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Magmatic cooling and surface denudation of the North Cascades Range, USA. Part I: How to extract erosional denudation rates from helium thermochronology in hot magmatic arcs
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Catastrophic drainage re--arrangements are widespread in glaciated mountain ranges, but are challenging to study because the geomorphic record of such rearrangements is easily removed by subsequent glacial erosion. Low--temperature thermochronometry provides new opportunities to study drainage diversions, which are important processes in landscape evolution because they trigger erosion, produce sediments, and amplify local relief. Here we test the hypothesis that the Skagit River Gorge is a recent feature in the Cascades Range that formed rapidly by proglacial lake overspill, as the Cordilleran icesheet grew bigger during the Quaternary. We use a new method that integrates geomorphology, low-temperature thermochronometry (apatite and zircon (U--Th--Sm)/He), and 3D numerical thermal-kinematic modelling. Inversions of apatite and zircon (U--Th--Sm)/He cooling ages confirm the recent formation of this valley, and date incision initiation at 2.3±1.4Ma. This approach constitutes a new method to detect drainage instability producing recent gorge incision, a major surface process often underestimated to the benefit of tectonic or climatic events.
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Résumé

Cette thèse cible l'étude de la structure thermique de la croûte supérieure (<10km) dans les arcs magmatiques continentaux, et son influence sur l'enregistrement thermochronologique de leur exhumation et de leur évolution topographique. Nous portons notre regard sur deux chaînes de montagne appartenant aux Cordillères Américaines : Les Cascades Nord (USA) et la zone de faille Motagua (Guatemala). L'approche utilisée est axée sur la thermochronologie (U--Th--Sm)/He sur apatite et zircon, couplée avec la modélisation numérique de la structure thermique de la croûte. Nous mettons en évidence la variabilité à la fois spatiale et temporelle du gradient géothermique, et attirons l'attention du lecteur sur l'importance de prendre en compte la multitude des processus géologiques perturbant la structure thermique dans les chaînes de type cordillère.

Une nouvelle approche est ainsi développée pour étudier et contraindre la perturbation thermique autour des chambres magmatiques. Deux profiles âge--elevation (U--Th--Sm)/He sur apatite et zircon, ont été collectées 7 km au sud du batholithe de Chilliwack, Cascades Nord. Les résultats montrent une variabilité spatiale et temporelle du gradient géothermique lors de l'emplacement magmatique qui peut être contrainte et séparé de l'exhumation. Durant l'emplacement de l'intrusion, la perturbation thermique y atteint un état d'équilibre (∼45 °C/km) qui est fonction du flux de magma et de la distance à la source du magma, puis rejoint 30 °C/km à la fin du processus d'emplacement magmatique.

Quelques nouvelles données (U--Th)/He, replacées dans une compilation des données existantes dans les Cascades Nord, indiquent une vitesse d'exhumation constante (∼100 m/Ma) dans le temps et l'espace entre 35 Ma et 2 Ma, associée à un soulèvement uniforme de la chaîne contrôlé par l'emplacement de magma dans la croûte durant toute l'activité de l'arc. Par contre, après ∼2 Ma, le versant humide de la chaîne est affecté par une accélération des taux d'exhumation, jusqu'à 3 km de croûte y sont érodés. Les glaciations ont un triple effet sur l'érosion de cette chaîne: (1) augmentation des vitesses d'érosion, d'exhumation et de soulèvement là où les précipitations sont suffisantes, (2) limitation de l'altitude contrôlé par la position de l'ELA, (3) élargissement du versant humide et contraction du versant aride de la chaîne.

Les modifications des réseaux de drainage sont des processus de surface souvent sous--estimés au profil d'évènements climatiques ou tectoniques. Nous proposons une nouvelle approche couplant une analyse géomorphologique, des données thermochronologiques de basse température ((U--Th--Sm)/He sur apatite et zircon), et l'utilisation de modélisation numérique thermo--cinématique pour les mettre en évidence et les dater ; nous testons cette approche sur la gorge de la Skagit river dans les North Cascades.

De nouvelles données (U--Th)/He sur zircons, complétant les données existantes, montrent que le déplacement horizontal le long de la faille transformante continentale Motagua, la limite des plaques Caraïbe/Amérique du Nord, a juxtaposé un bloc froid, le bloc Maya (s.s.), contre un bloque chaud, le bloc Chortis (s.s.) originellement en position d'arc. En plus de donner des gammes d'âges thermochronologiques très différents des deux côtés de la faille, le déplacement horizontal rapide (∼2 cm/a) a produit un fort échange thermique latéral, résultant en un réchauffement du côté froid et un refroidissement du côté chaud de la zone de faille de Motagua.

Enfin des données (U--Th--Sm)/He sur apatite témoignent d'un refroidissement Oligocène enregistré uniquement dans la croûte supérieure de la bordure nord de la zone de faille Motagua. Nous tenterons ultérieurement de reproduire ce découplage vertical de la structure thermique par la modélisation de la formation d'un bassin transtensif et de circulation de fluides le long de la faille de Motagua.

Evolution of the thermal structure in subduction ranges

Abstract

This thesis focuses on the influence of the dynamic thermal structure of the upper crust (<10km) on the thermochronologic record of the exhumational and topographic history of magmatic continental arcs. Two mountain belts from the American Cordillera are studied: the North Cascades (USA) and the Motagua fault zone (Guatemala). I use a combined approach coupling apatite and zircon (U--Th--Sm)/He thermochronology and thermo--kinematic numerical modelling. This study highlights the temporal and spatial variability of the geothermal gradient and the importance to take into account the different geological processes that perturb the thermal structure of Cordilleran--type mountain belts (i.e. mountain belts related to oceanic subduction underneath a continent).

We integrate apatite and zircon (U--Th)/He data with numerical thermo--kinematic models to study the relative effects of magmatic and surface processes on the thermal evolution of the crust and cooling patterns in the Cenozoic North Cascades arc (Washington State, USA). Two age--elevation profiles that are located 7 km south of the well--studied Chilliwack intrusions shows that spatial and temporal variability in geothermal gradients linked to magma emplacement can be contrained and separated from exhumation processes. During Chilliwack batholith emplacement at ~35--20 Ma, the geothermal gradient of the country rocks increased to a high steady--state value (40--45°C/km), which is likely a function of magma flux and the distance from the magma source area. Including temporally varying geothermal gradients in the analysis allows quantifying the thermal perturbation around magmatic intrusions and retrieving a relatively simple denudation history from the data.

The synthesis of new and previously published (U--Th)/He data reveals that denudation of the Northern Cascades is spatially and temporally constant at ∼100 m/Ma between ~32 and ~2 Ma, which likely reflects uplift due to magmatic crustal thickening since the initiation of the Cenozoic stage of the continental magmatic arc. In contrast, the humid flank of the North Cascades is affected by a ten--fold acceleration in exhumation rate at ~2 Ma, which we interpret as forced by the initiation of glaciations; around 3 km of crust have been eroded since that time. Glaciations have three distinct effects on the dynamics of this mountain range: (1) they increase erosion, exhumation and uplift rates where precipitation rates are sufficient to drive efficient glacial erosion; (2) they efficiently limit the elevation of the range; (3) they lead to widening of the humid flank and contraction of the arid flank of the belt.

Drainage reorganizations constitute an important agent of landscape evolution that is often underestimated to the benefit of tectonic or climatic events. We propose a new method that integrates geomorphology, low--temperature thermochronometry (apatite and zircon (U--Th--Sm)/He), and 3D numerical thermal--kinematic modelling to detect and date drainage instability producing recent gorge incision, and apply this approach to the Skagit River Gorge, North Cascades.

Two zircon (U--Th)/He age--elevation profiles sampled on both sides of the Motagua Fault Zone (MFZ), the boundary between the North American and the Caribbean plates, combined with published thermochronological data show that strike--slip displacement has juxtaposed the cold Maya block (s.s.) against the hot, arc derived, Chortis block (s.s.), producing different age patterns on both sides of the fault and short--wavelength lateral thermal exchange, resulting in recent heating of the cool side and cooling of the hot side of the MFZ.

Finally, an apatite (U--Th--Sm)/He age--elevation profile records rapid cooling at ∼35 Ma localized only in the upper crust along the northern side of the Motagua fault zone. We will try to reproduce these data by modeling the thermal perturbation resulting from the formation of a transtensional basin and of fluid flow activity along a crustal--scale strike--slip fault. 
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Introduction

Durant ces dernières années de très nombreuses données thermochronologiques ont été collectées dans les chaînes de type Cordillière, comme la Cordillère Andine (Schildgen et al., 2009, Gunnel et al., 2010), les Andes de Patagonie (Thomson et al., 2002;2010, Adriasola et al., 2006)), la chaîne des Cascades (Reiners et al., 2002(Reiners et al., , 2003)), ou encore la péninsule d'Antarctique Septentrionale (Guenthner et al., 2010). Les Cordillères américaines sont l'exemple majeur des chaînes de subduction, cette chaîne de montagne s'étendant sur plus de 15 000 km le long de la bordure occidentale des continents américains, depuis l'Alaska jusqu'à la Patagonie. Depuis le Jurassique, la subduction des plaques océaniques du Pacifique y apporte des quantités gigantesques de matière.

Cette subduction transporte fluides, sédiments, et croûte océanique, elle arrache des morceaux de croûte continentale et provoque une intense activité magmatique ainsi que l'accrétion de terrains exotiques le long du continent américain [START_REF] Dickinson | Evolution of the Western Cordillera of North America[END_REF], Whitney et al., 1999[START_REF] Decelles | Cyclicty in Cordilleran orogenic systems[END_REF]. Caractérisées par des altitudes et des reliefs impressionnants, les cordillères constituent une cible de choix pour quantifier la dynamique des mouvements verticaux dans la croûte de la plaque continentale chevauchante. De plus, les grandes variations climatiques au travers et le long de la chaîne imposent de forts gradients climatiques, impliquant une impressionnante variabilité des processus et des intensités érosives. Cette variabilité au travers et le long la chaîne est particulièrement intéressantes afin d'étudier les intéractions entre déformation, magmatisme et érosion [START_REF] Montgomery | Climate, tectonics, and the morphology of the Andes[END_REF], Thomson et al., 2010).

La thermochronologie basse température (traces de fission, (U--Th--Sm)/He) est largement utilisée pour étudier l'histoire thermique des roches sur les premiers kilomètres de la croûte terrestre et permet de contraindre la profondeur et le cinématique de la dénudation continentale sur des échelles de temps de 1 à 100 Ma. Généralement, les histoires de refroidissement déduites des données thermochronologiques sont converties en vitesses d'exhumation, en supposant que le gradient géothermique a été stable et que le refroidissement des roches est contrôlé par l'érosion en surface. Cependant, de nombreux processus géologiques peuvent induire une variabilité spatiale et temporelle du gradient géothermique et ainsi perturber l'enregistrement des vitesses d'exhumation.

Dans cette thèse, je m'efforce d'illustrer l'importance des variations du gradient géothermique au cours des temps géologiques. Je démontre qu'elles ne sont pas négligeables lors de l'interprétation des données thermochronologiques et ce particulièrement dans les chaînes de type Cordillière, affectées par du magmatisme d'arc. Ces variations peuvent biaiser nos interprétations des [START_REF] Dickinson | Evolution of the Western Cordillera of North America[END_REF]. Une grande partie de la Cordillère Nord Américaine n'est plus actuellement associée à une zone de subduction, contrairement à la cordillère Sud Américaine. Les plus grands batholithes de la Cordillère Nord sont notés comme suivant : CM, Coast Mountains; IB, Idaho--Boulder; SN, Sierra Nevada; PR, Peninsular Range; SMO, Sierra Madre Occidental.

APVC correspond au complexe volcanique de l'Altiplano--Puna; G indique les iatus (gap) dans l'arc magmatique actuel des Andes. La carte est projetée en Mercator avec un axe localisé à 25° N, 15° E.

Ces systèmes incluent l'avant--arc, qui comprend le prisme d'accrétion et le bassin d'avant-arc, l'arc, et vers l'intérieur du continent l'avant--pays et l'arrière--arc ; ils se différencient des autres systèmes orogéniques par la présence d'une grande quantité d'intrusions magmatiques, d'un très fort relief et d'un important épaississement crustal [START_REF] Anderson | The Nature and Origin of Cordilleran Magmatism[END_REF][START_REF] Dickinson | Evolution of the Western Cordillera of North America[END_REF]. De plus, les

Cordillères sont marquées par une très grande hétérogénéité crustale, résultant de la présence de magma, de forts gradients géothermiques et de nombreuses structures héritées, notamment des limites des blocs crustaux (terrane) accrétés pendant toute l'histoire de la subduction (Whitney et al., 1999). Ces hétérogénéités peuvent avoir un profond impact sur la dynamique et l'exhumation de l'arc, ainsi que sur le mode de déformation de la chaîne de montagne (e.g. [START_REF] Price | The southeastern Canadian Cordillera: thrust faulting, tectonic wedging, and delamination of the lithosphere[END_REF][START_REF] Ellis | Continental collision including a weak zone: the vise model and its application to the Newfoundland Appalachians[END_REF]. Ainsi, les deux zones d'études étudiées au cours de la thèse (Fig. 1.3) et leurs contextes géologiques ne sont pas présentés de manière exhaustive et commune dans ce chapitre introductif, mais successivement dans les chapitres suivants (Cf. Chapitre 2 pour les North Cascades ; Cf. Chapitre 3 pour le Guatemala Central).

I.1.2. Flux de chaleur dans les Cordillères

La plaque subductée, l'arc magmatique, et les différentes composantes de l'arrière--arc ont chacun une signature thermique propre et peuvent être différenciés par des mesures de flux de chaleur en surface (Fig. 1.2 ;Cf. Hyndman et al., 2005 pour une synthèse de la structure thermique des arcs magmatiques actuels). En effet, les flux de chaleur sont faibles au niveau de la fosse de subduction et de l'avant--arc, reflétant l'enfouissement dans le manteau de la lithosphère océanique froide et l'absence de convexion mantellique sous l'avant--arc et la plaque chevauchante. De la même manière, la température dans et autour de la plaque subductée est plus faible que dans le manteau avoisinant. Ainsi les gradients géothermiques mesurés proche des zones de subduction sont faibles et peuvent atteindre seulement 10°C/km.

Par contre, la région de l'arc volcanique est dominée par des flux de chaleur très importants.

L'activité volcanique ne représente qu'environ 10% de cette anomalie thermique, le reste étant attribué à la remontée et la mise en place de magma dans la croûte et/ou à la convection mantellique (Gill, 1981, Blackwell et al., 1982, 1990). Les gradients géothermiques y atteignent 35 à 50 °C/km (e.g., Barton et al., 1988;De Yoreo et al., 1991). Se superposant à cette tendance générale, les mesures de flux de chaleur peuvent considérablement augmenter à proximité des édifices volcaniques et refléter des processus thermiques plus locaux comme des chambres magmatiques superficielles et des circulations hydrothermales (Lewis et al., 1992;Hyndman, 1995).

Jusqu'à récemment, les flux de chaleur dans l'arrière--arc étaient considérés comme liés au contexte tectonique affectant celui--ci : un régime en extension est associé à des forts flux de chaleur et un arrière--arc en compression est associé à des flux de chaleur faibles. Cependant, [START_REF] Hyndman | Subduction zone backarcs, mobile belts, and orogenic heat[END_REF] ont montré que beaucoup d'arrière--arcs, qui ne sont pas en extension, ont des flux de chaleur comparable à ceux de l'arc et deux fois plus élevés que dans les cratons adjacents [START_REF] Chapman | Thermal state of the continental crust[END_REF] ; ces anomalies thermiques semblent donc générale quelque soit le régime tectonique affectant l'arrière--arc, et plutôt associées au mouvement de convection mantellique en dessus de la plaque supérieure. Toutefois, il est a noté qu'un régime thermique d'arrière--arc élevé favorise l'effondrement gravitaire et le fluage horizontal du matériel crustal [START_REF] Dewey | Extensional collapse of orogens[END_REF], avec les conséquences que ces processus engendrent sur les transferts de chaleur (Vanderhaeghe and Duchene, 2010). 

I.2. Structure thermique de la croûte supérieure.

Bien que la dynamique de la plaque océanique subductée exerce un contrôle majeur sur l'évolution des Cordillères, de nombreux processus opérant dans la plaque supérieure n'ont pas encore été expliqués entièrement [START_REF] Decelles | Cyclicty in Cordilleran orogenic systems[END_REF]. La structure thermique de la croûte est très dynamique et susceptible d'enregistrer l'influence des différents processus géologiques contrôlant l'évolution de ces chaînes. Ainsi, la thermochronologie, au travers de la caractérisation de l'évolution spatiale et temporelle de la structure thermique, apporte des contraintes indispensables à la compréhension et à la quantification de différents processus comme l'érosion, la sédimentation, les failles, le magmatisme et les circulations de fluides (Ehlers, 2005). Dans cette partie, j'évoquerai d'abord l'état des connaissances concernant la variabilité naturelle de l'état thermique de la croûte, puis les conditions sous lesquels ces différents processus géologiques peuvent influencer la structure thermique de la croûte supérieure.

I.2.1. Variabilité du gradient géothermique

Il existe une riche littérature documentant l'état actuel du gradient géothermique constitué à partir de données de forage et de la mesure des propriétés thermo--physique des roches (notamment la conductivité et la production de chaleur). Des compilations des flux de chaleur sont disponibles [START_REF] Chapman | Global heat flow: a new look[END_REF][START_REF] Pollack | On the regional variation of heat fl ow, geotherms, and lithospheric thickness[END_REF][START_REF] Sass | Heat flow from the crust of the United States[END_REF][START_REF] Pollack | Heat flow from the Earth's interior; analysis of the global data set[END_REF]Blackwell et al., 2004). Les flux de chaleur mesurés en surface sont l'expression des processus geothermiques en profondeur et l'analyse de ces données apporte des informations sur ces processus.

A l'échelle du globe, les flux de chaleur fluctuent entre ~0 et 350 µWm -2 [START_REF] Pollack | Heat flow from the Earth's interior; analysis of the global data set[END_REF].

Les valeurs faibles sont localisées dans les cratons, les zones océaniques anciennes et les régions affectées par des forts taux de sédimentations, tandis que les fortes valeurs sont associées aux rides océaniques. A une échelle plus réduite, de l'ordre de 1000 km, ces valeurs sont clairement associée aux provinces tectoniques et à une échelle encore inférieure, de l'ordre de 10 à 100 km, elles sont associées à des processus crustaux comme la variabilité de production de chaleur (liée à la lithologie), le magmatisme ou les failles. La carte des flux de chaleur de l'Amérique du Nord et centrale (Fig. 1.3) illustre bien cette variabilité associée aux provinces tectoniques. Comme nous le développerons par la suite avec les exemples des North Cascades (U.S.A.) et de la limite de plaque Amérique du Nord --Caraïbe (Guatemala) (Fig. [START_REF] Wagner | Fission track tectonics: the tectonic interpretation of fission track apatite ages[END_REF][START_REF] Gallagher | Low temperature thermochronology and strategies for multiple samples 1: Vertical profiles[END_REF], Fitzgerald et al., 1995). Cette approche est souvent utilisée car la pente de la droite passant au mieux par les différentes données correspond (en 1 er ordre) à la vitesse d'exhumation. Cependant, d'importantes hypothèses sur la structure thermique sont implicitement associées à cette méthode : elle suppose une stabilité spatiale et temporelle du gradient géothermique et que tous les échantillons passent ainsi par la température de fermeture du thermochronomètre utilisé à la même profondeur. Cette hypothèse de base peut être délicate dans certaines zones à forts gradients thermiques latéraux (Fig. [START_REF] Haugerud | Geology of the Hozameen Group and the Ross Lake shear zone, Maselpanik area, North Cascades, southwestern British Colum--bia[END_REF][START_REF] Ter Voorde | Thermal effects of normal faulting during rifted basin formation, 1. A finite difference model[END_REF]. Dans le chapitre 5, nous évaluerons l'impact de ces processus sur l'histoire thermique de la zone de faille Motagua.

Tectonique et failles

La thermochronologie est souvent utilisée pour quantifier l'activité et la vitesse des déplacements des failles. Dans une zone tectoniquement active, plusieurs processus associés aux failles peuvent influencer l'histoire thermique des roches. Le plus important est l'advection de chaleur lors du déplacement de la faille (Fig. 1.4). Un autre processus est lié aux processus de sédimentation et d'érosion qui redistribuent la matière d'un côté et de l'autre de la faille. En contexte compressif, l'érosion affectant le bloc chevauchant provoque la contraction des isothermes sous la surface, tandis que la sédimentation dans l'avant pays provoque la dilation des isothermes et le refroidissement de la croûte superficielle (e.g. Furlong andEdman 1984, 1989;[START_REF] Edman | Thrust faulting and hydrocarbon generation: A reply[END_REF]. Le même processus existe pour les failles normales. (Herman et al., 2010a). Le champ de vitesse de déplacement est marqué par les flèches.

Cette dissymétrie des gradients géothermiques de part et d'autre de la faille a pour conséquence de provoquer des gradients thermiques latéraux à travers la faille et de tordre les isothermes autour de celle--ci [START_REF] Husson | Thermal regime of fold and thrust belts --an application to the Bolivian sub Andean zone[END_REF]Moretti 2002, Herman et al., 2010a) 

Topographie

Dans la partie supérieure de la croûte, les isothermes ne sont pas plats mais défléchis par la topographie (e.g., House et al.,1998[START_REF] House | Paleo-geomorphology of the Sierra Nevada, California, from (U--Th)/He ages in apatite[END_REF]Braun, 2002). Cette perturbation est fonction de l'amplitude et de la longueur d'onde du relief, et décroît exponentiellement avec la profondeur.

Ainsi, elle peut avoir une influence importante sur les données (Fig. 1.5), et sur l'interprétation des relations âge/altitude en termes d'exhumation. Cet effet devient important dans les zones à gradients géothermiques élevés ou pour des thermochronomètres de faible température de fermeture (Braun, 2002). La pente de la relation âge--altitude surestime alors le taux d'exhumation réelle. L'influence d'une topographie stable dans le temps est relativement bien comprise [START_REF] Stüwe | The influence of eroding topography on steady--state isotherms; application to fi ssion track analysis[END_REF]Manktelow and Grasemann, 1997). Cependant, la capacité des thermochronomètres de basse température, comme l'(U--Th--Sm)/He et les traces de fission dans les apatites, à enregistrer les effets des variations de topographie reste encore à évaluer dans les différents contextes géologiques et géomorphologiques. Récemment, des études ont réussi à utiliser cette perturbation des isothermes pour contraindre la formation de profonds canyons bordant les plateaux Tibetains et Andins [START_REF] Clark | Late Cenozoic uplift of southeastern Tibet[END_REF]Schildgen et al., 2009;Richardson et al., 2010). Par contre, van der Beek et al. ( 2010) ont montré que la perturbation thermique associée à l'évolution de la topographie des Alpes Occidentales du Massif des Ecrins était insuffisante pour être enregistrée par les traces de fission ou le (U--Th--Sm)/He, et nécessitait l'utilisation de nouveaux thermochronomètres de très basse température comme l'OSL [START_REF] Herman | Glacial erosion equals fluvial erosion in a very active orogen, as revealed from OSL thermo-chronology[END_REF] ou le 4 He/ 3 He (Shuster et al., 2005). Dans le deuxième chapitre, nous testons la capacité de l'(U--Th)/He sur apatite (température de fermeture ∼70°C) d'enregistrer et dater non plus des variations de l'amplitude du relief mais des modifications des réseaux de drainage, avec l'exemple de la Skagit River (North Cascades).

Magmatisme

L'advection de chaleur lors de l'emplacement de magma dans la croûte supérieure est le processus thermique dominant dans les zones affectées par le magmatisme. Cet apport de chaleur peut fortement réchauffer les roches encaissantes (Fig. 6) (e.g., [START_REF] Safanda | Subsurface temperature changes due to the crustal magmatic activity, numerical simulation[END_REF], Barton et al., 1988;De Yoreo et al., 1991), perturber leur histoire thermique et parfois remettre à zéro les thermochronomètres (e.g., Tagami andShimada 1996, Reiners 2005). A l'échelle de l'orogène, les apports magmatiques contrôlent en partie les variations latérales du gradient géothermique avec, par exemple, des forts gradients géothermiques au travers des zones d'arc (Reiners et al., 2003).

Dans le troisième chapitre, nous illustrons l'influence de la mise en place d'un batholith tertiaire, l'intrusion du « Chilliwack », sur le réchauffement/ refroidissement des roches encaissantes, et développons une nouvelle approche pour séparer ce signal thermique de celui lié à l'exhumation des North Cascades. de manière permanente dans un modèle thermique asymétrique. Les isothermes sont notées en °C. Repris de [START_REF] Safanda | Subsurface temperature changes due to the crustal magmatic activity, numerical simulation[END_REF].

Chapitre 1 : arcs magmatiques continentaux et thermochronologie

Circulation de fluides

Les mesures de flux de chaleur suggèrent que l'advection de chaleur par circulation de fluides souterrains perturbe la structure thermique de la croûte supérieure (e.g. [START_REF] Van Orstrand | Temperature gradients[END_REF]. De plus, les fortes topographies des chaînes de montagnes produisent des variations de pression hydraulique entre les montagnes et les vallées, contrôlant ainsi les circulations des fluides souterrains (Fig. Malgré les larges connaissances sur la circulation des fluides dans les massifs rocheux [START_REF] Gasquet | Miocene to Messinian deformation and hydrothermal activity in a pre--Alpine basement massif of the French Western Alps; new U--Th--Pb and argon ages from the Lauziere Massif[END_REF] et le long des structures géologiques [START_REF] Faulkner | A review of recent developments concerning the structure, mechanics and fluid flow properties of fault zones[END_REF][START_REF] Anderson | Alpine tectonic evolution and thermal water circulations of the Argentera Massif (South--Western Alps)[END_REF], où 4 He, U et Th qui sont les quantités actuelles, t qui est la durée d'accumulation et donc l'âge He, et λ la constante de décroissance de chaque élément. Les coefficients précédant U et Th correspondent au nombre de particules α émises dans chaque chaîne de décroissance, et le facteur (1/137,88) correspond au rapport actuel 235 U/ 238 U. Ce rapport suppose l'équilibre séculier entre chaque élément fils, une condition respectée pour les cristaux formés au moins 350 000 ans avant l'initiation de la rétention de l'hélium (Farley, 2002).

I.3.1. Diffusion de l'hélium dans les apatites

Contrairement aux roches se refroidissant très rapidement (ex : les roches volcaniques), la thermochronologie des roches remontant lentement vers la surface terrestre requiert une bonne connaissance de la cinématique de la diffusion de l'hélium dans le minéral en fonction de la [START_REF] Fechtig | The diffusion of argon in potassium--bearing solids[END_REF].

Si cette relation est respectée, alors la représentation de lnD/a 2 en fonction de l'inverse de la température donne une droite avec un intercepte égal à lnD 0 /a 2 et une pente égale à -Ea/R (Farley, 2000). Ces analyses en laboratoire comparées avec des données de terrain bien contraintes en ce qui concerne l'histoire thermique ont permis de déterminer une zone de rétention partielle de l'hélium entre 40 et 70°C [START_REF] Wolf | Helium diffusion and low--temperature thermochro-nometry of apatite[END_REF], Farley 2000;[START_REF] Stockli | Calibration of the (U--Th)/He thermo-chronometer on an exhumed fault block, White Mountains, California[END_REF] et une température de fermeture (Tc) de 70°C pour un taux de refroidissement de 10°C/Ma et un cristal de 60µm de rayon [START_REF] Wolf | Helium diffusion and low--temperature thermochro-nometry of apatite[END_REF][START_REF] Wolf | A sensitivity analysis of the apatite (U--Th)/He thermo-chronometer[END_REF]. [START_REF] Flowers | Unroofing, incision and uplift history of the southwestern Colorado Plateau from apatite (U-Th)/He thermochronometry[END_REF]. La ligne grise montre les âges prédits par un modèle numérique (RDAAM) reproduisant l'effet des dommages cristallins sur la diffusion de l'He dans les apatites (Flowers et al., 2009) Par la suite, des travaux ont montré que des paramètres autres que la température pouvaient contrôler la diffusion de l'hélium dans le cristal. D'abord [START_REF] Reiners | Influence of crystal size on apatite (U--Th)/He thermochronology: an example from the Bighorn mountains, Wyoming[END_REF] ont montré que la diffusion de l'hélium varie avec la taille du grain, et plus récemment une corrélation entre la quantité de dommages dans le réseau cristallin produits par l'éjection des particules α et une augmentation de Tc a été mise en évidence (Green et al., 2006 ;[START_REF] Shuster | The influence of natural radiation damage on helium diffusion kinetics in apatite[END_REF]. Ces changements de la cinétique de l'hélium peuvent en effet expliquer les âges hélium « trop vieux » particulièrement observés dans les terrains à faible taux de refroidissement, là où les dommages du réseau cristallin vont s'accumuler [START_REF] Flowers | Radiation damage control on apatite (U-Th)/He dates from the Grand Canyon region, Colorado Plateau[END_REF][START_REF] Flowers | Unroofing, incision and uplift history of the southwestern Colorado Plateau from apatite (U-Th)/He thermochronometry[END_REF]. Ces dommages constituent des pièges à hélium et ralentissent sa diffusion à travers le grain. Ainsi plus une apatite est restée longtemps à des températures suffisamment basses pour accumuler des dommages, et plus elle a un fort eU (paramètre qui mesure la concentration en éléments pères ([U]+0.235*[Th]). En conséquence, plus la concentration de dommage est forte, plus la température de fermeture est élevée. Pour des vitesses de refroidissement lentes, de l'ordre de 1 °C/km, et pour des apatites à fort eU, l'effet des dommages cristallins sur la diffusion de l'hélium peut être important et perturber Tc de plusieurs dizaines de degrés (Fig. 1.8). Cet effet peut se manifester par une corrélation positive entre l'âge hélium et eU [START_REF] Shuster | The influence of natural radiation damage on helium diffusion kinetics in apatite[END_REF][START_REF] Flowers | Radiation damage control on apatite (U-Th)/He dates from the Grand Canyon region, Colorado Plateau[END_REF]. En 2009, deux modèles, publiés parallèlement, proposent une modélisation de l'effet des dommages sur les âges AHe en fonction de l'histoire thermique des grains (Flowers et al., 2009, Gautheron et al., 2009). Ces deux modèles prennent aussi en compte la réparation des dommages qui est, elle aussi, fonction de la température.

I.3.2. Diffusion de l'hélium dans les zircons

Comme pour les apatites, la datation (U--Th)/He sur zircon est basée sur les résultats des expériences en laboratoire de chauffe par paliers pour déterminer la cinétique de la diffusion de l'He dans les zircons. Ces mesures suggèrent une température de fermeture du système de ∼175--195°C pour des grains de 40--100 µm de section et un taux de refroidissement de 10°C/Ma (Reiners et al., 2002b, 2004, Reiners, 2005). Reiners et al. (2002b) notent aussi que l'échelle de la diffusion est celle du grain, suggérant que le grain représente bien le domaine de diffusion de l'He. La forte concentration en atomes parents produit une quantité très importante des dommages du réseau cristallin associée à l'éjection des particules α, réduisant la rétentivité de l'He dans les zircons, voire réduit à zéro cette retentivité dans les zircons métamictes [START_REF] Nasdala | Long--term stability of alpha particle damage in natural zircon[END_REF], Reiners, 2005). Cet effet contraste avec l'influence des dommages cristallins pour les apatites, qui tendent plutôt à retenir l'Helium : l'influence précise des dommages dans les zircons reste encore à quantifier (Wolfe et Stockli, 2010). Les mesures en laboratoire ont montré un profil de dégazage erratique pour des températures inférieures à 425--520°C (Reiners et al., 2004). Des vitesses de diffusion anormalement élevées ont été attribuées aux zones de dommages, à une anisotropie de la diffusion contrôlée cristallographiquement, ou à une hétérogénéité de la distribution de l'He dans le grain (Reiners et al., 2004, Reiners, 2005). Plus récemment, de nouvelles études expérimentales et numériques ont essayé de quantifier le lien potentiel entre une diffusion non--Arrhenius et la diffusion anisotrope dans les zircons [START_REF] Farley | He diffusion systematic in min-erals: evidence from synthetic monazite and zircon structure phosphates[END_REF][START_REF] Reich | Low--temperature anisotropic diffusion of helium in zicon: implications for zircon (U-Th)/He thermo--chronometry[END_REF][START_REF] Cherniak | Diffusion of helium in zircon and apatite[END_REF][START_REF] Saadoune | He incorporation and diffusion pathways in pure and defective ZrSiO4: a density functional theory study[END_REF].

