , Maurizio Petrelli 6 , Nathan Cogné 7 1 Dipartimento di Geoscienze, Università degli Studi di Padova, via G. Gradenigo 6, 35131 Padova, Italy 2 Univ. Lille, CNRS, Univ. Littoral Côte d'Opale, UMR 8187, LOG, Laboratoire d'Océanologie et de Géosciences, F 59000 Lille, France 3 Université ParisSaclay, CNRS, GEOPS, 91405, Orsay, France 4 School of Science and Technology, Geology Division, University of Camerino, Italy 5 Servicio Geológico MineroArgentino, Delegación Patagonia, Barrio Don Bosco km 8, Comodoro Rivadavia, Argentina 6 Department of Physics and Geology, University of Perugia, Perugia, Italy 7 Univ Rennes, CNRS, Géosciences Rennes, UMR 6118, 35000, Rennes, FranceDeclaration This chapter is focused on the application of both detrital apatite UPb and fission tracks thermochronology in the central Patagonian foreland (44 -48°S) in order to quantify denudation of source area(s) through provenance analysis. It results from two fieldworks carried out across the southern Chubut and northern Santa Cruz provinces (Argentina). This area has been chosen because the San Jorge Basin recorded Cenozoic successions which are exposed along the basin borders. MCG, MZ, CW, AD, CG, SM and MM carried out at least one of the two fieldworks, including sampling for thermochronology dating methods. MCG provided all apatite fission tracks dating, all the figures and the original draft for this paper. MP and MCG achieved the apatite UPb data, which have been interpreted by NC, MP and MCG. MZ and CW made a careful review of the original draft and acquired fundings for this work. The following chapter corresponds to the version of the manuscript almost ready to be submitted to Basin Research. Few analyses are still needed before submission to improve the lagtime constraints, as well as the review of the coauthors. 4.1 Abstract Detrital thermochronology in a wide foreland basin documents erosion of diverse sediment source areas along an adjacent orogen through time. This study presents new detrital apatite thermochronology data (UPb and fission tracks) from the central Patagonian foreland (44°S -48 °S) that identify at first a persistent volcanic input through Oligocene to late Miocene. The apatite UPb dating was effective to discriminate AFT ages related to exhumation of the source and to the volcanic input, which can easily overtake the exhumation signal along the Patagonian Andes. This belt is characterized by several orogenic events and has been continuously exhumed since the late Early Cretaceous. Lag time, calculated from the youngest AFT component (~30 Ma), indicates that the entire central Patagonian Cordillera was in steady state erosion at ca. 30 Ma until the resumption of shortening during the late Neogene. Moreover, our new detrital thermochronological data emphasize a signal of low rate postorogenic erosional processes (0.1 -0.4 km/Ma) with a significant unroofing of 2 -4 km between the Oligocene and the late Miocene. Uniform denudation occurred therefore during a period of relative quiescence, which is following the active tectonics that marked the late Early Cretaceousmiddle Eocene period. AFT ages, generally older in the northeastern central Patagonian foreland, are consistent with a sediment contribution from the erosion of the intraplate belt at these latitudes from the late Eocene to the Miocene. This study constrains the timing and rates of the postorogenic cooling along the central Patagonian Andes, thus contributing new insights on a period of tectonic quiescence poorly studied.4.2 IntroductionThe modern Andean retroarc foreland basin system represents an elongated trough on the eastern side of the Andean Cordillera (e.g.DeCelles and Giles, 1996; Jordan et al., 1983). The Andean foreland basins record the inception of topographic growth and exhumation phases of the belt from the Northern Andes to the Patagonian Andes (e.g. DeCelles andHorton, 2003; Folguera et al., 2015; Horton, 2018b; Louterbach et al., 2018; Nie et al., 2012; Parra et al., 2012; Roddaz et al., 2010; Romans et al., 2010). It is now accepted that deformation along the Patagonian Andes resulted from fluctuations in slab dynamics, mostly from flat to steep subductions (e.g.Horton, 2018a). Indeed, flat or shallow subduction resulted in a significant coupling between plates evidenced by the shortening along the Andes and coeval growth of an intraplate belt called in Patagonia the 'Patagonian Broken Foreland'[START_REF] Savignano | Un) Coupled thrust beltforeland deformation in the northern Patagonian Andes: New insights from the EsquelGastre sector (41° 30′-43° S)[END_REF]. These processes may have strongly influenced the vertical rock motion along the chain and caused tectonic deformations that may have exerted strong changes in the sourcing to the foreland area.

Figure 4 . 1 -

 41 Figure 4.1 -Published apatite (UTh)/He (AHe) and apatite fissiontrack (AFT) plotted on a simplified topography and tectonic map of the Patagonia (41 -50°S; Fernández et al., 2020; Georgieva et al., 2016; Guillaume et al., 2013; Savignano et al., 2016; Thomson et al., 2010, 2001). Areas surrounded by dotted black lines outline the intraplate reliefs belonging to the Patagonian Broken Foreland. White circle indicates the present position of the Chile Triple Junction (Breitsprecher and Thorkelson, 2009). Compilation of thermochronology data from all tectonic domains of the Patagonia plotted by latitudes: north Patagonia (41 -44°S), central Patagonia (44 -47°S) and austral Patagonia (47 -49°S).

  current geodynamic configuration of central Patagonia is governed by the subduction of the Nazca and Antarctic plates beneath the South American plate (Figure 4.1 and Figure 4.2). The central Patagonia (44 -48 °S) corresponds to the transitional zone between the north and the austral Patagonia.
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 42 Figure 4.2 -Geological map of the Central Patagonian Andes. Black squares correspond to main localities. Co: Coyhaique. CR: Comodora Rivadavia. GG: Gobernadore Gregores. PD: Puerto Deseado. PM: Perito Moreno. Sa: Sarmiento. In blue BAGC: Buenos Aires -General Carrera lake, M: Musters lake, CH: ColhuéHuapi lake. Yellow stars indicate sample location. Geological units are described in the legend(Anselmi et al., 2004b; Ardolino et al., 2003; Cobos et al., 2003; Dal Molin, 1998; Escosteguy et al., 2003; Giacosa et al., 2001a; Giacosa and Genini, 1998; Lizuain et al., 1995; Panza et al., 2018, 2003, 2001a, 2001b, 1998, 1994; Panza and Márquez, 1994; Pezzuchi, 2018; Sciutto et al., 2008, 2000).
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 4 3; Barreda and Bellosi, 2014; Bellosi, 2010; Bellosi et al., 2002; Paredes et al., 2015).Several marine transgressions from the Atlantic Ocean flooded most of the foreland and reached the present Patagonian Andes during the Miocene(Bechis et al., 2014; Encinas et al., 2019, 2018; Malumian and Nanez, 2011; Ramos, 1982). The marine deposits are gathered into different units depending mostly on their location and their age: i) the Chenque Formation in the San Jorge Basin assigned to 86Sr/87Sr ages of 19.6 to 15.3 Ma(Cuitiño et al., 2015b) is limited to the west by the San Bernardo FTB; ii) the late Oligocene San Julián Formation and the early Miocene Monte León Formation (22.12 -17.91 Ma) surrounding the Deseado Massif[START_REF] Parras | Srisotope chronostratigraphy of Paleogene-Neogene marine deposits: Austral Basin, southern Patagonia (Argentina)[END_REF]; iii) the Guadal Formation (Centinella Formation in Argentina), or El Chacay Formation to the south, representing the westernmost deposits of this Atlantic transgression (~19 Ma;Cuitiño et al., 2015a). All these ages have been obtained

Figure 4 . 3 -

 43 Figure 4.3 -Chronological table for the central Patagonia between 45 and 48°S depicting plate convergence variations[START_REF] Maloney | The Late Jurassic to present evolution of the Andean margin: Drivers and the geological record[END_REF], slab window events (CTJ for Chile Triple Junction;[START_REF] Breitsprecher | Neogene kinematic history of Nazca-Antarctic-Phoenix slab windows beneath Patagonia and the Antarctic Peninsula[END_REF] Thorkelson, 2009; Maloney et al., 2013), stratigraphic log indicating diverse formations found north and south of the San Jorge Gulf Basin (e.g.Gianni et al., 2015a), deformation mode along the Andean Cordillera and its foreland (e.g.Horton, 2018b) and volcanic input variations considering formations and distance from the magmatic arc(Foix et al., 2020 and references therein). The central panel is a sketch of the complex tectonic setting in the area during Late Cretaceous(Gianni et al., 2015a); DM: Deseado Massif, RMS: Rio Mayo Subbasin, SBFTB: San Bernardo Fold and Thrust Belt, SJGB: San Jorge Gulf Basin. Stars indicate the different formations sampled in this study: yellow stars for samples analyzed only with AFT method and red stars for samples analyzed both with AFT and apatite UPb dating methods.

  4.4A). Cenozoic samples represent different sedimentary successions spanning from middle Eocene to upper Miocene: the Sarmiento Formation, the Chenque Formation (Figure 4.4B, Figure 4.4C and Figure 4.4D), the Santa Cruz Formation (Figure 4.4E) and the Rio Mayo Formation (Figure 4.4F). These samples give the chance to investigate the evolution of the chain during a ~40 m.y. period. Detrital apatite fission tracks (AFT) thermochronology was applied to all the sandstones whereas apatite UPb geochronology was limited to five selected samples from different sedimentary formations. All detrital samples were processed to extract apatite crystals by standard mineral separation techniques given by crushing, magnetic separator and heavy liquids (sodium metatungstate and methylene iodide with a density of 2.89 g.mL 1 ).

Figure 4 . 4

 44 Figure 4.4 Pictures of sedimentary formations sampled for this study: Cretaceous deposits of the Chubut Group (A), OligoMiocene marine deposits of the Chenque Formation and equivalents (B, C and D), Miocene strata of the Santa Cruz Formation (E), late Miocene Rio Mayo Formation (F).

Fiftythree

  apatite grains belonging to the AFT P1 component, described below, from four samples (MG4, MG12, MG49 and MG54) and from one Cretaceous sample (MG20) were analyzed at the University of Perugia (Italy) with a quadrupole inductively coupled plasma mass spectrometry (LAICP MS quad). Considering the generally small size of the apatites, one ablation spot of 30 µm diameter laser per crystal was sufficient, except for few bigger grains for which two ablations have been done. Fission track mounts used for AFT thermochronology analysis were prepared for UPb analysis together with standard mounts of Madagascar (to correct elemental mass fractionation) and of McClure Mountains

Figure 4 . 5 -

 45 Figure4.5 -Radial plots of singlegrain AFT ages arranged according to the different sedimentary formations sampled for this study. Cretaceous samples from the Chubut Group clearly evidence a partial annealing of AFT data while Cenozoic samples show that no late heating affected those samples. Ages of deposition from[START_REF] Cucchi | UPb geochronology of the Santa Cruz Formation (early Miocene) at the Río Bote and Río Santa Cruz (southernmost Patagonia, Argentina): Implications for the correlation of fossil vertebrate localities[END_REF], 2015b, 2015a; De Iuliis et al., 2008; Parras et al., 2012. 

Figure 4 . 6 -

 46 Figure 4.6 -Apatite UPb results. In red all the data with a robust Cretaceous age, in blue with the younger population detected. From left to right are the TeraWasserburg plot, the radial plot and the Kernel density plot.

(

  MG13 and MG14) (Figure 4.8A). This analysis shows therefore that OligoMiocene samples may have had the same source(s) while the deposits from the Sarmiento Formation are clearly different and probably derive from a different source. The 'Shepard plot' (Figure 4.8B) displays a linear array which illustrates the good fit of our data in this nonmetric configuration. Similarity of the OligoMiocene data, with the only exception of sample MG45, is also shown by the lag time plot realized for the P1 component (Figure 4.9), in which lag time is ranging from 10 to 20 m.y. The proximity of the data plotted on the lag time demonstrates a similar source for those samples.

Figure 4 . 7

 47 Figure 4.7 Thin sections photomicrographs to illustrate the high volcanic content in all the formations (V: basic to acidic volcanic lithic grain). Metamorphic, plutonic and sediments clasts are rare (Q: monocrystalline quartz with patches and healed fractures typic of plutonic rocks). A. Sample MG1 (Eocene) with V, Q, Ol: olivine, Px: pyroxene (mainly augite). B. MG9 (Albian) with V, Q, M: micas (mainly deformed biotites). C. MG14 (lower Miocene) with altered V.

Figure 4

 4 Figure 4.8 -A. MDS diagram for no reset samples indicates a clear difference between deposits from the Sarmiento Formation and younger OligoMiocene deposits. The SircombeHazelton distance was used to take in account the analytical uncertainties in the analysis. B. Goodness of fit of the MDS plot (Shepard plot).
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  aims to understand the thermal evolution of the central segment of the Patagonian Broken Foreland, called the San Bernardo Fold and Thrust Belt (FTB) (Figure 5.1A). This intraplate belt, characterized by wide asymmetrical anticlines associated with WNW -ESE striking normal faults and NNE -SSW inverted normal faults, was built by several contraction episodes. The earliest compressive stage is recorded during the late Early Cretaceous and may have been sustained until the middle Eocene as evidenced by the synorogenic character of the Cretaceousmiddle Eocene sedimentary formations exposed across the San
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 51 Figure 5.1 -Geological map of the southern San Bernardo FoldThrust Belt showing KAr ages ( 1 Sinito, 1980; 2 Linares et al., 1989; 3 Bruni et al., 2008; this study) on basalt units. Geological units from Pezzuchi (2018) and Sciutto et al. (2008). Principal structures from Homovc et al. (1995). Crosssections (B and

(

  2020). Samples indicated on crosssections correspond to projection of the real location of sampling sites (15 kilometers maximum with sample MG7). Red squares correspond to places were pictures of tilted Oligo-Miocene Buen Pasto basalts (D and E) and Pliocene Cerro Grande basalts (F) have been taken.

Four

  Cretaceous tuffaceous sandstones were collected for apatite fission tracks and (UTh Sm)/He analysis in the southwestern San Bernardo FTB (MG7, MG9, MG17 and MG20; Figure 5.1A) in diverse formations of the Chubut Group, i.e. the Aptian Matasiete Formation, the Aptian -Albian Castillo Formation and the Cenomanian -Maastrichtian Bajo Grande Formation (Figure 5.2A). Geographic location and stratigraphic age of the detrital samples are detailed in Table 1. In addition, two basalts were collected in this area for KAr dating: a tilted basalt MG18 (69.4250 °W, 45.0682 °S, 739 m) sampled in the Buen Pasto basalts and a basaltic dike MG21 (69.7130 °W, 45.4616 °S, 582 m) associated to the Cerro Grande basalts.

  Figure 5.2A) and indicate a post depositional resetting. Although no correlation appears between AHe dates and eU content, correlation is recognized to some extent between AHe dates and Rs size (Figure 5.2B).
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 52 Figure 5.2 -A. Comparison of apatite FT and (UThSm)/He ages with deposition ages for the samples collected in the Chubut Group. B. Diagrams representing AHe data (eU/AHe age, Rs/AHe age and depositional age / Th/U). The effective Uranium content being eU=U+0.234Th+0.0046Sm. C. Radial plots with IsoplotR (Vermeesch, 2018) for singlegrain AFT ages which evidence partial reset of the data.
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 53 Figure 5.3 -Inverse modeling evidencing late Oligocene heating and early Miocene cooling for all the samples. Each line represents the bestfit model (in bold) and the uncertainties. Dotted rectangles show the constraints used for the models as the deposition time (in bold) or the initial high temperatures. Below, observed vs predicted ages plots for all the samples.
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Figure 6 . 1 .

 61 Figure 6.1. Map of South America with red area delimiting the current slab window extended below the austral Patagonia and location of map B. B. Structural map of the central Patagonian Andes (44 -48 °S) which evidences the position of the LiquiñeOfqui Fault Zone (LOFZ). Location of detrital (white stars) samples, with zircon and apatite fission tracks (ZFT and AFT, respectively) and apatite (UThSm)/He (AHe) ages (from Guillaume et al.,2013; Thomson, 2002; Thomson et al., 2010, 2001).

Figure 6 . 2 .

 62 Figure 6.2. Satellite view of the studied areas with available insitu (from Thomson et al., 2001, 2010; Thomson, 2002; Guillaume et al., 2013; this study) and detrital (this study) thermochronology data, contour of the studied watersheds with geomorphic data. A. Catchment MG29 with a modern glacier. B. Catchments MG27 and MG28 with sample MG31 in an area possibly affected by a fault related to the LOFZ. C. Catchments CN4, MG32 and MG34 with sample MG33. Clear distinction appear from insitu thermochronology data with Miocene ages for apatites thermochronometers toward the inner part of the Cordillera and older ages toward the eastern foreland.

Figure 6

 6 Figure 6.3. Satellite view of the studied areas with available insitu (from Thomson et al., 2001, 2010; Thomson, 2002; Guillaume et al., 2013) and detrital (this study) thermochronology data, contour of the studied watersheds with geomorphic data. A. Catchments MG35 and MG36 separated by a fault related to the LOFZ. B. Catchments MG38 close to the Cerro San Lorenzo summit and MG40, located on both sides of an existing vertical profile.
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 65 Figure 6.5. Hypsometric curves of the watersheds with convex shape indicating a system recently deformed and concave shape corresponding to old deformation stage.

Figure 6

 6 Figure 6.6. Present day distribution of elevation (ASTER 30 m), or hypsometry, in the selected catchments. The black line is a running mean, and the green line is the cumulative distribution of elevation.

Figure 6

 6 Figure 6.7. Comparison of Figures4 and 5with elevation (in blue and black) and PDF (in red) data to evidence watersheds with a uniform erosion (graphs with elevation and PDF peak superimposed) or not (mismatch between the elevation and the PDF peaks). Here, some samples show a good match between the peaks (e.g. MG32) and some others are displaced (e.g. MG35).

  from modern detrital data following the protocol used in[START_REF] Gallagher | A new approach to thermal history modelling with detrital low temperature thermochronological data[END_REF]. Thus, input data used in this study are a detrital data set (apatite fission tracks only) and the presentday distribution of the elevation into the catchment. Minimum and maximum elevations used as input are similar to those of the hypsometric curve and allow to define the temperature offset parameter. Dummy files with diverse elevations are generated automatically by QTQt to predict vertical profiles, similarly to a sampling. Constraints used were a general prior temperature of 110 ± 110°C and a geothermal gradient of 30 ± 30°C/km with the temperature offset allowed to vary over time.As the models are only constrained by the AFT ages and the hypsometry, ageelevation relations obtained are mostly linear, with different steepness (Figure6.8). The steepest ageelevation profile is quite similar for the catchments MG28, MG29 and MG40 (Figure6.10A). Intermediate steepness defines the ageelevation profiles of the catchments MG27, MG32, MG34, MG35, MG36 and MG38 while the catchment CN4 is characterized by the less steep slope (Figure6.10A). Similarly, the Tt paths present similar faster cooling trend at low temperatures for catchments MG27 and MG28, MG35 and MG40, and slower cooling for MG27, MG34, MG36 and MG38, and finally MG32 and CN4 display the most progressive cooling (Figure6.9 Figure6.10B). However, none of these Tt paths evidences any significant cooling during the Miocene while a substantial exhumation is recognized during this period in central Patagonia.

Figure 6

 6 Figure 6.8. Ageelevation plot for the samples obtained by inverse modeling with the QTQt software. For most of the samples, the ageelevation relation observed is linear.

Figure 6

 6 Figure6.9. Inferred thermal history (QTQt software) from the detrital sample at the outlet of the selected catchments. The blue and red lines indicate the thermal histories for the uppermost and lowermost elevation bedrock samples with a 95% credible range defined by light blue and pink lines, respectively. The yellow lines are the thermal histories for dummy samples and the red box is the prior distribution for timetemperature points.

Figure 6 .

 6 Figure 6.10. Superposition of ageelevation (A) and Tt paths (B) for all the samples. Each parallel line on the graph B represent the uppermost and lowermost elevation bedrock samples and each intermediary dummy files.

Figure 6 .

 6 Figure 6.11. Prediction plot of detrital AFT age using the thermal history obtained by inverse modeling with the QTQt software. Histogram and light blue line represent the observed detrital AFT ages while the predicted distribution for thermal history is represented by the darker blue line. The black line is the average of the predicted detrital distributions for all accepted thermal histories.

  The upper knickpoints delimit sudden change in channel slope and steepness index from the steep upper slopes to less abrupt slopes. This is bounded downstream by few knickpoints representing a progressive incision to the valley in response to change in uplift rate or fault activity into the watersheds(Kirby and Whipple, 2001; Stock and Montgomery, 1999; Wobus et al., 2006), or the effect of glaciers.

  suggest significant variations of denudation across the catchments of the central Patagonian Andes related to the activity of faults, the presence of glaciers ant the effects of deep geodynamic processes as the asthenospheric slab window. About the latter, opened south of the Chile Triple Junction, progressive cooling has been observed with a quite young central cooling age which may correspond to the dynamic topography support recognized in this sector. To the north, catchments affected by the activity of LiquiñeOfqui Fault Zone present a rapid cooling in recent times with a nonuniform denudation while other catchments, mainly located to the east, display the slowest cooling and uniform erosion that we can relate to a thermal steadystate. Thus, catchments underwent a differential uplift along the central Patagonian Andes which is enhanced by focused erosion and storage of sediments locally associated to diverse factors identified with the hypsometry and the geomorphic data. Therefore, our results highlight the relevance of combining detrital sampling and hypsometry to constrain denudation and thermal histories regionally as well as the impact of numerous climatic, tectonic or deeper mechanical factors.6.8 AcknowledgmentsFunding for this work was provided by the University of Padova (Progetto di Ateneo 2015, CPDA158355). S. Boesso and L. di Tauro are thanked for samples preparation.CHAPTER 7 GENERAL DISCUSSION AND CONCLUSIONSThe principal aim of this thesis was to address the MesoCenozoic thermal history of the north central Patagonian Andes and its broken foreland (40 -48°S) to better understand the relationships between the denudation processes and the geodynamic evolution. The primary regional focus of this investigation was the north Patagonia (40 -44°S) and its eastern broken foreland as basement and Jurassic sedimentary units are widely exposed. Therefore, the north Patagonian foreland has a great potential to record thermal phases associated either with burial or exhumation. Indeed, the north Patagonian foreland may have been affected by a significant exhumation during the Cretaceous or the Miocene that has been potentially recorded by lowtemperature thermochronometers. The central Patagonian foreland depocenters (44 -48 °S) and intraplate belt were then explored through detrital apatite doubledating (fissiontracks and UPb analysis) as the Cretaceous -Cenozoic cover gives the opportunity to investigate the sourcetosink evolution in the last 60 m.y. A particular emphasis was given to the San Bernardo Fold and Thrust Belt (FTB) where Cretaceous deposits are locally exposed and may record the signature of possible Cenozoic tectonic activity. Lastly, modern detrital samples were collected at the outlet of catchments located along the central Patagonian Andes in order to examine the denudation pattern. As sampling along vertical profiles is particularly complicated in this region, detrital data from modern rivers may be particularly helpful in the quantification of denudation rates.7.1 Cretaceous -Paleogene unroofing of the Patagonian Andes and its foreland