Plusieurs de ces études ont conclu que la diffusion de l'He dans les zircons est clairement anisotrope, ce qui peut fortement influencer l'interprétation des données (U--Th)/He sur zircons. Des données naturelles, acquises le long de blocs crustaux exhumés rapidement le long de failles extensives dans les Basin and Range, ont aussi été utilisées pour calibrer ce thermochronomètre (Reiners et al., 2002a;[START_REF] Stockli | Application of low--temp-erature thermochronometry to extensional tectonic settings[END_REF]. Les échantillons collectés dans le Gold Butte (Nevada) mettent en évidence une zone de rétention partielle (ZrPRZ) exhumée dont la paleo-profondeur est estimée à ∼10 km et la gamme de température entre 180--250°C. Les échantillons collectés dans les Wassuk Range (Nevada) montre une ZrPRZ entre 140--190°C à ∼6.5 km [START_REF] Tagami | U-Th)/He geochronology of single zircon grains of known Tertiary eruption age[END_REF][START_REF] Stockli | Application of low--temp-erature thermochronometry to extensional tectonic settings[END_REF]. Ce type d'étude semble confirmer les analyses de diffusivité faites en laboratoire et les coefficients de diffusion utilisés, de nouvelles contraintes sont néanmoins nécessaires pour comprendre plus précisément la diffusion de l'He dans les zircons. [START_REF] Ehlers | Apatite (U-Th)/He Thermochronometry: Methods and Applications to Problems in Tectonics and Surface Processes[END_REF]. Pour les noyaux parents (U ou Th) situés à une distance supérieure à 20 µm du bord du cristal, tout l'He est retenu (cercle gris foncé). Au contraire, pour les noyaux parents situés à une distance inférieure à 20 µm, il y a une probabilité pour que l'He soit ejecté du cristal (cercle gris clair). L'incertitude est d'autant plus importante que la taille de l'apatite diminue.

I.3.3. Correction de l'éjection de particules alpha

Lors de leur formation, les particules α parcourent un trajet de ∼20µm à travers les apatites et les zircons. Ainsi certaines particules peuvent être éjectées du grain ou injectées depuis des grains voisins (Fig. 1.10). Si l'éjection n'est pas corrigée, elle peut causer des erreurs de plus de 10% de l'âge (Farley, 1996). L'implantation depuis les grains avoisinants est généralement négligée, même si cet effet peut être non négligeable dans le cas de grains à faible quantité d'U et Th [START_REF] Spiegel | Apatite (U--Th--Sm)/He thermochronology of rapidly cooled samples: The effect of He implantation[END_REF].

Le rapport surface/volume et la distribution des atomes parents contrôlent la magnitude de l'éjection α. En supposant une géométrie idéale et une distribution homogène de l'U et du Th, [START_REF] Farley | The effects of long alphastopping distances on (U--Th)/He ages[END_REF] ont modélisé la fraction de particules α restée (FT) dans des cristaux de différentes dimensions (Fig. 1.10). Par la suite, d'autres méthodes ont été proposées pour prendre en compte des géométries de cristaux plus complexes dans le cas des apatites (Farley, 2002) et des zircons (Hourigan et al., 2005).

Il est à noter que la taille des cristaux est le paramètre limitant de ce type de correction. Des grains trop petits perdent une quantité d'He trop importante pour être corrigée correctement (Fig 1.10) ; les cristaux avec une section inférieure à 60 µm ne sont donc pas analysés. Les grains peuvent également être zonées, ce qui peut introduire des erreurs de l'ordre de ± 10--25% par rapport à ce qui est présenté sur la Figure 1.10 (Ehlers et Farley, 2003, Reiners 2005).

I.3.4. Préparation des échantillons et séparation des minéraux

Pour chaque échantillon, entre cinq et dix kilos de roches ont été prélevés. Les premières étapes sont le broyage, puis le tamisage pour récupérer la fraction 63--200 µm. Les apatites et les zircons ayant respectivement une densité élevée de ∼3.2 et de ∼4.5 g.cm --3 , la séparation minérale est effectuée premièrement à l'aide d'une table vibrante, puis de liqueurs denses. La fraction récupérée est ensuite lavée à l'éthanol et passée au séparateur magnétique Frantz, pour éliminer les minéraux lourds magnétiques. Les étapes qui font suite à la table vibrante ont été réalisées par F. Senebier (LGCA, Université de Grenoble). Les fractions finales obtenues sont d'à peine quelques grammes et contiennent les apatites et les zircons qui vont ensuite être triées à la pince sous binoculaire. Les critères de sélection des apatites sont: (1) critère de taille, les grains sélectionnées doivent avoir une section minimale d'au moins 60 µm ; (2) critère de forme, les apatites cassées dans la longueur, parallèlement à l'axe c, ou arrondies par un transport par exemple sont rejetées, car celles--ci ne permettent pas une correction de l'éjection. Par contre, les apatites cassées perpendiculairement à l'axe c sont sélectionnables car la diffusion se fait essentiellement parallèlement à l'axe c. Les zircons cassés ne sont pas sélectionnés ; (3) critère de pureté : les apatites doivent être exemptes de toute inclusion. Dans le cas des zircons, la présence d'inclusions pose peu de problèmes, les zircons étant bien plus riches en U que les inclusions.

La géométrie des grains, qui peuvent posséder soit une ou deux pyramides, ou pas de pyramides, ou une ou deux faces cassées est notée. Il est important de prendre en compte la géométrie du grain car elle intervient dans le calcul du facteur de correction. Chaque grain est ensuite introduit dans des capsules en Platine (apatite) ou Niobium (zircon). Les datations (U--Th--Sm)/He se décomposent ensuite en deux temps : (1) mesure de la concentration en 4 He, extrait du grain par chauffage à l'aide d'un laser et mesuré à l'aide d'un spectromètre de masse quadrupole; (2) mesures des concentrations en U, Th et Sm à l'aide d'un spectromètre de masse (ICP--MS) par dilution isotopique. Ces mesures sont décrites plus largement dans les chapitres présentant les différents jeux de données.

I.3.5. Détermination de l'âge d'un échantillon

Pour chaque échantillon, plusieurs grains sont analysés pour être sûr que des phénomènes secondaires (fractures, inclusions, injection d'He) n'ont pas affecté l'âge. Par exemple, des variations importantes entre les différents grains d'un même échantillon peuvent s'expliquer par la présence d'inclusions minérales riches en U et Th (zircon ou monazite par exemple) non détectées lors de la sélection à la loupe binoculaire. En effet, lors de la phase de dégazage, l'He contenu dans ces inclusions est éjecté et mesuré par le spectromètre de masse. En revanche, les inclusions riches en U et Th ne sont pas dissoutes et l'U et le Th contenus dans ces inclusions ne sont pas pris en compte dans le calcul de l'âge (U--Th/ He) ; l'âge observé est alors trop vieux. Ces âges biaisés sont donc exclus du calcul de l'âge moyen de l'échantillon. Pour obtenir un âge synthétique de chaque échantillon, nous avons calculé la moyenne arithmétique des âges de chaque aliquot. L'erreur correspond alors à l'écart--type de la population.

I.4. Modélisation numérique 3D

Depuis quelques années, l'apport de modèles numériques basés sur les principes de conduction et d'advection de la chaleur a permis de passer une nouvelle étape dans l'utilisation des données thermochronologiques. En effet, l'évolution cinématique et topographique d'un orogène, mais aussi des processus comme le magmatisme, les mouvements le long des failles, les écoulements de fluides souterrains peuvent être simulés numériquement. Ainsi, la modélisation numérique thermo--cinématique permet de déterminer des histoires thermiques et des âges thermochronologiques synthétiques, qui sont ensuite comparés aux âges mesurés, et utilisés pour comprendre et surtout quantifier les processus géologiques contrôlant l'évolution thermique de la croûte. Cependant, la modélisation de l'évolution thermique crustale nécessite un modèle physique adapté aux processus thermiques dominants dans un contexte géologique donné. La multitude des processus géologiques implique une analyse fine des processus thermiques significatifs dans la zone d'étude et impose un important effort pour adapter les modèles numériques utilisés à ces processus thermiques.

I.4.1. Description du modèle numérique utilisé, Pecube©

Nous avons utilisé le code Pecube (Braun, 2003) couplé avec la méthode d'inversion Neigborhood Algorithm (NA) de Sambridge (1999 a,b). Pecube est un code en éléments finis qui permet la résolution de l'équation de la chaleur en 3D (Carslaw and Jaeger, 1959) dans un bloc crustal avec topographie évolutive au cours du temps :

H z T k z y T k y x T k x z T w y T v x T u t T + ∂ ∂ ∂ ∂ + ∂ ∂ ∂ ∂ + ∂ ∂ ∂ ∂ = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ ∂ ∂ + ∂ ∂ + ∂ ∂ + ∂ ∂ c ρ avec T(x,
y,z,t) la temperature (°C), ρ la densité des roches (kg m -3 ), c la capacité thermique (J kg -1 K -1 ), , u, v et w les coordonnées de la vitesse des roches par rapport à l base du modèle (mm yr -1 ); k la conductivité (W m -1 K -1) et H la production de chaleur interne (W.m -3 ). Cette équation doit être résolue pour un un champ de températures initial : 
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où z=--H représente la base du modèle, S(x; y; t) la surface topographique à t, T MSL est la température au niveau de la mer, T H la température à la base du modèle, n le vecteur normal à la surface externe du modèle et β le gradient atmosphérique de température (lapse rate). Avec ce modèle, nous ne définissons pas un flux de chaleur à la base, mais une température basale afin de faciliter les calculs.

Pecube a donc pour objet la modélisation de la structure thermique (Fig. 1.11) et de son évolution en fonction des paramètres suivants : température [°C] à la base du modèle et à la surface, production de chaleur interne [µW/m 3 ], coefficient de diffusion [km 2 /Ma], taux d'exhumation [km/Ma], variation du relief, âge [Ma] de la transition entre deux phases d'exhumation ou deux phases de production de chaleur. Les chemins température--temps sont alors calculés et permettent l'obtention des âges thermochronologiques (Fig. 1.11). Les âges hélium synthétiques sont calculés à partir des paramètres de diffusion définis par Reiners et al. (2004) pour les zircons et Farley (2000) pour les apatites. Pecube est présenté plus précisément dans les chapitres suivants. 

I.4.2. Inversion des données thermochronologiques à partir de Pecube et du Neighbourhood

Algorithm (NA)

Le couplage de Pecube avec le package NA (Sambridge, 1999a,b) a été récemment développé et utilisée (Braun & Robert, 2005[START_REF] Herman | Tectonomorphic scenarios in the Southern Alps of New Zealand[END_REF], Valla et al., 2010, van der Beek et al., 2010, Herman et al., 2010a, 2010b) et permet d'effectuer une recherche multidimensionnelle directe de paramètres dans une gamme définie par l'utilisateur (Fig. 1.12). Cette méthode est applicable pour un grand nombre d'inversions non linéaires, en particulier pour les problèmes où les relations entre les observables et les inconnues (paramètres) sont complexes. Elle permet ainsi d'estimer les contraintes apportées par les données thermochronologiques sur tels ou tels paramètres d'un (Sambridge, 1999a,b). (http://rses.anu.edu.au/~malcolm/NA/na.html#papers) Chapitre 1 : arcs magmatiques continentaux et thermochronologie scénario. La représentation des résultats des inversions multidimensionnelles est assez délicate, car le nombre de paramètres testés pour reproduire numériquement les données réelles peut être très élevé. La figure 1.13 montre une représentation en 3D (en fonction de 3 paramètres) des résultats d'une inversion. Dans un souci de simplicité, nous utiliserons uniquement des représentations en 1D ou 2D. Le fonctionnement de NA, tel que je l'ai utilisé pour adresser différentes problématiques, sera développé dans les chapitres suivants.

I.4.3. Limites de la méthode

L'utilisation des données thermochronologiques couplées à la modélisation numérique pour contraindre les processus d'exhumation ou les variations de topographie est un outil puissant et amenée à être de plus en plus utilisé (e.g. van der Beek et al., 2010, Herman et al., 2010a), mais cette méthode présente quelques limites qu'il est nécessaire de présenter et de prendre en compte lors de la modélisation des données thermochronologiques.

1.

Les paramètres thermiques qui influencent la structure thermique de la croûte Au Crétacé Moyen, les North Cascades sont caractérisées par l'accrétion de nombreuses terranes au niveau de la zone de subduction bordant l'ancienne marge occidentale de l'Amérique du Nord (e.g. [START_REF] Monger | Tectonic accretion and plutonic welts in the Canadian Cordillera[END_REF][START_REF] Journeay | The Coast Belt thrust system: Evidence of Late Cretaceous shortening in southwest British Columbia: Tectonics[END_REF].

La déformation de la zone en régime compressif a engendrée la formation de nombreux plis et chevauchements, accompagnés par la mise en place de quantité importante de magma (96--45 Ma). L'association de ces processus tectoniques et magmatiques a provoqué l'épaississement de la croûte jusqu'à ~60 km, il y a environ 90 Ma, et ce d'après des données géochimiques, thermobarométriques, et la présence d'épidote magmatique dans les plutons [START_REF] Debari | Genesis of tonalitic plutons in a Cretaceous magmatic arc of the North Cascades: mixing of mantle derived magmas and melting of garnet--bearing lower crust[END_REF][START_REF] Miller | Influence of lithological heterogeneity, mechanical anisotropy, and magmatism on the rheology of an arc, North Cascades[END_REF]. Les estimations des pression et température sont supérieures à 10 kbar et 650 °C respectivement. Ces données combinées avec des études de paléobotanique et isotopes stables réalisées à l'Est de la chaîne suggèrent que les North Cascades et le sud de la Colombie Britanique était ~1 à 2 km plus élevées qu'aujourd'hui à l'Eocène [START_REF] Mulch | Reconstructing paleoelevation in eroded orogens: Geology[END_REF][START_REF] Mulch | Stable isotope paleoaltimetry in orogenic belts -the silicate record in surface and crustal geological archives[END_REF].

Le socle des North Cascades est constitué par les blocs du Wenatchee et de Chelan qui sont séparés par la faille post--métamorphique de Entiat (figure 2.2). Ces deux blocs préservent des histoires magmatiques et métamorphiques différentes : le bloc de Wenatchee enregistre du magmatisme d'arc seulement entre 96 et 84 Ma (e.g. [START_REF] Tabor | Accreted Terranes of the North Cascades Range, Washington, Field Trip Guidebook[END_REF][START_REF] Miller | Cretaceous to Paleogene Cascades arc: structure, metamorphism, and timescales of magmatism, burial, and exhumation of a crustal section[END_REF] tandis que le bloc de Chelan jusqu'à ~45 Ma. Il enregistre aussi une extension parallèle à la chaîne et une exhumation rapide au cours de l'Eocene (e.g. [START_REF] Tabor | Accreted Terranes of the North Cascades Range, Washington, Field Trip Guidebook[END_REF][START_REF] Miller | Significance of composite lineations in the mid--to deep crust: a case study from the North Cascades[END_REF]. Le passage d'un régime en transpression dextre à un regime en transtension est daté à ~55 Ma ; il est probablement associé à une réorganisation de la cinématique des plaques [START_REF] Engebretson | Relative motions 840 between oceanic and continental plates in the Pacific basin[END_REF][START_REF] Doubrovine | A revised kinematic model for the relative motion between Pacific oceanic plates and North America since the Late Cretaceous[END_REF]. Versant Est de la chaîne, l'extension Eocène de la chaîne est marquée par la formation de bassins sédimentaires à remplissage détritique continental (Johnson, 1985 ;Cheney and Hayman, 2009) Les volcans actuels de l'arc des Cascades--Garibaldi (triangles blancs) sont limités à la zone de subduction de la plaque Juan de Fuca. La boite noire localise la chaîne des North Cascades.

A partir de la limite Eocène--Oligocène (~34 Ma), le magmatisme reprend (Vance et al., 1987;Smith, 1993) et le socle des North Cascades est intrudé par d'important volume de magma d'arc [START_REF] Miller | Influence of lithological heterogeneity, mechanical anisotropy, and magmatism on the rheology of an arc, North Cascades[END_REF]. Les plutons sont regroupés en trois grandes familles [START_REF] Tabor | Accreted Terranes of the North Cascades Range, Washington, Field Trip Guidebook[END_REF] (d'après Miller et al., 2006). RLFZ: Ross Lake Fault Zone; ECFB: East Cascades Fold Belt; FF: Fraser Fault.

Actuellement, la chaîne des North Cascades est caractérisée par des altitudes maximum d'environ 3000 m. Ce relief semble être compensé en profondeur par une racine crustale. En effet, des profiles sismiques en 2D montrent une croûte de ~40 km d'épaisseur [START_REF] Schultz | Seismic velocity structure across the central Washington Cascade Range from refraction interpretation with earthquake sources[END_REF] 

Résumé

Les réorganisations des réseaux de drainage sont des processus fréquents au cours de l'évolution des chaînes de montagnes englacées. C'est un processus érosif important car il est susceptible de provoquer de large pulse d'érosion, de produire de grande quantité de sédiment et 
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Introduction

River diversions are irreversible modifications to drainage networks that develop naturally in response to tectonic and climatic forcing. Their primary effect is a modification of drainage shape [START_REF] Howard | Simulation model of stream capture[END_REF][START_REF] Douglass | Analogue modeling of transverse drainage mechanisms[END_REF], but they can also trigger erosional pulses and sediment releases (e.g. [START_REF] Mather | Adjustment of a drainage network to capture induced base--level change: an example from the Sorbas Basin, SE Spain[END_REF], Riedel et al., 2007). It has been proposed that the resulting erosion pulses generate significant rock removal and amplify local relief, thus altering crustal stress and strain fields [START_REF] Zeitler | Erosion, Himalayan geodynamics, and the geology of metamorphism[END_REF][START_REF] Koons | Mechanical links between erosion and metamorphism in Nanga Parbat, Pakistan Himalaya[END_REF].

Captures are sudden, discrete manifestations of the progressive adjustment of drainage networks to forcings such as tectonic uplift [START_REF] Van Der Beek | Control of detachment dip on drainage development in regions of active fault--propagation folding[END_REF], erodibility anisotropy of the bedrock [START_REF] Bishop | Drainage rearrangement by river capture, beheading and diversion[END_REF], wrench zone tectonics (Brocard et al., submitted), karstic piracy [START_REF] Hill | A Karst Connection model for Grand Canyon[END_REF], base level fall [START_REF] Humphrey | River incision or diversion in response to bedrock uplift[END_REF], or landscape advection [START_REF] Craw | Structure and topographic evolution of the Main Divide in the Land--sborough--Hopkins area of the Southern Alps, New Zealand[END_REF][START_REF] Cooper | River capture and Main Divide migration in the Haast River catchment assessed from the fluvial distribution of sodalite--bearing dike rocks and fenites[END_REF]. In spite of their potential importance in landscape evolution, the transient nature of captures signifies that many diagnostic features disappear quickly around the capture site. Only a few criteria, such as river elbows, may persist for millions of years, but these do not inform the capture process and its consequences [START_REF] Bishop | Drainage rearrangement by river capture, beheading and diversion[END_REF]. Thus the record of captures is poorly preserved, and drainage reorganizations are uncovered only when they are specifically sought (e.g. Mather et al., 2007[START_REF] Stokes | Quantification of river--capture--induced base-level changes and landscape development, Sorbas Basin, southeastern Spain[END_REF], Zeitler et al., 2001, Brocard et al., submitted). Drainage reorganization is thus often underestimated in discussions on the origin of erosion pulses, to the benefit of climatic or tectonic events.

During the last decade, numerical studies of fluvial erosion processes have concluded that a constant rate of downcutting or uplift leads to stable channel and ridge networks [START_REF] Tucker | Hillslope processes, drainage density, and landscape morphology[END_REF]. However, some authors have found that stream capture and drainage divide mobility processes control the self--organization of river channels [START_REF] Hasbargen | Landscape instability in an expe--rimental rainage basin[END_REF], 2003[START_REF] Mudd | Lateral migration of hillcrests in response to channel incision in soil--mantled landscapes[END_REF][START_REF] Pelletier | Persistent drainage migration in a numerical landscape evolution model[END_REF][START_REF] Stark | Oscillatory motion of drainage divides[END_REF]. Therefore, in order to improve the conceptual and physical knowledge of drainage self--organization, studies of field sites that have retained markers of drainage reorganization are needed.

The Skagit River is a major transverse river, developed within the Cascades Mountains in Washington State, USA (Fig. 1). The Skagit basin drains 6900km 2 and has a lengh of approximately 240 km, three times longer than the other west--side Washington North Cascades river. [START_REF] Waitt | Evolution of glaciated topography of upper Skagit drainage basin, Washington[END_REF] suggested that the Skagit River is an antecedent stream superimposed across the structure and topography of the crystalline core of the North Cascades. However, based on geomorphic arguments , Riedel et al. (2007) have proposed that this transverse valley is a recent feature induced by proglacial lake overspill and subsequent drainage reorganization. In the first part of the paper, we present the landscape indicators that are used to detect river reorganization and to reconstruct relief before the lake overspill. In a second part of the paper, the reconstructed pre--capture relief is used in a 3D numerical modelling of low-temperature thermochronological data. The numerical modelling (Braun, 2003) is used to constrain the timing of landscape evolution by extracting the topographic signal contained in low--temperature thermochronological data [START_REF] Schildgen | Quantifying the timing and magnitude of canyon incision and Andean Plateau surface uplift, southwest Peru: A thermochronometer and numerical modeling approach[END_REF]Valla et al., 2010, Glotzbach et al., submitted).

Geological setting

The Washington Cascade Mountains are part of 1200 km long by ~150 km wide mountain belt that extends north into British Columbia, and south into Oregon and California.

During Late Cenozoic glaciations, the Coast Range and North Cascades were a barrier to the southward expansion of the Canadian Cordilleran ice--sheet [START_REF] Clague | History and isostatic effects of the last ice sheet in southern British Columbia[END_REF], Mitchell and Montgomery, 2006b[START_REF] Hendy | A fresh perspective on the Cordilleran Ice Sheet[END_REF]. Drainage modifications by melt--water at the margins of continental ice--sheets and alpine glaciers has long been recognized [START_REF] Willis | Changes in river courses in Washington territory due to glaciation[END_REF][START_REF] Suess | The Face of the Earth 2[END_REF][START_REF] Penck | Glacial features in the surface of the Alps[END_REF]. Proglacial lakes can spill over drainage divides, incise passes, and connect valleys that were initially separated [START_REF] Suess | The Face of the Earth 2[END_REF][START_REF] Kerr | Quaternary glaciation in the Coast Range, northern British Columbia and Alaska[END_REF][START_REF] Dury | A glacial breach in the north western highlands[END_REF][START_REF] Flint | Glacial and Quaternary geology[END_REF]). In the Coast Range and North Cascades Mountains, drainage reversals by proglacial lake overspill have taken place frequently, especially in southern British Columbia [START_REF] Fulton | Glacial Lake history, southern interior plateau[END_REF][START_REF] Clague | Late Quaternary geology and geomorphology of British Columbia. Part I: Summary and discussion of radiocarbon dated Quaternary history: Geological Socie--ty of Canada Paper[END_REF][START_REF] Mathews | Developpement of the Cordilleran landscape during the Quaternary[END_REF][START_REF] Andrews | Neogene and Quaternary evolution of the Fraser river basin, British Columbia: evidence from the Chilcotin group basalts[END_REF] and northern Washington [START_REF] Waitt | Evolution of glaciated topography of upper Skagit drainage basin, Washington[END_REF]Thorson, 1983, Riedel et al., 2007). Sudden lake overflows have marked the landscape with impressive erosional forms, suggesting that overflow events can produce rapid erosion. One of the most famous of these events occurred east of the Cascades during the Last Glaciation Maximum (~15000--17000 yr), the Purcell Trench Lobe thwarted the Clark Fork of the Columbia River and dammed glacial Lake Missoula [START_REF] Bretz | Channeled Scabland of Washington -new data and interpretations[END_REF]. Stupendous outbursts from the lake swept the north and central part of the Columbia Plateau and carved a plexus of scabland channels [START_REF] Bretz | Channeled Scabland of Washington -new data and interpretations[END_REF], Booth et al., 2004).

One of the deepest valleys linked to a glacial--lake diversion is the 2000 m deep Skagit River gorge in the North Cascades, Washington (Fig. 1,Riedel et al., 2007). Before lake overspill, the paleo--upper Skagit River drained northward, while the paleo--lower Skagit drained to the west into Puget Sound (Fig. 1b). Successive southward advances of the Cordilleran ice sheets dammed the north--flowing drainage and formed a series of proglacial lakes that breached laterally and drained across the divide between the upper and lower Skagit Rivers. Elevated erosion surfaces (bedrock benches) in the upper drainage [START_REF] Mathews | Geomorphology of the Lightning Creek valley, Manning Park, southwest[END_REF][START_REF] Haugerud | Geology of the Hozameen Group and the Ross Lake shear zone, Maselpanik area, North Cascades, southwestern British Colum--bia[END_REF] lie 300-400 m above the floor of the Skagit River valley at the upper end of the gorge and represent the incised relict of a U--shaped valley (Fig. 2, Riedel et al., 2007). One of these surfaces, a 5--km--long bench, slopes in the opposite direction of the flow direction of the Skagit River (Riedel et al., 2007), suggesting flow reversal.

Geomorphological study

Long--River profile and paleo--relief

The projection of bedrock benches along the Skagit River profile suggests at least two different families of elevated low--slope surfaces (Fig. 2b ): an upper (elevation between 450 and 900m) and a lower (∼400m) series of bedrock benches. In contrast to the lower bench, the upper benches have a longitudinal gradient opposite to the modern Skagit River flow direction.

These upper benches are interpreted as relicts of the upper Skagit valley, before drainage reversal. The study of the lower landforms is beyond the scope of this paper, but they benchmark the progressive incision of the Skagit River after drainage diversion.

Fig. 2: Field view of relicts of the two families erosion surfaces above Diablo Lake; HS: higher surfaces,

LH: lower surfaces. The higher surfaces slopes in an opposite direction of the flow direction of the Skagit River (black arrow).

To evaluate the amplitude of incision resulting from lake drainage into the Skagit gorge, we reconstructed the pre--reversal profile of the upper Skagit valley using the upper series of relict surfaces (Fig. 3b). The elevation of the pass through which the glacial lake overflowed was at least 1270 m, which is the current elevation of the lowest nearby pass in the upper Skagit basin (Jasper Pass; Fig. 1). The different upper surface remnants and the elevation of the paleo--pass are used to reconstruct the pre--diversion relief (Fig. 4). The reconstruction suggests maximum post--breaching vertical incision of 1000 m. Values for divide incision include the combined effects of ice and meltwater and should be considered maximum, first--order approximations because of uncertainty in the pre--glaciation elevation of the pass. We will use this 3D relief reconstruction and the present--day relief as a template of the topographic evolution for running the numerical thermo--kinematic model (section 4.1.3.).

Fluvial erosion potential

The present--day Skagit River profile displays a 200 m high knick zone (Fig. 2B), which is not related to any active fault, lithological change or confluence with major overdeepened glacial valley. It is at the locus of the old drainage divide (Fig. 1b). To evaluate the influence of this knick zone on the present--day fluvial erosion, we calculated unit stream power (Ω) following the model proposed by [START_REF] Finnegan | A scaling relationship for channel width in bedrock rivers[END_REF]. This formulation predicts long--term fluvial erosion rates that are produced by rivers as a function of discharge, slope, and bedrock erodibility, in the form:

Ω = ρgQS/W = kQ 5/8 *S 19/16 ( 1 
)
where ρ is the density of water, g is gravitational acceleration, Q is fluvial discharge , S is river slope, W is channel width (m), and k is a proportionality constant. We use this formulation because it incorporates local changes in channel width, as the Skagit River shows a contraction in channel width within the knick zone area. Since the knick zone is not linked to lithological variation, k is considered constant. We model the unit stream power Ω to reveal spatial differences in erosion potential rather than as a measure of erosion rate [START_REF] Finlayson | Spatial coincidence of rapid inferred erosion with young metamorphic massifs in the Hima--layas[END_REF]. Predicted values of the erosion index show anomalously high values 4 times higher than along the rest of the river (Fig. 3c). The spatial correlation between this high erosion zone and the paleo--drainage divide location suggests that non--uniform bedrock erosion has maintained since divide breaching, and that the Skagit River is still in disequilibrium. In summary, the fluvial erosion index is a signature of active divide erosion and confirms the recent formation of the Skagit gorge by drainage reversal of the upper Skagit River drainage. Prolongation of the AHe apparent exhumation rate to the present--day suggest a 0 Ma--age inception at only 1 km below valley bottom; however, the present--day geothermal gradient of 40 °C/km (Blackwell et al., 1990) and a AHe closure temperature of ~75°C/km (Farley, 2002) imply a 2 km--depth for AHe closure temperature. Thus the qualitative approach of low-temperature thermochronology data suggests a strong post--3 Ma acceleration of the exhumation rate. 

Pecube modeling inversion

Pecube description

Pecube is a finite--element code that solves the 3D heat transport equation and predicts the thermal structure of a crustal block under prescribed temporally and spatially variable kinematic and topographic histories (Braun, 2002a[START_REF] Braun | Estimating exhum--ation rate and relief evolution by spectral analysis of age--elevation datasets[END_REF](Braun, , 2003)). It is essential to use numerical thermo--kinematic modeling to infer the transient evolution of exhumation and topography from a region using thermochronology (House et al., 1998, Braun et Robert, 2005, Hermann et al, 2010;Valla et al., 2010) because analytical approaches are only applicable under specific simplifications (e.g., steady--state exhumation). For each sample locality and all surface nodes, particle and corresponding time--temperature (t--T) paths are predicted.

Thermochronological data are calculated using the modeled t--T path and the diffusion model of Farley (2000) for apatite He (AHe) and Reiners (2004) for zircon He (ZHe) ages. Alpha ejection corrections follow Farley (2002) for apatite and Hourigan et al. (2005) for zircon.

Inversion method

Here we couple Pecube with two--step NA inversion. The method is briefly described here, but more details about Pecube and NA are given in Braun (2003) and Sambridge (1999aSambridge ( , 1999b)). A two--step NA inversion is used to (i) efficiently sample the multi--dimensional parameter space (sampling stage), and (ii) extract statistical parameters from the generated ensemble (appraisal stage).

The first stage, or sampling stage, is an iterative search method during which sampling gradually concentrates on regions of the multidimensional parameter space where the misfit function is optimised. (i.e. sets of parameters values that minimize the misfit to the data). In our approach, we use a weighted least--squares misfit function ψ:
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where N is the number of datasets, M is the number of samples in each dataset, i σ j,mod and i σ j,dat are predicted and observed values for AHe/ZHe ages respectively, and i σ j is the uncertainty on the data. Using a high performance cluster, we perform a large amount of forward model runs (8100 per inversion), necessary to obtain a statistically significant result given the number of free parameters. During the second, or appraisal stage, the algorithm resamples the entire ensemble of models that were generated during the first stage to provide Bayesian measures of resolution in the form of marginal probability density functions (PDF) L for each parameter, following the equation:

∑ = ⎟ ⎟ ⎠ ⎞ ⎜ ⎜ ⎝ ⎛ - ⋅ - = n i j i dat j i j i L 1 2 2 , mod , 5 . 0 ln σ σ σ (3) 
, assuming that measurement errors are independent and normally distributed. Modeling results are visualized as scatter plots together with 1D and 2D marginal PDFs.

Parameterization

The philosophy behind the parameterization is to find a balance between the flexibility that allows a wide range of parameter combinations to be evaluated, and the use all available a priori information to avoid illogical parameterizations. In order to not over--interpret the thermochronology data, we use an independent statistical test to measure the balance between the limited resolution of thermochronological ages and the high potential complexity of the numerical models. The Bayesian information criterion (BIC) is used to assess model complexity (Schwarz, 1978, Glotzbach et al., submitted):

) ln( ln 2 n k L BIC ! + ! " = (4) 
In which ln L denotes the log--likelihood for the model, and k and n are the numbers of free parameters and observations, respectively. The preferred model is the model which yields the lowest BIC value.

Since the establishment of the magmatic arc (∼38 Ma, Smith, 1993), the North Cascades crust has been intruded periodically by magmatic stocks (Tepper et al., 1993). Simon--Labric et al. (In Prep.,Chapter 3) propose a model in which the magmatism in the North Cascades between ∼ 35 and 20 Ma has locally increased the crustal geothermal gradient to 100°C/km and produced after ∼20 Ma a local and transient increase in cooling rate. We use this conceptual model to fix the parameters that control the thermal evolution of the crust (Table 2). Here, we evaluate the resolution of the Skagit Gorge (U--Th--Sm)/He data coupled with Pecube inversion to test the hypothesis of recent formation of the Skagit gorge by interfluve breaching.

Surface evolution

Surface topography in the model is defined explicitly by input of synthetic and modern--day digital elevation models (DEM). Landscape evolution is simulated by linear morphing function from one DEM to another. Our topographic evolution involves simultaneous onset of incision at all points along the gorge, with more rapid incision occurring in regions that are the deepest today. This scenario ignores potential waves of incision that may result from migrating knickpoints, but is probably reasonable because the knick zone is still located in the gorge (Fig. 3b), suggesting simultaneous incision along most of the river profile. The two end--member topographic scenarios confronted here are the steady topography versus canyon incision (transient, increasing topography). For steady simulations, the canyon and present--day topography exist prior to, and throughout the simulation (Fig. 3a). These simulations explore the simplest case of steady topography and a spatially and temporally constant exhumation rate. The exhumation rate is thus equal to the rock uplift. The canyon incision simulations start with the pre--incision reconstructed DEM (Fig. 4b) and end with present--day relief. The timing of the start of incision is one of the parameters tested by the NA code. Therefore, we simulate separatly the background exhumation linked to the rock uplift, and the local exhumation linked to the gorge incision. In consequence, the real exhumation in the gorge is the sum of these two components.

Model Results

In the following sections we discuss the quality of fit between model predictions and apatite and zircon data. All simulations start at 38 Ma, age of initiation of the North Carscades continental arc (Smith, 1993). We test scenarios that include a single exhumation rate, two successive exhumation rates, and three different successive rates. Inversion parameters ranges and results are summarized in Tables 3 and4 for steady--topography and gorge--incision models, respectively.

Steady Topography

Steady topographic simulations use the modern topography throughout the run. The log-likelihood of the best model decreases in each inversion with increasing model complexity. It leads us to assume that the likelihood function is maximized. The increase, however, is not linear but shows a pronounced improvement from a one--to two--step exhumation history, whereas more complex exhumation histories do not obviously increase the fit. Accordingly, the BIC value is smallest for a two--step exhumation history (inversion 1.2), which is thus the preferred model. The exhumation history starts at a rate of 50 ± 20 m/Ma (RU1), followed by an increase in exhumation rate (RU2) to 410 ± 50 m/Ma at 6.9 ± 1.1 Ma. Runs with 3 exhumation steps (Run 1--3, Table3) do not improve the fit and their misfit value is rather stable (with slight BIC value increase to 30.69).

Canyon Incision and Transient Topography

To explore the effect of timing and magnitude of incision on predicted ages, we started the simulations with the reconstructed DEM based on identified old surfaces and investigated the influence that the age of canyon incision exerts on thermochronologic profiles. Like in the steady--state end--members scenarios, three different rock uplift histories are tested (Table 4), but in addition the initiation age of the transient topography are also inverted for each run.

The log--likelihood of the best model of each inversion decreases with a pronounced jump from the one-- to the two--step exhumation scenario. Accordingly, the BIC value is smaller for a two-step exhumation history (inversion 2.2), which is thus the preferred model. Moreover, this value is clearly lower than for any of the steady--state topography runs, which suggests that recent incision of the Skagit gorge is a necessary element in the interpretation of the thermochronologic profiles. The results of inversion 2.2 are discussed in more detail: its scatter plots and 2D marginal PDFs are shown on figure 6 and 1D marginal PDFs on figure 7. The convergence of the model is very good, best misfit models define a clear minimum (Fig. 6). Parameters RU1, RU2 and T RU 1--2, all present a very low dispersion (Fig. 6 and Fig. 7), RU1 converges clearly to 100 ± 30 m/Ma, RU2 to 620 ± 200 m/Ma and T RU 2 to 2.5 ± 1.6 Ma. There is some positive trade--off between the age of initiation of the second exhumation step (T RU 2) and the value of this second exhumation (RU2): the younger T RU 2, the higher RU2. The resolution on the age of gorge incision initiation (TC) is somewhat less well constrained (Fig. 7), best--fit models are dispersed between 0 and 4 Ma, with a mean value at 2.3 ± 1.4 Ma and a maximum probability value at 1.75 ± 1.4 Ma. To sum up, this exhumation history involves an initial exhumation at a rate of ~100 m/Ma, followed by a rapid increase of exhumation rate to ~620 m/Myr after 2.5 Ma. Gorge incision starts at ~2 Ma. These results confirm our inspection of AER and the necessity of a recent exhumation acceleration, but the best--fit model from inversion suggests an acceleration linked to a combination of a topographic change and a background exhumation increase.

Discussion

Background exhumation rates

Both end--member surface--evolution simulations propose a best--fit model with a 2-- whereas the recent acceleration in exhumation reflects enhanced erosion resulting from a sharper alternation of glacial and interglacial phases in the Pliocene--Quaternary. We date the climate--driven acceleration in exhumation rate at 3.3 ± 0.4 Ma, consistent with the onset of Northern Hemisphere glaciations [START_REF] Haug | Onset of permanent stratification in the subarctic Pacific[END_REF]. These results confirm that the Pliocene--Quaternary climate change has increased the erosion rates of the West Side of the North Cascades Mountains (Mitchell et al., 2006), like in British Columbia (Farley et al., 2001, Ehlers et al., 2005, Shuster et al., 2005, Densmore et al., 2007).

step

Detection of drainage reorganization and valley incision

The qualitative interpretation of the low--temperature thermochronological data from the AER (Fig. 3), does not provide any information about the origin of the Skagit gorge. The AER implies a slow and monotonic exhumation of 130 ± 20 m/Ma from 32 Ma to 20 Ma according to ZHe, and 210 ± 100 m/Ma from 12 Ma to 3.5 Ma according to AHe, without any break in slope suggesting an increase in exhumation rate linked to a major incision event. Using only AER, we cannot conclude whether the Skagit gorge is an old topographic feature or whether gorge incision is too young and too superficial to have influenced the cooling history of the apatite and zircon (U--Th--Sm)/He systems.

Contrary to the qualitative approach, the inversion of the low--temperature data with the 3D thermo--kinematic model Pecube implies that recent incision of the Skagit gorge is necessary to explain the thermochronology data. The comparison between the two end-member surface--evolution scenarios shows that a model inducing recent gorge incision and a two--step exhumation provides a better fit to the data than the two--step exhumation with a steady topography (Run 2--2, Table 3; Fig. 8). In addition to the very good fit of the data to model simulations and the low number of parameter inverted, the good coherence of a 2--step exhumation history with the regional exhumation history confirms the solidity of this scenario.

To sum up, the combined approach of geomorphologic analysis, paleo--relief reconstitution, (U--Th--Sm)/He data and 3D thermo--kinematic modeling allows us to confirm that the recent incision of the Skagit Gorge for two reasons: (1) transient topography fits the (U--Th--Sm)/He data signicantly less well, and (2), the steady topography best--fit exhumation scenario is not consistent with known exhumation scenarios of the North Cascades (Reiners et al., 2002;2003;Simon--Labric et al., in prep.).

Capture age and erosion rates

Gorge incision initiation occurs at ∼2 Ma according to our numerical modelling. Its limited precision however comforts the model proposed by Riedel et al. (2006) in which the Skagit Gorge is linked to damming of the northward--draining paleo--Skagit river during the first southward advance of the Cordilleran ice--sheet in this catchment.

Overflow of the pro--glacial lake would have produced a base--level fall of ~1000m on a very small horizontal distance. The ∼2 Ma initiation age implies an integrated erosion rate as high as 500 m/Ma to cut the 1000 m high pre--incision drainage divide (Fig. 2b). Moreover, after 2.5 Ma the background rock uplift rate in the region increased to 620 m/Ma. So the total integrated erosion rate of the Skagit River in the capture gorge is the sum of the background erosion rate and the gorge incision rate, that is, ~1.1 km/Ma, a rate two times as large as the Quaternary background rock uplift rate and ten times higher than the long--term uplift rate of the range.

The high fluvial incison rates in the Skagit gorge (Fig. 3c) at the current incision quite closely matches this integrated incision rate. This again suggests that the Skagit River is still ajusting to its new base level. The presence of glacial erosion features in the gorge imply a glacial participation in gorge carving, but the V--shape of the gorge and the high fluvial erosion index suggest that fluvial processes have been the main agency of erosion.

During the Quaternary and incursion of the Cordilleran Ice--Sheet, other drainage reorganizations were widespread in the Coast Range--North Cascades (Riedel et al., 2006).

Recently, the Fraser river reorganization and gorge formation have been dated to after 1.17

Ma owing to a lava flow filling the abandoned pre--capture valley [START_REF] Andrews | Neogene and Quaternary evolution of the Fraser river basin, British Columbia: evidence from the Chilcotin group basalts[END_REF]. The Skagit and Fraser Rivers reorganization ages suggest that drainage reorganizations had been roughly synchronous throughout the Coast Range--North Cascades Mountains and are probably associated to the first large incursions of the Cordillerean Ice--sheet in this area ~1 Ma ago. In a broader context, these reorganizations therefore result from a major climate change: a global transition to increased climate variability at that time (Zang et al., 2001).

From a geomorphic point of view, drainage reorganizations have strongly participated in the shaping of the dramatic relief of the Coast Range--North Cascades, by rapid incision of deep V--shaped gorges, contributing to the ~2 Ma regional increase in erosion rates attributed to the sharper alternation of glacial and interglacial cycles (Shuster et al, 2005).

Conclusions

This study shows that thermochronological age--elevation profiles may be used to detect and date drainage reorganization and associated gorge incision. This approach, developped successfully in the Skagit Gorge, permits to recognize whether an erosion pulse is linked to a specific climatic or tectonic event, or to mere drainage reorganization. Chapitre2 :l' arc magmatique des North Cascades

1--Introduction

Active continental magmatic arcs represent an important class of mountain ranges from which large low--temperature thermochronology datasets have been collected in recent years (e.g., Andean Cordillera (Schildgen et al., 2009), the Patagonian Andes (Thomson et al., 2001;2002;2010, Adriasola et al., 2006)), the Cascades Range (Reiners et al., 2002(Reiners et al., , 2003)), or the northern Antarctic Peninsula (Guenthner et al., 2010). In such active magmatic arcs, the thermal structure is a dynamic system that is relatively well understood to depths of 10-15 km from surface heat flow data and metamorphic petrology (Blackwell et al., 1982(Blackwell et al., , 1990;;Barton et al., 1988;De Yoreo et al., 1991). Magmatic arcs experience little tectonically driven disruption of the crust, and therefore magmatic advection is the dominant heat transport mechanism that influences temperatures in the upper and middle crust. Heat flow data imply that geothermal gradients for active portions of arcs range from 30 to ~50 °C/km in the upper 12 km (Henry andPollack, 1988, Rothstein and[START_REF] Rothstein | Geo-thermal gradients in continental magmatic arcs: constraints from the eastern Peninsula Range Batholith, Baja California, Mexico[END_REF] and can reach higher values in some arcs (e.g., Gill, 1981;[START_REF] Furukawa | Thermal state under Tohoku arc with consideration of crustal heat generation[END_REF]. Gradients from thermobarometric data significantly exceeding the 35-50 °C/km suggested by surface heat flow (e.g., Barton et al., 1988;De Yoreo et al., 1991), can plausibly be explained by local, transient heating events during contact metamorphism, which produce peak metamorphic temperatures that do not reflect a background crustal geotherm (Barton et al., 1988).

Exhumation histories derived from mineral thermochronometers are sensitive to assumptions about thermal dynamics during cooling (e.g. [START_REF] Braun | Quantitative Thermochronology: Nume--rical Methods for the Interpretation of Thermo-chronological Data[END_REF]. The emplacement of magmatic bodies can reheat country rocks to sufficient temperatures to reset low--temperature thermochronometers (e.g. [START_REF] Tagami | Natural long--term annealing of the zircon fission track system around a granitic pluton[END_REF]Reiners, 2005).

However, little is known about the precise influence of magmatism on the thermochronologically derived exhumation histories of magmatic arcs (Ehlers, 2005) and how to correct the magmatic cooling effect in order to determine precise denudation rates in these types of mountain belt. Indeed, apart from magmatic cooling processes, mountain ranges can be influenced by tectonic or/and erosion denudation driven by processes like changing climate and orography (e.g. Fitzgerald et al. 1995;[START_REF] Montgomery | Climate, tectonics, and the morphology of the Andes[END_REF]Berger et al., 2008). The translation of cooling histories derived from thermochronology into denudation rates requires knowledge of the upper crustal geothermal gradient, which in these regions is likely to vary in time as a function of magmatic heat input, topography, heat advection, and convective fluid circulation (e.g. [START_REF] Kukowski | On the ascent and emplacement of granitoid magma bodies --dynamic--thermal numerical models[END_REF]Mancktelow and Grasemann 1997). We propose a new method that couples sampling of low--temperature thermochronological data (apatite and zircon (U--Th--Sm)/He) along age--elevation transect and 3D numerical thermo-kinematic modeling (Pecube) to predict mineral cooling ages as a function of magma linked geothermal variability, conductive heat transfer, topography, denudation rate, and material properties.

We have used this approach to study cooling patterns in the North Cascades (Fig. 1, 2); in particular around the Chilliwack batholith (Fig. 3). This region is ideal for such approach for three main reasons. First, subduction--related magmatic activity has been largely mapped and studied [START_REF] Tabor | Accreted Terranes of the North Cascades Range, Washington, Field Trip Guidebook[END_REF]Haugerud et al., 2009;Tepper et al., 1993;Tepper, 1996, Tepper andKuehner, 2004). An important database of different isotopic geochronometers is available on the different magmatic intrusions (Whitney et al., 2008;Haugerud et al., 2009). Second, the North Cascades are not affected by significant deformation (Cheney & Hayman, 2009); since the onset of magmatic arc activity, no tectonic signal has influenced cooling of the crust (Reiners et al., 2002;2003). Finally, the timing and processes that have controlled the North Cascades uplift and its relation with erosion/climatic processes are largely debated in the geoscience community (Reiners et al., 2003;Takeuchi and Larson, 2005;[START_REF] Foster | Moun--tain uplift and the threshold for sustained Northern Hemisphere Glaciation[END_REF]; see Mitchell and Montgomery, 2006a for a more detailed discussion). This debate illustrates the importance of correcting for the effects of magmatism in low--temperature thermochronology data in order to quantitatively assess the "real" denudation history and paleo--relief of Cordilleran belts.

In this paper, we present two age--elevation profiles with 14 apatite (U--Th--Sm)/He (1999a, 1999b) to efficiently evaluate reasonable exhumation scenarios for the two age--elevation profiles, taking into account magmatic, tectonic and surface processes. Finally, we discuss how upper crustal magmatism influences the thermal setting and low--temperature thermochronology data of the continental arc crust, and conclude that the region experienced constant and slow denudation rates through Cenozoic time, with a recent acceleration that is likely associated with glacial erosion.

2--Geological setting

The Washington Cascade Mountains are located 200 km inland from the Cascadia subduction zone, the active tectonic boundary that forms the border between the North American and Juan de Fuca plates (Fig. 1). The North and South Cascades have different geological histories (Mitchell and Montgomery, 2006a); our study concentrates on the exhu-- (Blackwell et al., 1990).

mation of the North Cascades (Fig. 2; Haugerud and Tabor, 2004). The present--day near-surface geotherm is well established from surface heat flow data (Blackwell et al., 1982(Blackwell et al., , 1990):

heat flow is low in the outer arc region (30--40 µW/m 2 ) due to the cooling effect of the subducting slab [START_REF] Lewis | Subduction of the Juan de Fuca plate: thermal consequences[END_REF]Blackwell et al., 1990). In the arc, surface heat flow increases to over 80 µW/m 2 , and the estimated geotherm to ~40°C/km (Fig. 2, Currie et al, 2003). In addition to this general trend, there is considerable scatter of heat flow values near volcanic centers, which likely reflects local processes such as magma emplacement and hydrothermal circulation (Lewis et al., 1992;Hyndman, 1995).

The bedrock geology is dominated by crystalline rocks that are intruded by magmatic arc bodies (fig. 2A). The North Cascade magmatic arc initiated at ~36 Ma (Vance et al., 1987;Smith, 1993) and still boasts two active stratovolcanoes: Mt Baker and Glacier Peak (fig. 2).

Arc--root plutons fall into three age groups [START_REF] Tabor | Accreted Terranes of the North Cascades Range, Washington, Field Trip Guidebook[END_REF]: the Index family, 35-29 Ma; the Snoqualmie family, 28-22 Ma; and the Cascade Pass family, less than 20 Ma (Fig. 2A). Each family includes a wide range of igneous rocks (Tepper et al., 1989(Tepper et al., , 1993)). The Ross Lake and Skagit Gorge profiles were sampled ~7km to the south of the Chilliwack--Mt Baker intrusion contacts (Fig. 3). The 34--Ma gabbro of Copper Lake and the 32--Ma granodiorite of Mount Despair are early phases of the Chilliwack composite batholith and the 2.5 Ma Lake Ann granite is the most recent one. The interval 27--20 Ma was marked by voluminous activity that included emplacement of distinctive leucocratic granitoids (Tepper et al., 1989(Tepper et al., , 1993)). The area, like the averall North Cascades, experienced a hiatus (~22-12 Ma) after which magmatism resumed.

Since 12 Ma, magmatism has been confined to a NE--trending belt younging to the SW (Tepper et al., 2003). Volcanic rocks of the Cascade magmatic arc are sparse and preserved in down-faulted blocks or collapsed calderas; they were commonly erupted onto eroded early phases of the Chilliwack batholith and were intruded by younger phases (Fig. 3). 3--Low--temperature thermochronology

Methods

We collected 16 samples of Cretaceous orthogneiss from the Skagit River basin, North

Cascades, from two age--elevation profiles (Figs. 3,4). Two thermochronometers are used on each sample: ( 1) apatite (U--Th)/He (AHe) with a closure temperature of ~50--70°C (Flowers et al., 2009); and ( 2) zircon (U--Th)/He (ZHe) with a closure temperature of ~170--200°C (Reiners et al., 2004).

Mineral separation was performed by standard crushing, sieving, and magnetic and density separation procedures. (U--Th)/He analyses were performed at the University of Arizona following methods described by Reiners at al. (2004). Two to five single grains from each sample were analysed using Nd:YAG and CO 2 laser heating, cryogenic purification, and quadrupole mass spectrometry for 4 He analysis, and isotope plasma dilution high--resolution inductively coupled plasma mass spectometry (HR--ICP--MS) for U, Th and Sm (apatite only)

analyses. Alpha ejection corrections followed Farley (2002) for apatite and Hourigan et al.

(2005) for zircon. Data are listed in Table 1. 

Skagit Gorge Profile

The Skagit Gorge (SG) profile is composed of 8 apatite and 7 zircon samples from a steep single vertical transect along the valley northern flank (Figs. 3,4). The Skagit River gorge is a recent topographic feature in the North Cascades, that formed rapidly by proglacial lake overspill, as the cordilleran icesheet grew bigger during the Quaternary (Riedel et al., 2007, Chaptre 2). We sampled the 1700 m vertical extent (from 241 to 1953 m) across a lateral distance of 3 km. AHe cooling ages range from 3.5 ± 0.8 Ma to 14.4 ± 2.1 Ma and the ZHe cooling ages range from 19.2 ± 4.0 Ma to 34.2 ± 3.4 Ma (Fig. 5). Average 1σ errors are ~10%.

AHe and ZHe age--elevation relationships (AER) show a positive trend with elevation (Fig. 5).

Least--square fitting of a straight line yields a slope of 0.21 km/Ma (R² = 0.91) for the AHe data and a slope of 0.13 km/Ma (R² = 0.89) for the ZHe data. AHe exhumation rates are within 0.13--0.46 km/Ma with 95% confidence and ZHe exhumation rates are within 0.11--0.16 km/Ma with 95% confidence. The SG profile was sampled parallel to the Mount Despair pluton contact, which is ~8 km wide at current exposure level; the nearest sample is located 7 km east of the pluton contact (Figs. 3,4). Mount Despair granodiorite U--Pb, biotite K--Ar ages and zircon fission track (ZFT) ages indicate rapid cooling at ~32 Ma (Fig. 3). AHe and ZHe AER do not present clear evidence of influence from the intrusion and display no abnormally high apparent exhumation rates or breaks in slope in relation to the intrusion cooling (Fig. 5); the ZHe AER records a continuous, low apparent exhumation at a rate of ~0.13 km/Ma.

Ross Lake Profile

The Ross Lake (RL) profile comprises 6 samples from an age--elevation vertical transect on the western flank of the Ross Lake valley (Fig. 3,4). We sampled the 1300 m vertical extent (from 692 to 1967 m) across a lateral distance of 5 km. AHe cooling ages range from 11.0 ± 2.2 Ma to 18.1 ± 1.8 Ma and the ZHe cooling ages range from 24.7 ± 3.3 Ma to 28.5 ± 2.9 Ma (Fig. 5). AHe and ZHe AER show a positive trend (Fig. 5), and least--square fitting of a straight line yields a slope of 0.18 km/Ma (R² = 0.74) for the AHe data and a slope of 0.19 km/Ma (R² = 0.61)

for the AHe data. AHe exhumation rates are within 0.1--0.95 km/Ma with 95% confidence and ZHe exhumation rates are within 0.13--0.23 km/Ma with 95% confidence. The RL profile was sampled toward the 7 km wide Perry Creek pluton, the nearest sample to the pluton being located 7km southward (Figs. 3,4). Biotite K--Ar ages from the Perry Creek pluton yield an age of ~24--26 Ma for cooling through the ~400 °C isotherm (Fig. 3, Haugerud and Tabor, 2009). No zircon U--Pb data exists in this area, but as the depth of intrusion is similar to the Mount Despair intrusion, cooling may have been similarly rapid. AER do not show a direct correlation with the intrusion cooling: the AHe and ZHe apparent exhumation rates show a rather constant exhumation rate of ~0.2 km/Ma. Comparison of magmatic intrusion ages and low--temperature thermochronologic ages from surrounding rocks reveals a non--intuitive relationship between magma thermal dynamics and apparent exhumation rates. In effect, the SG and RL profiles, which were sampled near Chilliwack--Mt Baker intrusions, present slow and monotonic cooling during successive magma chamber emplacements.

4--Thermal model

1D transient thermal simulation of pluton's cooling

Although magmatic bodies have a finite shape, the thermal evolution of a magmatic body and its country rocks has been successfully quantified in 1D (Peacock, 1989a;Furlong et al., 1991;Stüwe, 2002). We use a 1D heat diffusion model to evaluate the influence of the Chilliwack intrusions on cooling of the SG and RL profiles (Ehlers, 2005). The 1D model is based on a number of simplifying assumptions (see Ehlers, 2005 for a discussion of these). Figure 6 shows the thermal evolution of an intrusion with dimensions and distance to samples comparable for Mt Despair and Perry Creek intrusions with respect to our sampling sites (Fig. 3,4). Temperatures for the magma body and surrounding rocks are fixed at 800°C and 120°C, respectively, consistent with the composition of these granitoids (Tepper et al., 1989;1993), and an emplacement depth of 3km for a background geotherm of 40°C/km (Fig. 2; Blackwell et al., 1990). The intrusion cools rapidly from 800 to ~400 °C in 1 Ma, while the country rocks undergo heating. At 10 km from the center of the intrusion, which is representative of the distance between SG/RL profiles and the nearest Chilliwack intrusions (Fig. 4), temperature increases from 120°C to 240°C in ~3 Ma before starting to slowly cool.

This heat pulse raises the temperature to above the closure temperature of the ZHe system (~190°C; Reiners, 2005). Therefore, ZHe samples from the SG and RL profiles should be reheated and record ages equal to or younger than the intrusion emplacement age. However, the highest ZHe sample from the SG transect and the three highest ZHe samples of the RL transect are older than the intrusion cooling age (Fig. 5). Moreover, the Ross Lake ZHe samples appear to record monotonic cooling before, during and after the Perry Creek intrusion emplacement, suggesting no direct relation between magma chamber emplacement, heating and subsequent thermal relaxation of surrounding rocks. This comparison between low-temperature thermochronology results and 1D thermal model of magma emplacement clearly highlights the limits of such 1D models.

3D Pecube Model

At shallow levels in the upper crust (<5 km), anomalous heat flow associated with magma emplacement affects the shape and distribution of isotherms, which are lifted towards the Earth's surface in the area above the magma chamber. If the base of the chamber is connected through channels with a reservoir of hot magma, the thermal perturbation may persist for several million years [START_REF] Marsh | Magma Chambers, Encyclopedia of Volcanoes[END_REF][START_REF] Best | Igneous and Metamorphic Petrology[END_REF]. In this case, these long--lived geothermal pertubations related to magma emplacement interfere with surface denudation or all other processes that control low--temperature cooling histories. To simulate cooling around long--lived intrusions, a 3D finite element thermo--kinematic model (Pecube, Braun, 2002;2003), has been modified to predict thermochronometer ages allowing for temporal variations of the geothermal gradient. This approach combines transient thermal effects owing to transient geotherms, denudation, topography and relief change, as well as local elevation-dependent variations in surface temperature.

General description

Pecube solves the transient three--dimensional advection--diffusion equation (Carslaw and Jaeger, 1959). The cooling histories of rocks exposed at the surface today are tracked through time and used to predict apatite and zircon (U--Th--Sm)/He ages using the diffusion kinetics in zircon from Reiners et al. (2004) and in apatite from Farley (2000).

In Pecube, the thermal field within the model domain is controlled by internal heat production, diffusion of heat from a fixed--temperature basal boundary, and advection of heat to the surface resulting from rock uplift and surface denudation (Braun, 2003). In order to simulate the transient thermal structure during the magma emplacement phase, we use the internal heat production parameter to reproduce the heat brought into the system by magma advection, latent heat of fusion from conversion of melt to rocks, and radiogenic heat production. In this way, we reproduce a general thermal perturbation in country rocks without consideration of distance from samples and of the shape, size, and level of emplacement of the pluton.

Our approach is based on the following assumptions:

--There is no significant lateral variation in geothermal gradient within the model domain. The model does not reproduce isotherm deflection toward the intrusion. Therefore we concentrate our study on stepp age--elevation profiles to minimize the horizontal distance between samples;

--Heat transfer primarily occurs by conduction [START_REF] Philpotts | Principles of Igneous and Metamorphic Petrology[END_REF]Spear, 1993). However, at shallow depths, heat transfer is likely to occur through convection of hydrothermal fluids [START_REF] Kukowski | On the ascent and emplacement of granitoid magma bodies --dynamic--thermal numerical models[END_REF]. The role of this process is not modelled; the coonsequences of ignoring it are discussed below.

Synthetic Age--Elevation Relationships

To illustrate the effect of transient geotherms on low--temperature thermochronology AER, synthetic cooling scenarios are tested. In all simulations, the basal model temperature is stable all along model simulations (680 °C at 35 km depth). The denudation value is fixed at 0.18 km/Ma and simulations are run during 70 Myr. Three thermal cases are considered:

--steady thermal setting (model 1, Fig. 8 a,b): H = 1.31 µW m -3 for all the models (Blackwell et al., 1990). The geothermal gradient is thus equal to 30 °C/km, a typical background geotherm for continental arcs (Blackwell et al., 1990;[START_REF] Rothstein | Geo-thermal gradients in continental magmatic arcs: constraints from the eastern Peninsula Range Batholith, Baja California, Mexico[END_REF]. Such a scenario, including the topographic exaggeration of AHe and AFT AER, has been extensively discussed previously (e.g., Fitzgerald et al., 1995;[START_REF] Gallagher | Fission track analysis and its applications to geological problems[END_REF]Braun et al., 2002;2006), and will be used to provide a framework in which to discuss other model results; The effect of the deflection of isotherms on the exaggeration of apparent exhumation rates obtained from low--temperature thermochronology (AHe, AFT) has been discussed (Braun et al., 2002a;[START_REF] Braun | Estimating exhum--ation rate and relief evolution by spectral analysis of age--elevation datasets[END_REF]. In addition, geothermal gradients around 45°C/km under the topographic surface can also exaggerate exhumation rates (Fig. 8 c) that are estimated from higher temperature thermochronometers such as ZHe (~180 °C, Reiners et al., 2004).

5--Inversion methods

Pecube coupled to the Neighbourhood Algorithm (NA)

A two--step neighbourhood algorithm (NA) inversion was used to (i) efficiently sample the multi--dimensional parameter space (sampling stage), and (ii) to extract statistical parameters from the generated ensemble of models (appraisal stage). Details about the sampling and appraisal stage are given in Sambridge (1999aSambridge ( , 1999b)). A full description of the numerical methodology combining Pecube with the inverse algorithm NA is provided in Valla et al. (2010). The first or sampling stage is an iterative search method during which sampling gradually concentrates on regions of the multidimensional parameter space where the misfit function is optimised (i.e. sets of parameter values that minimize the misfit to the data). In our approach, we use a weighted least--squares misfit function ψ:
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where n is the number of data, i α mod and i α dat are predicted and observed values for AHe/ZHe ages respectively, and i σ is the uncertainty on the data. Using a high performance cluster, we perform a large amount of forward model runs (8100 per inversion) in order to obtain a statistically significant result, given the number of free parameters. During the second or appraisal stage, the algorithm resamples the entire ensemble of models that were generated during the first stage to provide Bayesian measures of resolution in the form of marginal probability density functions (PDF) L for each parameter, following the equation:
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assuming that measurement errors are independent and Gaussian distributed.

Parameterization

The philosophy behind the parameterization is to find a balance between the flexibility to allow a wide range of parameter combinations to be evaluated, and to use all available a priori information to avoid illogical parameterizations. Fixed thermal and geometric parameters are listed in table 2. The lower model boundary is defined at 35 km, a value representative of the North Cascades crustal thickness [START_REF] Schultz | Seismic velocity structure across the central Washington Cascade Range from refraction interpretation with earthquake sources[END_REF].

Simulations start at 38 Ma, the age of initiation of the North Cascades continental arc (Vance et al., 1987;Smith, 1993).

Two thermal scenarios are tested: (1) a steady thermal setting with a base model temperature and a given heat production over the simulations, (2) two successive phases of H (H 1 , H 2 ), like in the conceptual model, where the basal model temperature is stable over the run. In the second phase, heat production is fixed at 1.31 µW/m 3 to reproduce the 30°C/km estimated from heat flux measurement (Blackwell et al., 1990), and in the first phase, the value of heat production (H 1 ) and the time of transition (T H ) between the two heat production values are inverted to evaluate the geothermal gradient variation during and after magma emplacement. For each of the two thermal cases, we test scenarios that include whether there is a single, two and three successive phases of denudation. In all models, the topography is fixed to the present--day value (500--m resolution). Note that we only present results for varying denudation rates, because evaluation of relief variation with age--elevation profiles requires a more exhaustive combination of different low--temperature thermochronometers (e.g. AHe,

AFT, track lenghts, see Valla et al., 2010;van der Beek et al., 2010). Moreover, given the topography of the North Cascades, we suppose that magmatic emplacement is the main process of thermal structure perturbation.

Evaluation of model results

Selecting the appropriate model directly with the log--likelihood function or some other misfit function would imply to prefer the model with the highest complexity, because in general the fit between observed and predicted data will increase with model complexity. This can be avoided using the Bayesian information criterion (BIC) value for model selection. The BIC provides a measure of the ratio between the likelihood (fitting) and the model complexity [START_REF] Schwarz | Estimating the dimension of a model[END_REF]:
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in which ln L denotes the log--likelihood for the model, and k and n are the numbers of free parameters and observations, respectively. The preferred model is the model which yields the lowest BIC value (Glotzbach et al., submitted).

6--Inversion results

In the following sections we discuss the quality of fit between model predictions and low-temperature thermochronologic data of the two age--elevation profiles (RL and SG). All modelling results are listed in supplementary tables 3, 4 and tables 5, 6 for Ross Lake and Skagit Gorge profiles, respectively (see supplementary informations), but only the best model results are visualized as scatter plots together with 1D marginal PDFs.

Ross Lake profile

AHe and ZHe ages have been inverted with the two different thermal scenarios: (1) stable thermal setting (Table 3); ( 2) two successive heat production phases (Table 4). Table 3 summarizes results for a stable thermal setting. Simulations show very variable and incoherent results. For example, run RL1--2, which is the lowest BIC value run, shows a negative recent denudation rate E2 of --1.22 ±0.28 km/Ma after 1.3 ± 1.8 Ma. Moreover, Tb and H are evaluated at 928 ±69°C and 1.9 ±0.2 µm/m 3 , respectively; these thermal values imply a geothermal gradient of ~40°C/km, a value significantly higher than the measured gradient (30°C/km, Fig. 2).

Table 4 summarizes results with two successive heat production phases. Unlike the case of a stable thermal setting, the BIC value of the best model of each inversion is minimum for the simplest exhumation scenario with only one denudation rate: a constant denudation phase of 0.15 ± 0.03 km/Ma, associated with 2 distinct heat production phases. The first heat production phase (H 1 ) is equal to 3.3 ± 1.0 µW/m3 and finishes TH 22.4 ± 3.5 Ma ago (Fig. 8,9), suggesting a pre--20 Ma geothermal gradient of ~45°C/km.