  100 °C, corresponding approximately to the upper 1 -3 km of the crust. As a general pattern, the AHe data mimic the AFT cooling ages except for few younger AHe ages identified in the foreland, especially in the southern San Bernardo FTB (chapter 5). These AHe data may have been strongly affected by heating related to the widespread intraplate volcanism active during the OligoMiocene (e.g. Buen Pasto Formation in the central Patagonian foreland, Somuncura Plateau in the north Patagonian foreland, El Maitén Belt close to the north Patagonian Precordillera). Despite the complexity of the broken foreland history, the overall picture given by the thermochronological ages suggests that the main episode of mountain building along the northcentral Patagonian Cordillera and its broken foreland belt occurred from the late Early Cretaceous to the early Paleogene, which is coeval with a slab shallowing episode (Figure7.1D

  30 Ma was related to postshortening denudation processes after the establishment of more or less high reliefs along the Patagonian Cordillera. The lag time obtained evidences a significant unroofing of 2 -4 km of the central Patagonian Cordillera between the Oligocene and the late Miocene. The denudation of the Cordillera is well testified by the derived detritus that were transported all across the foreland. The wide distribution of the similar deposits identified in this study evidences the absence of a relevant topographic barrier related to the flexure of the lithospheric plate in response to orogenic loading (forebulge; DeCelles and Giles, 1996). As the forebulge is missing during tectonic unloading cycle[START_REF] Catuneanu | Interplay of static loads and subduction dynamics in foreland basins: Reciprocal stratigraphies and the "missing" peripheral bulge[END_REF], the absence of forebulge in the central Patagonia during late Eocene to early Miocene is consistent with the quiescence stage recognized.

Figure 7

 7 Figure 7.1 -A. Topographic map of the northcentral Patagonia with all the AFT results obtained for all the samples analyzed. Following sketches were modified from Savignano et al., 2016. B. Exhumation focused along the Cordillera during late Neogene due to the increase of convergence rates and obliquity associated with a moderate increase of the coupling. C. Steadystate erosion of the reliefs during a tectonic quiescence phase. D. Main deformation of Patagonia during Cretaceous -Paleogene due to strong interplate coupling related to shallow slab episode. B, C and D have been modified from Savignano et al., 2016.

  must have been negligible in terms of vertical displacements and exhumation. On the other hand, we relate the substantial Miocene exhumation clearly defined along the Patagonian Cordillera with the renewal of shortening. This phase may have been controlled by the reorganization of plate kinematics after the break up of the Farallon Plate ~23 Ma, which caused the convergence to become oblique (Figure7.1B;Lonsdale, 2005; Maloney et al., 2013). Thrusts and faults activity had a significant impact on the denudation of the northcentral Patagonian Cordillera as demonstrated by the thermochronological data from modern outlet samples collected around the LiquiñeOfqui Fault Zone (chapter 6). Indeed, catchments explored on both side of this strikeslip fault zone indicate clearly that the catchment affected by these faults display a younger AFT cooling ages that we related to a recent Miocene exhumation. South of the LiquiñeOfqui Fault Zone, this recent exhumation, also recorded by our detrital data, is most likely associated with the opening of a slab window below the South American Plate, as evidenced by (e.g.)[START_REF] Guillaume | Dynamic topography control on Patagonian relief evolution as inferred from low temperature thermochronology[END_REF]. wedge theory in PatagoniaThe episodic propagation of the deformational front to the foreland and the continuous exhumation of the Cordillera through time bring us to consider the northcentral Patagonia tectonic

Figure 1a :

 1a Figure 1a: Thermal history results from QTQt (samples G01 to G22).

Figure 1b :

 1b Figure 1b: Thermal history results from QTQt (from samples G30 to G54).

Figure 1 .

 1 Figure 1. Stratigraphic log of the Deseado Massif (modified after Jovic, 2009).

Figure 3 .

 3 Figure 3. Geological map of the Deseado Massif with Chon Aike ages from Creer et al. (1972) and samples location. Topographic profile below with Chon Aike ages plotted.

Figure 5 .

 5 Figure 5. Corrected AHe ages for samples collected in La Leona Formation over Ca content. Detrital thermochronology

Figure 6 .

 6 Figure 6. Thermal model for the detrital sample MG52 (Bajo Grande Formation).

Figure 7 .

 7 Figure 7. Thermal model and prediction plot for the sample G24 taking in account both AFT and AHe ages.

Figure 9 .

 9 Figure 9. Synthetic thermal model with summary of magmatic and tectonic events.

  

  

  

  

  

  

  

  

  

  

  

  

TABLE 2 .

 2 1. SAMPLE INFORMATION.

	Sample	Lat.	Long.	Elev. (m)	Formation	Lithology	Stratigraphic age	AFT	MTL	AHe	UPb	KAr

  . It expands from the original DRS by calculating 207 Pb⁄ 206 Pb ages and common Pb corrections for each timeslice of raw data.

207 

Pb correction is applied on standard reference material (e.g. Madagascar and McClure mountain apatites,

Thomson et al., 2012; Figure 2.13A and 2.13B) 

as this correction assumes that UPb (radiogenic component) data are concordant.

204 

Pb correction can also be applied only for instruments able to measure 204 Pb precisely (MCICPMS or IDTIMS but not quadrupole ICPMS), and 208 Pb correction is suited for UPb dating of accessory minerals as rutile. This correction is useful to solve the problem of elemental fractionation induced by the laser ablation and to correct common Pb on the standard, and by extension to unknown samples. Correction is then applied for all the samples and finally monitored on inverse (TeraWasserburg) concordia diagram (in IsoplotR;

[START_REF] Vermeesch | IsoplotR: A free and open toolbox for geochronology[END_REF] 

and different plots to verify the reliability of the age(s) obtained (Figure

2

.13C, Figure

2

.13D and Figure

2

.13E). This late correction is applied first on the standard to verify if the lower intercept age obtained is accurate.

TABLE 3 .

 3 1. SUMMARY OF SAMPLE INFORMATION AND APATITE FISSION TRACKS DATA

			Field*			Geology						AFT ages						AFT length
	Samples †	Latitude Longitude	Elev. (m)	Lithology	Formation	Stratigraphic age	AFT (Ma)	σ	Ns	ρs	Ni	ρi	Nd	ρD	P(χ²)	MTL (µm)	σ	n° Dpar
	G01	-42.1928 -69.1656	1134	granite	Lipetren	Triassic	96.3 6.4 400 5.90 822 12.12 11.56 93.29		
	G02	-42.2658 -69.4086	929	granite	Mamil Choique	Permian	68	5.2 268 5.15 775 14.89 11.46 99.68 12.86 0.18 80 1.88
	G04	-42.3878 -69.5219	997	granite	Mamil Choique	Permian	87.3 4.3 867 10.86 1938 24.27 11.39 98.3 11.95 0.23 66 1.81
	G05	-42.3694 -69.6292	963	conglomerate Cañadon Asfalto Upper Jurassic 108.2 11.2 155 4.15 282 7.55 11.51 96.7		
	G06	-42.4444 -68.7803	1150	arkose	Cañadon Asfalto Upper Jurassic 109.2 7.8 352 3.23 625 5.73 11.34 100		
	G07	-42.5597 -69.0039	1070	granite	Mamil Choique Lower Permian 154.4	6	2211 39.86 2832 51.05 11.6 99.9 12.47 0.13 100 1.88
	G08	-42.5639 -69.0042	1043	granite	Mamil Choique Lower Permian 74.1	4	643 12.01 1670 31.20 11.22 73.5 12.11 0.23 92 2.33
	G09	-42.4131 -69.7822	995	arkose	Cañadon Asfalto Upper Jurassic 99.9 5.6 602 5.81 1152 11.11 11.17	91	12.02 0.27 56 2.39
	G10	-42.0953	69.7749	1060	granite	Mamil Choique Lower Permian											
	G11	-42.3114 -70.0367	999	dyke (granite) Mamil Choique Lower Permian											
	G12	-42.0353 -70.2992	976	granite	Mamil Choique Lower Permian 112	6	710 11.24 1192 18.87		11	88.66		
	G13	-42.3736 -69.6039	973	sandstone	Cañadon Asfalto Upper Jurassic	95	4.8 1475 15.71 2904 30.93 10.94	63	11.73 0.19 61 1.90
	G14	-42.4253 -68.8347	1177	sandstone	Cañadon Asfalto Upper Jurassic 112.6 8.6 1184 13.84 2001 23.40 10.89 92.78		
	G15	-42.5861 -68.8128	1103	granite	Mamil Choique Lower Permian 87.1	9	147 3.19 313 6.80 10.83	99		
	G17	-41.7119 -69.6192	1275	granite	Mamil Choique Lower Permian 73.6 3.7 718 13.20 1794 32.99 10.72 99.55 12.70 0.16 94 1.67
	G18	-42.9306 -71.2606	617	granite	Subcordilleran Plutonic Belt	Lower Jurassic											
	G19	-42.8064 -71.6608	576	granite	Patagonian Batholith	Upper Cretaceous											
	G20	-42.3847 -71.2453	663	granite	Leleque	Upper Jurassic											
	G21	-42.1672 -71.3572	616	granodiorite	Subcordilleran Plutonic Belt	Lower Jurassic	11.5 1.3	92	2.08 1464 33.06 10.6	100		
	G22	-42.0303 -71.5761	275	granite	Patagonian Batholith	Upper Cretaceous	14.8 1.3 162 3.14 1995 38.47 10.55 36.74		

TABLE 3 .

 3 2. APATITE (U-TH)/HE SINGLE-GRAIN DATA.