Skagit Gorge profile

The Skagit Gorge profile has been sampled in the Skagit River Gorge, which is a recent topographic feature that formed by proglacial lake overspill ~2Ma ago (Simon--Labric et al., in prep. b, Chapter 2). To separate the exhumation signal linked to the gorge incision, which is under the scope of the paper, from the background exhumation, we have fixed the onset of gorge incision at 2 Ma. Here, exhumation rates derived from Pecube inversions are only evaluations of background rates. As for the RL inversions, simulation for a stable thermal setting throughout the run (Table 5), show inco-- herent results. Run SG 1--2, which has the lowest BIC value, suggests a scenario with Tb=658 ± 108°C H=2.6 ± 0.9 µW/m 3 , an initial denudation rate of 0.16 ± 0.04 km/Ma followed by decrease of the denudation rate with E 2 =0.09 ± 0.38 km/Ma after 1.95 ± 1.81 Ma. Thermal parameters imply a geothermal gradient of ~40°C/km.

For two successive thermal phases (Table 6), the BIC value of the best model is minimized for an exhumation scenario with 2 denudation phases: E1=0.09 ± 0.03 km/Ma followed by E2=0.63 ± 0.22 km/Ma after 2.6 ± 1.0 Ma (Fig. 9). (H 1 ) is equal to 4.5 ±0.3 µW/m 3 and (T H ) to 20.1 ±1.8 Ma, suggesting a very high pre--20 Ma geothermal gradient of ~45 °C/km.

7--Discussion

Implications of inversion results

Inversion results of low--temperature thermochronology ages from the two age--elevation profiles are reproduced as well by simulations with one or two successive thermal setting phases. This result clearly highlights that a set of thermochronological data can be reproduced by different thermal histories and that the quality of the inversion fit is not a sufficient argument to determine geological parameters that control the crustal thermal structure. For example, inversion RL 1--2, which is the best run with a stable geothermal gradient, shows a very good fit of the data, but suggests negative recent exhumation (Fig. 8). A negative denudation rate corresponds to a burial, a process obviously incoherent with a mountain range with ~2500 m high summits of gneissic and intrusive rocks. For the Skagit Gorge profile, the best--fit inversion (SG 1--2) also shows an incoherent exhumation scenario with a recent decrease to very slow exhumation ~2 Ma ago (Fig. 10). In our case, these inversions results are clearly wrong, but they suggest that independent geological constraints on the exhumation history could be necessary in areas where geothermal gradient are susceptible to vary temporally, like in Cordilleran magmatic arcs.

With a two phase heat production scenario, the best model for the SG profile (Run SG profile area. As we discuss in the next part, we interpret these very high geothermal gradients as the thermal perturbation induced by emplacement of the Chilliwack batholith. Inversions of the SG profile show better parameter resolution than those from the RL profile, especially for the T H parameter. Reasons for this include the relatively high dispersion of RL ages (AHe ages R 2 = 0.74, ZHe ages R 2 = 0.61), and the fact that the profile that has been sampled in a direction perpendicular to the intrusion border over a significant horizontal distance (5 km). Therefore, the assumption that the geothermal gradient does not change between samples of this age-elevation profile may not be respected: isotherms are probably tilted in the direction of the pluton's; which introduces lower resolution on the value H 1 and T H , parameters which control the thermal structure of the model (Fig. 8).

The age of TH, although entirely unconstrained a--priori, is remarkably consistent with the geochronological evidence of cessation of magma emplacement in this part of the Chilliwack pluton (Tepper, 2003). Indeed, the first period of heating crust from 34 to 20 Ma corresponds to the emplacement of voluminous granitoids (Fig. 3, Tepper et al., 1989Tepper et al., , 1993)).

After ∼20 Ma, thermal conditions relax to join the 30°C/km present--day geothermal gradient.

This period corresponds to the magmatic hiatus between 20 and 12 Ma described by Tepper (2003).

Impact of magma emplacement on geotherms

Generally, magma emplacement in the upper crust is seen as an instantaneous process that induces a heat pulse around the igneous body, which may reset low--temperature thermochronometers, and is followed by rapid cooling. This case is well simulated by the 1D model of Ehlers (2005) and has been described extensively in the literature (Armstrong et al., 1997;[START_REF] Tagami | Natural long--term annealing of the zircon fission track system around a granitic pluton[END_REF]Reiners, 2005). However, around long--lived magma intrusions, the geothermal gradient can be durably perturbed and raised to high stable values due to emplacement of magma in the upper crust. Inversions of the SG and RL profiles with the modified version of Pecube offer a new perspective for understanding the thermal history of the upper crust in magmatic arc regions. The thermal setting around long--lived magma intrusions is not directly controlled by cooling of each magma body. There is a clear contrast between the instantaneous cooling of successive Chilliwack intrusions, shown by the variations of less than 1 Ma between U--Pb and Ar--Ar ages, and the stable thermal setting recorded in the surrounding rocks during the ~34 --20 Ma magmatic period. We interpret this thermal stability as resulting from long--lived, voluminous magma emplacement (Tepper, 2003). This durable perturbation of the background geotherm is not related to instantaneous pulses owing to the emplacement of each pluton, but to a continuous advection of heat by magma emplacement.

This explains why ZHe ages of surrounding rocks show a slow and monotonous AER. During the magma emplacement phase, the geothermal gradient increases to a high steady--state value, which is likely a function of magma flux [START_REF] Annen | Effects of repet-itive emplacement of basaltic intrusions on thermal evolution and melt generation in the crust[END_REF], Annen, 2010).

Estimates of geothermal gradients during the magmatic phase suggests very high values for the two profiles, with a higher value for the Skagit Gorge area (45°C/km), whereas

Ross Lake area is best--fitted by a slightly more moderate value of 40°C/km. We interpret this lateral variation as being directly related to the distance from the magmatic source area. The Skagit Gorge profile is located ~1 km east of the Fraser River Fault, a major tectonic strike--slip fault (Fig. 2, 3) that was active during the Late Cretaceous and Eocene (Gordon et al., 2010).

The Fraser River Faults is sealed by the Oligo--Miocene Chilliwack intrusions, suggesting that it has not been active since ~35 Ma. However, Chilliwack magma has largely used this deep crustal structure to reach the upper crustal intrusion level, as suggested by the spatial correlation between the fault and intrusions (Fig. 2, 3). In consequence, we suggest that the Skagit Gorge profile was nearer to the source area for the magma intrusion, and thus to the heat source, explaining the locally very high geothermal gradient.

As discussed above, one of the assumption in approach, i.e. absence of significant lateral variation of the geothermal gradient along the profile, was probably not respected for the Ross Lake profile, in constrat to the Skagit Gorge profile. Therefore, we recommend to sample the steepest possible profile and parallel to the intrusion contact in order to minimize lateral variations in geothermal gradient between the different samples of the profile. The second assumption was that heat transfer primarily occurs by conduction and simulated data succeed to fit the measured ages. Therefore, in the case of the Chilliwack batholith convection of hydrothermal fluids may not be a major process controlling heat transfer.

Thermochronology in continental magmatic arcs

The temporally and spatially variability of geotherms in active magmatic arc influences the cooling history of arcs in three different ways. First, if magma emplacement is an instantaneous process, it induces a heat pulse that produces rapid heating of the country rocks surrounding the pluton. This case has been previously described in the literature (Armstrong et al., 1997;[START_REF] Tagami | Natural long--term annealing of the zircon fission track system around a granitic pluton[END_REF]Reiners, 2005) and explains the rapid cooling rate of the Granite Mountain profile as a signal of thermal relaxation after small volume dacitic intrusions at 11 Ma. Second, around long--lived magma intrusions, the geotherm can be durably perturbed and increased to a high value. In this case, magmatic heating is a long--lived process that is superposed to other geologic processes such as surface denudation. This scenario explains how age--elevation relationships of country rocks can present slow and monotonous cooling during magma emplacement. However, the presence of a thermal contact aureole around a long--lived magmatic intrusion induces spatial variations of thermochronometer ages, with younger ages in hotter areas. Finally, in addition to short--wavelength spatial variations linked to localized magmatic and volcanic processes, the geothermal gradient in continental arcs presents a general trend with low values in the fore--arc region, due to the cooling effect of the subducting slab (Blackwell et al., 1990, Schildgen et al., 2009) to high values in the arc and back--arc regions, due to mantle wedge circulation [START_REF] Currie | The thermal effects of steady--state slab--driven mantle flow above a subducting plate: the Cascadia subduction zone and backarc[END_REF]. These lateral variations of the geothermal gradient impose variations of the isotherm depth and thus lateral variations of low--temperature thermochronology ages. Figure 8 is a conceptual sketch showing how such lateral variation of geothermal gradient in arcs can strongly disrupt AER, when profiles are sampled over a significant horizontal distance. Indeed, AER are often used to extract denudation rates without any consideration of the geothermal gradient (Fitzgerald et al., 1995), but variation in geothermal gradient can even produce inverse AER (Fig. 8). These results highlight the utility for thermochronology studies in magmatic arcs to work with age-elevation profiles sampled over as short a horizontal length scale as possible to avoid lateral geothermal gradient variability, and with at least two different thermochronometers to evaluate temporal variability in geothermal gradients.

Denudation rates

Despite similarities in their thermal histories, the SG and RL profiles reveal contrasted denudation scenarios. The RL profile records a constant denudation rate of 0.15 ± 0.03 km/Ma since ~32 Ma (Run RL 2--1, Table 4), while fitting the SG profile requires two denudation phases. The first denudation phase is characterized by similarly low rates as the RL profile (0.09± 0.03 km/Ma; Run SG 2--2, Table 6); however, this is followed by a recent acceleration in denudation rates to 650m/Ma after 2Ma. We interpret the initial slow exhumation phase as reflecting steady--state long--term rock uplift of the belt due to magmatic thickening of the crust since the inception of the Tertiary arc at ∼38 Ma (cf. companion paper). The temporal stability of this rate reveals that the range is close to isostatic equilibrium since the initiation of the Cascades magmatic arc. Moreover, it confirms that magmatic processes appear control North Cascades crustal thickening, uplift and relief formation [START_REF] Schultz | Seismic velocity structure across the central Washington Cascade Range from refraction interpretation with earthquake sources[END_REF]Crosson, 2003).

The North Cascades are not affected by significant recent deformation or faulting since the initiation of the arc (Cheney, 2009), which could explain the different denudation scenarios between the two profiles. In consequence, we interprete this recent increase of the denudation rate as the impact of Pliocene--Quaternary glaciations [START_REF] Haug | North Pacific seasonality and the glaciation of North America 2.7 million years ago[END_REF], as it is also recorded in British Columbia (Farley et al., 2001, Ehlers et al., 2006, Shuster et al., 2005, Densmore et al., 2007) to the north of our study area. The Ross Lake profile, located 10 km to the east of the SG profile (Fig. 2), is not affected by strong glacial erosion because glaciations have eroded more effectively the western side of the range (More extensively discussed in the companion paper).

8--Conclusion

The integration of apatite and zircon (U--Th)/He data from two age--elevation profiles, located 7 km south of the Chilliwack intrusions, with numerical thermo--kinematic models

shows that spatial and temporal variability in geothermal gradients linked to magma emplacement can be contrained and separated from exhumation processes. During Chilliwack batholith emplacement at ~35--20 Ma, the geothermal gradient of the country rocks increased to a very high steady--state value (40--45°C/km), which is likely a function of magma flux and the distance from the magma source area. Including temporally varying geothermal gradients in the analysis allows retrieving a relatively simple denudation history from the data, which is consistent with independent evidence for the uplift and erosional evolution of the North Cascades. More generally, this study highlights that a combined approach including thermo-kinematic modelling and age--elevation sampling of low--temperature thermochronometers opens new opportunities to study the thermal structure and its evolution in magmatic arc 

1--Introduction

The influence of climate on the evolution of mountain belts has become a key question in the Earth Sciences during the last few decades (e.g., [START_REF] Whipple | The influence of climate on the tectonic evolution of mountain belts[END_REF] [START_REF] Clague | Quaternary glaciation and, sedimentation[END_REF]. The Northern Cascades were extensively glaciated and covered by the Cordilleran Ice sheet (Booth et al., 2004;Mitchell and Montgomery, 2006b). As a consequence, the North Cascades are a case study to test the long-term response of mountain belts to different climatic forcings such as orographic precipitation and glaciations, and several studies have focused on the impact of the Quaternary glaciations on the evolution of erosion, exhumation, and isostatic response of mountain belts (Berger et al., 2008, Thomson et al., 2010). Secondly, post--Eocene tectonic shortening does not play a significant role in crustal thickening, relief formation, and uplift of the Northern Cascades (Whitney et al., 1999, Cheney andHayman, 2009), which are governed by magmatic processes (Crosson, 2003;[START_REF] Schultz | Seismic velocity structure across the central Washington Cascade Range from refraction interpretation with earthquake sources[END_REF]see companion paper). No tectonic structure thus perturbs the exhumation pattern (Cheney and Hayman, 2009;Reiners et al. 2003). Finally, a large amount of low--temperature thermochronometric data has already been collected in the North Cascades (Reiners et al., 2002(Reiners et al., , 2003, companion paper, companion paper). Yet, we still do not fully understand the long--term evolution of the orogen in response to climatic changes [START_REF] Whipple | The influence of climate on the tectonic evolution of mountain belts[END_REF].

Apatite (U--Th--Sm)/He (AHe) ages show a strong spatial correlation with precipitation, with the youngest ages, which indicate the most rapid exhumation, located on the wet western side of the orogen (Reiners et al., 2003). This correlation has been interpreted as indicating a long-term climatic control of precipitation rate on focused steady--state exhumation on the western side of the range (Reiners et al., 2003), but more efforts are necessary to understand the timing relationship between Cenozoic climate evolution and denudation. Here we use age--elevation profiles, together with a 3D finite element model (Pecube; Braun, 2003) that solves the heat transfer equation, and an inversion scheme based on the neighbourhood algorithm (Sambridge 1999a, 1999b, Valla et al., 2010), to compute thermal histories of exhumed rocks for given tectonic, geomorphic, and climatic scenarios. We have selected five profiles sampled across less than 5 km of horizontal distance from the published low--temperature thermochronology database (Reiners et al., 2002(Reiners et al., , 2003, companion paper), companion paper). Profiles are constructed over the smallest possible spatial sampling range in order to minimize the effect of lateral variations in geothermal gradient, as these induce lateral variations in the depth of thermochronometer closure isotherms, and thus age variations that are not linked to variable denudation rates (Schildgen et al., 2009;companion paper). We start by introducing the geological setting of the Northern Cascades. We then describe the age--elevation profiles and their relations with Tertiary magmatic intrusions.

Finally, we describe how we invert the data to infer the evolution of exhumation rates through time. We find that denudation rates were not controlled by orographic precipitation before the onset of Pliocene--Quaternary glaciations, but by steady--state processes driven internally, such as magma emplacement. The spatial correlation between present--day precipitation and AHe ages is recent and caused by glacial erosion. These results confirm the primary control of precipitation rates on the efficiency of glacial erosion.

2--Geological setting

The Washington Cascade Mountains are located 200 km inland from the Cascadia subduction zone, the active tectonic boundary that forms the border between the North American and Juan de Fuca plates (fig. 1). The bedrock geology is dominated by high--grade metamorphic rocks, largely intruded by magmatic arc plutons (fig. 2 a) that crystallized and cooled by ~45 Ma. Volcanic rocks are largely eroded and only preserved in down--faulted blocks or collapsed calderas. The latest stage of the North Cascade magmatic arc initiated at ~36 Ma (Vance et al., 1987;Smith, 1993); the arc currently boasts two active stratovolcanoes: Mt Baker and Glacier Peak (fig. 2). The present--day near surface geotherm is well defined from surface heat flow data (Blackwell et al., 1990): heat flow is low in the outer arc region (30--40 mW/m 2 ) due to the cooling effect of the subducting slab (Blackwell et al., 1990). In the arc, surface heat flow increases to over 80 mW/m 2 , and the estimated geotherm to ~40°C/km (Fig. 2 b).

Crustal thickening processes

The 3000 m high North Cascades topographic barrier is compensated at depth by a crustal root. 2D seismic velocity profiles show a crustal thickness of ~40 km under the central Cascades [START_REF] Schultz | Seismic velocity structure across the central Washington Cascade Range from refraction interpretation with earthquake sources[END_REF]. In arc systems, thickening of the crust may occur for a variety of reasons, including tectonic shortening, surface volcanism, and emplacement of magmatic intrusions at depth within the crust. Although it is clear that some crustal thickening has occurred as a result of surface volcanism, particularly in the Oregon Cascades, the volume of volcanism is largely insufficient to explain the crustal thickness. Tectonic compression is a possibility for crustal thickening, since the south and central part of the Washington Cascades are affected by Neogene and active East--West folds in the eastern flank of the Range (Blakely et al., 2002;[START_REF] Sherrod | Holocene fault scarps near Tacoma[END_REF]Booth et al., 2004). However, the North Cascades are not affected by this deformation, which in any case is perpendicular to the belt orientation and not sufficient to induce significant vertical movements (Cheney & Hayman, 2009). Moreover, crustal earthquakes are common on the western margin of the North Cascades, extending into the Puget Lowland, but are largely absent from the core of the Range (Van Wagoner et al., 2002). Finally, recent gravity measurements combined with topography reveal that the range is close to isostatic equilibrium, which suggests that deep magmatic intrusions are the main cause of post--Eocene crustal thickening, uplift and relief development in the North Cascades (Crosson, 2003).

Geomorphology and Regional Climate

Since the beginning of the 20th century, authors have discussed the timing of uplift in the North Cascades (e.g. Russell, 1900;Smith, 1903). Analyses of mountain uplift in the North Cascades benefit from the presence of a structural and topographic datum: the Columbia River Basalt (CRB) flows deposited between 15.5 and 10 Ma. These immense basalt flows erupted in eastern Washington and inundated the middle Miocene landscape. Unlike the South Cascades, (1960--1990) (http://www.ocs.orsu.edu/prism). B) Simplified geological map based on mapping by Haugerud and Tabor (2009) showing rocks of the Cascades arc.

White circles indicate thermochronology sample locations. Abbreviations for plutonic and volcanic rocks:

Tcai, index family (Oligocene); Tcao, Ohanapecosh rocks (Oligocene); Tcas, Snoqualmie family which formed as a low--relief, low--elevation plain that was covered by the CRB, the North

Cascades already stood at least 1 km high when the basalts were erupted [START_REF] Mackin | Origin of Cascade landscapes: Washington Division of Mines and Geology Information Circular[END_REF]Cary 1965, Mitchell andMontgomery, 2006a). Both the North and South Cascades subsequently experienced rock uplift in excess of erosion, causing surface uplift and eastward tilting of the basalts on the eastern range flank (Smith, 1903; see Mitchell and Montgomery, 2006a, for a more detailed discussion).

The North Cascades Range has seen two major late Cenozoic climate changes. The first was the formation of a dramatic orographic rain shadow in the Middle Miocene. Paleobotanical [START_REF] Chaney | Paleoecological interpret-tations of Cenozoic plants in western North America[END_REF][START_REF] Chaney | Miocene floras of the Columbia Plateau-Part 1, Composition and interpretation[END_REF]Smiley, 1963;[START_REF] Denton | Comparative age of grassland and steppe east and west of the northern Rocky Mountains[END_REF] and oxygen--isotope data in paleosols from eastern Washington (Takeuchi and Larson, 2005) show a similar drying beginning sometime after 15-10 Ma. This climatic event is registered at a sub--continental scale, throughout NW North America [START_REF] Passey | Environmental change in the Great Plains: An isotopic record from fossil horses[END_REF][START_REF] Retallack | Late Oligocene bunch grassland and Early Miocene sod grassland paleosols from central Oregon, USA, Palaeogeogr[END_REF][START_REF] Kent--Corson | Cenozoic topographic and climatic response to changing tectonic boundary conditions in western North America, 30[END_REF]. The Cascades Mountains remain an important regional climatic boundary (Reiners et al., 2003): mean annual precipitation rates on the windward west flank are as high as 4 m.yr --1 , in contrast to rates of 0.2 m.yr --1 immediately east of the range. The second major climate change to affect the North Cascades was the late Cenozoic glaciations (Mitchell and Montgomery, 2006b). Alpine glaciations in the southern Coast Mountains and in the North

Cascades are thought to have occurred since the latest Miocene [START_REF] Clague | Quaternary glaciation and, sedimentation[END_REF]. During the Pleistocene, the North Cascades were extensively glaciated and covered by the Cordilleran ice sheet. The extent and history of glaciations in the Cascade Range of Washington are well-defined by previous studies (Waitt and Thorson, 1983;Booth et al., 2004;Mitchell et al., 2006b). The impact of glaciations on the exhumation of rocks has been studied in detail in the British Columbia Coast Mountains to the north of the Washington Cascades. Low--temperature thermochronometers, like (U--Th)/He and 4 He/ 3 He, show a major post--3 Ma increase in exhumation related to the onset of Pleistocene glaciations (Ehlers et al., 2006;Densmore et al., 2007;Shuster et al., 2005).

3--Low--temperature thermochronology and age--elevation profiles

To assess the influence of magmatic processes on thermochronometric ages, we describe five low--temperature thermochronology age--elevation profiles and their relations with the Cascades arc magmatism, which has been mapped and studied in detail (Haugerud and Tabor, 2009;Tepper et al., 1993;Tepper, 1996;Whitney et al., 2008;Gordon et al., 2010).

This large geochronometric database delineates spatial and temporal patterns of magmatism in the Cascades (Haugerud and Tabor, 2009).

The 4 th of July (FOJ) Ridge profile is located on the eastern flank of the range and consists of 11 Cretaceous tonalite samples from a single altitudinal transect (Reiners et al., 2002). The AHe age--elevation relationship (AER) suggests an apparent exhumation rate of 0.14 ± 0.02 km/Ma between 34 and 21 Ma (Fig. 3c). The FOJ Ridge profile is located in a back--arc position, 50 km eastward from present-day volcanism and 35 km from the closest exposed Oligocene or younger arc pluton (Fig. 2). Therefore, we assume that cooling recorded by the FOJ Ridge profile samples has not been perturbed by variations of the geothermal gradient and we will used a stable geothermal gradient of 40°C/km in the thermo--kinematic modelling of the profile. from Haugerud and Tabor (2009).

The Snoqualmie (SNO) profile (Fig. 2) was published in the AHe map of Reiners et al. (2003), but the AER was not used to constrain the local apparent exhumation rate. This profile is located on the west side of the range, in the latest stage arc area (post--Eocene intrusions), and samples are composed by five granite and tonalite samples from the Snoqualmie intrusion dated at ~20 Ma by hornblende and biotite K--Ar (Haugerud and Tabor, 2009). However, the moderate apparent exhumation rate of 0.31 ± 0.29 km/Ma between 4 and 10 Ma (Fig. 3a), and the absence of any magmatic or volcanic activity after 20 Ma in this area suggests a limited influence of magmatic processes on cooling rates.

The Granite Mountain (GM) profile (Fig. 2) shows an apparent exhumation rate of 1.08 ± 0.81 km/Ma at ~11 Ma, a very high value in comparison to other North Cascades AER (Fig. 3b). The profile is defined by 8 granitic samples from the Fifes Peaks intrusion dated at ~17 Ma by U--Pb (Haugerud and Tabor, 2009);and Tepper (2003) decribed the emplacement of hornblende dacite between 11 and 2 Ma in this area. The temporal correlation between very high apparent exhumation rate and magmatic intrusion in the same area suggests that the Granite Mountain profile records post--emplacement thermal relaxation as well as exhumation.

The Skagit Gorge (SG) and the Ross Lake (RL) profiles (companion paper) are composed of 8 AHe and 7 ZHe ages, and 6 AHe and ZHe ages, respectively. Profiles have been sampled in the Late Cretaceous to Eocene Skagit Gneiss and are located ~7 km south of the composite Chilliwack batholith, which is composed of plutons that cooled between 34 and 20 Ma (Tepper, 2003;Haugerud and Tabor, 2009). However, AHe and ZHe ages show slow and monotonous apparent exhumation rates: the Skagit Gorge apparent exhumation rates are 0.21 ± 0.1 km/Ma and 0.13 ± 0.03 km/Ma for AHe and ZHe ages, and Ross Lake apparent exhumation rates are 0.18 ± 0.1 km/Ma and 0.19 ± 0.04 km/Ma for AHe and ZHe ages, respectively.

Therefore RL and SG ZHe ages are contemporaneous with magma emplacement (Fig. 3), but around long--lived batholiths like the Chilliwack, the geothermal gradient can be perturbed and raised to a high value for geologically long periods of time (Annen, 2010). Surface denudation is thus superposed on steady--state magmatic heating of the upper crust (Companion paper).

During magma emplacement, age--elevation relationships are not affected by geothermal variations and thus are representative of the denudation rate. At the end of the magma emplacement process, which has been evaluated around 20 Ma for the Chilliwack batholith (Companion paper), rapid thermal relaxation was rapid and induced cooling of country rocks.

Therefore, ZHe ages reflect cooling between 32 and 20 Ma during magma emplacement in the Chilliwack batholith as well as surface denudation without any magmatic perturbation of the apparent exhumation rate derived from the AER. AHe ages of the two profiles cooled between 16 and 3 Ma and are too young to be affected by thermal relaxation at the end of magma emplacement at ~20 Ma (Tepper, 2003;see Companion paper).

The comparative study of the magmatic intrusion ages and the low--temperature thermochrological database reveals a complex relationship between magma intrusion dynamics and apparent exhumation rates. On the one hand, the Granite Mountain age-elevation profile seems to be directly influenced by a post--magmatic thermal relaxation event.

On the other hand, the Skagit Gorge and Ross Lake profiles, which have been sampled near (~7 

4--Inversion of the thermochronological data to infer exhumation rates

Method

Using a 3D finite element model that solves the heat transfer equation (Pecube; Braun, 2003), we can compute thermal histories of exhumed rocks for given tectonic, geomorphic, and climatic scenarios. These thermal histories are then used to compute apatite and zircon (U--Th--Sm)/He cooling ages at the surface, which can be compared to the measured ages.

For each age--elevation profile, we model a 5*5 km area with 250 m resolution near the surface in 3D. The present--day topography was derived from a 30 m resolution digital elevation model (1/3 arc--second SRTM DEM). Common parameters fixed for the modelling of the four transects are listed in Table 1. Thermal parameters such as temperature at the model base and heat production, which vary depending on the position in the range and the local geothermal gradient, are listed in Table 2. For each of the two thermal cases, we test scenarios that include whether there is a single, two and three successive phases of denudation. In all models, the topography is fixed to the present--day value (500--m resolution). Note that we only present results for varying denudation rate, because evaluation of relief variation with age-elevation profile require a more exhaustive combination of different low--temperature thermochronometers (e.g. AHe, AFT, track lenghts, see Valla et al., 2010;van der Beek et al., 2010). To compare predicted and observed data, we use a weighted least--squares misfit function ψ:
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where n is the number of data, i α mod and i α dat are predicted and observed values for AHe/ZHe ages respectively, and i σ is the uncertainty on the data. To provide a robust interpretation of the (U--Th--Sm)/He data, we combine Pecube with a non--linear inversion method, the Neighbourhood Algorithm (Sambridge, 1999a,b), following the approach described in detail in Valla et al. (2010). Using a high performance cluster, we run a large number of forward models (8100 per inversion), necessary to obtain a statistically significant result given the number of free parameters. Our goal is to investigate two critical input model parameters: denudation rates through time and the timing of denudation rate changes. This approach enables derivation of Bayesian measures in terms of marginal probability density functions (PDFs) and the estimation of standard errors for the constrained model parameters.

The likelihood function used to compute the PDF is defined as follows:
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assuming that measurement errors are independent and Gaussian distributed. Selecting the appropriate model directly with the log--likelihood function or some other misfit function would introduce a bias toward models with the highest complexity, because in general the fit between observed and predicted data increases with model complexity. This can be avoided using the Bayesian information criterion (BIC) value for model selection, which is a measure of the ratio between the likelihood (fitting) and the model complexity:
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in which ln L denotes the log--likelihood for the model (eq. 2), and k and n are the numbers of free parameters and observations, respectively. The preferred model is the model which yields the lowest BIC value (Glotzbach et al., submitted). All modelling results are listed in supplementary Tables 3,4, 5 and 6, but only the best models are visualized as scatter plots together with 1D marginal PDFs. Figure 7 plots the comparison between the best model and observed age--elevation profiles and figure 8, the inversion results for model parameters in terms of 1D probability density functions (PDFs).

Inversion results

We present the quality of fit between model predictions and low--temperature thermochronological data for four age--elevation profiles: Ross Lake (RL), FOJ ridge, Snoqualmie (SN) and Skagit gorge (SG) profiles. The Granite Mountain (GM) profile is not used because the high cooling rate recorded by AHe data is suspected to be the signal of thermal relaxation.

Contrary to the RL and SG profiles, we do not extract the magmatic signal to evaluate denudation rates, because at least two different thermochronometers are needed to evaluate geothermal variations (cf. companion paper). The FOJ Ridge profile is inferred to be located far from any magmatic activity, and we therefore fixed the geothermal gradient to the present--day value (35°C/km; Fig. 2b). We assume a stable geotherm during the run and fixed the model base temperature to 600°C, with heat production 1.15 µW/m 3 (Table 2). Two different inversions were conducted to fit the AHe data (Table 3). FOJ--1 and FOJ--2 imply a single exhumation phase and two exhumation phases, respectively. The BIC value of the best model of each inversion increases with increasing model complexity, which leads us to assume that the simplest model scenario, with a single exhumation phase of 0.1 ±0.01 km/Ma is the best model (Fig. 5 a, Fig. 6 a). This estimation is confirmed by the presence of low--relief and high--elevation surface remnants that are located 1500 m above the present--day river (Fig. 7). These surfaces are interpreted as a relict of the Middle--Miocene pre--CRB topography that was protected from erosion by the thick basalt cover (Russel, 1900;Smith, 1903). Thus, if we consider a ~15 Ma age for these surfaces, the 1500 m relief above the present--day river suggests a mean incision rate of ~100 m/Ma, equivalent to model exhumation rates. For the Snoqualmie profile (SNO) we also assume a fixed geothermal gradient during the run at the present--day value (25°C/km; Fig. 2 b) in the absence of post--20 Ma magmatic processes (Table 2). A set of 3 different inversions (SNO--1: single exhumation phase, SNO--2: 2 exhumation phases, and SNO--3: 3 exhumation phases, Table 4) was conducted to fit the AHe data. The BIC value for the best model of each inversion is minimized for the run SNO--2, which involves a scenario with 2 successive exhumation phases: E1=0.16 ± 0.13 km/Ma followed by E2=1.55 ± 0.49 km/Ma after 1.8 ±1.0 Ma (Fig. 5,6). The low number (5 samples) and the high dispersion (R 2 =0.66) of AHe ages induce a disturbed probability function for the E1 parameter;

nevertheless, this profile clearly requires an order--of--magnitude increase in exhumation rates after ~2 Ma. showing high--elevation, low--slope surface remnants. White dots are AHe samples of the FOJ ridge profile from Reiners et al. (2002). Location of map is indicated in Fig. 2a.

Both the Skagit Gorge and Ross Lake profiles have been influenced by magma emplacement. Using two thermochronometers (AHe and ZHe) and 3D thermo--kinematic modeling, We (companion paper) estimated the temporal variation in geothermal gradient linked to magma emplacement and were able to discriminate this effect from the exhumation history. Our model results suggest an initial thermal phase with significant heating of the upper crust from 34 to 20 Ma during magma emplacement (geothermal gradient=~45°C/km), followed by thermal relaxation after 20 Ma to reach the modern geothermal gradient of 30°C/km (Table 2). This long--lived process of magma emplacement and post--magma relaxation are superposed onto surface denudation, and best--fit model results for the Skagit Gorge profile show a two--phase denudation history (Table 5). E1 converges clearly to 0.09 ± 0.01 km/Ma, E2 to 0.65 ± 0.39 km/Ma and T2 to 1.8 ± 2 Ma. The Ross Lake best--fit model suggests the same thermal scenario, linked to magma emplacement and post--magmatic cooling, but with a simple one--phase denudation history, with E1 converging to 0.16 ± 0.04 km/Ma (Table 6).

5--Discussion

Cenozoic magmatic uplift

AHe ages from the North Cascades show a strong spatial correlation with the precipitation gradient across the orogen (Fig. 2a, 2c, Reiners et al., 2003). Here, denudation histories derived from inversion of age--elevation transects and Pecube modelling confirm different denudation histories for the two flanks of the range: the eastern flank has been dominated since ~32 Ma by constant slow denudation (FOJ Ridge and Ross Lake profiles, Fig. 6), while the western flank shows two phases of denudation, initial similarly slow denudation since ~32 Ma, followed by a strong increase after ~2 Ma (Snoqualmie and Skagit Gorge profiles, Figs. 6,8).