	Samples	Lat. (°S)	Long. (°W)	Elev. (m)	Weight (µg)	Rs (µm)	FT	4 He (ncc/g)	U (ppm) (ppm) (ppm) Th Sm Th/U	eU (ppm)	AHe age Corrected Error (Ma) age (Ma) (Ma)
	G01B	-42.1928 -69.1656 1134.00 1.70 38.00 0.64 481259.60	91	31	151 0.30	98	40.00	62.10	5.60
	G02B	-42.2658 -69.4086 929.00	1.80 41.00 0.72 159254.40	18	59	82	3.30	32	40.60	56.50	5.10
	G02C	-42.2658 -69.4086 929.00	0.90 35.00 0.66	70897.90	9	20	486 2.20	14	33.00	49.90	4.50
	G04A	-42.3878 -69.5219 997.00	3.80 53.00 0.79 204917.20	21	22	66	1.00	27	62.70	79.90	7.20
	G04B	-42.3878 -69.5219 997.00	1.40 41.00 0.71 257276.90	32	33	97	1.00	40	51.90	73.60	6.60
	G04C	-42.3878 -69.5219 997.00	1.60 44.00 0.68 729467.20	83	96	17	1.20 105	57.30	83.80	7.50
	G05C	-42.3694 -69.6292 963.00	1.80 46.00 0.75 116142.70	43	20	65	0.50	47	20.10	26.90	2.40
	G06C	-42.4444 -68.7803 1150.00 3.50 55.00 0.78	70495.90	22	19	66	0.90	27	21.60	27.70	2.50
	G07A	-42.5597 -69.0039 1070.00 2.60 52.00 0.73 1256944.80	134	3	152 0.00 135	76.50	104.60	9.40
	G07C	-42.5597 -69.0039 1070.00 3.40 55.00 0.75 1587006.90	159	9	66	0.10 161	81.40	109.20	9.80
	G08A	-42.5639 -69.0042 1043.00 1.90 39.00 0.69 113056.00	15	8	133 0.50	17	51.40	74.50	6.70
	G09A	-42.4131 -69.7822 995.00	0.50 32.00 0.57 260075.30	33	89	933 2.70	54	35.10	61.40	5.50
	G09B	-42.4131 -69.7822 995.00	0.90 33.00 0.63 124150.00	19	50	141 2.70	31	32.30	51.60	4.60
	G09C	-42.4131 -69.7822 995.00	1.60 43.00 0.68 149903.50	19	67	58	3.40	36	34.60	51.10	4.60
	G10B	-42.0953 69.7749 1060.00 8.80 77.00 0.85 172830.10	17	6	29	0.30	19	75.10	88.70	8.00
	G10C	-42.0953 69.7749 1060.00 4.50 60.00 0.79 163455.50	18	7	83	0.40	19	67.60	85.20	7.70
	G11B	-42.3114 -70.0367 999.00	1.30 38.00 0.69	89896.40	17	22	98	1.20	23	31.80	46.40	4.20
	G11C	-42.3114 -70.0367 999.00	1.60 43.00 0.72	40621.00	8	3	114 0.40	9	34.10	47.50	4.30
	G12A	-42.0353 -70.2992 976.00	3.90 53.00 0.78 170929.50	15	17	104 1.10	19	71.40	91.20	8.20
	G12B	-42.0353 -70.2992 976.00	3.30 52.00 0.76 348509.60	50	13	159 0.30	53	53.30	70.20	6.30
	G13B	-42.3736 -69.6039 973.00	3.90 58.00 0.80 239706.70	27	40	51	1.50	37	53.30	66.80	6.00
	G13C	-42.3736 -69.6039 973.00	7.00 70.00 0.82	28134.20	3	15	79	4.40	7	30.00	36.40	3.30
	G14A	-42.4253 -68.8347 1177.00 3.90 58.00 0.79 291854.30	35	83	61	2.40	56	43.30	55.00	4.90
	G14C	-42.4253 -68.8347 1177.00 4.10 54.00 0.77 357806.40	64	74	89	1.20	82	36.10	46.90	4.20
	G15B	-42.5861 -68.8128 1103.00 4.10 41.00 0.77	26296.80	3	11	52	4.30	5	39.20	51.00	4.60
	G15C	-42.5861 -68.8128 1103.00 1.60 45.00 0.69	65107.30	5	23	135 4.30	11	44.90	65.40	5.90
	G17C	-41.7119 -69.6192 1275.00 1.10 35.00 0.65 206061.00	25	13	126 0.50	28	58.10	88.90	8.00
	G18B	-42.9306 -71.2606 617.00	2.50 47.00 0.73	42608.50	103	83	208 0.80 123	2.80	3.90	0.40
	G19B	-42.8064 -71.6608 576.00	1.80 42.00 0.71	20037.80	26	95	249 3.60	49	3.30	4.60	0.40
	G19C	-42.8064 -71.6608 576.00	1.30 39.00 0.69	11635.10	53	61	236 1.10	68	1.40	2.00	0.20
	G20A	-42.3847 -71.2453 663.00	1.50 42.00 0.67	20451.30	11	50	164 4.70	23	7.20	10.60	1.00
	G20B	-42.3847 -71.2453 663.00	0.90 36.00 0.68	12081.70	13	33	140 2.50	21	4.50	6.70	0.60
	G20C	-42.3847 -71.2453 663.00	3.30 51.00 0.73	5681.20	6	24	85	3.80	12	3.70	5.00	0.50
	G21A	-42.1672 -71.3572 616.00	0.90 20.00 0.61	41763.50	51	25	152 0.50	57	5.90	9.80	0.90
	G21B	-42.1672 -71.3572 616.00	1.10 37.00 0.64	32364.80	38	30	237 0.80	45	5.80	9.10	0.80
	G21C	-42.1672 -71.3572 616.00	1.90 44.00 0.73	16467.80	23	14	79	0.60	26	5.10	7.00	0.60
	G22B	-42.0303 -71.5761 275.00	1.50 45.00 0.69	33055.70	84	185	70	2.20 129	2.10	3.10	0.30
	G22C	-42.0303 -71.5761 275.00	2.00 46.00 0.73	19459.80	45	109	127 2.40	71	2.20	3.10	0.30
	G30A	-43.7439 -69.8186 670.00 12.37 78.30 0.85 126233.00	4	39	76	9.10	14	73.40	85.90	0.70
	G30B	-43.7439 -69.8186 670.00	3.58 55.60 0.78 145207.00	6	48	209 8.20	18	63.00	80.70	0.60
	G30C	-43.7439 -69.8186 670.00	8.72 71.60 0.82 178090.00	6	50	107 9.20	18	81.20	98.80	0.80
	G31A	-43.6650 -70.0839 825.00	5.46 59.00 0.79	0.00	8	21	131 2.50	14	52.30	66.40	5.30
	G31C	-43.6650 -70.0839 825.00	2.95 43.20 0.68	0.00	11	45	102 4.30	21	45.20	66.40	5.30
	G31D	-43.6650 -70.0839 825.00	5.25 56.40 0.75	0.00	5	32	91	6.40	13	41.40	55.20	4.40
	G35A	-43.3244 -70.8961 875.00	4.23 46.70 0.72	22167.00	5	18	80	3.40	10	17.50	24.30	1.90
	G35B	-43.3244 -70.8961 875.00	5.64 52.40 0.75	14432.00	4	14	51	3.20	8	15.10	20.10	1.60
	G37A	-43.5250 -71.5181 473.00	0.54 27.80 0.56 141653.00	6	44	422 8.00	16	60.00	106.80	8.50
	G37B	-43.5250 -71.5181 473.00	0.67 28.30 0.60 149258.00	9	31	343 3.50	17	64.40	107.80	8.60
	G38A	-41.8508 -71.4219 627.00	1.62 37.40 0.68	27338.00	30	31	90	1.00	37	6.00	8.80	0.70
	G38B	-41.8508 -71.4219 627.00	1.65 39.40 0.68	35968.00	35	49	92	1.40	46	6.40	9.40	0.80
	G38C	-41.8508 -71.4219 627.00	2.77 50.50 0.72	16316.00	25	39	93	1.60	34	3.90	5.40	0.40
	G39A	-41.5564 -71.4806 731.00	0.76 30.30 0.59	39981.00	6	12	242 2.10	9	31.60	53.70	0.30
	G39B	-41.5564 -71.4806 731.00	0.76 26.20 0.59	35918.00	6	17	303 2.90	10	23.80	40.50	0.20
	G39C	-41.5564 -71.4806 731.00	0.36 25.00 0.53 115956.00	15	31	601 2.00	23	35.30	66.20	0.40
	G40A	-40.3447 -71.5064 898.00	0.92 33.70 0.64	13772.00	22	59	55	2.70	36	3.20	5.00	0.40
	G40B	-40.3447 -71.5064 898.00	0.60 29.80 0.60	32916.00	23	62	95	2.60	38	7.00	11.80	0.90
	G41A	-41.1061 -71.4831 849.00	0.85 31.40 0.65 103534.00	60	43	177 0.70	70	12.00	18.50	0.10
	G41B	-41.1061 -71.4831 849.00	2.80 48.70 0.78 139480.00	52	47	143 0.90	63	18.00	23.20	0.20
	G41C	-41.1061 -71.4831 849.00	0.60 28.60 0.57 133871.00	94	68	226 0.70 110	9.90	17.30	0.10
	G44B	-41.2089 -70.1667 999.00	2.26 44.80 0.69	63247.00	9	1	95	0.10	9	53.10	77.10	6.20
	G44C	-41.2089 -70.1667 999.00	3.63 50.40 0.72 303657.00	35	41	123 1.20	45	55.40	76.70	6.10
	G48A	-40.8936 -71.4950 805.00	1.79 42.80 0.68	22054.00	34	57	177 1.70	48	3.70	5.50	0.40
	G48B	-40.8936 -71.4950 805.00	2.91 50.30 0.75	23517.00	31	51	136 1.60	44	4.40	5.80	0.50
	G48C	-40.8936 -71.4950 805.00	2.48 46.50 0.73	18720.00	19	38	130 1.90	28	5.30	7.30	0.60
	G49A	-40.4853 -71.5894 903.00	0.74 32.90 0.59	37522.00	35	55	143 1.60	49	6.30	10.70	0.90
	G49B	-40.4853 -71.5894 903.00	1.60 39.00 0.65	23932.00	23	58	134 2.60	37	5.30	8.20	0.70
	G50A	-40.1956 -71.3614 976.00	0.93 32.60 0.62	23618.00	73	9	245 0.10	75	2.50	4.10	0.30
	G50B	-40.1956 -71.3614 976.00	2.48 48.90 0.72	18111.00	44	7	145 0.10	45	3.20	4.50	0.40
	G50C	-40.1956 -71.3614 976.00	1.41 41.00 0.66	45107.00	106	31	284 0.30 114	3.20	4.80	0.40
	G51A	-40.1289 -71.6456 791.00	2.26 45.90 0.73	6474.00	15	19	58	1.20	20	2.70	3.60	0.00
	G51B	-40.1289 -71.6456 791.00	3.73 53.00 0.76	2563.00	10	13	37	1.30	13	1.60	2.10	0.00

Note: Rs: sphere equivalent radius of hexagonal crystal with the same surface/volume ratio; FT: geometric correction factor for age calculation; eU: effective uranium concentration.

TABLE 1

 1 

			. SUMMARY OF SAMPLE INFORMATION	
	Samples	Field (WGS84) Longitude Latitude Elev. (m)	Lithology	Geology Formation	Stratigraphic age
	MG1	-68.8806 -45.7784	395	medium sandstone	Sarmiento	Eocene
	MG3	-68.7684 -45.7491	398	sandstone	Sarmiento	Eocene
	MG4	-67.8128 -45.8422	367	medium sandstone	Chenque	Oligo-Miocene
	MG5	-67.9561 -45.8297	610	medium sandstone	Chenque	Oligo-Miocene
	MG6	-68.1723 -45.7721	613	medium sandstone	Chenque	Oligo-Miocene
	MG7	-69.2818 -45.5345	283	medium sandstone	Chubut Group	Cenomanian
	MG9	-69.7016 -45.4590	557	medium sandstone	Chubut Group	Aptian -Albian
	MG11	-70.2658 -45.6747	484	sandstone	Rio Mayo	Upper Miocene to Pliocene
	MG12	-71.0792 -45.8858	733	sandstone	Rio Mayo	Upper Miocene to Pliocene
	MG13	-71.6418 -46.6084	325	medium sandstone	Santa Cruz	Medium to Upper Miocene
	MG14	-71.7229 -46.7390	709	medium sandstone	Santa Cruz	Medium to Upper Miocene
	MG15	-70.6897 -46.9614	693	medium sandstone	Santa Cruz	Medium to Upper Miocene
	MG16	-70.8325 -47.1046	700	finesandstone	Santa Cruz	Medium to Upper Miocene
	MG17	-69.0178 -45.4174	373	fine sandstone	Chubut Group	Aptian
	MG20	-69.3007 -45.1388	568	medium sandstone	Chubut Group	Aptian -Albian
	MG45	-72.4951 -46.8204	631	sandstone	Guadal	Oligo-Miocene
	MG47	-66.0674 -47.3632	108	fine grained sandstone	Chenque	Oligo-Miocene
	MG49	-66.7981 -48.0737	116	sandstone	Chenque	Oligo-Miocene
	MG50	-68.7724 -48.5885	189	fine grained sandstone	Chenque	Oligo-Miocene
	MG54	-67.6208 -46.0467	0	sandstone	Chenque	Oligo-Miocene
	MG55	-67.4823 -45.7994	36	fine grained sandstone	Sarmiento	Eocene

  . Most of the Oligoceneupper Miocene samples show an age component (here named P1) that roughly ranges between 20 and 40 Ma (Table2). The second age component here detected (named P2) corresponds to Paleocenemiddle Eocene ages (ca. between 44 and 60 Ma). Surprisingly, most of the OligoMiocene samples present a single population corresponding to either P1 or P2 components, as indicated by a chi square probability P(χ)² > 5%. Components P1 and P2 were both recognized in only two samples, i.e. MG49 and MG12. On sample MG54, beyond the P1 component, an older component with Late Cretaceous ages (P3) has been detected. Cretaceous ages have been identified also in the three middle Eoceneearly Miocene samples from the Sarmiento Formation. The oldest component (P4) yields Lower

Cretaceous -Jurassic ages and has been detected in only two Eocene samples, collected directly south of the San Bernardo FTB.

TABLE 2 .

 2 SUMMARY OF APATITE FISSION TRACKS DATA

		Field					Fission tracks data					< 40 Ma		40 -65 Ma	65 -100 Ma	> 100 Ma
	Samples †	Longitude Latitude Elev. (m) n	C. age	σ	Ns ρs	Ni	ρi	Nd	ρD	Disp. (%)	P(χ²) P1	σ	%	P2	σ	%	P3	σ	%	P4	σ	%
	MG1	-68.8806 -45.7784	395	36 81.4 6.8 307 1.6 832 4.3 5000 13.0 18	42						77.6 7.0 95 181.0 75.3 5
	MG3	-68.7684 -45.7491	398	41 79.7 8.3 520 2.7 833 6.1 5000 10.1 65	0						66.4 6.4 84 178.5 15.2 16
	MG4	-67.8128 -45.8422	367	40 33.1 2.4 296 1.2 1623 6.6 5000 10.5	0	100 33.1 2.4 100							
	MG5	-67.9561 -45.8297	610	12 33.6 6.1 37 1.0 215 6.1 5000 11.3	0	80 33.6 6.1 100							
	MG6	-68.1723 -45.7721	613	17 51.7 7.5 62 0.7 275 3.1 5000 13.3	0	100			51.7 5.5 100				
	MG7	-69.2818 -45.5345	283	20 88.5 11.4 97 1.4 209 2.9 5000 11.1	0	100									
	MG9	-69.7016 -45.4590	557	10 92.6 12.5 88 2.5 178 5.1 5000 10.9	0	100									
	MG11	-70.2658 -45.6747	484	16 44.4 4.3 162 1.6 728 7.1 5000 12.2	8	92			44.4 4.3 100				
	MG12	-71.0792 -45.8858	733	57 32.6 3.2 256 1.1 2056 9.1 5000 13.2 44	0 20.1 2.1 62 60.9 8.7 38				
	MG13	-71.6418 -46.6084	325	34 31.4 3.6 166 0.7 851 0.5 5000 10.2	0	100 31.4 3.6 100							
	MG14	-71.7229 -46.7390	709	21 31.1 3.1 115 1.0 652 5.6 5000 10.2	5	85 31.1 3.1 100							
	MG15	-70.6897 -46.9614	693	53 38.9 3.5 172 0.8 970 4.5 5000 12.7	2	92 38.1 3.6 100							
	MG16	-70.8325 -47.1046	700	21 35.6 5.4 56 0.6 267 3.0 5000 9.8	2	84 35.6 5.4 100							
	MG17	-69.0178 -45.4174	373	11 96.7 13.8 83 1.1 143 2.0 5000 9.7	0	100									
	MG20	-69.3007 -45.1388	568	53 128.0 8.7 483 2.6 847 4.6 5000 13.1	0	100									
	MG45	-72.4951 -46.8204	631	54 26.5 2.2 207 1.1 1493 7.9 5000 9.9	10	97 26.5 2.2 100							
	MG47	-66.0674 -47.3632	108	54 55.4 3.9 362 1.5 1126 4.8 5000 10.0	0	100			55.4 3.9 100				
	MG49	-66.7981 -48.0737	116	67 43.5 3.2 502 2.6 2022 10.3 5000 10.3 25	26 31.4 3.8 50 56.8 5.3 50				
	MG50	-68.7724 -48.5885	189	39 39.8 3.6 176 1.7 1006 9.5 5000 13.2	0	100 39.8 3.6 100							
	MG54	-67.6208 -46.0467	0	52 43.4 3.7 507 2.2 2755 11.9 5000 12.9 40	0 28.9 2.7 62				71.2 7.7 38	
	MG55	-67.4823 -45.7994	36	22 91.5 7.3 303 4.6 592 9.0 5000 10.4	0	100									

TABLE 3 .

 3 APATITE ISOTOPIC AND AGE DATA AFTER COMMON PBCORRECTION.

	Samples	207 Pb 235 U	± 2σ	207 Pb 235 U	± 2σ	238 U 206 Pb	± 2σ	207 Pb 206 Pb	± 2σ	206 Pb 238 Pb age	± 2σ	207 Pb 235 U age	± 2σ	U (ppm)	Th (ppm)	Pb (ppm)	U/Th	207 Pb corr. age	± 2σ	S&K value (5th it.)
	McClure_1	3.270 0.240 0.106 0.007 9.479 0.647 0.220 0.015	646.0	42.0 1470.0 55.0	15.39	32.64	3.02	0.442	531	44	
	McClure_2	2.710 0.130 0.101 0.007 9.881 0.654 0.190 0.010	621.0	39.0 1324.0 35.0	33.50	91.80	7.13	0.326	526	41	
	McClure_3	3.910 0.480 0.110 0.009 9.132 0.709 0.252 0.020	669.0	49.0 1597.0 85.0	14.76	57.80	4.43	0.297	518	40	
	McClure_4	4.890 0.370 0.124 0.010 8.084 0.621 0.305 0.023	751.0	54.0 1796.0 63.0	9.19	20.50	2.49	0.567	535	57	
	McClure_5	2.190 0.140 0.097 0.007 10.320 0.724 0.162 0.012	596.0	40.0 1188.0 45.0	17.50	40.50	3.11	0.506	522	46	
	MG54_1	1.690 0.110 0.033 0.002 30.769 1.609 0.389 0.026	206.0	10.0 1006.0 42.0	55.50	16.51	3.35	3.510	118.6	9.2	0.8433
	MG54_2	10.100 1.600 0.090 0.014 11.111 1.728 0.880 0.160	548.0	80.0 2350.0 150.0	1.48	4.56	0.52	0.329	-34.4	118.6	0.8334
	MG54_3	19.100 1.800 0.171 0.016 5.848 0.547 0.803 0.076 1010.0	86.0 3013.0 91.0	2.44	8.18	1.69	0.319	49.7	105.8	0.8388
	MG54_4	0.587 0.044 0.021 0.001 48.638 2.366 0.207 0.012	131.2	6.5	469.0	26.0	74.30	105.20	2.48	0.727	105.2	5.5	0.8424
	MG54_5	2.190 0.260 0.036 0.003 27.933 2.419 0.416 0.030	226.0	19.0 1154.0 73.0	36.50	9.60	2.99	4.150	122.9	13.7	0.8436
	MG54_6	2.800 0.280 0.030 0.003 33.113 2.851 0.701 0.098	191.0	16.0 1340.0 72.0	6.54	25.94	0.90	0.266	33.6	24.2	0.8378
	MG54_7	7.390 0.550 0.077 0.005 13.072 0.803 0.704 0.045	475.0	28.0 2121.0 55.0	9.29	27.10	2.75	0.364	84.6	28.5	0.8411
	MG54_8	9.330 0.630 0.076 0.005 13.210 0.873 0.915 0.072	470.0	30.0 2347.0 64.0	3.89	13.78	1.44	0.294	-51.4	45.4	0.8324
	MG54_9	3.610 0.260 0.048 0.003 20.661 1.153 0.545 0.032	305.0	17.0 1537.0 58.0	18.80	27.00	2.85	0.734	116.0	14.1	0.8431
	MG54_10	5.990 0.500 0.068 0.005 14.684 1.057 0.662 0.039	424.0	29.0 1977.0 74.0	12.17	26.30	2.93	0.536	98.8	22.7	0.8420
	MG54_11	7.100 0.380 0.077 0.005 12.937 0.803 0.662 0.031	480.0	29.0 2125.0 48.0	10.20	34.49	3.11	0.307	112.5	20.8	0.8429
	MG54_12	9.300 0.700 0.084 0.008 11.848 1.165 0.835 0.063	520.0	49.0 2350.0 72.0	5.03	17.07	1.88	0.304	0.4	43.8	0.8356
	MG4_1	6.880 0.590 0.059 0.005 16.978 1.384 0.816 0.076	369.0	29.0 2079.0 79.0	4.82	10.87	1.13	0.393	9.7	36.7	0.8362
	MG4_2	34.500 2.400 0.275 0.025 3.636 0.331 0.862 0.075 1557.0 120.0 3608.0 68.0	1.41	4.54	1.47	0.266	-69.7	171.9	0.8312
	MG4_3	22.930 0.940 0.198 0.015 5.063 0.385 0.843 0.047 1159.0	80.0 3227.0 40.0	4.13	6.72	3.08	0.513	-13.3	77.2	0.8348
	MG4_4	10.970 0.820 0.097 0.008 10.288 0.815 0.765 0.040	597.0	45.0 2514.0 69.0	8.37	12.22	3.15	0.565	58.6	32.3	0.8394
	MG4_5	15.410 0.560 0.133 0.010 7.508 0.558 0.820 0.042	805.0	56.0 2858.0 36.0	6.08	9.21	3.08	0.531	18.2	46.4	0.8368
	MG4_6	16.300 1.200 0.148 0.012 6.743 0.546 0.798 0.068	890.0	65.0 2870.0 66.0	3.53	10.33	1.93	0.261	49.0	82.2	0.8388
	MG4_7	21.500 1.200 0.183 0.017 5.464 0.508 0.858 0.053 1077.0	92.0 3143.0 53.0	3.06	9.84	2.15	0.232	-37.1	80.9	0.8333
	MG4_8	20.000 1.100 0.167 0.014 5.981 0.501 0.857 0.064	994.0	75.0 3073.0 55.0	2.76	5.78	1.78	0.345	-32.1	88.7	0.8336
	MG4_9	21.040 0.960 0.179 0.015 5.587 0.468 0.836 0.048 1067.0	83.0 3143.0 48.0	2.88	6.03	2.03	0.343	-0.6	71.2	0.8356
	MG4_10	18.600 1.000 0.160 0.013 6.254 0.508 0.836 0.051	954.0	72.0 3005.0 53.0	3.17	6.64	1.91	0.339	-0.5	67.5	0.8356

  .6). The 238 U/ 206 Pb and 207 Pb/ 206 Pb ratios for those grains form a linear array on the TeraWasserburg plot intercepting the 207 Pb/ 206 Pb axis at 0.8362 ± 0.0242 and giving an age of 107.92 ± 6.11 Ma which is coherent with the ages obtained from the radial plot and the Kernel density plot(Figure 4.6). We consider that this population around ~110 Ma is robust. This population is present in all the samples, from the Cretaceous to the upper Miocene sandstones.