Between ~32 and ~2 Ma, the long--term denudation of the Northern Cascades appears to have been in spatial and temporal steady--state at ∼100 m/Ma (Fig. 6). We interpret this steady--state denudation rate as counter balancing the uplift rate of the North Cascades since the initiation of the latest stage of the continental magmatic arc. This result has three major implications: (1) it confirms that arc magmatic processes control crustal thickening of the range [START_REF] Schultz | Seismic velocity structure across the central Washington Cascade Range from refraction interpretation with earthquake sources[END_REF]Crosson, 2003). The spatially and temporally uniform uplift rate without any significant tectonic processes suggests that steady--state magmatism has controlled the long--term uplift rate of the North Cascades since the initiation of the Cascades arc, ∼36 Ma ago. This Cenozoic episode of magmatic crustal thickening without significant tectonic processes follows the collapse of the Paleocene--Cretaceous North Cascades Continental arc [START_REF] Miller | Plutonism at different crustal levels: Insights from the ~5-40 km (paleodepth), North Cascades crustal section[END_REF], Gordon et al. 2010). Eocene crustal--scale normal faults accomodated thinning of the thick (60--70km) North Cascades crust, controlled the rapid exhumation of high--P metamorphic rocks from depths >40 km (Valley et al., 2001), and juxtaposed these deep middle--crustal units against detrital Eocene basin sediments (Cheney and Hayman, 2009). 

Interactions between precipitation, glacial erosion and topography

We interpret the post--2 Ma acceleration recorded on the west flank of the range (Fig. 8) as the impact of the Pliocene--Quaternary glaciations. The North Cascades range was extensively glaciated during the Pleistocene (Mitchell and Montgomery, 2006b), and its northern part has been covered by the Cordilleran Ice Sheet (Booth et al., 2004). These results reveal that Pliocene--Quaternary climate change has increased the North Cascades erosion rates, as in British Columbia (Ehlers et al., 2005;Shuster et al., 2005). processes such as magmatic emplacement [START_REF] Schultz | Seismic velocity structure across the central Washington Cascade Range from refraction interpretation with earthquake sources[END_REF]Crosson, 2003).

We have attempted to evaluate total exhumation since the onset of glaciation. To achieve this, we calculated for each sample the present--day depth of the closure temperature, which is a function of the geothermal gradient and surface temperature. We used sample--specific geothermal gradients based on interpolation of observed gradients ranging from 20 to 40 °C/km (Blackwell et al., 1990). The closure temperature, which is a function of cooling rate, was fixed at 70 ±5 °C for all samples, a reasonable value for an exhumation rate of 100 m/Ma (Farley, 2000). Moreover, we corrected the topographic effects on bending of closure isotherms to the extent that closure depth is corrected for the difference between sample elevation and mean elevation, as measured by a 10--km diameter circle surrounding the sample location (Reiners et al., 2003). The distance between the estimated depth of the closure temperature and sample elevation gives the total erosion since the AHe sample age. We considered a spatially and temporally exhumation rate of 100 ± 30 m/Ma for each samples before 2 Ma and calculated the eroded crustal thickness after 2 Ma by subtracting the amount of exhumation pre--2Ma from the total estimated exhumation recorded by the sample (Fig. 9). The precipitation profile across the Cascades is remarkably similar to that of the model total eroded thickness (Fig. 9b).

Mean annual precipitation and calculated eroded thickness since the onset of glaciation are a maximum of 3.5m/yr and 3 km, respectively, at a mean elevation of about 1.1-1.2 km on the west flank of the range. These results confirm the primary control of precipitation rates on glacial erosion, such that higher snow accumulation rates will increase ice thickness, thus increasing basal ice velocities and therefore erosion rates (Tomkin and Braun, 2002). Enhanced glacial erosion on the western flank of the range has produced an isostatic rebound, where precipitation rates are the highest, producing the antiformal shape of AHe ages. In addition to precipitation rates, glacial erosion appears to be controlled by the position of the main drainage divide, because the eroded thickness since the onset of glaciation drops abruptly eastward over the divide (Fig. 9b). We propose that (1) the strong control exerced by the main divide on the localization of rapid glacially--driven exhumation in the windward flank and ( 2)

the dissymetry of the range with a wider western flank record head--water retreat of major in response to orographic precipitation and the displacement of the main divide in the direction of the arid flank of the range [START_REF] Bonnet | Shrinking and splitting of drainage basins in orogenic landscapes from the migration of the main drainage divide[END_REF] since the initiation of the Plio--quaternary glaciations. The ten--fold increase in post--2 Ma exhumation on the west flank contrasts strongly with the topography, the North Cascades summits define a tilted planar ''surface'' (Fig. 9a) that forms an envelope located ~600 m above the Last Glacial Maximum Equilibrium Line Altitude (LGM ELA) [START_REF] Porter | Some geological implications of average Quaternary glacial conditions[END_REF] and is interpreted as the signature of the "glacial buzzsaw"; i.e. the effect of efficient glacial erosion around the ELA to limit the height of mountain ranges. [START_REF] Egholm | Glacial effects limiting mountain height[END_REF], Mitchell and Montgomery, 2006b, Thomson et al., 2010). Thus, the comparison of present--day topography and total erosion since glaciation in this region of the Cascades demonstrates the double effect of glacial erosion: (1) increased erosion rate, producing isostatic uplift of the mountain range, and (2) glacial buzzsaw limiting its elevation [START_REF] Brozovic | Climatic limits on landscape development in the Northwestern Himalaya[END_REF][START_REF] Whipple | Geomorphic limits to climate--induced increases in topographic relief[END_REF][START_REF] Egholm | Glacial effects limiting mountain height[END_REF].

6--Conclusions

We have described a large series of crustal thermal processes that affect the interpretation of thermochronological data in continental magmatic arcs, such as post--magma thermal relaxation, long--lived magma emplacement, and spatial variations in geothermal gradient from the fore--arc to the back--arc region. From a geological point of view, the denudation and the uplift of the North Cascades range was controlled by steady--state crustal processes, probably linked to magma emplacement, without any influence of climate forcing such as orographic precipitation, highlighting the incapacity of water phase to control exhumation rates in the North Cascades before the onset of glaciations. This equilibrium between uplift and erosion was broken by the initiation of glaciation at ~2 Ma, marked by a ten--fold increase in denudation rates on the western flank of the range. Glacial erosion has three distincts effects on the dynamics of Mountain ranges: (1) where precipitation rates are sufficient, erosion, exhumation and uplift rates are increased, (2) efficiency to limit the altitude of mountain ranges, (3) widening of the humid flank and contraction of the arid flank of the belt.

Table 6: Ross Lake free model parameter inversions and inversion results with two heat production phases. Motagua (e.g., Meschede and Frisch, 1988). Depuis le Crétacé Terminal, la zone de faille Motagua s'est transformée en zone de décrochement sénestre afin d'accommoder le déplacement entre les plaques Amérique du Nord/Caraïbe (figure 3.1, 3.2 ;e.g., DeMets, 2001). Aujourd'hui, ce système de faille est toujours actif, mais le déplacement total est encore controversé, même si les anomalies magnétiques de la fosse des Cayman suggèrent un déplacement maximum de ~1500 km et des vitesses de déplacement de ~3 cm /an entre 44 et 30 Ma et de ~1.5 cm/a ensuite (Rosencrantz et al., 1988). des plaques (Demets et al., 2000;Morgan and Phipps Morgan, 2007). AF, faille de d'Aguán; CF, faille de Ceiba; GF, faille de Guayape; JCF, faille de Jocotán--Chamalecón; MF, faille de Motagua; PF, faille de Polochic.

II.1.2. Startégie d'échantillonnage et problématiques développées

Comme évoqué précédemment, l'objectif initial de ma thèse était l'étude des modifications du réseaux de drainage dans les chaînes de montagne et particulièrement dans les zones en transpression. En effet, le déplacement horizontal le long des failles décrochantes actives, comme la faille San Andreas ou Motagua--Polochic, déforme le cours des rivières les traversant et perturbe la dynamique érosive dans ce type de chaîne (Brocard et al., submitted).

La déformation des rivières traversant des failles décrochantes est utilisée en néotectonique pour illustrer leurs activités récentes et mesurer le décalage cumulé le long de ces structures [START_REF] Replumaz | Large river offsets and Plio--Quatrenary dextral slip rate bon the Red Ricver fault (Yunnan, China)[END_REF]. Lors des campagnes d'échantillonnage, le bassin du Chixoy a été ciblé en priorité afin de contraindre les variations potentielles des vitesses de dénudation en lien 

1--Introduction

Many major strike--slip fault systems, or wrench zones, are associated with large variations in exhumation of orogenic crust (Fitzgerald et al., 1995;[START_REF] Cruz | Exhumation and deformation processes in transpressional orogens: The Venezuelan Paria Peninsula, SE Caribbean--South American plate boundary[END_REF][START_REF] Spotila | Patterns of bedrock uplift along the San Andreas fault and implications for mechanisms of transpression[END_REF][START_REF] Bermudez | Asynchronous Mio--Pliocene exhum-ation of the central Venezuelan Andes[END_REF][START_REF] Umhoefer | Yo--yo tectonics in a wrench zone, Central Anatolian fault zone, Turkey[END_REF]. The timing of cooling of these rocks is determined from thermochronometers, and these results are combined with assumptions about geothermal gradient to evaluate exhumation rate [START_REF] Cruz | Exhumation and deformation processes in transpressional orogens: The Venezuelan Paria Peninsula, SE Caribbean--South American plate boundary[END_REF]Bermudez et al., 2010a). However, large faults, such as transform plate boundaries, juxtapose crustal blocks with very different geological histories that potentially present different physical properties and thermal structures (Le [START_REF] Pichon | Asymmetry in elastic properties and the evolution of large continental strike--slip faults[END_REF]. We know that exhumation histories derived from thermochronometric are influenced by the geothermal setting (Fayon & Whitney, 2007;Simon--Labric et al., In Prep), but the impact of variations in thermal structure across strike--slip faults is unclear, which makes the interpretation of exhumation rates and deformation history problematic. The 500 km long Motagua Fault Zone (MFZ) is the east--west boundary between the North American plate to the north and the Caribbean plate to the south (Fig. 1,2). This major left lateral strike--slip fault is the continental western extension of the oceanic Cayman through and has accommodated displacement of the Caribbean plate since the Late--Cretaceous (Fig. 3, e.g. Pindell et al., 1988;2005). The heat flow map compilation of the North American continent (Blackwell et al., 2004) shows that the MFZ is a thermal boundary delimiting the hot Chortis block (surface heat flow≥90µW/m 2 ), south of the plate boundary, from the cool Maya block (≤45µW/m 2 ), north of the plate boundary (Fig. 4).

Published hornblende and white mica Ar--Ar and apatite fission track (AFT) ages collected on both sides of the MFZ suggest a similar difference in cooling histories, with older ages in the Maya block and younger ages in the Chortis block (Harlow et al., 2004;Ratschbacher et al., 2009). Here, we complement the thermochronological database with two zircon (U--Th)/He age--elevation profiles collected across the Motagua valley, the major topographic feature that follows the fault trace, to evaluate the impact of spatial and temporal variations in geothermal gradient on the exhumation histories derived from thermochronometry. Where thermochronologic datasets are sufficient (on the northern flank of the valley), we model the data with a three--dimensional thermal--kinematic model (Pecube; Braun, 2002Braun, , 2003) ) for rigorously interpreting thermochronologic age-elevation profiles in terms of geothermal setting, exhumation rates, and relief development through time, and to independently quantify the resolution of these parameters (van der Beek et al., 2010, Simon--Labric et al., in prep.). Moreover, the presence of a widespread planation surface (Rogers et al., 2002, Brocard et al., in review, Authemayou et al., In Prep.) allows an assessment of the relative contributions to the thermochronologic history of contrasted geothermal gradients and denudation rates across the MFZ. Low--slope surfaces are extensively preserved north and south of the Motagua valley, perched on the highest summits at elevations of 2400--2500 m, around 1500 m above the present--day Motagua River (Fig. 5). From a thermochronological point of view, this relict landscape is very useful, because they represent a recent regional event of surface uplift and associated relief devepoment through incision [START_REF] Molnar | Late cenozoic increase in accumulation rates of terrestrial sediment: How might climate change have affected erosion rates[END_REF][START_REF] Clark | Surface uplift, tectonics, and erosion of eastern Tibet from large--scale drainage patterns[END_REF].

In the following we introduce the study area, report existing thermochronological data, and present two new zircon (U--Th)/He (ZHe) age--elevation profiles collected on both sides of the MTZ that focus specifically on the exhumation and cooling histories of these blocks. We show that thermal--kinematic modeling of these data can resolve denudation, relief, and geothermal histories of the MFZ.

2--Geological setting

Geological evolution

The Motagua Fault Zone (MFZ) is the continental western extension of the oceanic Cayman through in the Caribbean Sea (fig. 1). The Cayman through is generally seen as a pull-apart basin with oceanic accretion within the left lateral north Caribbean plate boundary. The amount of Cenozoic displacement accommodated along the MFZ is controversial, but magnetic anomalies within the Cayman trough suggest a minimum of ~ 1100 km; spreading rates in the trough were ~ 3 cm/y from 44 to 30 Ma and ~ 1.5 cm/y thereafter (Rosencrantz et al. 1988). Anderson et al., 1985;Bukart et al., 1987;Donnelly et al., 1975;Kesler et al., 1970;McBriney, 1963;Brocard et al., In Press;Authemayou et al., Submitted). Ch: Chiquimula batholith.

Despite the large horizontal displacement accommodated along the MFZ, the geology on each side of the fault presents some similarities. High--pressure / low--temperature (HP--LT) rocks occur in fault slices within 20 km on either side of the fault. About half of these slices are serpentinite bodies (e.g., [START_REF] Mcbirney | Geology of a part of the Central Guatemalan Cordillera[END_REF]Donnelly et al., 1990;[START_REF] Beccaluva | The northwestern border of the Caribean Plate in Guatemala: new geological and petrological data on the Motagua ophiolitic belt[END_REF]. The origin of these Early--Cretaceous rocks (140--120 Ma) [START_REF] Brueckner | Meta-morphic reworking of a high pressure-low temperature mélange along the Motagua fault, Guatemala: a record of Neocomian and Ma-astrichtian transpressional tectonics[END_REF] is beyond the scope of this paper, but they demonstrate the long--term geodynamic importance of the MFZ (see Ratschbacher et al., 2009;[START_REF] Martens | Protolith and metamorphic ages of gneiss hosting eclogite in the Chuacús complex[END_REF][START_REF] Martens | Late Cretaceous continental subduction of North America's southernmost basement[END_REF]Ortegua--Obregon et al., 2008;Harlow et al., 2004). Two small crustal blocks lie on both side of the MFZ, the Chuacus block to the north, which is separated from the Maya block (s.s.) by the Baja Verapaz fault zone, the Las Ovejas block to the south, which is separated from the Chortis block (s.s.) by the Jocotan--Chamelecon fault (Fig. 4, see Ortega--Gutierrez et al., 2007 for a more complete presentation).

The Chuacus block consists of alternations of micaschists and gneisses fringed by more diverse layers of amphibolite, marble, and migmatite [START_REF] Mcbirney | Geology of a part of the Central Guatemalan Cordillera[END_REF]. During the Late Cretaceous, the Chuacus block recorded magmatic, metamorphic, deformation, and cooling events. The Chuacus block is retrogressed to the amphibolite grade (450--550 °C and 0.7-0.8 GPa), locally intruded by pegmatite dated at ~75 Ma (U--Pb/zircon, Ratschbacher et al., 2009), deformed by ductile left--lateral wrenching that produced strong, orogen--parallel sub--vertical fabrics throughout the complex (Kesler, 1970;Donnelly et al., 1990), and cooled from 550°C

(Hornblende Ar--Ar) to 275°C (biotite Ar--Ar) between 75--65 Ma (Sutter 1979;Ortega--Gutierrez et al. 2004;Ratschbacher et al., 2009). The Baja Verapaz shear zone, a south--dipping, left-lateral oblique thrust, accommodates thrusting of the Chuacús block over the Maya block (s.s.)

to the north. South of the Motagua fault, the Las Ovejas block contains amphibolite--facies metamorphic rocks and relatively undeformed granitoids. Amphibolite--facies metamorphism is Cenozoic, with migmatization, local magmatism and associated deformation starting at ~40 Ma with peak PT conditions of ~ 650 °C at 0.7-0.8 GPa (Ratschbacher et al., 2009). There is strong evidence that this event is related to the initiation of the Cayman through and to the detachment of the Las Ovejas--Chortís block from an arc position along the present--day west coast of Mexico. The block was subsequently translated towards the southeast during the Cenozoic (Mann, 2007;Pindell and Kennan, 2009;Pindell et al., 1988).

Therefore, the two sides of the MFZ present distinct metamorphic and exhumation histories: rapid exhumation of the northern side during the Late--Cretaceous, probably linked to collision of the Caribbean plateau with the North American continent (Pindell et al., 2005;Mann, 2007;Harlow et al., 2004), and more recent exhumation of the southern side during the Eocene linked to the formation of the Cayman through at ~40 Ma and the detachment of the arc--related Chortis block from southern Mexico. Indeed, most current reconstructions of Eocene tectonism juxtapose the Chortis block of northern Central America against southern Mexico (Fig. 3), and invoke ~1100 km of left lateral Cenozoic displacement on the Acapulco--Motagua--Cayman fault zone, the inferred northern margin of the Caribbean plate. This model assumes that the Motagua fault zone joins the Acapulco Trench at a T--T--F (trench--trench--fault)

triple point (e.g., [START_REF] Anderson | The evolution of Middle America and the Gulf of Mexico--Caribbean sea region during the Mesozoic[END_REF]Pindell et al., 1988;[START_REF] Ross | A hierarchical tectonic model of the Gulf of Mexico and Caribbean region[END_REF]Guzmán--Speciale et al., 1989;[START_REF] Schaaf | Paleogene continental margin truncation in southwestern Mexico: geochronological evidence[END_REF][START_REF] Barrier | Neotectonic evolution of the Isthmus of Tehuantepec (southeastern Mexico): Tectono-physics[END_REF]. In this context, the southeastward migration of Tertiary magmatism in the Sierra Madre del Sur has been interpreted in terms of the passage of the T--T--F triple junction that accompanied the southeasward displacement of the Chortis block as part of the Caribbean plate (Fig. 3, [START_REF] Herrmann | The origin of a terrane: U/Pb zircon geochronology and tectonic evolution of the Xolapa complexe, southern Mexico[END_REF][START_REF] Schaaf | Paleogene continental margin truncation in southwestern Mexico: geochronological evidence[END_REF]. Pindell et al., 1988;[START_REF] Ross | A hierarchical tectonic model of the Gulf of Mexico and Caribbean region[END_REF][START_REF] Schaaf | Paleogene continental margin truncation in southwestern Mexico: geochronological evidence[END_REF].

Magmatism and present--day heat flow

The present--day near--surface geotherm is established from the continental surface heat--flow compilation of North America (Blackwell & Richards, 2004). Only few data are available in Guatemala; however the heat--flow pattern shows a clear asymmetry on both sides of the MFZ, with low values north of the plate boundary in the Maya block (≤ 45 µW/m 2 ), and high values to the south in the Chortis block (≥ 45 µW/m 2 ) (Fig. 4). Owing to the poor resolution of this heat--flow map in Guatemala (Blackwell & Richards, 2004), we cannot use it to derive present--day heat flow; however, we will compare the data qualitatively to thermal histories derived from thermochronology.

The Tertiary magmatic and present--day volcanic histories are also contrasted across the MFZ. Present--day volcanic activity is clearly correlated with hot crust and localized only on the Western Chortis block; it does not affect the Maya block (Fig. 2). The Las Ovejas block has been intruded near--continually by large volumes of magma since ~40 Ma (Fig. 2, et al., 2009), in contrast to the Maya block, which has been intruded only by a ~15 Ma granitic body near its southern boundary, between the Motagua and Polochic faults (Fig. 2). 

Ratschbacher

Geomorphology and recent deformation

A striking feature of the geomorphology of Guatemala and Honduras is the presence of highly elevated, low--relief erosional surfaces, which have only recently been described, standing as high as 1500 m above the modern rivers (Fig. 5; Brocard et al., Submitted; Authemayou et al., submitted). North of the MFZ, the relict landscape is associated with a thick (~100 m) saprolite on crystalline siliceous rocks (Fig. 6; [START_REF] Mcbirney | Geology of a part of the Central Guatemalan Cordillera[END_REF], while on the carbonates, a solution landscape with well--developed 'mogotes' has developed. In the Chortis (ss) block in Honduras, the relict landscape was described earlier as a low, rolling country, not far above sea level (Williams and Mc Birney, 1969). West of Guatemala and Honduras, this low--slope surface was buried below as much as 1 km of ignimbrite sheets during a volcanic flare--up that peaked between 17 and 13 Ma [START_REF] Sigurdsson | History of circum--Caribbean explosive volcanism: 40 Ar/ 39 Ar dating of tephra layers[END_REF], providing a minimum age for relict landscape development [START_REF] Jordan | Petrogenesis of Central American Tertiary ignimbrites and associated Caribbean Sea tephra[END_REF]. In the Las Ovejas block, the ignimbrite formation has sealed a relief with amplitude of ~500 m [START_REF] Mcbirney | Geology of a part of the Central Guatemalan Cordillera[END_REF]. The relief of the paelosurface thus appears higher in the Las Ovejas block than in the Chortis (s.s.), Chuacus, and Maya (s.s.) blocks. The present--day high elevation of relict landscapes has been interpreted as the effect of regional uplift linked to the buoyant upper--plate response to the influx of mantle asthenosphere following break--off and sinking of the Cocos slab after ~10 Ma [START_REF] Rogers | Epeirogenic uplift above a detached slab in northern Central America[END_REF]. This large--magnitude uplift likely induced rapid deactivation and progressive destruction of the paleo--relief. In addition to the regional uplift, the Las Ovejas--Chortis block has been tectonically disrupted since the late Miocene (~10.5 Ma) by north--south trending normal faults [START_REF] Dengo | Tectonics and volcanism along the Pacific Marginal Zone of Central America (1970)[END_REF][START_REF] Rogers | Epeirogenic uplift above a detached slab in northern Central America[END_REF][START_REF] Jordan | Petrogenesis of Central American Tertiary ignimbrites and associated Caribbean Sea tephra[END_REF]. Figure 5 shows these highly elevated, low--relief erosional surfaces. South of the MFZ, mapping of the relict landscape is more problematic owing to normal faulting, which introduces horst--and-graben displacement of the paleo--relief remnants. We have only mapped relicts from horsts because in graben, the relict landscape could be covered by recent sediments or volcanic products.

3--Thermochronological and Thermobarometric Data

Existing thermochronology data

The most striking result shown by Ar/Ar ages on mica and hornblendes is the clear--cut separation between the two sides of the Motagua fault (Harlow et al., 2004, Ratschbacher et al., 2009): the Chuacus block north of the MFZ cooled through c. 500 °C (Hornblende Ar--Ar closure temperature) and through 275-350 °C (Biotite Ar--Ar closure temperature) about 40

Myr earlier than the Las Ovejas block south of the fault zone (Fig. 2). Contrary to the Chuacus ages, which represent rapid cooling during Late--Cretaceous times (Ratschbacher et al., 2009), the origin of Tertiary ages in Las Ovejas complex, with peaks around 40 and 20 Ma, is not clear. Ratschbacher et al. (2009) proposed that these ages represent two different deformation events rather than a continous cooling event. The Las Ovejas data are therefore not considered in this study to place constraints on thermal--kinematic models.

Late Cenozoic exhumation has been poorly documented, but apatite fission--track (AFT) ages show the same age jump, with two different age ranges on both sides of the fault: 55-18

and 24-7 Ma, for the Chuacus and Las Ovejas blocks, respectively (Fig. 7, Ratschbacher et al., 2009). A cross--sectional representation of AFT ages (Fig. 8) shows that this difference is not linked to an elevation sampling effect, as suggested previously (Ratschbacher et al., 2009), but implies distinct cooling histories for both sides of the MFZ. The presence of low--relief high-elevation surfaces on both sides of the MFZ, suggests a similar Cenozoic geomorphic evolution.

The combined presence of a regional paleo--relief on both sides of the MFZ and the clear difference of the cooling history between the two blocks suggest that the age jump may not be linked to differential vertical movement but rather to variations in geothermal gradient. (2004,2006). Single grains from each sample were analysed using Nd--Yag IR laser heating, cryogenic purification, and quadrupole mass spectrometry for 4 He analysis, and an Elan 6000 quadrupole inductively coupled plasma mass spectometry (ICPMS) using a glass cyclonic spray chamber for U, Th and Sm analyses. Alpha ejection corrections followed Hourigan et al. (2005) for apatite.

Table 1: Zircon (U--Th)/He data from San Lorenzo (Chuacus block) and Chiquimula (Las Ovejas)

profiles, Motagua valley.

Zircon (ZHe) (U--Th--Sm)/He ages are weighted--mean averages from 2 to 6 duplicate measurements; the reported error is either the standard deviation of the sample, or 10% of the age standard, whichever is greater. Details for age determinations are provided in Supplementary material. Published apatite fission--track (AFT) ages (Ratschbacher et al., 2009); white line indicates profile of Fig. --Gutierrez et al., 2004, Harlow et al., 2004, Ratschbacher et al., 2009). 

4--Modelling Inversion Approach

Here we will compare 5 white mica Ar--Ar and 7 ZHe ages of the Chuacus block (Fig. 7) with predictions made from thermokinematic modeling using Pecube (Braun, 2003) to evaluate the cooling and exhumation history of the northern side of the MFZ. In contrast, we do not use the Las Ovejas dataset to constrain Pecube inversions for three reasons: (1) The Chiquimula profile is only composed of four ZHe ages, owing to the chemical alteration of bedrock samples in Guatemala and the difficulty of field access; (2) White mica and biotite Ar--Ar ages are unusable, because they probably relict deformation events and not sample cooling (Ratschbacher et al., 2009); (3) Published AFT ages of samples collected over a large area show large lateral variations (Ratschbacher et al., 2009), with apparent younging toward the MFZ (Figs. 7,8). Moreover, the northern part of the Chortis block that comprises the Las Ovejas block has been affected by the north--south normal faults (Fig. 2, 7, Rogers et al., 2002), which has introduced variability in the AFT dataset. These observations suggest a complex cooling history of Las Ovejas block, with non negligible lateral variations. We concider that the dataset of Las Ovejas block is not sufficient in comparison to the complex cooling history of the block to be inversed by thermo--kinematic modeling. In the discussion part, we only analyse thermochronological data of Las Ovejas qualitatively. 

Thermokinematic Model: PECUBE

Using a 3D finite element model that solves the heat transfer equation (Pecube; Braun, 2003), we can compute thermal histories of exhumed rocks for a given tectonic, geomorphic, and geothermal scenario in the studied area. This approach combines transient thermal effects owing to denudation, topography, and relief change, and local elevation--dependent variations in surface temperatures. Simulated thermal histories are used to compute zircon (U--Th--Sm)/He and white mica Ar--Ar cooling ages at the surface, using the diffusion kinetics in zircon from Reiners et al. (2004) and argon in white mica from [START_REF] Hames | An empirical evaluation of the argon diffusion geometry in muscovite[END_REF], which can in turn be compared to the observed data.

To simulate the thermal effect of contact with a hot crustal block, a modified version of Pecube (see Simon--Labric et al., In Prep. for complementary information) has been used to allow temporal variations of the geothermal gradient. To simulate the influence of temporal geothermal variation, we test two different thermal scenarios with a single internal heat production value, or two different heat production values, during the run. In the second case, we use the internal heat production parameter to reproduce the heat brought into the system by lateral diffusion, in addition to in situ radiogenic heat production. We reproduce temporal variations of the geothermal gradient but not lateral variations. This approach is correct if samples have been collected along a restricted horizontal distance to avoid lateral variability of the geothermal gradient along the profile in prep.,Chapter 3).

Inversion Method: Neighborhood Algorithm

To compare model predicted and observed data, we use a weighted least--squares misfit function ψ:
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where n is the number of data, i α mod and i α dat are predicted and observed values for AHe/ZHe ages respectively, and i σ is the uncertainty on the data. Moreover, to provide a robust interpretation of the (U--Th--Sm)/He data, we then combine Pecube with an appropriate non--linear inversion method, namely the Neighbourhood Algorithm (NA; Sambridge, 1999a,b), following the approach described in detail in Valla et al. (2010) and Herman et al. (2010). Using a high--performance cluster, we generate a large number of forward model runs (8100 per inversion), necessary to obtain a statistically significant result given the number of free parameters. This approach enables derivation of Bayesian measures in terms of marginal probability density functions (PDFs) and the estimation of standard errors for the constrained model parameters. The likelihood function used to compute the PDF is defined as follows:
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assuming that measurement errors are independent and Gaussian distributed. To sum up, the NA code investigates the multi--dimensional space constituted by the different parameters inverted and converges automaticaly to the lowest misfits, giving the parameter values that best explain data. It also provides Bayesian measures of resolution in the form of marginal probability density functions (PDF) L for each parameter.

For each of the two thermal cases, we test scenarios that include whether there is a single exhumation rate, two successive exhumation rates, or a more complex exhumation history involving three different rates. For each exhumation step scenario, we test simulations with a variable topography [R]. Paleo--topography was modelled with a fixed maximum elevation:

R))

( (z + R) (z = Z y x, y x, - ⋅ ⋅ 1 max (3) 
Where Z x,y denotes paleo--elevation, z x,y the present--day elevation, R the topographic amplification factor, and z max the present--day maximum elevation. A value of 0 for the topographic amplification factor implies a flat paleo--relief at the present--day maw--elevation and a value of 1 implies a paleo--relief equal to the modern relief. Landscape evolution is simulated by a linear morphing function from one relief state to another (resolution of 500 m) and the age of the paleo--topography is fixed by the inversion code.

Evaluation of model results

Selecting the appropriate model directly with the log--likelihood function or some other misfit function would imply to prefer the model with the highest complexity, because in general the fit between observed and predicted data will increase with model complexity. This can be avoided using the Bayesian information criterion (BIC) value for model selection, which is a measure of the ratio between the likelihood (fitting) and the model complexity:

) ln( ln 2 n k L BIC ! + ! " = (4) 
In which ln L denotes the log--likelihood for the model (eq. 2), and k and n are the numbers of free parameters and observations, respectively. The preferred model is the one that yields the lowest BIC value (Glotzbach et al., submitted).

Inversion of the Chuacus dataset

Both ZHe and white mica Ar--Ar ages from the San Lorenzo profile have been inverted

and two thermal scenarios have been tested: (1) a stable thermal setting with a stable basal model temperature [Tb] and heat production [H] along the run. These two parameters are fixed to Tb = 350°C and H = 1.03 µW m -3 in order to reproduce the ~25°C/km geothermal gradient derived from thermo--barometric data (Ratschbacher et al., 2009); ( 2) two successive thermal phases with a stable Tb (350°C) and two successive heat production phases [H1, H2] are modelled. H1 is fixed to 1.03 µW m -3 to geothermal gradient as for the first scenario in order to reproduce the initial geothermal gradient of ~25°C/km inferred from thermo-barometric data. H2 and TH, the age of heat production change are evaluated by inversion.

Fixed parameters are listed in table 2. All modelling results are listed in Tables 3 and4. Figure 9 plots the comparaison between the best model and observed age--elevation profiles and figures 10 and 11 show the the best models parameters inversion results in terms of 2D probability density functions (PDFs). In the scatter plot the input variables describe the coordinate system, each dots is the misfit value of one run, and dots are coloured according to their misfit.

Table 2: Fixed model parameters.

Table 3 summarizes results with a stable thermal setting. The BIC value of the best-fitting model for each inversion is minimized for a scenario with three successive exhumation phases and a variable topography: a first rapid exhumation phase with a rate of 0.59 ± 0.11 km/Ma followed by slow exhumation at 0.13 ± 0.24 km/Ma after 61.5 ± 3.1 Ma, and finally a recent rapid exhumation phase with a rate of 0.76 ± 0.55 km/Ma after 11.6 ± 3.3 Ma. Inversion results suggest an R factor of 0.5 ± 0.2 at 3.5 ± 3.5 Ma, and therefore a very recent increase in relief. Table 4 summarizes results with two successive heat production phases. Unlike the case of stable thermal setting, the BIC value of the best model for each inversion is minimized for an exhumation scenario with two successive exhumation phases: rapid initial exhumation at a rate of 0.62 ± 0.20 km/Ma followed by a slow exhumation at a rate of 0.13± 0.24 km/Ma after 62.6 ± 3.7 Ma. This slow exhumation phase continues to the present--day, but inversion results suggest an R factor of 0.12 ± 0.2 until 25.5 ± 4.5 Ma, therefore a posterior relief increase. The heat production is also predicted to increase from the fixed heat production With two successive heat production phases, the best--fit run ( 

Chiquimula (Las Ovejas) exhumation rates

While the Las Ovejas dataset is not sufficient to be compared to Pecube simulations, a qualitative interpretation of these ages, combined with geological information, provides new insight into the exhumation and cooling histories of the block bordering the MFZ to the south.

First, the ZHe age--elevation profile shows an exhumation rate of ~200 m/Ma between 18 and 11 Ma. This exhumation rate is not well constrained but is confirmed by K--Ar dating and barometric data of the composite Chiquimula batholith (Fig. 2). These data constrain the emplacement of late--stage magma at a depth of 3.0 to 5.5 km ~20 Ma ago (Ratschbacher et al., 2009). The present--day outcrop of the intrusion suggests an integrated exhumation rate of 150--225 m/Ma since the last 20 Ma, a value coherent with the exhumation rate deduced from our ZHe data between 18 and 11 Ma. These results imply no major change in exhumation during the last 20 Ma in the Chiquimula area, a result confirmed by the widespread conservation of relict landscapes in this area. Second, in the western part of Guatemala and Honduras, the paleo--relief was buried below as much as 1 km ignimbrite at 13 --17 Ma [START_REF] Sigurdsson | History of circum--Caribbean explosive volcanism: 40 Ar/ 39 Ar dating of tephra layers[END_REF], providing a minimum age for this transition. Some authors have proposed that the relict landscape was abandoned and uplifted ∼10--12 Ma ago [START_REF] Rogers | Epeirogenic uplift above a detached slab in northern Central America[END_REF]Brocard et al., Submitted). Near the Chiquimula profile, landscape relicts lie ~1800m °C/km), to a higher gradient of 41°C/km that initiated at ~22 Ma (Fig. 11). In contrast, the Las Ovejas profile requires a very high geothermal gradient before ~10 Ma. Figure 13 shows ZHe ages as a function of depth below the paleosurface. This plot represents the exhumation setting just before the relief incision event, which is evaluated at ~10 Ma (Rogers et al, 2002, Brocard et al., Submitted). Projection of the ZHe AER to 0 Ma provides an estimate of the paleo--depth of the ZHe closure temperature (Tc(ZHe)= ~ 180°C; Reiners et al., 2004, Reiners, 2005), at ~ 3700 m below the paleosurface, implying a paleo--geothermal gradient of ~ 50°C/km (Fig. 12). The low--resolution of this age--elevation profile imply a large uncertainty on the estimated paleo--geothermal gradient, but the presence of ZHe ages of 11--18 Ma with a steady exhumation of ~200 m/Ma clearly requires a high geothermal gradient.

In Reiners et al., 2004) , here ~ 3700 m bellow the paleo--relief, and thus a paleo--geothermal gradient of ~ 50°C/km.

We therefore interpret the jump in AFT and ZHe ages across the MFZ not as linked to variations in exhumation history, but to a major lateral geothermal gradient across the Motagua continental transform fault. The large strike--slip displacement along the MFZ has not produced differential vertical movement along the fault, as proposed in other strike--slip contexts (e.g. [START_REF] Spotila | Patterns of bedrock uplift along the San Andreas fault and implications for mechanisms of transpression[END_REF], Bermudez et al., in press, Umhoefer et al., 2007) interpretation is confirmed by the present--day geothermal map of Guatemala (Fig. 2) which

shows that the MFZ is still a major thermal boundary.

Geodynamic implications

From a geodynamic point of view, the horizontal geothermal gradient confirms that the Motagua fault zone is a Cenozoic major plate boundary that has accommodated large displacement (Pindell et al., 2005(Pindell et al., , 2009)). Since ~40Ma and the detachment of the Chortis block from Southern Mexico (Ratschbacher et al., 2009), the block has moved along the subduction zone in an arc position and has been intruded by a large amount of magma. This history has produced and maintained a high geothermal gradient that is still recorded by present--day heat flow measurements ( Fig 3, Blackwell et al., 2004). In the western Maya block, the migration of Chortis to the southeast has been recorded by the displacement of magmatism along the present--day continental margin of Southern Mexico and interpreted in terms of the passage of the T--T--F triple junction [START_REF] Herrmann | The origin of a terrane: U/Pb zircon geochronology and tectonic evolution of the Xolapa complexe, southern Mexico[END_REF][START_REF] Schaaf | Paleogene continental margin truncation in southwestern Mexico: geochronological evidence[END_REF]Moran--Zenteno et al., 2000[START_REF] Ducea | Geologic evolution of the Xolapa Complex, southern Mexico: evidence from U--Pb zircon geochronology[END_REF][START_REF] Solari | Tectonic significance of Cretaceous-Tertiary magmatic and structural evolution of the northern margin of the Xolapa Complex, Tierra Colorada area, southern Mexico[END_REF]. Therefore, magma emplacement has been 

Conclusion

Published Ar--Ar and AFT combined with new ZHe ages show a large--scale age jump across the Motagua continental transform fault that we interpret in terms of a horizontal thermal gradient across the fault and not in terms of variable of exhumation histories. Age-elevation relationships and thermokinematic modeling suggest a similar exhumation and relief history on both sides of the MFZ since the Oligocene: a low exhumation rate (100--200m/Ma) that we associate with the formation of a regional low--relief, high--elevation relict landscape surface, followed by recent relief formation associated with regional uplift. observed age pattern. We only present the new version of Pecube that we will use to test the capacity of fluid flow to reproduce our data.

III.3. Origine du refroidissement

2--Eo--Oligocene geological setting

The Chuacús block constitutes the northern side of the MFZ (Fig 6. Gutierrez et al. 2004;Ratschbacher et al., 2009). The block was deformed by ductile left--lateral wrenching, which produced strong, orogen--parallel subvertical fabrics throughout the complex (Kesler, 1970;Donnelly et al., 1990). The ZHe San Lorenzo mine age--elevation profile document monotonic slow exhumation at ∼130 m/Ma from 45 to 30 Ma (Figs. 6.2,6.3), suggesting a two--phase exhumation history of the Chuacús block: rapid Late--Cretaceous exhumation, following collision of the Caribbean realm with the North American continent (Pindell, 2005;Mann et al., 2007;Harlow et al., 2004), followed by a long period of steady exhumation during the Cenozoic.

However, a number of geological observations suggest strong tectonic activity along the MFZ since the Eocene. First, the Las Ovejas block, south of the Motagua fault is affected at ~40 Ma by amphibolite--facies metamorphism, with migmatization, local magmatism and deformation, starting with peak PT condition of ~ 650 °C at 0.7-0.8 GPa. This event is likely related to the initiation of the Cayman through at ~40 Ma (Fig. 6.1), and to the stripping of the Las Ovejas--Chortís terranes off an arc position along the present--day west coast of Mexico and their subsequent drift towards the southeast (see Chapter 5, Mann et al., 2007;Pindell and Kennan, 2009;Pindell, 1988). Most current reconstructions invoke ~1100 km of Cenozoic sinistral displacement since the Eocene along the Motagua--Cayman fault zone, which is regarded as the northern border of the Caribbean plate since that time (Pindell and Kennan, 2009).

In the Motagua valley, Eocene--Oligocene time is marked by detrital sedimentation in the Subinal formation. These fluvial beds are not well dated (Donnelly et al., 1990), and the context of their formation is not well understood. Clast provenance studies indicate that the Chuacús basement was the main feeding zone (Guttiérez--Orrego, 2008), suggesting that the Subinal formation was attached to the NA Plate, and that the Cabanas fault (current active trace of the MFZ, Fig. 6.2) has accommodated most of the Cenozoic strike--slip deplacement. The type of sedimentary basin into which the Subinal formation was deposited is not known. 

3--San Lorenzo apatite (U--Th--Sm)/He ages

In order to complement existing datasets on the San Lorenzo profile (4 white mica Ar--Ar ages , Ratschbacher et al., 2009, and 9 ZHe ages, Chapter 5), 8 new AHe ages were obtained between 400 and 2000 m in elevation (Figs. 6.2, 6.3). Samples were collected below a remnant of the paleosurface.

Mineral separation was performed by standard crushing, sieving, and magnetic and density separation procedures. (U--Th--Sm)/He analyses were performed at the ETH--Zürich following methods described by Reiners at al. (2004[START_REF] Reiners | Measurement of parent nuclides for (U--Th)/He chronometry by solution sector ICP--MS[END_REF]. Single grains from each sample were analysed using Nd--Yag IR laser heating, cryogenic purification, and quadrupole mass spectrometry for 4 He analysis, and an Elan 6000 quadrupole inductively coupled plasma mass spectometry (ICPMS) using a glass cyclonic spray chamber for U, Th and Sm analyses. Alpha ejection corrections followed Farley (2002) for apatite. Data are listed in Table 1. The AHe age profile is concave upward, indicating rapid cooling at ∼35 Ma (Fig. 6.3). This profile contrasts with the ZHe data, which show a well constrained linear positive trend with

4--Numerical modelling approach

We investigate geological processes that can strongly decouple the thermal structure at a depth of ∼7 km. Two processes are considered: first, rapid formation and filling of an extensional basin along the Motagua fault, and second, deep ground--water circulation along the Motagua strike-slip fault.

Hypothesis of rapid sedimentation in an extensional basin along the fault

The Subinal formation consists of fluvial deposits that are present all along the Motagua valley, although the original extent of the sedimentation zone is disputed. Originally described in the Motagua valley [START_REF] Hirschmann | Reconnaissance geology and stratigraphy of the Subinal Formation (Tertiary) of El Progresso area, Guatemala[END_REF] Subinal deposits have been correlated with many similar Cenozoic continental deposits in the Chortís block (e.g. [START_REF] Burkart | Mesozoic and Cenozoic Stratigraphy of Southeastern Guatemala[END_REF]Donnelly, 1990) [START_REF]Development of asymmetric basins along continental transform faults[END_REF]. Eocene Lagunitus gastropods have been found in lacustrine limestone and, together with pollen of possible Oligocene age [START_REF] Johnson | Geology of the Gualan and southern Sierra de las Minas quadrangles, Guatemala[END_REF], are the only available age constraints.

However whether these fossils are part of the Subinal formation is disputed (Guttiérez--Orrego, Five white mica Ar--Ar, seven ZHe and nine AHe ages from the San Lorenzo profile (Fig. 6.4) are compared with prediction outputs from modified versions of Pecube (Braun, 2003) to test these thermal effects (Fig. 6.4). To simplify modeling and inversion, we gave exhumation and thermal parameters the values obtained from inversions taking only Ar--Ar and ZHe data into account (Table 2, Chapter 5): we impose a first exhumation phase of 600 m/Ma from 80 to 65 Ma, followed by a slow exhumation of 130m/Ma to the present--day, with a recent increase of basement heat production from 1.1 to 2.25 µW/m 3 , which corresponds to a geothermal gradient increase from 25 to 41°C/km. The variables are the subsidence/sedimentation rate (S FN ), the initiation age of faulting (T start ), the age of termination of faulting (T end ), diffusivity (Ds) and internal heat production (Hs) of basinal sediment. One limitation of this model is that topographic evolution is not taken into account; we use the present--day topography all along the runs (Fig 6 .4).

Inversion results show no significant decrease of misfit values and no convergence of the NA code to a minimum misfit area (Fig. 6.5): none of the 8100 models tested reproduces observed data.

As a consequence, the cooling pattern produced by rapid subsidence and thermal parameter variations between sediment and basement fails to reproduce the observed thermochronologic dataset. 

Hypothesis of fluid flow along strike--slip fault

2--D coupled hydrologic--thermal models show modification of the crustal thermal field by topography--driven fluid flow [START_REF] Smith | On the thermal effects of groundwater fl ow-1. Regional scale systems[END_REF][START_REF] Forster | The infl uence of groundwater fl ow on thermal regimes in mountainous terrain; a model study[END_REF][START_REF] Person | A sensitivity study of the driving forces on fluid flow during continental--rift basin evolution[END_REF]. As noted by Ehlers (2005) and [START_REF] Dempster | Lowtemperature thermochronology; resolving geotherm shapes or denudation histories?[END_REF], the influence of topography--driven fluid flow on thermochronometer data is seldom considered and poorly Upper--crust isotherms usually mimic mountain topography (Braun, 2002). If topographic-driven fluid flow is sufficient, topographic effect on isotherms is inverted and temperatures are lower below mountains (Fig. 6.7). Inversion results from the precedent chapter (Chapter 5) suggest no-topography over the Chuacús block during ZHe cooling. Although in agreement with the existence of paleosurface remnants over the modern range, this result is suspicious. Indeed, ZHe is quite insensitive to topography for a geothermal gradient as cool as 25 °C/km. Moreover, the Chuacús block was rapidly exhumed (∼0.6 km/Ma) between 80 and 60 Ma (Chapter 5). This high exhumation rate may have produced high topography and relief in the Late--Cretaceous and it would be surprising to have no relief only 15--20 Ma later. In consequence, I think that the no--relief result may actually reflect the flattening effect of superficial fluid circulation on isotherms. 

5--Perspectives

The influence of alpha--damage on AHe ages will be evaluated to check whether helium traps have significantly skewed ages toward older values (Gautheron et al., 2009, Flowers et al., 2009). The alpha--damage model of Gautheron has been recently implemented in the Pecube code. We will also run inversions to test our thermochronological data with the new version of Pecube that simulates the influence of topography--driven fluid flow. We will modify the code to allow higher permeability [START_REF] Dickinson | Evolution of the Western Cordillera of North America[END_REF].

I. 2. Structure thermique de la croûte supérieure. Modifié d'après [START_REF] Hyndman | Subduction zone backarcs, mobile belts, and orogenic heat[END_REF]. (Herman et al., 2010a). Le champ de vitesse de déplacement est marqué par les flèches. de manière permanente dans un modèle thermique asymétrique. Les isothermes sont notées en °C. Repris de [START_REF] Safanda | Subsurface temperature changes due to the crustal magmatic activity, numerical simulation[END_REF]. [START_REF] Flowers | Unroofing, incision and uplift history of the southwestern Colorado Plateau from apatite (U-Th)/He thermochronometry[END_REF]. [START_REF] Ehlers | Apatite (U-Th)/He Thermochronometry: Methods and Applications to Problems in Tectonics and Surface Processes[END_REF]. (Sambridge, 1999a,b). [START_REF] Whitney | Growth and demise of continental arcs and orogenic plateaux in the North American Cordillera: from Baja to British Columbia[END_REF] ; B)

I.4. Modélisation numérique 3D

Carte géologique simplifiée des North Cascades montrant le Skagit Gneiss échantillonné au cours de la thèse, ainsi que les strutures tectoniques principales et les différents terrains accrétés au cours de la subduction (d'après Miller et al., 2006). RLFZ: Ross Lake Fault Zone; ECFB: East Cascades Fold Belt; FF: Fraser Fault.

II.2. Enregistrement thermochronologique des modifications des réseaux de drainage, exemple de la Skagit River, North Cascades (USA). Haugerud and Tabor (2009) showing plutonic and volcanic rocks of the Cascades arc. Haugerud and Tabor, 2009). The topography is a steady--state sinusoidal topography with wavelength λ=15 km, amplitude A=3 km. The denudation rate is constant at 0.18 km.Myr -1 . Grey area corresponds to magma emplacement phase. See Table 2 for other thermo--kinematic parameters used in Pecube modelling. (Blackwell et al., 1990) 2 ;Haugerud and Tabor, 2009). Reiners et al. (2002). Location of map is indicated in Fig. 2a. [START_REF] Porter | Some geological implications of average Quaternary glacial conditions[END_REF] for swath (Fig. 2c); (B) eroded thickness since the onset of glaciation (grey dots) calculated from apatite (U-Th)/He ages and mean annual precipitation rates (Thin black solid lines; http://www.ocs.orsu.edu/prism).

Grey area represents the location of the main drainage divide. plaques (Demets et al., 2000;Morgan and Phipps Morgan, 2007). AF, faille de d'Aguán; CF, faille de Ceiba; GF, faille de Guayape; JCF, faille de Jocotán--Chamalecón; MF, faille de Motagua; PF, faille de Polochic. (Demets et al., 2000;Morgan and Phipps Morgan, 2007). AF, Aguán fault; CF, Ceiba fault; GF, Guayape fault; JF, Jalpategua fault; JCF, Jocotán--Chamalecón fault; MF, Motagua fault; PF, Polochic fault. Anderson et al., 1985;Bukart et al., 1987;Donnelly et al., 1975;Kesler et al., 1970;McBriney, 1963;Brocard et al., In Press;Authemayou et al., Submitted). Ch: Chiquimula batholith. southern Mexico (modified after Pindell et al., 1988;[START_REF] Ross | A hierarchical tectonic model of the Gulf of Mexico and Caribbean region[END_REF][START_REF] Schaaf | Paleogene continental margin truncation in southwestern Mexico: geochronological evidence[END_REF]. Ar ages (Ortega--Gutierrez et al., 2004, Harlow et al., 2004, Ratschbacher et al., 2009). 
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Figure I. 1 :

 1 Figure I.1: Carte topographique du relief terrestre et sous--marin du continent américain au sens large et des plaques océaniques Atlantique. Les Cordillères américaines s'étendent sur plus de 15 000 km le long de la bordure occidentale des continents américains, depuis l'Alaska jusqu'à la Patagonie. Les volcans actifs sont indiqués par des triangles rouges.

Figure 1 . 1 :

 11 Figure 1.1: Carte simplifiée des Cordillères Nord et Sud Américaines[START_REF] Dickinson | Evolution of the Western Cordillera of North America[END_REF]. Une grande partie de la

Figure 1 . 2 :

 12 Figure 1.2: Profil des flux thermiques à travers l'arc magmatique continental de la Cordillère Nord Américaine.Modifié d'après[START_REF] Hyndman | Subduction zone backarcs, mobile belts, and orogenic heat[END_REF].

Figure 1 . 3 :

 13 Figure 1.3 : Carte des flux thermiques de l'Amérique du Nord et Centrale (Blackwell et al., 2004). Les sites de mesures sont marqués par des points noirs, les failles principales par des traits noirs. Nos deux zones d'études sont situées par des cadres noirs.

Figure 1 . 4 :

 14 Figure 1.4: Coupe de la structure thermique modélisée dans le cas d'une rampe crustale active illustrant la perturbation thermique et les variation latérales de gradient géothermiques associé au déplacement le long d'un chevauchement majeur(Herman et al., 2010a). Le champ de vitesse de déplacement est marqué par les

  . De plus, la sédimentation et la formation d'un bassin peuvent introduire des variations importantes de conductivité et là aussi produire des flux de chaleur latéraux. Dans les orogènes où les vitesses de déplacement des failles, et les taux d'érosion et de sédimentation sont suffisamment rapides, il est nécessaire de les prendre en compte pour comprendre l'histoire thermique à partir des données thermochronologiques. D'autres processus associés aux déplacements le long de failles peuvent introduire des variations latérales du gradient géothermique comme par exemple le shear heating (e.g., Lachenbruch and Sass 1980) ou les circulations de fluides le long des failles. Dans le quatrième chapitre, nous illustrons l'influence que peut avoir une faille transformante continentale, la faille de Motagua (Guatemala), sur la structure thermique de la croûte supérieure.

Figure 1 . 5 :

 15 Figure 1.5: Coupe transversale dans la Sierra Nevada montrant l'influence de la paleotopograhie sur les âges apatite (U--Th)/He (House et al, 1998). A) représentation des âges projetés le long de la coupe transversale. Les points noirs sont les âges moyens et les barres d'erreur sont les erreurs analytiques. B) Représentation des localisations et altitudes des échantillons projetées sur le profil, et de la topographie le long du profil. Les canyons majeurs sont : K, King Canyon

Figure 1 . 6 :

 16 Figure 1.6: Distribution du flux de chaleur en surface (figure du haut) et de la température dans la croûte (figure du bas) pour un sill de 50 m d'épaisseur, d'un rayon d'1 km, placé à 9000m de profondeur et maintenu à 1100°C

  l'influence de ce processus est largement sous--évaluée en thermochronologie. Il constitue donc un nouveau champ d'investigation que nous évoqueronspour comprendre l'histoire du refroidissement de la bordure Nord de la Zone de Faille Motagua (Cf. Chapitre 3, partie 2). Nous y discutons l'influence des circulations de fluides le long des grandes failles décrochantes sur la structure thermique de la coûte supérieure.

Figure 1 . 7 :I. 3 .

 173 Figure 1.7: Coupe schématique montrant les effets thermiques de la topographie et des circulations souterraines de fluides. La topographie (trait noir) déforme les isothermes (traits gris), déplace les températures de fermeture (Tc) et l'histoire thermique des roches (point blancs). Les petits cadres montrent les relations âge-altitude. A : la structure thermique est dominée par l'advection verticale des roches, controlée par les processus d'érosion et les paramètres contrôlant la conduction de la chaleur. La relation âge--altitude donne une relation linéaire. B : Les variations latérales de pression hydraulique contrôlent la circulation de fluides depuis les sommets vers les vallées. Ce processus d'advection perturbe les isothermes et génère des âges « trop vieux » au niveau des sommets et « trop jeunes » au niveau des vallées. Repris deWhipp et Ehlers (2007).

  température. Des analyses en laboratoire ont été réalisées pour contraindre les paramètres d'une relation de type Arrhenius : diffusivité, D 0 la diffusivité à une température infinie, Ea l'énergie d'activation, R la constante de gaz, T la température, et a le rayon du domaine de diffusion

Figure 1 .

 1 Figure 1.10 : Données (U--Th)/He sur apatites échantillonnées dans le socle du Grand Canyon et représentées en fonction de la moyenne des eU des différents grains datés par échantillon[START_REF] Flowers | Unroofing, incision and uplift history of the southwestern Colorado Plateau from apatite (U-Th)/He thermochronometry[END_REF]. La ligne grise

Figure 1 . 10 :

 110 Figure 1.10 : Incertitude sur les âges liée à l'éjection de particules α dans le cas d'apatite homogène(Ehlers et 

Figure 1 .

 1 Figure 1.11 : Représentation d'un modèle Pecube des Andes centrales vénézueliennes (Bermudez et al., In press) : comparaison entre les ages AFT observés (étoiles et points) et les prédictions de Pecube (code couleur appliquée à la surface topographique). La structure thermique de la croûte à la fin du run est aussi représentée.

Figure 1 . 12 :

 112 Figure 1.12 : Représentation de trois stades de recherche d'une valeur dans un espace multidimensionnel par le NA. En haut à gauche, les 10 premiers points distribués de façon aléatoire dans l'espace et les cellules de Voronoi correspondantes. En haut à droite, les cellules de Voronoi pour 100 points générés par le NA (après 10 itérations) et en bas à gauche pour 500 (après 50 itérations). En bas à droite, représentation des valeurs de misfit réelles de l'espace (mesure de l'écart entre les données réelles et synthétiques). Plus la couleur est sombre, plus le misfit est faible. D'après(Sambridge, 1999a,b).

Figure 1 .

 1 Figure 1.13 : Représentation 3D des résultats d'une inversion. Les 3 axes de coordonnées correspondent aux trois paramètres inversés, chaque point montre la combinaison des paramètres testés dans un modèle, et la couleur du point mesure l'écart entre les résultats prédits par le modéle et les données réelles (le misfit). Le code NA converge automatiquement vers les zones à faible misfit. Dans cet exemple, cinq différentes combinaisons de paramètres sont capables de reproduire le jeu de données (grappes de points rouges).

Figure 2 . 1 :

 21 Figure 2.1: Relief et carte tectonique du Nord--Ouest des Etats--Unis et de la zone de subduction des Cascades. Les structures tectoniques sont réprésentées par un double trait pour les dorsales océaniques, un trait noir épais pour les transformantes, un trait noir avec des triangles pour les zones de subduction.

Figure 2 . 2 :

 22 Figure 2.2: A) Carte geologique simplifiée de la Cordillère d'Amérique du Nord (d'après[START_REF] Whitney | Growth and demise of continental arcs and orogenic plateaux in the North American Cordillera: from Baja to British Columbia[END_REF] ; B) Carte géologique simplifiée des North Cascades montrant le Skagit Gneiss échantillonné au cours de la thèse, ainsi que les strutures tectoniques principales et les différents terrains accrétés au cours de la subduction(d'après Miller et al., 2006). RLFZ: Ross Lake Fault Zone; ECFB: East Cascades Fold

  d'amplifier significativement le relief. Ces processus sont cependant difficiles à mettre en évidence et à étudier car les indices géomorphologiques qui pourraient témoigner des réorganisations du drainage sont rapidement érodés par l'érosion fluviatile et glacière. La thermochronologie de basse température offre de nouvelles possibilités pour les étudier. La gorge de la Skagit River est une vallée très étroite formée récemment par le débordement catastrophique d'un lac pro--glacière au moment des avancées de la calotte de la Cordillière Ouest Américaine au Quaternaire. Nous présentons une nouvelle approche couplant une analyse géomorphologique, des données thermochronologiques de basse température ((U--Th--Sm)/He sur apatite et zircon), et l'utilisation de modélisation numérique thermo--cinématique. Les inversions des ages de refroidissement (U--Th--Sm)/He confirment la formation récente de cette vallée et suggèrent une initiation de l'incision il y a 2.3±1.4Ma. Des données thermochronologiques de très basse température ( 4 He/ 3 He ou OSL) seraient nécessaires pour améliorer la résolution de ce résultat, mais cette approche constitue une nouvelle méthode pour détecter les instabilité des drainages, un processus de surface souvent ignoré au profit d'évènement climatique ou tectonique pour expliquer des variations brutales des vitesses d'exhumation ou de sédimentation dans les bassins d'avant--chaîne.

Fig. 1 :

 1 Fig. 1: A --Geographic localisation of the Study area, B --Shaded relief topography, present--day river network, drainage modification and sample localization.

Fig. 3 :

 3 Fig. 3: (A) Map Elevated low--relief surfaces along the Skagit River valley. (B) Long--river profiles of the Higher Surface, Middle Surface, and modern Skagit River derived from the 1/3 arc--second SRTM DEM (nominal 10--m grid resolution). (C) Profile of Erosion Index (EI=Q 5/8 *S 19/16 ). Mean annual discharge Q is calculated from annual precipitation data from 1960 to 1990 (http://www.ocs.orsu.edu/prism). To calculate slope, we utilized the 1 arc second USGS National Elevation Dataset (NED) elevation model (nominal 30--m grid resolution), and old 1/24000 topographic maps along reaches currently drowned in reservoirs. Channel gradient was calculated by linear regression of the elevation profile over 500 m bins.

Fig. 4 :

 4 Fig. 4: Comparison between A) the present--day relief (Shuttle Radar Topography Mission digital elevation), and B) the reconstructed pre--diversion relief. The reconstruction uses natural neighbour interpolation of higher surface remnants (Fig 2A.), the altitude of the pre--diversion pass (∼1270m) and the present--day elevation for pixels above this surface. White dots are sampling sites for of low-temperature thermochronometry, white dashed line is the paleo--drainage divide and black lines are river courses.

Fig. 5 :

 5 Fig. 5: A) Topographic cross--section of the Skagit Gorge showing sample locations, B) apatite and zircon (U--Th--Sm)/He age--elevation relationships; Aapatite (U--Th--Sm)/He exhumation rate: E(AHe), zircon (U--Th--Sm)/He exhumation rate: E(AHe); black star is the 0 Ma--inception of the AHe apparent exhumation rate with the elevation axis, which is only 1km below the valley, suggesting a recent increase of the exhumation rate to rejoin the present--day ∼2km depth of the AHe closure temperature.

Fig. 6 :

 6 Fig. 6: 2D PPD with 2σ (grey), 1σ (black) confidence contours and scatter plot in the case of the gorge incision model, inversion 2.2. Two successive exhumation phases (E1 and E2) are plotted against their inception ages (TC and T2) of inversion 2.2. E1 starts at 38Ma. The parameter combination for the best misfit model is indicated by red stars.

Fig. 7 :

 7 Fig. 7: 1D posterior PDF's for Run 2.2 parameters obtained after the NA appraisal stage: (a) exhumation rate of the first exhumation phase (RU1); gorge incision initiation age (TC); (c) exhumation rate of the second exhumation phase (RU2); and (d) transition time between the two exhumation phases (TRU1--2).

Fig. 8 :

 8 Fig. 8: Comparison of observed AHe and ZHe ages, the white dots, and modelled AHe and ZHe ages of the steady--state best--fit model (Run 2--2), the black triangles, and of the capture best--fit model (Run3--2), the grey diamonds.

  exhumation history, but the exhumation rates and the ages of the exhumation change are significantly different. In the case of stable--topography model, the best simulation (Run 2--2, Table2) predicts very slow exhumation of 50 m/Ma followed by an increase to 410 m/Ma at 7 Ma, which has not been recognized in the North Cascades (Simon--Labric et al., in prep. b, Chapter 4). In the case of the gorge incision simulation, the background exhumation starts with long--term slow exhumation of 100 m/Ma since 38 Ma followed by a rapid exhumation of 650 m/Ma around 2 Ma. This background exhumation is consistent with the regional exhumation history of the west side of the North Cascades Range. Simon--Labric et al. (In prep b, Chapter 4) interpreted the first slow exhumation phase as reflecting the long--term uplift rate of the belt due to magmatic thickening of the crust since the inception of the Tertiary arc 38 Ma ago,

Figure 1 :

 1 Figure 1: Generalized tectonic map of the Pacific Northwest, U.S.A. and Canada. Tectonic boundaries include spreading centers (double line), transform faults (solid lines), and the Cascadia subduction zone (heavy black line with teeth). The Juan de Fuca plate lies offshore between Vancouver Island and northern California. Complex sub--plates are present at its north and south ends. The Cascadia volcanoes (triangles) are limited to the region where the Juan de Fuca plate underthrusts the continent. The coast line is represented by a thin black line.

(

  AHe) and 12 zircon (U--Th--Sm)/He (ZHe) ages collected approximately 7 km south of the Chilliwack batholith. We model the thermal evolution of the rocks surrounding the pluton using two different approaches: (1) a simple 1D transient diffusion equation; and (2) a 3D numerical thermo--kinematic model (Pecube, Braun 2003). We use a modified version of Pecube that allows the consideration of transient geotherms. We first illustrate the effect of transient geotherms on thermochronological ages in the case of a synthetic topography. The model is then coupled with a Neigborhood Algorithm inversion routine

Figure 2 :

 2 Figure 2: Simplified geological map of the North Cascades based on mapping by Haugerud and Tabor (2009) showing plutonic and volcanic rocks of the Cascades arc. White circles indicate new low-temperature thermochronology sample locations. Magmatic rock series: Tcai, index family (Oligocene); Tcao, Ohanapecosh rocks (Oligocene); Tcas, Snoqualmie family (Oligocene--Miocene); Tcaf, Fifes Peak episode (Miocene); Qtcp, Cascade Pass family (Pleistocene, Pliocene, and Miocene); Qcav, rocks of young Cascade volcanoes (Holocene and Pleistocene). Thick black lines are major faults; thin black lines are contours of geothermal gradients in °C/km(Blackwell et al., 1990).

Figure 3 :

 3 Figure 3: Simplified geological map of Chilliwack intrusions. White dots are new apatite and zircon (U--Th--Sm)/He ZHe samples of the Skagit Gorge (SG) and Ross Lake (RL) transects. Black dots are Chilliwack intrusion samples from Haugerud and Tabor (2009) with ages as follows. Green frames, zircon U--Pb; blue frames, hornblende K--Ar (closure temperature: 530 ± 40°C); white frames, biotite K--Ar (closure temperature: 280 ± 40°C); yellow frames, zircon fission track (closure temperature: 230 ± 10°C). Color coding as in Fig. 2.

Figure 4 :

 4 Figure 4: Geological cross sections with low--temperature thermochronological samples of the Skagit Gorge and Ross Lake transects. Cross sections are localized Fig 3. Gn, Skagit orthogneiss; Tcai, index family (Oligocene); Tcas, Snoqualmie family (Oligocene--Miocene).
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 53 Figure 5: Thermochronological data from (A) Skagit Gorge and (B) Ross lake age-elevation profiles. Ageelevation plots for ZHe (black diamonds) and AHe (black dots) data with weighted linear fit to the data (thick line: best--fit, grey lines: ±1σ variation). Black vertical areas are the nearest pluton cooling age (see Fig.3; Haugerud and Tabor, 2009).

Figure 6 :

 6 Figure 6: A) One dimensional transient thermal response to an intrusion of 7km width, showing the transient cooling of the intrusion and surrounding country rock. Intrusion depth was assumed to be shallow and into country rock at background temperature of 120 °C, corresponding to a magma emplacement depth of 3 km for a geothermal gradient of 40°C/km. Other parameters include: initial intrusion temperature of 800 °C and thermal diffusivity of 25 km 2 Ma -1 . Temperature profiles were calculated using a Matlab program provided in Ehlers (2005). Curve 1 correspond to 20 yr after magma emplacement, curve 2 to 10,000 yr, curve 3 to 100,000 yr, curve 4 to 1 Myr, curve 5 to 10 Myr and cuve 6 to 100 Myr. Hatched area represents approximate distances between SG and RL samples and their nearest intrusion. B) Temperature--time curve at 7 km from the intrusion border (Hatched area).

-

  -heating scenario (model 2, Fig. 8 b): initiation of the model with H 1 = 1.31 µW m -3then, after 20 Ma (which we term the heat production transition time (T H )) an increase to H 2 = 3.3 µW m -3 . The model is thus heated to produce an increase of the geothermal gradient from 30 °C/km to 45 °C/km after equilibrium, a value measured from thermobarometric data near magma intrusions(Barton et al., 1988); --thermal relaxation of the crust (model 3, Fig.8 c): decrease of heat production from 3.3 (H 2 ) to 1.31 (H 1 ) µW/m 3 after 20 Ma (T H ).For each model, scenarios are run for a synthetic steady topography characterised by a 2D sinusoid with a wavelength of 15 km and amplitude of 3 km. This topography is characteristic of that observed in the North Cascade Range.