Surprisingly, previously rejected grains (i.e. 2σ errors > 25%) plotted on a TeraWasserburg diagram display a mostly linear array (Figure 4.6). MSWD for these data is comprised between 1 and 2 indicating a single population and a peak age at 21.8 ± 13.3 Ma. Negative values obtained for 207 Pb corrected age were rejected to plot this population on radial and Kernel density plots giving a mean age of 32.58 ± 16.23 Ma and ~24 Ma respectively (Figure 4.6). The age of this peak is debatable but clearly indicates the existence of a younger population with ages similar to AFT P1 component, most likely related to a volcanic input.

TABLE 1 .

 1 SUMMARY OF SAMPLE INFORMATION AND APATITE FISSION TRACKS DATA latitude coordinates are given in WGS84 † Zeta= 346 ± 12 N: number of apatite crystal counted; and ρ: track density (x 105 tracks/cm²); subscripts s, I and d denote spontaneous, induced and dosimeter, respectively; P(χ²): probability of obtaining a Chi-square value for n degrees of freedom.

		Field*		Geology		Fission tracks data
	Samples †	Longitude Latitude Elev. (m) Formation	Stratigr. age n	C. age	σ	Ns ρs Ni ρi Nd ρD P(χ²)
	MG7	-69.2818 -45.5345	283	Bajo Barreal Cenomanian 20 88.5 11.4 97 1.4 209 2.9 5000 11.1
	MG9	-69.7016 -45.4590	557	Castillo	Aptian-Albian 10 92.6 12.5 88 2.5 178 5.1 5000 10.9
	MG17	-69.0178 -45.4174	373	Castillo	Aptian-Albian 11 96.7 13.8 83 1.1 143 2.0 5000 9.7
	MG20	-69.3007 -45.1388	568	Matasiete	Aptian	53 128.0 8.7 483 2.6 847 4.6 5000 13.1
	* longitude and				

TABLE 2 .

 2 APATITE (UTH)/HE SINGLEGRAIN DATA. Note: Rs: sphere equivalent radius of hexagonal crystal with the same surface/volume ratio; FT: geometric correction factor for age calculation; eU: effective uranium concentration.

	Sample Longitude Latitude	Elevation (m)	weight (μg)	Rs (µm)	FT	4 He (ncc/g)	U (ppm)	Th (ppm)	Sm (ppm)	eU (ppm)	Th/U	AHe age (Ma)	Corrected AHe age	± 1σ (Ma)
	MG7B	-69.2818 -45.5345	283	2.3	62.1 0.77 22362 2.3	25.4 265.4	9	11.0 22.12	28.7	2.3
	MG7C	-69.2818 -45.5345	283	1.0	45.2 0.69 18043 2.8	28.8 217.4	10	10.3 15.49	22.5	1.8
	MG7D -69.2818 -45.5345	283	1.1	36.6 0.63 15984 3.7	29.0 252.3	11	7.7	12.42	19.6	1.6
	MG7E	-69.2818 -45.5345	283	2.2	55.1 0.74 11913 2.7	22.9 358.2	9	8.3	11.96	16.1	1.3
	MG17A -69.0178 -45.4174	373	4.1	58.9 0.74 8915	2.4	13.0 134.1	6	5.5	13.52	18.2	1.5
	MG17C -69.0178 -45.4174	373	3.9	53.0 0.72 15715 3.9	25.8 380.5	10	6.5	12.84	17.8	1.4
	MG20A -69.3007 -45.1388	568	1.7	44.7 0.66 21273 5.8	46.1 647.3	17	7.9	10.45	15.9	1.3
	MG20B -69.3007 -45.1388	568	9.1	90.9 0.83 67143 16.2 94.3 179.6	39	5.8	14.43	17.3	1.4
	MG20D -69.3007 -45.1388	568	0.9	32.8 0.56 39320 11.0 85.2 687.9	32	7.7	10.39	18.5	1.5
	MG20G -69.3007 -45.1388	568	5.4	69.7 0.79 58989 13.0 55.0 175.7	26	4.2	18.72	23.7	1.9

TABLE 3

 3 

	. KAR AGES

Table 1 .

 1 Apatite fission tracks data

			Field †					Fission tracks data §
	Samples	Longitude	Latitude El. (m) N	C. age	σ	Ns ρs	Ni	ρi	Nd	ρD P(χ²)
	MG27*	-72.5112	-44.6843	45	78 25.4 2.0 238 1.6 1891 12.4 5000 11.7 100
	MG28*	-72.4870	-44.6772	35	100 9.5 0.7 306 0.9 6447 19.7 5000 11.6 100
	MG29*	-72.5742	-44.4614	23	101 8.2 0.6 309 1.3 7498 31.7 8875 11.5 100
	MG31	-72.3889	-44.6504	126	14 35.1 3.6 126 3.2 700 17.7 5000 11.3 100
	CN4*	-71.8128	-44.6665	576	92 78.1 4.0 1206 3.8 3519 11.2 5000 13.2 64
	MG32*	-72.0238	-44.6928	334 100 42.5 2.5 551 2.6 2526 11.9 5000 11.3 100
	MG33	-71.8019	-44.6601	576	61 88.1 7.5 711 4.7 1669 11.0 5000 11.1	0
	MG34*	-72.1167	-44.7161	284	90 29.8 1.8 529 2.3 3377 14.8 5000 11.0 97
	MG35*	-72.4616	-45.3520	48	100 13.9 1.0 308 1.2 4162 16.6 5000 10.9 100
	MG36*	-72.4616	-45.3520	60	100 34.7 2.0 590 2.9 3141 15.7 5000 10.7 100
	MG38*	-72.4698	-47.6203	577	61 19.3 1.8 159 1.0 1497 9.1 5000 10.5 100
	MG40*	-72.9532	-47.4986	80	100 14.7 1.0 321 1.3 3883 15.3 5000 10.3 100
	* modern detrital samples							
	† longitude and latitude coordinates are given in WGS84				
	§ Zeta= 346 ± 12								

Table 2 .

 2 Hypsometry data.

		Field			Hypsometry	
	Samples	Longitude Latitude	Elevation (m)	Drainage area (km²)	Maximum elev. (m)	Mean (m) elev.	HI
	MG27	-72.5112 -44.6843	45	22	1587	928.37 0.57
	MG28	-72.4870 -44.6772	35	42	1711	942.26 0.54
	MG29	-72.5742 -44.4614	23	356	2167	1102.13 0.50
	CN4	-71.8128 -44.6665	576	265	1886	1187.64 0.47
	MG32	-72.0238 -44.6928	334	121	1734	1045.90 0.51
	MG34	-72.1167 -44.7161	284	191	1884	949.93 0.42
	MG35	-72.4616 -45.3520	48	291	1772	995.56 0.55
	MG36	-72.4616 -45.3520	60	162	1894	1003.05 0.51
	MG38	-72.4698 -47.6203	577	149	3301	1313.84 0.27
	MG40	-72.9532 -47.4986	80	5	1726	1341.03 0.77

TABLE 1

 1 

				. Concavity and steepness indices, minimum and maximum areas			TABLE 2. Information about knickpoints selected manually
	*	n° Segm. Teta	error	ksn	error	MinA	MaxA	*	n° Knick.	elev. (m)
	MG27 5	1	0.47	0.1	158.09 165.51	0.98	20.11	MG27 5	986
			2	1.12	0.71	114.48 128.88	0.34	0.98		787
			3	-0.09	0.22	42.77	48.39	0.01	0.34		261
		6	1	0.24	0.03	91.09	95.78	0.01	20.09		6	279
	MG28 1	1	-1.12	1.21	157.83 170.02	19.5	37.09	MG28 1	794
			2	2.4	0.83	230.71	265.3	5.05	19.5		446
			3	0.18	0.12	108.25 116.08	0.01	5.26		172
		2	1	0.83	0.2	125.64 135.35	4.34	37.09		2	1356
			2	0.64	0.33	234.41 243.28	0.84	4.34		760
			3	0.05	0.22	41.41	46.26	0.02	0.84		185
		3	1	2.94	1.5	192.86 210.38 28.39	37.09		3	864
			2	0.12	0.05	109.87 117.88	0.01	28.38		327
		4	1	0.66	0.22	137.62 151.82	3.79	37.09		189
			2	1.76	1.73	287.93 301.57	2.69	3.79		4	922
			3	0.34	0.11	69.35	72.79	0.01	2.69		390
	MG29 1	1	4.18	3.62	111.57 141.57 164.94 247.23		163
			2	1.73	1.13	105.78	146.9	48.83 164.46	MG29 1	807
			3	0.6	0.82	69.64	73.41	15.06	48.72		630
			4	4.75	3.35	164.47 219.04	7.3	12.87		336
			5	0.3	0.05	105.81 110.23	0.01	7.3		132
		2	1	4.18	3.62	111.57 141.57 164.94 247.23		2	1338
			2	4.13	0.97	207.38 254.96	86.3	164.94		973
			3	0.96	0.34	76.7	83.62	6.93	86.32		537
			4	1.09	0.76	206.33 237.47	0.89	7.64		148
			5	0.38	0.17	31.35	33.91	0.01	0.86		3	1234
		3	1	6.08	4.42	95.91	118.45 164.95 247.57		462
			2	3.71	0.97	165.9	201.77 86.35 164.95		104
			3	0.75	0.24	85.53	97.91	3.72	86.35		4	1705
			4	0.45	0.07	79.22	82.01	0.01	2.84		1171
		4	1	1.23	0.8	62.2	72.83	50.2	247.66		1021
			2	33.37	7.22	1836	1979	46.82	50.17		812
			3	3.98	3.67	334.27	426.3	34.09	43.82		141
			4	13.06	7.75	265.15 336.54 31.17	34.09		5	1415
			5	0.58	0.18	47.99	51.01	7.76	31.17		1145
			6	0.45	0.21	28.57	31.52	0.02	0.68		954
		5	1	1.55	0.67	59.2	69.81	50.27 247.66		812
			2	34.14	7.05 1825.79 1972.89 43.82	50.24		140
			3	0.33	0.59	177.99 221.49	6.74	43.82	CN4	1	1186
			4	9.95	1.66	174.75 218.48	5.51	6.74		1084
			5	1.65	0.69	89.76	101.96	2.28	5.41		964
			6	0.49	0.14	22.22	23.54	0.02	2.28		730
	CN4	1	1	1.79	4.48	180.4	209.18 146.1 186.08		2	1560
			2	-0.31	4.94	203.08 236.68 146.12 184.61		996
			3	1.79	4.47	180.4	209.18 143.11 186.08		666
			4	29.93 65.56 142.05 173.74 140.15 146.11		4	1462
			5	18.15 88.26 162.38 200.64 140.01 143.82		1127
			6	1.67	1.12	109.18 115.59 89.38 140.15		970
			7	2.11	2.13	89.2	100.32 64.95	89.37		730
			8	0.16	0.89	48.11	52.92	27.27	64.87		5	1327
			9	0.52	0.22	40.06	41.61	3.7	27.22		1158
			10	0.39	0.14	22.79	24.03	0.04	4.05		1081
		2	1	0.78	0.43	270.68 331.31 35.74 187.62		958
			2	0.71	0.29	135.53 141.21	7.7	35.68		715

Table 1 .