Figure 7 :

 7 Figure 7: AHe (dots), AFT (diamonds) and ZHe (triangles) age--elevation profiles for 3 different thermal scenarios. (a) Model thermal structure is stable; (b) Thermal heating scenarios; (c) Thermal relaxation scenarios. The topography is a steady--state sinusoidal topography with wavelength λ=15 km, amplitude A=3 km. The denudation rate is constant at 0.18 km.Myr -1 . Grey area corresponds to magma emplacement phase. SeeTable 2 for other thermo--kinematic parameters used in Pecube modelling.
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 8 Figure 8: 1D PPD plot for inversion RL 1--2; the best--fit model for a single heat production phase scenario for the RL profile. Data are reproduced with two successive exhumation phases; T1--2 is the transition age from exhumation rate 1 to exhumation rate 2. Basal model temperature, Tb; heat production, H.

Figure 9 :

 9 Figure 9: Ross Lake profile 1D PPD plot for inversion RL 2--1; the best--fit model in the case of two successive heat production phase scenario for the RL profile. First phase heat production value, H 1 ; transition heat production time, T H . Data are reproduced with one exhumation phase.

2-- 2 )

 2 shows an initial phase with H 1 =4.5 ± 0.3 µW/m 3 from 32 Ma to 20.1 ± 1.8 Ma, and the best model for the RL profile (Run SG 2--2) shows a very similar thermal scenario with H 1 = 3.3 ± 1.0 µW/m 3 from 31 Ma to 22.4 ± 3.5 Ma. These results suggest a geothermal gradient of ~45 °C/km before ~20 Ma in the Skagit Gorge area and ~40°C/km before ~22 Ma in the Ross Lake

Figure 10 :

 10 Figure 10: 1D PPD plot of inversion SG 1--2; the best--fit model for one heat production phase scenario for the Skagit Gorge profile. Two exhumation rate phases; transition exhumation phase time, T1--2; basal model temperature, Tb; heat production, H. Data are reproduced with two exhumation phase.

Figure 11 :

 11 Figure 11:1D PPD plot for inversion SG 2--2; the best--fit model for two successive heat production phase scenario for the Skagit Gorge profile; First phase heat production value, H 1 ; transition heat production time, T H . Data are reproduced with two successive exhumation phases and T1--2 is the transition age from exhumation rate 1 to exhumation rate 2.

Figure 12 :

 12 Figure 12: Schematic crustal cross--section in arc mountain range, showing the thermal structure and the effect of lateral variations of the geothermal gradient on the exhumation hisstory derived from age-elevation relationship. The topography (thick black line) combined with the increase of the geothermal gradient from the fore--arc to the arc deform isotherms (thin grey lines) and perturb thermal history recorded in rock samples (white circles) cooling through closure temperature (Tc1--Tc2). Grey arrows represent the rock uplift which is spatially uniform. Insets show distribution of sample ages as function of elevation. A large lateral variation in geothermal gradient in the arc can lead to a negative slope of the AER.

  Abbreviations: Raw He age: grain age before applying the F T alpha--ejection correction factor; FT: correction factor for alpha ejection(Hourigan et al., 2005) assuming homogeneous U and Th distribution; Corr He age: grain age after applying the FT alpha ejection correction factor;Corrected ages are shown with 11% uncertainties as calculated from the reproducibility of the Fish Canyon Tuff. The weighted--mean age for each sample is given in bold together with the error calculated from the 1σ standard deviation of the sample, or from 11% FCT reproducibility, whichever is greater.

Figure 1 :

 1 Figure 1: Generalized tectonic map of the Pacific Northwest. Tectonic boundaries include spreading centers (double line), transform faults (solid lines), and the Cascadia subduction zone (heavy black line with teeth). The Juan de Fuca plate lies offshore between Vancouver Island and northern California. Complex sub--plates are present at its north and south ends. The Cascadia volcanoes (white triangles) are limited to the region where the Juan de Fuca plate underthrusts the continent.Black box localizes the North Cascades.

Figure 2 :

 2 Figure 2: A) Annual precipitation map(1960--1990) (http://www.ocs.orsu.edu/prism). B) Simplified

Figure 3 :

 3 Figure 3: Thermochronological data from (A) Snoqualmie, (B) Granite Mountain and (C) FOJ ridge ageelevation profiles. Age-elevation plots for AHe (black dots) data with weighted linear fit to the data (thick line: best--fit, grey lines: ±1σ variation). Black vertical areas are the nearest pluton's cooling age

  km from) the Chilliwack batholith, suggest slow and monotonic cooling during and after the Chilliwack batholith emplacement. In general, North Cascades AER are dominated by slow apparent exhumation rates of around 150 m/Ma.

Figure 4 :

 4 Figure 4: Thermochronological data from (A) Skagit Gorge and (B) Ross lake age-elevation profiles. Ageelevation plots for ZHe (black diamonds) and AHe (black dots) data with weighted linear fit to the data (thick line: best--fit, grey lines: ±1σ variation). Shaded vertical boxes represent the nearest pluton cooling age (see Fig. 2; Haugerud and Tabor, 2009).

Figure 5 :

 5 Figure 5: Comparison of observed AHe and ZHe ages (black dots and black triangles, respectively) and modelled AHe and ZHe ages (white dots and white triangles, respectively) of a) the Snoqualmie profile best model (inversion SNO 3), b) the FOJ profile best model (inversion FJO 1), c) the Skagit Gorge profile best model (inversion SG 2--3), and d) the Ross Lake profile best model (inversion RL 2--2).

Figure 6 :

 6 Figure 6: Inversion best--fit models results from inversion: 1D--marginal integral of the probability density function. E1: first exhumation phase, E2 second exhumation phase, and T1--2: age of the initiation of the second exhumation phase.

Figure 7 :

 7 Figure 7: Local slope map derived from the 1/3 arc--second SRTM DEM (nominal 30 m grid resolution)

  The tectonic exhumation of such deep crustal units suggests that Eocene crustal thinning of the Paleocene--Cretaceous North Cascades Continental arc was achieved at the initiation of the Cenozoic North Cascades continental arc and confirms that the ∼100 m/Ma steady--state uplift is linked to Cenozoic magma emplacement. (2) The steady--state uplift and exhumation confirms that the North Cascades was already uplifting at 15 Ma and thus could have constituted a topographic barrier to the flow of the Columbia River Basalt, contrary to the South Cascades that were inundated by the basaltic flow and were uplifted later[START_REF] Mackin | Origin of Cascade landscapes: Washington Division of Mines and Geology Information Circular[END_REF] Mitchell and Montgomery, 2006a);(3) It reveals that the onset of orographic enhancement of rainfall on the west flank of the range during the middle Miocene has not forced the denudation of the range and has not produced spatial correlations between near--surface rock uplift rate and intense precipitation before 2 Ma.

  The western flank of the range has been preferentially eroded with a ten--fold increase in the central part of the west flank (Snoqualmie profile, Figs. 6, 8), as recorded by the young AHe ages in the central part of the Western flank of the range. The focused glacial erosion has disrupted the long--term steady--state denudation of the North Cascades, which was previously controlled by internal

Figure 8 :

 8 Figure 8: Reconstructed exhumation history of the a) Snoqualmie profile best model (inversion SNO 2), b) Skagit Gorge profile best model (inversion SG 2). Probabilities and 2σ (blue) and 1σ (red) confidence intervals are constructed using the re--sampled dataset.

Figure 9 :

 9 Figure 9: West--east comparison of (A) topographic profiles of mean elevation (grey line), maximum elevation (Thick black line), modern and Last Glacial Maximum (LGM) Equilibrium Line Altitude (ELA)elevation[START_REF] Porter | Some geological implications of average Quaternary glacial conditions[END_REF] for swath (Fig.2c); (B) eroded thickness since the onset of glaciation (grey dots) calculated from apatite (U-Th)/He ages and mean annual precipitation rates (Thin black solid lines; http://www.ocs.orsu.edu/prism). Grey area represents the location of the main drainage divide.
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 313 Dans ce chapitre, je présente mon travail sur l'évolution de la zone de faille Motagua qui traverse d'Est en Ouest le Guatemala Central. Cette faille majeure constitue la limite de plaque transformante continentale séparant la plaque Amérique du Nord de la plaque Caraïbe. L'étude est divisée en deux sous--parties présentant successivement les données (U--Th)/He sur zircon obtenues de part et d'autre de la faille, puis les données (U--Th--Sm)/He sur apatite. Faille transformante continentale de Motagua, Guatemala central. ............................................. 155 II.1.1. Contexte géologique .................................................................................................................. 155 II.1.2. Startégie d'échantillonnage et problématiques développées ................................................. 156 III.2. Asymétrie du gradient géothermique et transfert de chaleur au travers de la faille transformante continentale Motagua, Guatemala. ......................................................................................................... 161 1--Introduction ...................................................................................................................................... 1662--Geological setting ............................................................................................................................. 168 3--Thermochronological and Thermobarometric Data ....................................................................... 173 4--Modelling Inversion Approach ........................................................................................................ 176 5. Inversion of the Chuacus dataset .................................................................................................... 179 6. Discussion ......................................................................................................................................... 182 7. Conclusion ........................................................................................................................................ 190 Origine du refroidissement Oligocène de la croûte supérieure de la bordure Nord de la zone de faille de Motagua. ...................................................................................................................................... 198 2--Eo--Oligocene geological setting ....................................................................................................... 199 3--San Lorenzo apatite (U--Th--Sm)/He ages ......................................................................................... 200 4--Numerical modelling approach ....................................................................................................... 203 5--Perspectives ..................................................................................................................................... 207 La plaque Caraïbe est une unité lithosphérique séparant les plaques Amériques du Nord et Amérique du Sud. Actuellement, ses marges occidentales et orientales sont des zones de subduction soulignées par la présence d'arcs volcaniques (Petites Antilles et Isthme d'Amérique Centrale), tandis que ses marges septentrionales et méridionales sont en transpression, décrochement ou transtension (zone de Motagua, Cayman, Grandes Antilles, Andes du Nord ; e.g. Pindell et al., 2005). La zone de suture Motagua traverse le sud du Mexique, le Guatemala et le Nord--Est du Honduras depuis l'Océan Pacifique jusqu'à la mer des Caraïbe sur plus de 400 km de long et 80 km de large. Elle représente la limite Nord--Ouest de la plaque Caraïbe et connecte le bassin en pull--apart des Cayman avec la zone de subduction de la plaque Pacifique (fig. 3.1). La zone de suture Motagua est un système en transpression Mésozoique--Cénozoique (fig. 3.2), dominé par les failles de Polochic et Motagua (fig. 3.1, 3.3). Donnelly et al. (1990) définissent la faille de Motagua sensu stricto comme la suture séparant le bloc Maya (appartenant à la plaque Amérique du Nord) et le bloc Chortis (appartenant à la plaque Caraïbe). Ces deux blocs témoignent d'une histoire géologique complexe depuis le Protérozoique Moyen jusqu'au Quaternaire, et sont depuis longtemps reconnus comme des zones clés pour comprendre les intéractions entre Laurentia, Gondwana et le domaine du Proto--Pacifique. (e.g., Keppie, 2004 ; Dickinson and Lawton, 2001). La plupart des modèles tectoniques de la région suggèrent une collision entre les blocs Maya et Chortis au cours du Crétacé (fig. 3.2 ; Pindell et al., 2005). Le contact se fait suivant une zone de subduction provoquant l'emplacement de croûte océanique Jurassique--Crétacé sur les deux blocs, le chevauchement des séries métamorphiques et sédimentaires de part et d'autre de la suture

Figure 3 . 1 :

 31 Figure 3.1: Contexte géodynamique de l'Amérique Centrale. Les lignes blanches indiquent la cinématique

Figure 3 . 3 :

 33 Figure 3.3: Carte tectonique de la zone de faille Motagua--Polochic représentant l'échantillonnage réalisé lors de deux campagnes de terrain : avril 2006 (Gilles Brocard, Christian Teyssier, Leonardo Cruz) et février--mars 2007 (Thibaud Simon--Labric, Gilles Brocard, Christine Authemayou).

  Une centaine d'échantillons de plus de cinq kilogrammes ont été collecté perpendiculairement à la zone de faille de Motagua--Polochic (figure3.3). Cependant, le climat tropical chaud et humide du Guatemala ayant entraîné une très forte altération chimique des roches et probablement la formation d'un épais saprolithe (~100 m) sur l'ensemble de la zone, une grande quantité des échantillons (~65 %) n'ont pas donné de grains d'apatite ou de zircon de suffisamment bonne qualité pour être utilisés lors des analyses (figure3.3, table 3.1). Tout particulièrement, les échantillons collectés à l'Ouest de la zone d'étude (figure3.3), le long de la route Sud--Nord entre El Chol et Rabinal, n'ont pas donné de grains analysables. Ils provenaient en grande partie du bassin versant du Rio du Chixoy, rivière majeure traversant la faille de Polochic, dont la dynamique érosive est potentiellement affectée par le décrochement le long de la faille de Polochic(Brocard et al., submitted). Nous nous sommes donc concentrés uniquement sur l'étude de l'exhumation de la partie Est de la zone, à partir des échantillons collectés de part et d'autre de la faille de Motagua, abandonnant ainsi l'étude de l'influence de la déformation du réseau de drainage sur la dynamique érosive de cette zone en transpression pour se concentrer uniquement sur les processus d'exhumation en bordure de la faille de Motagua. juxtaposent des blocks ayant des origines géodynamiques et possiblement des structures thermiques très différentes. L'influence des larges déplacements horizontaux sur la variabilité des gradients géothermiques et des flux de chaleur au travers de failles décrochantes, et ainsi son influence sur l'enregistrement thermochronologique, est encore peu étudié et quantifié. Deux profils (U--Th--Sm)/He sur zircon ont été collectés de chaque côté de la zone de faille de Motagua (Guatemala). Cette structure, de 500km de long, est la partie occidentale de la limite de plaque entre la plaque Amérique du Nord et la plaque Caraïbe. Ces nouvelles données sont combinées avec des données précédemment publiées et montrent un saut d'âge entre les deux côtés de la faille. Cependant les relations âge--altitude et les modélisations thermo--cinématiques (code Pecube) des âges thermochronologiques suggèrent des histoires géomorphiques et d'exhumations similaires des deux côtés de la faille depuis l'Oligocene : un faible taux d'exhumation (100--200 m/Ma) associé à la formation d'une surface d'érosion de faible relief, suivi par une récente augmentation du relief associé à un soulèvement régional (plus de données sont nécessaires pour contraindre l'âge précis du soulèvement).Nous proposons que le déplacement décrochant le long de la zone de faille de Motagua a juxtaposé un bloc froid, le bloque Maya (s.s.), contre un bloque chaud, le bloque Chortis (s.s.) originellement en position d'arc. En plus de donner des gammes d'âges thermochronologiques très différentes des deux côtés de la faille, le rapide déplacement horizontal (∼2 cm/a) a produit un fort échange thermique latéral, résultant en un réchauffement du côté froid et un refroidissement du côté chaud de la zone de faille de Motagua.

Figure 1 :

 1 Figure 1: Geodynamic setting of Central Guatemala. White arrows indicate absolute plate motion (Demets et al., 2000; Morgan and Phipps Morgan, 2007). AF, Aguán fault; CF, Ceiba fault; GF, Guayape fault; JCF, Jocotán--Chamalecón fault; MF, Motagua fault; PF, Polochic fault.

Figure 2 :

 2 Figure 2: Simplified geological map of the Polochic--Motagua fault zone (compiled afterAnderson et al., 

Figure 3 :

 3 Figure 3: Cenozoic reconstructions of the Chortis block, assuming a connection between the Cayman transform faults and the Acapulco Trench through the Motagua fault zone, and juxtaposing the Chortis block against southern Mexico (modified afterPindell et al., 1988;[START_REF] Ross | A hierarchical tectonic model of the Gulf of Mexico and Caribbean region[END_REF][START_REF] Schaaf | Paleogene continental margin truncation in southwestern Mexico: geochronological evidence[END_REF] 

Figure 4 :

 4 Figure 4: Geothermal map of the Maya/Chortis blocks. Thick black line is the coast line, thin black lines represent isovalues of surface heat flux. Volcanoes (white triangles) only occur within the Chortis block.

Figure 5 :

 5 Figure 5: Map showing shaded relief (SRTM 90m) and remnants of low--slope surfaces. These are defined by low--relief high--elevation surfaces. The surface remnants have been mapped manually and are colour coded according to their elevation. Black box shows the location of the area view in Fig. 6.

Figure 6 :

 6 Figure 6: pictures of the relict landscape on Chuacus basement: A) Areal view looking to the East. (See view localisation on Fig. 5) White dashed line is the paleo--relief border; B) Strong chemical alteration of the saprolite showing quartz veins.
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 2 New zircon (U--Th)/He data (ZHe) In order to complement existing datasets, two profiles were collected for zircon (U--Th)/He along age--elevation profile on both sides of the lower Motagua valley. The northern (San Lorenzo) profile is composed of 10 samples collected along a roughly north-south transect up the southern flank of the Chuacus block, between 400 and 2300 m elevation (Figs. 7, 9). Samples were collected below a paleo--relief remnant, approximately every ~100 m along the profile where possible. The southern (Chiquimula) profile is composed of 4 samples collected up the southern flank of the Motagua valley, between 200 and 1600 m elevation in the Las Ovejas block (Figs. 7, 9). Mineral separation was performed by standard crushing, sieving, and magnetic and density separation procedures. (U--Th--Sm)/He analyses were performed at the University of Zürich (ETH) following methods described by Reiners at al.

Figure 7 :

 7 Figure 7: Shaded relief topography map showing sample locations and thermochronology ages. A)

  8; B) new zircon (U--Th)/He ages. Black squares show the topographic sector used in Pecube modelling; C) published Ar--Ar and K--Ar ages (Ortega

Figure 8 :

 8 Figure 8: Geological cross sections with AFT ages of Las Ovejas and Chortis blocks. AFT ages are projected along their horizontal distance from the Cabanas fault (southern brench of the Motagua fault zone) and topographic profile is localized figure 3 a. Circled samples were excluded from analysis due to either proximity to a volcanic flow or suspicion that the sample was from a landslide block. Grey surfaces are projections of landscape relicts along the topographic profile and shade grey line is the paleo--relief reconstitution.

Figure 9 :

 9 Figure 9: Age-elevation plots of San Lorenzo (Chuacus block) and Las Ovejas (Las Ovejas block) profiles for zircon (U--Th)/He data with weighted linear fit to the data (thick line: best--fit, grey lines: ±1σ variation). The x axis bars show errors for each sample.

Figure 10 :

 10 Figure 10: San Lorenzo profile 1D PPD for inversion SL 1--3 (steady heat production scenario). Three denudation rate phases, E1, E2, E3; transition denudation phase time, T1--2, T2--3; relief amplification factor, R; relief amplification timing, TR.

Figure 11 :

 11 Figure 11: San Lorenzo profile 1D PPD plot for inversion SL 2--2 (transient heat production scenario). Two denudation rates, E1, E2; transition phase time between these two rates, T1--2; relief amplification factor, R; relief amplification timing, TR; final heat production, H2, transition time for heat production, TH .

  above the bottom of the Motagua valley. This implies an integrated incision rate of ~180 m/Ma during the last 10 Ma, consistent with a long term steady exhumation rate of ~200 m/Ma of the Las Ovejas block since ~25Ma. More thermochronological ages are necessary to determine erosion rates on the summits. More erosion rate measurements on different timescales are necessary to evaluate this hypothesis.6.4. Thermal structure and evolution across the MFZThe thermochronologic datasets from the MFZ region show a large jump across the MFZ, with clearly older ages in the Chuacus flank (ZHe ~40 Ma, AFT ~30 Ma) than in the Las Ovejas flank (ZHe ~15 Ma, AFT ages ~8 Ma), immediately north and south of the Motagua valley, respectively (Figs.7, 8). The evaluation of exhumation rates reveals a small difference (~130m/Ma in the north versus ~200 m/Ma in the south) that is not sufficient to explain such an age jump. The geothermal gradients derived from thermochronology data are different between the two sides of the MFZ and show an inverse evolution. The best model for the SL profile shows a transient thermal structure increasing from a low geothermal gradient (~20--25

  addition, AFT and ZHe samples from the southern flank the Motagua valley cooled ~8 Ma and ~11Ma ago, respectively(Figs. 7, 8). The age difference between the two thermochronometers implies a very high cooling rate of 70°C in 3 Ma. With an exhumation rate of 200 m/Ma and a steady geothermal gradient of 50°C/km, ~7 Ma should be necessary to exhume the sample through the two closure temperatures (Tc(ZHe)= ~180°C, Tc(AFT)= ~110°C). This rapid cooling implies that another cooling process is superimposed on exhumation at ~10 Ma. Two possibilities can be explored: the rapid incision of the Motagua valley or the thermal relaxation of the 50°C/km geothermal gradient. As discussed above, the ~1800 m elevation difference between the 10--12 Ma paleo--relief remnants of Las Ovejas and the present--day Motagua river (Fig.8) suggests an integrated incision rate of ~160--180 m/Ma, a value comparable with ~200 m/Ma derived from ZHe ages, and therefore a relief formation without a significant increase of the exhumation in the Motagua valley. Consequently, we propose that a large part of this rapid cooling is related to thermal relaxat ion and not only relief incision.

Figure 12 :

 12 Figure 12: Zircon (U--Th)/He data from southern side of the Motagua valley plotted against depth beneath the paleo--relief. Error bars in the y--direction reflect an estimated ±100 m uncertainty in the depth of samples below the paleo--relief remnant at the summit of the mountain sampled (Fig. 6). The AER projection to 0 Ma gives an estimate of the depth of the ZHe closure temperature (Tc(ZHe)= ~ 180°C,

  continuous in the Chortis block during its displacement along the subduction zone, and episodic along the other side of the MFZ (Southern Mexico and Western Chiapas). In contrast to the Chortis block, the northern side of the Motagua valley has remained in a back--arc position for the last 65 Ma, far from any magmatic intrusion linked to the eastward subduction of the Farallon and Cocos plates below the Chortis/Caribbean plate. This difference in geodynamic evolution has likely produced the horizontal geothermal gradient and contrasted age record across the MFZ.

  Oligocène de la croûte supérieure de la bordure Nord de la zone de faille de Motagua.RésuméCe chapitre présente les données (U--Th--Sm)/He sur apatite (température de fermeture: ∼70°C) acquise récemment à l'ETH Zurich, en collaboration avec Giuditta Fellin. Les échantillons ont été collectés suivant un profil vertical, et la relation âge--altitude montre un refroidissement Oligocène très rapide de la croûte supérieure de la bordure nord de la zone de faille Motagua, Guatemala. Ces données sont surprenantes, car les ages (U--Th--Sm)/He sur zircon (température de fermeture: ∼180°C) provenant des mêmes échantillons ont enregistré un refroidissement lent et constant durant la même période. Elles témoignent donc d'une structure thermique fortement découplée verticalement, contrôlée probablement par des processus thermiques n'affectant que les premiers kilomètres de la croûte. Nais nous présentons ici deux hypothèses de structure thermique pour expliquer ce découplage, et ces hypothèses seront testées numériquement dans le futur: 1--formation d'un bassin transtensif le long de la faille de Motagua et modification de la structure thermique de la croûte le long de ce bassin. Ce processus ne semble pas capable de reproduire notre jeu de donnés. 2--activation d'une importante circulation de fluide lors de l'activation Eo--Oligocène de la zone de faille Motagua. Cette direction est simplement présentée et constituera l'élément central des modélisations ultérieures.AbstractThis chapter presents new apatite (U--Th--Sm)/He ages obtained in collaboration with G. Fellin (Zürich ETHZ). Samples were collected over an age--elevation profile. Age-elevation relationship shows rapid cooling of the upper crust at ∼35 Ma along the northern side of the Motagua fault zone, a continental transform fault crossing Guatemala. These results are surprising because zircon (U--Th--Sm)/He ages from the same samples record a steady low exhumation rate of ∼130m/Ma during the same time period. The combination of both thermometers documents a strong perturbation of the upper crust thermal structure, likely associated with a superficial geological process. We consider two hypotheses: 1--thermal perturbation resulting from the formation of a transtensional basin along the Motagua fault; and 2-- Fluid flow activation along a crustal scale strike--slip fault during Eocene--Oligocene time. This latter hypothesis is the preferred option for future modelling.

  1). It was retrogressed to the amphibolite grade (450--550 °C and 0.7-0.8 GPa,Ratschbacher et al., 2009) and cooled from 550°C (Hornblende Ar--Ar) to 275°C (biotite Ar--Ar) 75--65 Ma ago (see Chapter 5, Sutter 1979; Ortega--

Figure. 1 :

 1 Figure.1: Geodynamics setting of Central Guatemala and simplified geological map of the Polochic--Motagua fault zone. Ch: Chiquimula batholith.

Figure 2 :

 2 Figure 2: Shaded relief topography (50 m resolution) showing thermochronological age locations, main fault strands of MFZ (thick black lines) and contours of paleosurface remnants (dashed lines). This original 90 m DEM is degraded to 500 m resolution for use in Pecube modelling. Closest Subinal sediment occurrence is shown in orange.

  , even though clear ages or sediment provenance data are sparce. The Subinal formation has been regarded as an extensive flexural basin formed in stratigraphic conformity over the Late Cretaceous sediments of the Guatemalan Juan de Paz ophiolite[START_REF] Fourcade | Age présantonien--campagnien de l'obduction des ophiolites du Guatemala[END_REF], which was tectonically dispersed and preserved in the Motagua valley. Recent studies byGuttiérez--Orrego (2008), however, suggest that deposition of the Subinal sediment s.s has been restricted to the Motagua valley in a narrow elongated extensional basin along the Motagua fault, as has been proposed for the Izabal basin (Ben--

  2008). The Subinal formation could record Chuacús basement erosion and sedimentary filling of an extensional basin along the MFZ at 40--35 Ma during the formation of the adjacent Cayman through. The Pecube code has been modified to reproduce the thermal effect of the formation of such a basin. The thermal structure is perturbed by two thermal processes: 1--downward advection of cold material from the surface during subsidence, simulating deposition of sediment in the basin (Fig 6.4a), and 2--attribution diffusivity and heat production parameters to sediments distinct from basement parameters (Fig 6.4b). Subsidence of low diffusivity sediments permits the downward advection of cold temperature and therefore cools down the upper part of the crust. Conversely, the blanketing effect of the sediment increases heat conservation in the basement and produces an upward deplacement of isotherms below the basin (Fig 6.4b).

Figure 4 :

 4 Figure 4: Examples of Pecube models showing the Motagua valley topography (brown surface, North is toward the upper right corner of the boxes), the surface trace of a bounding vertical fault (black line), vertical rock movements (black arrows), isotherms each 50°C (colored surfaces), and sample locations (black dots). A) Model illustrating the effect of downward heat advection on isotherms. B) Model illustrating the thermal effect of sediment low--diffusivity (10 km2 My -1 ); note compressed isotherms at shallow levels.

Figure 5 :

 5 Figure 5: 2D PPD scatter plot in the case of pull--apart basin model. Each dot corresponds to one run, and dots are coloured according to their misfit. Parameter combination for the best misfit model is indicated by red stars. S FN, subsidence/sedimentation rate; T start, initiation age of the downward movement; T end, end age of downward movement; Ds, sediment thermal diffusivity; Hs, sediment heat production. Basement thermal diffusivity is fixed to 25 km 2 Ma -1 .

Figure 7 :

 7 Figure 7: Example of Pecube model, which shows the impact of fluid flow (grey arrows) driven by lateral pressure gradients below the topography. Isotherms are shown in black. This model shows that fluid flow can invert topographic effect on isotherm deflection.

Figure 1 . 2 :

 12 Figure 1.2: Profil des flux thermiques à travers l'arc magmatique continental de la Cordillère Nord Américaine.

Figure 1 . 3 :

 13 Figure 1.3 : Carte des flux thermiques de l'Amérique du Nord et Centrale (Blackwell et al., 2004). Les sites de mesures sont marqués par des points noirs, les failles principales par des traits noirs. Nos deux zones d'études sont situées par des cadres noirs.

Figure 1 . 4 :

 14 Figure 1.4: Coupe de la structure thermique modélisée dans le cas d'une rampe crustale active illustrant la perturbation thermique et les variation latérales de gradient géothermiques associé au déplacement le long d'un chevauchement majeur(Herman et al., 2010a). Le champ de vitesse de déplacement est marqué par les

Figure 1 . 5 :Figure 1 . 6 :

 1516 Figure 1.5:Coupe transversale dans la Sierra Nevada montrant l'influence de la paleotopograhie sur les âges apatite (U--Th)/He(House et al, 1998). A) représentation des âges projetés le long de la coupe transversale. Les points noirs sont les âges moyens et les barres d'erreur sont les erreurs analytiques. B) Représentation des localisations et altitudes des échantillons projetées sur le profil, et de la topographie le long du profil. Les canyons majeurs sont : K, King Canyon

Figure 1 . 7 :I. 3 .

 173 Figure 1.7: Coupe schématique montrant les effets thermiques de la topographie et des circulations souterraines de fluides.

Figure 1 .

 1 Figure 1.10 : données (U--Th)/He sur apatite échantillonnées dans le socle du Grand Canyon et représenté en fonction de la moyenne des eU des différents grains datés par échantillon[START_REF] Flowers | Unroofing, incision and uplift history of the southwestern Colorado Plateau from apatite (U-Th)/He thermochronometry[END_REF].

Figure 1 . 10 :

 110 Figure 1.10 : Incertitude sur les âges liée à l'éjection de particules α dans le cas d'apatite homogène(Ehlers et 

Figure 1 .

 1 Figure 1.11 : Représentation d'un modèle Pecube des Andes centrales vénézueliennes(Bermudez et al., In press) : comparaison entre les ages AFT observés (étoiles et points) et les prédictions de Pecube (code couleur appliquée à la surface topographique). La structure thermique de la croûte à la fin du run est aussi représentée.

Figure 1 . 12 :

 112 Figure 1.12 : Représentation de trois stades de recherche d'une valeur dans un espace multidimensionnel par le NA. En haut à gauche, les 10 premiers points distribués de façon aléatoire dans l'espace et les cellules de Voronoi correspondantes. En haut à droite, les cellules de Voronoi pour 100 points générés par le NA (après 10 itérations) et en bas à gauche pour 500 (après 50 itérations). En bas à droite, représentation des valeurs de misfit réelles de l'espace (mesure de l'écart entre les données réelles et synthétiques). Plus la couleur est sombre, plus le misfit est faible. D'après(Sambridge, 1999a,b).

Figure 1 . 2 II. 1 .

 121 Figure 1.13 : Représentation 3D des résultats d'une inversion. Les 3 axes de coordonnées correspondent aux trois paramètres inversés, chaque point montre la combinaison des paramètres testés dans un modèle, et la couleur du point mesure l'écart entre les résultats prédits par le modéle et les données réelles (le misfit). Le code NA converge automatiquement vers les zones à faible misfit. Dans cet exemple, cinq différentes combinaisons de paramètres sont capables de reproduire le jeu de données (grappes de points rouges).(http://rses.anu.edu.au/~malcolm/NA/na.html#papers)

Figure 2 . 1 :

 21 Figure 2.1: Relief et carte tectonique du Nord--Ouest des Etats--Unis et de la zone de subduction des Cascades.Les structures tectoniques sont réprésentées par un double trait pour les dorsales océaniques, un trait noir épais pour les transformantes, un trait noir avec des triangles pour les zones de subduction. Les volcans actuels de l'arc des Cascades (triangles blancs) sont limités à la zone de subduction de la plaque Juan de Fuca. La boite noire localise la chaîne des North Cascades.

Figure 2 . 2 :

 22 Figure 2.2: A) Carte geologique simplifiée de la Cordillère d'Amérique du Nord (d'après[START_REF] Whitney | Growth and demise of continental arcs and orogenic plateaux in the North American Cordillera: from Baja to British Columbia[END_REF][START_REF] Willis | Changes in river courses in Washington territory due to glaciation[END_REF] 

Fig. 1 :

 1 Fig. 1: A -- Geographic localisation of the Study area, B -- Shaded relief topography, present--day river network,drainage modification and sample localization.

Fig. 2 :

 2 Fig. 2:Field view of relicts of the two families erosion surfaces above Diablo Lake; HS: higher surfaces, LH: lower surfaces. The higher surfaces slopes in an opposite direction of the flow direction of the Skagit River (black arrow).

Fig. 3 :

 3 Fig. 3: (A) Map Elevated low--relief surfaces along the Skagit River valley. (B) Long--river profiles of the HigherSurface, Middle Surface, and modern Skagit River derived from the 1/3 arc--second SRTM DEM (nominal 10--m grid resolution). (C) Profile of Erosion Index (EI=Q 5/8 *S19/16 ).