 1 Samples information including location, stratigraphic ages and rock information

	Samples	Field (WGS84) Longitude Latitude Elev. (m)	Formation	Geology Stratigr. age	Rock Type
	G24	-67.3292	-47.6439	141	La Leona	Lower Jurassic	granite
	G25	-67.3464	-47.6183	143	La Leona	Lower Jurassic	granite
	G26	-67.4267	-47.7358	179	La Leona	Lower Jurassic	granite
	G28	-67.4794	-47.9556	137	Bajo Pobre	Mid-Up. Jurassic	granite
	DES19#01	-67.3447	-47.6188	114	La Leona	Lower Jurassic	granite
	DES19#02	-67.0877	-47.7106	138	Rio Deseado Cp.	Paleozoic	granitoid
	DES19#05	-67.1791	-47.2927	69	Rio Deseado Cp.	Paleozoic	granitoid
	DES19#08	-66.5758	-47.8281	32	Bahia Laura	Mid-Up. Jurassic	rhyolite
	DES19#11	-67.3875	-48.1371	106	La Leona	Lower Jurassic	granitoid
	DES19#15	-68.7195	-47.9741	432	Bahia Laura	Mid-Up. Jurassic	granitoid
	DES19#29	-69.3843	-47.9161	758	Bahia Laura	Mid-Up. Jurassic	ignimbrite
	MG52	-68.6409	-47.6752	555	Bajo Grande Fm.	Kimm -Hauterivian	sandstone

Table 3 .

 3 Rs: sphere equivalent radius of hexagonal crystal with the same surface/volume ratio; FT: geometric correction factor for age calculation; eU: effective uranium concentration. Apatite fission tracks data. : number of apatite crystal counted; and ρ: track density (x 10 5 tracks/cm²); subscripts s, I and d denote spontaneous, induced and dosimeter, respectively; P(χ²): probability of obtaining a Chi-square value for n degrees of freedom; Dpar: mean diameter of fission-track etch pit parallel to the c-axis.

							Tableau 2. Apatite (U-Th-Sm)/He data		
	Sample		weight (μg)	Rs (µm)	FT	U (ppm)	Th (ppm)	Sm (ppm)	eU (ppm)	Th/U Sm/Th	AHe age (Ma)	Corrected AHe age	± 1σ (Ma)
		A	2.2		0.70 22.8	119.9	17.9	51.7	5.3	1.0	99.1	140.7	7.8
	DES19#01	D F	2.2 7.1		0.73 20.3 0.80 19.4	65.2 102.1	16.5 28.1	36.0 44.1	3.2 5.3	1.7 1.8	112.0 160.9	154.2 201.3	8.8 10.5
		G	1.6		0.67 18.8	130.4	20.8	50.2	7.0	1.1	94.5	141.0	7.9
		A	1.7		0.69 44.1	68.0	44.6	60.8	1.5	4.4	77.0	111.0	8.8
		B	1.4		0.68 30.1	65.6	41.7	46.2	2.2	4.2	68.0	100.0	8.3
	G24	C D	1.0 1.2		0.68 41.6 0.69 28.2	81.8 76.2	39.8 45.5	61.5 46.8	2.0 2.7	3.2 4.0	82.9 73.2	122.2 105.7	9.9 9.2
		E	1.4		0.63 40.6	88.4	43.5	62.1	2.2	3.3	83.2	132.0	9.3
		G	1.5		0.68 44.7	84.5	43.0	65.2	1.9	3.4	95.3	139.9	8.9
		A	2.5		0.73 20.4	103.3	37.5	45.5	5.1	2.4	114.5	157.2	9.8
	G25	B C	2.5 1.3		0.69 17.7 0.68 22.5	88.7 67.9	26.1 35.9	39.2 39.0	5.0 3.0	2.0 3.5	120.3 132.8	173.5 195.3	9.9 15.0
		E 20.7		0.82 25.7	102.7	32.5	50.5	4.0	2.1	164.2	199.6	10.6
	G26E	B E	8.0 2.5		0.82 57.0 0.68 7.4	8.1 22.0	36.8 14.6	59.2 12.8	0.1 3.0	30.3 4.4	160.0 120.8	195.2 176.6	14.2 15.4
		A	1.6		0.72 123.4	70.2	32.9	140.5 0.6	3.1	89.6	123.9	6.6
		B	1.7		0.77 191.2	108.7	25.2	217.5 0.6	1.5	106.6	138.8	7.7
		C	3.1		0.73 162.2	92.2	26.9	184.5 0.6	1.9	111.4	152.4	8.4
	DES19#02	D	3.1		0.73 122.5	58.2	13.4	136.5 0.5	1.5	109.7	151.1	8.5
		F	3.9		0.77 110.3	46.9	15.1	121.6 0.4	2.1	89.0	116.1	6.6
		H	1.0		0.68 198.1	128.2	35.1	229.2 0.6	1.8	93.0	136.4	8.0
		I	3.3		0.76 196.1	143.9	35.8	230.8 0.7	1.7	123.7	162.5	9.3
		A	2.6		0.75 34.6	9.6	25.7	37.1	0.3	17.8	112.3	150.0	8.5
		B	1.2		0.69 61.1	18.8	29.1	65.8	0.3	10.3	100.1	144.9	8.6
	DES19#05	C D	1.4 2.5		0.72 25.7 0.77 49.9	8.7 15.5	11.8 38.2	27.9 53.9	0.3 0.3	9.1 16.5	96.2 148.5	133.4 193.0	8.5 10.5
		E	5.7		0.81 45.6	10.5	16.6	48.2	0.2	10.6	99.7	123.5	6.6
		G 19.6	105 0.87 37.7	6.4	20.1	39.4	0.2	21.0	142.1	163.8	8.5
		A	2.2		0.72 44.0	65.6	27.7	59.9	1.5	2.8	108.9	151.7	9.0
		B	3.7		0.76 72.7	99.5	34.4	96.8	1.4	2.3	121.8	159.2	9.3
		C	2.5		0.69 72.9	70.0	19.0	89.8	1.0	1.8	108.8	156.9	9.3
	DES19#11	D	5.7		0.83 93.6	94.8	21.3	116.5 1.0	1.5	115.8	139.9	8.3
		F	2.4		0.76 80.6	160.5	30.3	119.3 2.0	1.3	107.9	141.5	8.4
		G	2.6		0.67 42.9	100.4	23.0	67.1	2.3	1.5	81.6	121.0	6.6
		H	4.1		0.71 119.8	131.8	45.9	151.7 1.1	2.3	127.9	179.3	9.3
		A	2.3		0.72 4.8	38.3	35.8	14.2	8.0	6.2	131.2	181.7	13.1
		B	3.8		0.75 4.8	28.9	36.7	12.0	6.1	8.5	74.2	99.2	5.8
	DES19#15	C D	1.9 1.7		0.67 5.8 0.63 5.8	37.8 43.0	42.0 46.5	15.2 16.4	6.5 7.4	7.4 7.2	86.0 85.8	127.6 135.2	8.5 9.1
		E	6.1		0.77 4.7	21.8	37.1	10.2	4.6	11.3	123.9	160.1	8.9
		F	2.5		0.70 5.1	28.1	42.1	12.2	5.5	10.0	108.8	154.3	9.8

N

18 2.15 2 41 1.338 9 150 2.68

115 2.43 
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 2). Figure 6.4. Histogram (bars) Probability Density Function (PDF) of the singlegrain AFT ages (black circles) obtained for all the samples. Observation show that ages are more or less dispersed for each sample and that most of them present only one main age peak.

Thermal modeling on modern outlet samples

Finally, the thermal modeling applied in the chapter 6 on modern sandstones represents a novel approach to investigate mountain range denudation pattern and thermal history. This thesis demonstrates the ability of this recent approach to catch denudation variability through inaccessible areas, therefore giving some hints about erosional processes and the role of tectonics. If further developed, it may become a routine analysis in detrital thermochronology studies.

Companion projects

Basin evolution is controlled by diverse factors as the development of reliefs, which can restrict bypass to the basin. Forebulges and intraplate belts represent the main topographic barriers developed in foreland, which prevent the bypass of sediments to the entire foreland, whereas outer forearc high characterized the structural highs uplifted in the forearc regions. The outer forearc high controls directly the formation of forearc basin by restricting a depocenter landward and the bypass to the trench. Although the inception of an outer forearc high in accretionary margin (such as the Nankai margin in Japan or the New Zealand) is well established, the presence of structural high in erosional margin, as the Peruvian segment, is less understood. However, similar structures appear in erosional margins near the slopebreak.

Additional study of seismic data from the northcentral Peruvian forearc was performed during this thesis in order to constrain the longterm evolution of a structural high developed along this erosional margin (appendix G; Genge et al., 2020) and provide farther knowledges about the relationships between uplift and subsidence in forearc setting.

APPENDIX A Supplementary material for chapter 3

Supplementary material for "The role of slab geometry variations in the exhumation of cordillerantype orogens and their forelands: insights from northern Patagonia"

Thermal histories modeling

The data repository contains input files for inverse thermal modeling of the results presented in Figures 1a and1b.
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APPENDIX B Supplementary material for chapter 4

Supplementary material for "Tracing thermal history of the central Patagonian Andes and its broken foreland with detrital multidating of foreland basin deposits"

MDS data

The data repository contains input files for multidimensional scaling. 

Thermal histories modeling

The data repository contains input files for inverse thermal modeling of the results presented in Figure 1. 

Thermal histories modeling

The data repository contains input files for inverse thermal modeling of the results presented in Figures 8,9, 10 and 11 (Chapter 6). These input data correspond to detrital fission tracks data and hypsometry data used to create the dummy files. 

Abstract

The Deseado Massif (46 -49 °S) is a large province into the Patagonian Broken Foreland where mainly Paleozoic and Mesozoic rocks are exposed. In this study, we explore a lowtemperature thermochronological dataset to infer the thermal history of this intraplate relief. For the first time, a thermochronological study is carried out regionally in the Deseado Massif. Despite the morphological differences in this area, a roughly similar history is recognized. Data allowed to establish that a significant exhumation affected the Deseado Massif at ca. 200 Ma which is roughly coeval with a flat slab event. Significant heating is then recorded associated to local substantial burial or cooking processes related to a significant magmatism. Then, a slow cooling event is recognized linked to the last exhumation phase which started from ~130 Ma and continued through the entire Cretaceous. Thermal modeling most likely indicate that more than 3 km of rocks has been removed from the Cretaceous to the present. Any younger cooling event during the Cenozoic has been detected, even the sensitive apatite (UThSm)/He thermochronometer. This study provides new evidence about the tectonothermal history of the Deseado Massif and the impact of magmatic processes. It evidences also the link between deep geodynamic processes and deformation of the overriding plate. (Navarrete et al., 2019). These authors proposed that these former rocks were intruded by a serie of plutons named La Leona Formation (~210 -200 Ma), which presents a mantellic signature linked with the horizontalization of the slab and morphology that mayy be linked to a subsurface emplacement (< 5 km) (Navarrete et al., 2019). La Leona Formation rocks are poorly deformed compared to the former rocks, which is coherent with their emplacement during the deformation of the (e.g.) Roca Blanca Formation due to the flatslab episode (Jovic et al., 2009; Navarrete et al., 2019; César Navarrete et al., 2019). Then, these formations were buried below the volcaniclastic deposits of the Bahia Laura Complex (~185150 Ma) which covered approximately 80% of the Deseado Massif with maybe 1 km of thickness locally. These large volcanic deposits can be related i) to the fusion of a hydrated lower crust and upper mantle triggered by the flatslab, ii) to the fusion of the mantle induced by the westward of the Karoo Ferrar Mantle Plume, or iii) interaction between the flatslab and the mantle plume. The Bahia Laura series didn't evidence any syndeformation features so the unconformity recognized between these strata and former formations is more likely corresponding to the answer at the surface of complex mantle setup. The Bahia Laura Complex encompass the Cerro Leon and the andesitic Bajo Pobre Formations which are intercalated with the Chon Aike silicic volcanics and La Matilde strata constitute reworked Chon Aike volcaniclastic materials (Echeveste et al., 2001; Guido et al., 2006). The two latter formations were formed during a mature phase of volcanism during the Late Jurassic which marked the onset of supercontinent breakup of Gondwana and the activity of a mantle plume during Jurassic (Pankhurst et al., 2000; Riley andKnight, 2001). Tuffaceous Cretaceous strata of the Bajo Grande, Baquero and Chubut are mostly deposited in the central part of the Deseado Massif.

The Bajo Grande Formation, interpreted as Upper Kimmeridgian to Hauterivian age, is a 20 to 420 m thick unit limited westward by NNE oriented faults acting as the active edge of a basin before the Upper Kimmeridgian (Giacosa et al., 2010a). The deposits suggested that the main depositional process for this formation was the reworking of pyroclastic material (Smith and Lowe, 1991). This unit is typically continental characterized by a fast accumulation of fluvial deposits on an irregular relief represented by small local basins of variable extent more or less interconnected (De Giusto et al., 1980).

Contemporaneous and intense volcanic activity has been evidenced by the uninterrupted pyroclastic material find across the whole unit (Panza et al., 2001a). The Bajo Grande Formation displays angular unconformity with the Bahía Laura Group at the base and with the Baqueró Formation on top, known as the Bajo Grande Unconformity (Figure 2; Giacosa et al., 2010). Based on the Aptian age of the Baqueró Formation (Homovc and Constantini, 2001), the Bajo Grande Unconformity can be inferred to be a Barremian age. This unconformity has been related with a compressional event responsible of tectonic inversion and the development of regional unconformity as well as the closure of the northernmost Austral Basin and the uplift of the Aysen basin to the north (Giacosa et al., 2010a; Suarez et al., 2009). This Barremian inversion is also recognized in the San Jorge Gulf Basin where a cessation of the subsidence is recorded at that time to the west. A maximal differential uplift of ~ 1 km is finally recognized over the last 25 Ma as demonstrated by geomorphological studies (Bétard et al., 2014). The southtilted of the Deseado Massif detected from morphology of fluvial terraces indicated that the uplift is developed in response to dynamic topography based on mantlelithosphere interaction enhanced by the opening of slab window below the austral Patagonia [START_REF] Guillaume | Neogene uplift of central eastern Patagonia: Dynamic response to active spreading ridge subduction?[END_REF]. Finally, the thin Cenozoic cover, recognized locally, is interbedded with effusive Neogene lava flows linked with the inception of a slab window below the austral Patagonia.

Therefore, we analyzed lowtemperature thermochronology from basement and Mesozoic rocks to provide new constraints on the thermal history of this area as few studies have been published in this area (Fernandez et al, 2020). This study aims to reconstruct the thermal history before the Chon Aike event and to quantify a potential MesoCenozoic event. This study, based on apatite (UThSm)/He and fission tracks dating, demonstrate that this area was quite stable during the Cenozoic. The impact of magmatism on lowtemperature thermochronometers is also explored.

Figure 2. The Bajo Grande unconformity at the Bajo Grande area.

Material and methods

In this study, we present 52 (UTh)/He (AHe) and six apatite fissiontrack (AFT) new ages from samples collected from the Deseado Massif between 46° and 49°S (Figure 3). 12 of the new AHe ages were obtained from the same samples that yielded further four AFT ages and track lengths published by [START_REF] Fernández | Structural controls on Jurassic gold mineralization, and CretaceousTertiary exhumation in the foreland of the southern Patagonian Andes: New constraints from La Paloma area, Deseado Massif, Argentina[END_REF], thus achieving an extensive dataset through this area. Geographic coordinates, elevation, formation (mainly igneous basement, Mesozoic plutons and Mesozoic sandstones), stratigraphic age and rock lithology of all samples are included in Table 1.

Apatite (UThSm)/He (AHe)

The (UThSm)/He thermochronology method is based on the diffusion in crystal of 4 He gas produced by the decay of radioactive elements ( 238 U, 235 U, 232 Th, 147 Sm) which is controlled by 100°C (e.g. Farley, 2000; Gautheron et al., 2009; Shuster and Farley, 2009; Wolf et al., 1996). We performed (UThSm)/He analysis at the University of ParisSaclay (Orsay, France) on 52 single grains from all the samples except MG52. Apatite grains were selected carefully according to their morphology, size (minimum width of 60 μm) and lack of visible inclusions or grain boundary phases (Murray et al., 2014), and then placed into a platinum basket for Heextraction. From 1 to 3 grains were dated per sample, depending on sample apatite quality. The Niobium baskets were heated twice using a diode laser at 1030 ± 50°C for 5 min, allowing for total He degassing and to check the presence of He trapped in small inclusions (Fillon et al., 2013). The 4 He content was determined by comparison with a known amount of 3 He spike added during analysis. After He extraction, Nb baskets were placed into single used polypropylene vials. Apatite grains were dissolved for 3 hours at 70°C in a 50 μL HNO3 5N solution containing a known content of 235U, 230Th, and 149 Sm, and additional 50 μL HNO3 5N and then filled with 0.9 mL of ultrapure MQ water. The final solution was measured for U, Th, and Sm concentrations by quadrupole inductively coupled plasma (ICPquadrupole) mass spectrometry (Element XR from Thermo Scientific, GEOPS laboratory, Orsay, France). The analysis was calibrated using external age standard, including Durango apatites (i.e., 31.0 ± 1.0 Ma; Kraml et al., 2006; McDowell et al., 2005). Single ages were corrected using the calculated ejection factor FT, determined using the Monte Carlo simulation technique of Ketcham et al. (2011); the equivalentsphere radius was calculated using the procedure of Gautheron and TassanGot (2010). Singlegrain apatite He ages and supporting data are presented in Table 2. The 1σ error on singlegrain AHe ages should be considered as 9%, reflecting the sum of errors in the ejectionfactor correction and age dispersion of the standards.

Apatite fission tracks (AFT)

Spontaneous fission decay of 238 U in apatite lead to the accumulation of linear damage trails in the crystal lattice (e.g. Hurford and Green, 1982; Gleadow et al., 1986; Reiners and Brandon, 2006).

These trails are erased above ~120 °C and retained below ~60 °C, defining the range of temperature for the Partial Annealing Zone (PAZ; [START_REF] Green | Thermal annealing of fission tracks in apatite 4. Quantitative modelling techniques and extension to geological timescales[END_REF]. We performed AFT analysis at the University of Padua (Italy). Apatite grains were mounted in epoxy resin, polished and etched at 5.5M HNO3 during 20 seconds at 20°C to reveal spontaneous tracks. The samples were analyzed by applying the external detector method (Gleadow, 1981) using lowuranium muscovite foils, as external detector, to cover apatite mounts then irradiated at the Radiation Center of Oregon State University with a nominal fluence of 9×10 15 neutrons/cm². After irradiation, we etched mica detectors for 40 minutes in 40% HF at 20°C

to reveal induced tracks. We counted tracks and measured track length distribution using an Olympus optical microscope at a magnification of ×1250. We carried out age calculation and statistics with Trackkey software (Dunkl, 2002). We report AFT ages as central age with 1σ errors (Galbraith and Laslett, 1993), using a zeta calibration approach (Hurford and Green, 1983) with a zeta value of 346 ± 12 for the CN5 dosimeter glass. Dpar measurements were used to characterize the chemical kinetic density observed in all the grains counted. Surrounding Paleozoic metamorphic rocks constituting the basement seem to be the most likely source for the sandstone layers of the Bajo Grande Formation.

The age recorded a moderately fast cooling at 198.60 ± 12.20 Ma. Significant exhumation is recorded for La Leona Formation, directly after emplacement, and may be related to a flatslab episode extended from Late Triassic to Early Jurassic (Navarrete et al., 2019). The AFT age and measured lengths may correspond to the exhumation of the source rock at that time. Grains were then deposited with the Bajo Grande Formation during Early Cretaceous. As thermal modeling evidences a significant burial for samples of La Leona Formation, detrital AFT results show that burial was not regional and affected some particular areas. Reworking of adjacent Jurassic volcanosedimentary successions as Roca Blanca (Lower Jurassic) or La Matilde Formations (Upper Jurassic) prior to final deposition can not be disregarded considering the time interval between the AFT age recorded and the deposition age which is about 50 m.y. 

Jurassic -Cretaceous tectonothermal history

The rocks of the Rio Deseado Complex present a high temperature sensitivity (> 100 °C) and AHe ages partially reset. They record a heating phase followed by a fast cooling stage around 130 Ma that may be related to volcanic activity during the Chon Aike episode, whereas the Chon Aike deposits look quite far to affect significantly this area in a thermal point of view. Heating event are basically than the AFT system. In this case, at least 3 km of rocks were exhumed in the foreland since the Cretaceous that may be related to the thick deposits related to the Chon Aike events (e.g. Bahia Laura Group). If AFT are not so reliable, it means that maximum exhumation occurred at ~130 Ma and thermal histories may change slightly. For both cases, we consider that at least 3 km of rocks were exhumed since the Cretaceous (Figure 9).

Conclusions

AFT and AHe data, as well as temperaturetime history modeling obtained regionally in the Deseado Massif, suggest two regional exhumation events: i) at ~200 Ma associated with a flatslab episode; ii) from ~130 Ma related with Andean tectonics. For the latter, our results unravel a significant exhumation of minimum 3 km. Intermediary heating phase may have been induced by local burial below substantial volcaniclastic deposits and by magmatic processes as evidenced by the partial reset of the AHe data. Neogene deformation recognized along the Deseado Massif is not detected by our thermochronology data, meaning that exhumation was moderate. 

APPENDIX G OUTER FOREARC