Fig. 4 :

 4 Fig. 4: Comparison between A) the present--day relief (Shuttle Radar Topography Mission digital elevation), and B) the reconstructed pre--diversion relief. The reconstruction uses natural neighbour interpolation of highersurface remnants (Fig 2A.), the altitude of the pre--diversion pass (∼1270m) and the present--day elevation for pixels above this surface.

Fig. 5 :

 5 Fig. 5: A) Topographic cross--section of the Skagit Gorge showing sample locations, B) apatite and zircon (U--Th--Sm)/He age--elevation relationships; Aapatite (U--Th--Sm)/He exhumation rate: E(AHe), zircon (U--Th--Sm)/He exhumation rate: E(AHe); black star is the 0 Ma--inception of the AHe apparent exhumation rate with the elevation axis, which is only 1km below the valley, suggesting a recent increase of the exhumation rate to rejoin the present--day ∼2km depth of the AHe closure temperature.

Fig. 6 :

 6 Fig. 6: 2D PPD with 2σ (grey), 1σ (black) confidence contours and scatter plot in the case of the gorge incision model, inversion 2.2. Two successive exhumation phases (E1 and E2) are plotted against their inception ages (TC and T2) of inversion 2.2. E1 starts at 38Ma. The parameter combination for the best misfit model is indicated by red stars.

Fig. 7 :

 7 Fig. 7: 1D posterior PDF's for Run 2.2 parameters obtained after the NA appraisal stage: (a) exhumation rate of the first exhumation phase (RU1); gorge incision initiation age (TC); (c) exhumation rate of the second exhumation phase (RU2); and (d) transition time between the two exhumation phases (TRU1--2).

Fig. 8 :II. 3 .

 83 Fig. 8: Comparison of observed AHe and ZHe ages, the white dots, and modelled AHe and ZHe ages of the steady--state best--fit model (Run 2--2), the black triangles, and of the capture best--fit model (Run3--2), the grey diamonds.

Figure 1 :

 1 Figure 1: Generalized tectonic map of the Pacific Northwest, U.S.A. and Canada. Tectonic boundaries include spreading centers (double line), transform faults (solid lines), and the Cascadia subduction zone (heavy black line with teeth).

Figure 2 :

 2 Figure 2: Simplified geological map of the North Cascades based on mapping byHaugerud and Tabor (2009) 

Figure 3 :

 3 Figure 3: Simplified geological map of Chilliwack intrusions. White dots are new apatite and zircon (U--Th--Sm)/He ZHe samples of the Skagit Gorge (SG) and Ross Lake (RL) transects. Black dots are Chilliwack intrusion samples fromHaugerud and Tabor (2009) with ages as follows.

Figure 4 :

 4 Figure 4: Geological cross sections with low--temperature thermochronological samples of the Skagit Gorge and Ross Lake transects. Cross sections are localized Fig 3. Gn, Skagit orthogneiss; Tcai, index family (Oligocene); Tcas, Snoqualmie family (Oligocene--Miocene).

Figure 5 :

 5 Figure 5: Thermochronological data from (A) Skagit Gorge and (B) Ross lake age-elevation profiles. Ageelevation plots for ZHe (black diamonds) and AHe (black dots) data with weighted linear fit to the data (thick line: best--fit, grey lines: ±1σ variation). Black vertical areas are the nearest pluton cooling age (see Fig. 3;

Figure 6 :

 6 Figure 6: A) One dimensional transient thermal response to an intrusion of 7km width, showing the transient cooling of the intrusion and surrounding country rock. Intrusion depth was assumed to be shallow and intocountry rock at background temperature of 120 °C, corresponding to a magma emplacement depth of 3 km for a geothermal gradient of 40°C/km.

Figure 7 :

 7 Figure 7: AHe (dots), AFT (diamonds) and ZHe (triangles) age--elevation profiles for 3 different thermal scenarios. (a) Model thermal structure is stable; (b) Thermal heating scenarios; (c) Thermal relaxation scenarios.

Figure 8 :

 8 Figure 8: 1D PPD plot for inversion RL 1--2; the best--fit model for a single heat production phase scenario for the RL profile. Data are reproduced with two successive exhumation phases; T1--2 is the transition age from exhumation rate 1 to exhumation rate 2. Basal model temperature, Tb; heat production, H.

Figure 9 :

 9 Figure 9: Ross Lake profile 1D PPD plot for inversion RL 2--1; the best--fit model in the case of two successive heat production phase scenario for the RL profile. First phase heat production value, H 1 ; transition heat production time, T H . Data are reproduced with one exhumation phase.

Figure 10 :

 10 Figure 10: 1D PPD plot of inversion SG 1--2; the best--fit model for one heat production phase scenario for the Skagit Gorge profile. Two exhumation rate phases; transition exhumation phase time, T1--2; basal model temperature, Tb; heat production, H. Data are reproduced with two exhumation phase.

Figure 11 :

 11 Figure 11:1D PPD plot for inversion SG 2--2; the best--fit model for two successive heat production phase scenario for the Skagit Gorge profile; First phase heat production value, H 1 ; transition heat production time, T H . Data are reproduced with two successive exhumation phases and T1--2 is the transition age from exhumation rate 1 to exhumation rate 2.

Figure 12 :

 12 Figure 12: Schematic crustal cross--section in arc mountain range, showing the thermal structure and the effect of lateral variations of the geothermal gradient on the exhumation hisstory derived from age--elevation relationship. The topography (thick black line) combined with the increase of the geothermal gradient from the fore--arc to the arc deform isotherms (thin grey lines) and perturb thermal history recorded in rock samples (white circles) cooling through closure temperature (Tc1--Tc2). Grey arrows represent the rock uplift which is spatially uniform. Insets show distribution of sample ages as function of elevation. A large lateral variation in geothermal gradient in the arc can lead to a negative slope of the AER.

Figure 1 :

 1 Figure 1: Generalized tectonic map of the Pacific Northwest. Tectonic boundaries include spreading centers (double line), transform faults (solid lines), and the Cascadia subduction zone (heavy black line with teeth). The Juan de Fuca plate lies offshore between Vancouver Island and northern California. Complex sub--plates are present at its north and south ends. The Cascadia volcanoes (white triangles) are limited to the region where the Juan de Fuca plate underthrusts the continent.Black box localizes the North Cascades.

Figure 2 :

 2 Figure 2: A) Annual precipitation map(1960--1990) (http://www.ocs.orsu.edu/prism). B) Simplified geological map based on mapping byHaugerud and Tabor (2009) showing rocks of the Cascades arc. White circles indicate thermochronology sample locations. Abbreviations for plutonic and volcanic rocks: Tcai, index family (Oligocene); Tcao, Ohanapecosh rocks (Oligocene); Tcas, Snoqualmie family (Oligocene--Miocene); Tcaf, Fifes Peak episode (Miocene); Tyg, Columbia River Basalt (Miocene); Qtcp, Cascade Pass family (Pleistocene, Pliocene, and Miocene); Qcav, rocks of young Cascade volcanoes (Holocene and Pleistocene). Contours of geothermal gradients for 20, 30, and 40 °C/km(Blackwell et al., 1990) are also shown. C) Shaded relief

Figure 3 :

 3 Figure 3: Thermochronological data from (A) Snoqualmie, (B) Granite Mountain and (C) FOJ ridge age-elevationprofiles. Age-elevation plots for AHe (black dots) data with weighted linear fit to the data (thick line: best--fit, grey lines: ±1σ variation). Black vertical areas are the nearest pluton's cooling age fromHaugerud and Tabor (2009).

Figure 4 :

 4 Figure 4: Thermochronological data from (A) Skagit Gorge and (B) Ross lake age-elevation profiles. Ageelevation plots for ZHe (black diamonds) and AHe (black dots) data with weighted linear fit to the data (thick line: best--fit, grey lines: ±1σ variation). Shaded vertical boxes represent the nearest pluton cooling age (see Fig.

Figure 5 :

 5 Figure 5: Comparison of observed AHe and ZHe ages (black dots and black triangles, respectively) and modelled AHe and ZHe ages (white dots and white triangles, respectively) of a) the Snoqualmie profile best model (inversion SNO 3), b) the FOJ profile best model (inversion FJO 1), c) the Skagit Gorge profile best model (inversion SG 2--3), and d) the Ross Lake profile best model (inversion RL 2--2).

Figure 6 :

 6 Figure 6: Inversion best--fit models results from inversion: 1D--marginal integral of the probability density function. E1: first exhumation phase, E2 second exhumation phase, and T1--2: age of the initiation of the second exhumation phase.

Figure 7 :

 7 Figure 7: Local slope map derived from the 1/3 arc--second SRTM DEM (nominal 30 m grid resolution) showing high--elevation, low--slope surface remnants. White dots are AHe samples of the FOJ ridge profile from Reiners et

Figure 8 :

 8 Figure 8: Reconstructed exhumation history of the a) Snoqualmie profile best model (inversion SNO 2), b) SkagitGorge profile best model (inversionSG 2). Probabilities and 2σ (blue) and 1σ (red) confidence intervals are constructed using the re--sampled dataset.

Figure 9 :

 9 Figure 9: West--east comparison of (A) topographic profiles of mean elevation (grey line), maximum elevation (Thick black line), modern and Last Glacial Maximum (LGM) Equilibrium Line Altitude (ELA) elevation(Porter, 

Chapitre 3 III. 1 .

 31 Zone de faille Motagua (Guatemala central), une faille transformante continentale.

Figure 3 . 1 :

 31 Figure 3.1: Contexte géodynamique de l'Amérique Centrale. Les lignes blanches indiquent la cinématique des

Figure 3 . 2 :

 32 Figure 3.2: évolution géodynamique de l'Amrérique Central et de la plaqe Caraïbe (cf. Pindell & Kennan, 2009 pour une description détaillée). Reconstruction à 100 Ma : le déplacement de la plaqe Caraïbe par rapport au point chaud des Galapagos se fait vers le Nord, et vers l'Est par rapoort à l'Amérique du Nord. Reconstruction à 71 Ma : l'Amérique du Nord et l'Amérique du Sud cessent de s'éloigner, activant la subduction de la plaque Caraïbe sous les Andes du Nord. Reconstruction à 46 Ma : ouverture du bassin en pull--apart des Cayman. Reconstruction à 33 Ma : la limite de plaque Nord Amérique et Caraïbe commence à acquérir la géométrie actuelle.

Figure 3 . 3 :

 33 Figure 3.3: Carte tectonique de la zone de faille Motagua--Polochic représentant l'échantillonnage réalisé lors de deux campagnes de terrain : avril 2006 (Gilles Borcard, Christian Teyssier, Leonardo Cruz) et février--mars 2007 (Thibaud Simon--Labric, Gilles Borcard, Christine Authemayou).

Figure 1 :

 1 Figure 1: Geodynamic setting of Central Guatemala. White arrows indicate absolute plate motion (Demets et

Figure 2 :

 2 Figure 2: Simplified geological map of the Polochic--Motagua fault zone (compiled afterAnderson et al., 1985; 

Figure 3 :

 3 Figure 3: Cenozoic reconstructions of the Chortis block, assuming a connection between the Cayman transform faults and the Acapulco Trench through the Motagua fault zone, and juxtaposing the Chortis block against

Figure 4 :

 4 Figure 4: Geothermal map of the Maya/Chortis blocks. Thick black line is the coast line, thin black lines represent isovalues of surface heat flux. Volcanoes (white triangles) only occur within the Chortis block.

Figure 5 :

 5 Figure 5: Map showing shaded relief (SRTM 90m) and remnants of low--slope surfaces. These are defined by low--relief high--elevation surfaces. The surface remnants have been mapped manually and are colour coded according to their elevation. Black box shows the location of the area view in Fig. 6.

Figure 6 :

 6 Figure 6: pictures of the relict landscape on Chuacus basement: A) Areal view looking to the East. (See view localisation on Fig. 5) White dashed line is the paleo--relief border; B) Strong chemical alteration of the saprolite showing quartz veins.

Figure 7 :

 7 Figure 7: Shaded relief topography map showing sample locations and thermochronology ages. A) Published apatite fission--track (AFT) ages (Ratschbacher et al., 2009); white line indicates profile of Fig. 8; B) new zircon (U--Th)/He ages. Black squares show the topographic sector used in Pecube modelling; C) published Ar--Ar and K--

Figure 8 :

 8 Figure 8: Geological cross sections with AFT ages of Las Ovejas and Chortis blocks. AFT ages are projected along their horizontal distance from the Cabanas fault (southern brench of the Motagua fault zone) and topographic profile is localized figure 3 a. Circled samples were excluded from analysis due to either proximity to a volcanic flow or suspicion that the sample was from a landslide block. Grey surfaces are projections of landscape relicts along the topographic profile and shade grey line is the paleo--relief reconstitution.
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 9 Figure 9: Age-elevation plots of San Lorenzo (Chuacus block) and Las Ovejas (Las Ovejas block) profiles for zircon (U--Th)/He data with weighted linear fit to the data (thick line: best--fit, grey lines: ±1σ variation). The x axis bars show errors for each sample.

Figure 10 :

 10 Figure 10: San Lorenzo profile 1D PPD for inversion SL 1--3 (steady heat production scenario). Three denudationrate phases, E1, E2, E3; transition denudation phase time, T1--2, T2--3; relief amplification factor, R; relief amplification timing, TR.

Figure 11 :

 11 Figure 11: San Lorenzo profile 1D PPD plot for inversion. Two denudation rates, E1, E2; transition phase time between these two rates, T1--2; relief amplification factor, R; relief amplification timing, TR; final heat production, H2, transition time for heat production, TH .

Figure 12 :

 12 Figure 12: Zircon (U--Th)/He data from southern side of the Motagua valley plotted against depth beneath the paleo--relief. Error bars in the y--direction reflect an estimated ±100 m uncertainty in the depth of samples belowthe paleo--relief remnant at the summit of the mountain sampled (Fig.6). The AER projection to 0 Ma gives an estimate of the depth of the ZHe closure temperature (Tc(ZHe)= ~ 180°C,Reiners et al., 2004) , here ~ 3700 m bellow the paleo--relief, and thus a paleo--geothermal gradient of ~ 50°C/km.

Figure 1 :

 1 Figure 1: Geodynamics setting of Central Guatemala and simplified geological map of the Polochic--Motagua fault zone. Ch: Chiquimula batholith.

Figure 2 :

 2 Figure 2: Shaded relief topography (50 m resolution) showing thermochronological age locations, main fault strands of MFZ (thick black lines) and contours of paleosurface remnants (dashed lines). This original 90 m DEM is degraded to 500 m resolution for use in Pecube modelling. Closest Subinal sediment occurrence is shown in orange.

Figure 3 :Figure 4 :

 34 Figure 3: Thermochronological data from San Lorenzo age-elevation profiles. Age-elevation plots for ZHe (black dots) and AHe (white dots) data

Figure 5 :

 5 Figure 5: 2D PPD scatter plot in the case of pull--apart basin model. Each dot corresponds to one run, and dots are coloured according to their misfit. Parameter combination for the best misfit model is indicated by red stars. S FN, subsidence/sedimentation rate; T start, initiation age of the downward movement; T end, end age of

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

2.2. Processus géologiques contrôlant la structure thermique de la croûte supérieure Depuis

  

1.3)

, c'est typiquement à ces échelles que sont collectées les données thermochronologiques, soulignant la nécessité de prendre en compte cette variabilité lors de l'échantillonnage et de l'exploitation des données. I.plus de trente ans

[START_REF] Wagner | Fission track tectonics: the tectonic interpretation of fission track apatite ages[END_REF]

, la thermochronologie de basse température a apporté de nouvelles contraintes et ouvert de nouveaux champs dans l'étude du soulèvement et des taux d'érosion sur des temps géologiques des chaînes de montagne. L'approche classique pour interpréter des données thermochronologiques est d'échantillonner un profil le plus raide possible depuis le fond d'une vallée jusqu'au sommet adjacent et ensuite de représenter les ages obtenus dans un graphe age/altitude

  1.3, §3.2). Nous présentons par la suite les différents processus géologiques qui peuvent rendre cette hypothèse de stabilité du gradient géothermique caduque. des roches au niveau de la surface topographique des reliefs terrestres entraîne la remontée des roches vers la surface et leur refroidissement progressif. La vitesse d'érosion et ainsi la vitesse de remontée des roches ou vitesse d'exhumation a un effet direct sur la structure thermique de la croûte. Si cette remontée est rapide, comme dans les orogènes à forte composante

	Erosion et sédimentation
	L'érosion

compressive, par exemple dans les Alpes de Nouvelle--Zélande ou à Taiwan, l'advection de chaleur vers la surface est rapide, le gradient géothermique atteint alors des valeurs très élevées, jusqu'à 90°C/km

(Shi et al., Chi et Reed, 2008)

. L'arrêt du processus tectonique contrôlant l'exhumation peut provoquer la relaxation thermique de la croûte supérieure. Ce refroidissement se superpose alors à la nouvelle vitesse d'exhumation et doit être quantifié pour éviter une mauvaise interprétation des données thermochronologiques.

La sédimentation peut avoir un effet opposé sur les isothermes. Lorsque les sédiments sont déposés sur la surface topographique, cette surface froide est advectée vers le bas, provoquant le refroidissement de la zone. Si le processus de sédimentation se fait suffisamment rapidement (≥∼0.1--0.2 mm/an), l'advection de la chaleur vers le bas peut devenir non négligeable. Un autre effet lié aux propriétés des sédiments est que des sédiments peu compactés peuvent présenter des constantes de conductivité très faibles, ce qui peut provoquer un effet isolant et augmenter les gradients géothermiques sous la pile sédimentaire (« sediment blanketing : Lucazeau et Le Douaran

  1.7). La chaleur est ainsi « transportée » des sommets vers les vallées. Ce processus est souvent souligné par la présence de sources d'eaux chaudes. Comme évoqué parEhlers (2005) et illustré parWhipp et Ehlers (2007) en Himalaya (Népal central), l'influence des circulations de fluides contrôlés par la topographie sur les histoires thermiques déduites des données thermochronologiques basse température est non négligeable et encore largement ignorée par la communauté.

  Zeitler et co--auteurs ont proposé que les âges helium apparemment trop jeunes était le résultat de la perte d'He par diffusion et que dans le cas de l'apatite, ces âges pouvaient être interprétés en termes d'âge de refroidissement à très basse température, environ 100°C. Malgré une large gamme de techniques de datation déjà développée, la datation (U--Th)/He a rapidement été

	La possibilité de dater des minéraux grâce à l'accumulation d'hélium liée à la décroissance de
	l'uranium [U] et du thorium [Th] a été envisagée depuis plus de cent ans (ex : Strutt, 1905) ;
	cependant dans les décennies qui suivirent, la méthode a rarement été appliqué avec succès. En
	1987, ) 1 ( ) 1 ( 6 ) 1 ( 88 . 137 7 ) 1 ( 8 147 147 232 232 235 238 238 238 4 -+ -+ -+ -= t t t t e Sm e Th e U e U He λ λ λ λ

exploitée par les géologues, surtout sur apatites. En effet, son principal avantage est sa sensibilité à des températures bien plus basses que les autres thermochronomètres, ce qui permet d'étudier la large gamme de processus thermiques affectant la partie supérieure de la croûte.

Le 4 He (ou particule alpha) est produit par la décroissance du 238 U, 235 U, 232 Th et du 147 Sm selon la relation suivante (eq 1) :
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Conclusions 146 II.1. L'arc magmatique continental des North Cascades (USA). II.1.1. Contexte géologique

  

	Les North Cascades se situent au point de rencontre de la chaîne des Coast Range, qui
	s'étend sur plus de 1500 km depuis la frontière Canada--Etats--Unis jusqu'à l'Alaska, et de l'arc
	volcanique des Cascades--Garibaldi qui borde la partie occidentale des Etats--Unis (figure 2.1).
	Les roches des North Cascades témoignent de cette longue et riche histoire géologique.

Enregistrement thermochronologique des modifications des réseaux de drainage, exemple de la Skagit River, North Cascades (USA).

  

	l'utilisation de la thermochronologie basse température. Les échantillons ont été collectés
	dans le Skagit Gneiss Complex, qui est essentiellement constitué d'orthogneiss dont le
	protolithe est une tonalite Crétacé, et en plus faible quantité de d'amphibolite, de paragneiss à
	biotite, de rares schistes à pélite et de métapéridotite (table 2.1). Dans la partie nord du Skagit
	gneiss, l'ensemble de ces roches est migmatisé et contient d'abondants leucosomes ; (3) la
	zone est facile d'accès et ne présente pas les problèmes géopolitiques rencontrés au
	Guatemala. L'association géographique de ces trois points n'est si commune.
	. Dans les arcs magmatiques, l'épaississement de la croûte peut
	avoir plusieurs origines comme le raccourcissement tectonique, l'accression de terrains
	exotiques (ex : terrain et plateau océanique), le volcanisme, et l'emplacement d'intrusions
	magmatiques en profondeur. Bien qu'une partie de l'épaississement de la croûte de North
	Cascades soit liée au volcanisme en surface, le volume de ce volcanisme est largement
	insuffisant pour expliquer cet épaississement. D'autre part, même si le raccourcissement
	tectonique semble avoir joué un rôle non négligeable dans les Cascades Centrales, affectées

II.2.

Table 1 : thermochronology data from Skagit Gorge, North Cascades

 1 

. Individual apatite (AHe) and zircon (ZHe) (U--Th--Sm)/He ages are reported here are weighted--mean averages from 2 to 6 duplicate measurements; the reported error is either the standard deviation of the sample, or 10% of the age standard, whichever is greater. Details for age determinations are provided in

Simon--Labric et al. (In Prep.) 

Table 2 :

 2 

thermal and geometric parameters fixed in models.

Table 3 :

 3 Free

model parameters inversions

1.1 to 1.3 

Table 4 :

 4 Free

model parameters inversions 2.

1--2.3 

Refroidissement magmatique et denudation des North Cascades, USA.

  Partie I : Comment extraire les vitesses de dénudation de surface des données de thermochronologique basse température helium dans les arcs magmatiques chauds.

	Résumé	It allows an appraisal of
	the age of incision resulting from reorganization with a precision of ±1 Ma. New
	thermochronometers and models based on the He distribution within single apatite grains La croûte supérieure des arcs magmatiques continentaux est caractérisée par une structure
	thermique très dynamique, contrôlée à la fois par les processus de surface et les processus (4He/3Hethermochronology; Shuster et al., 2005) or OSL--thermochronometry (Herman et al., magmatiques ; ce qui rend l'interprétation des données thermochronologiques de basse température
	in press) may provide more precise information on gorge incision changes, especially if they
	occurred recently, during Quaternary times.	

II.3. problématique délicate. La modélisation des données (U--Th--Sm)/He sur apatite et zircon avec un code thermo--cinématique (Pecube) est utilisée pour étudier leurs effets respectifs sur l'évolution thermique de l'arc magmatique des North Cascades (état de Washington, USA) : une version modifiée de Pecube est utilisée pour simuler l'effet des variations temporelles du gradient géothermiques sur les données thermochronologiques et évaluer des scenarii d'exhumations raisonnables à partir du contexte géologique régionale. Deux profiles age--elevation ont été collectées 7 km au sud du batholith de Chilliwack. Les résultats montrent une variabilité spatiale et temporelle du gradient géothermique lors de l'emplacement magmatique qui peut être contrainte et séparé de l'exhumation. Durant l'emplacement du batholith, entre ~35 et 20 Ma, la perturbation thermique autour de l'intrusion atteint un état d'équilibre qui est fonction du flux de magma et de la distance à la source du magma. Le gradient géothermique dans l'encaissant se stabilise autour de 40--45°C/km pour rejoindre 30°C/km à la fin du processus d'emplacement magmatique. La modélisation des variations temporelles de gradient géothermique lors de l'exhumation des arcs continentaux permet donc de quantifier les perturbations thermiques autour des intrusions magmatiques, de contraindre séparément les vitesses d'exhumation, et donc d'étudier séparément l'impact des processus magmatique et des processus climatiques/tectoniques. D'une manière plus générale, cette étude démontre que la thermochronologie basse température couplée à la modélisation numérique ouvre de nouvelles perspectives dans l'étude de la structure thermique des arcs magmatiques continentaux.

Table 1 : Thermochronology data from Skagit Gorge and Ross Lake profiles, North Cascades. (AHe) and zircon

 1 

(ZHe) (U--Th--Sm)/He ages are weighted--mean averages from 2 to 6 duplicate measurements; the reported error is either the standard deviation of the sample, or 10% of the age standard, whichever is greater.

Table 2 :

 2 Fixed model parameters.

Table 6 :

 6 Skagit Gorge free model parameter inversions and inversion results with two heat production phases.

	II.4. Refroidissement magmatique et denudation des North
	Cascades, USA. Partie II : Les glaciations, fin de la dénudation à l'équilibre
	de l'arc magmatique des North Cascades
	Résumé
	L'importante base de données d'ages (U--Th--Sm)/He sur apatite des North Cascades est
	complétée avec 29 nouveaux ages (U--Th--Sm)/He sur apatite et zircon. Ils ont été collectés dans la partie
	nord de la chaîne, afin d'évaluer les taux d'exhumation cénozoïque et de préciser l'influence des
	forçages climatiques sur la dynamique de la chaîne. Nos résultats confirment la corrélation spatiale
	entre les âges apatite et les taux de précipitation actuels, indiquant une exhumation plus rapide dans la

partie occidentale de la chaîne, là où les taux de précipitation sont les plus importants. Cependant, les modélisations thermo--cinématiques inverses des 4 profiles age--élévation des North Cascades révèlent un taux d'exhumation constant dans le temps et dans l'espace, de ∼100 m/Ma entre ~32 et ~2 Ma.

Cette chaîne ne présentant au cours du Cénozoïque aucune activité tectonique significative, nous associons cette exhumation à un soulèvement uniforme de la chaîne contrôlé par l'emplacement de magma dans la croûte durant toute l'activité de l'arc magmatique continental. Par contre, après ∼2 Ma, le versant Ouest de la chaîne est affecté par une accélération des taux d'exhumation, jusqu'à ∼1,5 km/Ma là où les taux de précipitation sont maximum. Ainsi la corrélation entre les âges (U--Th--Sm)/He sur apatite et le gradient de précipitation au travers de la chaîne est bien contrôlée par un forçage climatique, mais seulement depuis 2 Ma et l'initiation des glaciations. Premièrement, ces résultats confirment le contrôle majeur des taux de précipitation sur les vitesses d'érosion glacière. Jusqu'à 3 km de croûte ont été érodé du versant Ouest, provoquant rebond isostatique et accélération des vitesses de soulèvement et d'exhumation. Deuxièmement, ils démontrent que le gradient de soulèvement au travers de la chaîne contraste nettement avec le relief actuel. En effet, les sommets définissent une « surface » plane, localisée environ 600m au dessus de la ligne d'équilibre glacière (ELA) du dernier maximum glacière. Et enfin, ils montrent que la limite de drainage exerce un fort contrôle sur la localisation de l'accélération glacière, qui se limite au versant humide à l'Ouest. Nous l'interprétons comme la signature du recul des têtes de réseaux en direction du côté aride de la chaîne. En résumé,

Table 1 :

 1 Fixed thermal and geometric parameters in all models.

Table 2 :

 2 Fixed thermal parameters for each profile.

Table 3 . 1

 31 

: table de localisation et description des échantillons analysés.

Table 3 :

 3 San Lorenzo free model parameter inversions and inversion results with a steady heat production parameter.

Table 4 :

 4 San Lorenzo free model parameter inversions and inversion results with two heat productionphases.

  Table 4, run 2--2) reproduces the data. The final exhumation phase modelled previously is replaced by a recent increase in heat production from 1.03 to 2.25 ± 0.16 µW/m 3 22 ± 5.3 Ma ago (fig. 11), -stage exhumation history of the Chuacus block proposed by Ratschbacher et al. (2009), associated with recent relief formation and an increase in geothermal gradient, but the resolution of the geothermal transition age [TH] and on the initiation time of relief incision [TR] is low because of the lack of data after 30 Ma.

	corresponding to an incease in geothermal gradient from 25°C/km to ~41°C/km. However, the
	relief history does not show major differences; the best--fit model shows a very low relief (0.1
	times the present--day relief) until ~25.5 ± 4.2 Ma, suggesting more recent amplification of the
	relief. Therefore, the approach combining thermo--kinematic modelling and age--elevation
	thermochronology confirms the two-

  More data are necessary to determine the precise age of relief formation. The jump in ages results from a difference in geothermal gradient on both sides of the active transform fault, which places the cold Maya block (s.s.) in contact with the hot Chortis block (s.s.), inducing recent heating of the cool side and cooling of the hot side of the Motagua valley. This work highlights the

importance for thermochronological studies to consider lateral geothermal variations across faults and not only differential vertical movements to explain age variability in strike--slip settings.

Table 1 :

 1 

thermochronology data from San Lorenzo profile, norhern flanck of the Motagua valley.

Reported error is either the standard deviation of the sample, or 15% of the age standard, whichever is greater.

Table 2 :

 2 Reference values for thermal and geometric parameters used in models.

Cheminement et synthèse du travail présenté

  Initialement, l'objectif de cette thèse était d'étudier et d'évaluer l'influence des réorganisations des réseaux de drainage sur l'exhumation et la dynamique des chaînes de montagne, avec pour exemple la capture du Rio Chixoy au Guatemala, et de la Skagit River aux Etats--Unis d'Amérique. Cependant, les nombreuses surprises ou aléas associés au travail de recherche m'ont amené au cours de ces quatre années à développer progressivement un nouvel axe de recherche et de réflexion. Ce mémoire propose donc un éclairage non exhaustif de la variabilité du gradient géothermique le long des arcs continentaux et des nombreux processus géologiques pouvant influencer la structure thermique de la croûte supérieure et ainsi l'enregistrement thermochronologique. Cependant, les principales difficultés rencontrées au cours de ce travail méritent d'être rapidement évoquées, car elles constituent une part non négligeable des connaissances et de l'expérience acquises. Cette évolution passe par une nécessaire prise de conscience du caractère très personnel et individuel d'un projet de recherche. C'est d'ailleurs à partir de cette étape que le terme collaboration prend tout son sens. La partie II.2 présente ensuite une nouvelle approche couplant une analyse géomorphologique, des données thermochronologiques de basse température ((U--Th--Sm)/He sur apatite et zircon), et l'utilisation de modélisation numérique thermo--cinématique pour mettre en évidence les modifications du réseau de drainage. En effet, ceux sont des processus de surface difficiles à mettre en évidence et à étudier car les indices géomorphologiques qui pourraient témoigner des réorganisations du drainage sont rapidement éliminés par les érosions fluviatiles et glacières, ce qui amène souvent les géologues à les sous--estimer au profit d'évènements climatiques ou tectoniques pour expliquer des variations brutales des vitesses d'exhumation ou de sédimentation dans les bassins d'avant--chaîne. Cependant, cette méthode est limitée pour déterminer avec précision (< 1Ma) l'âge de la modification du réseau de drainage. Afin de préciser celui--ci, des apatites ont été irradiées, puis envoyées il y a plus d'un an à l'Université de Berkeley afin de réaliser des analyses de thermochronologie très basse--température 4 He/ 3 He. Nous sommes en attende des résultats. processus géologiques susceptibles de contrôler la structure thermique de la croûte et le refroidissement des roches dans ce type de chaîne, mais il me parait nécessaire de souligner le décalage important et surprenant qu'il existe entre les nombreuses observations et les résultats que nous avons obtenu au sujet de la variabilité spatiale et temporelle du gradient géothermique et le fait que mes deux zones d'étude n'ont pas été sélectionné initialement pour illustrer cette variabilité. Pour cela, un développement des modèles numériques afin de simuler l'influence d'une intrusion magmatique est aussi nécessaire pour dissocier les paramètres magmatique, tectonique et topographique. De plus, il sera nécessaire d'associer la thermochronologie avec une cartographie et des datations géochronologiques détaillées des intrusions magmatiques. Un troisième axe de recherche est de comprendre et contraintre les circulations de fluides et son influence sur la structure thermique de la croute supérieure. L'impact de ce processus dans les contextes d'arc magmatique ou en relation avec l'activation des failles constitue une perspective de recherche et de développement pour la communauté thermochronologique.

	Chapitre 4 Synthèse et Perpectives au sujet de l'utilisation de la thermochronologie dans les chaînes de subduction. stabilise autour de 70--100°C/km pour rejoindre 40°C/km à la fin du processus d'emplacement magmatique. La modélisation des variations temporelles de gradient géothermique lors de l'exhumation des arcs continentaux permet donc de quantifier les perturbations thermiques autour des intrusions magmatiques, de contraindre séparément les vitesses d'exhumation, et d'étudier séparément l'impact des processus magmatiques et des processus climatiques/tectoniques. D'une IV.3. Perspectives de recherche La communauté thermochronologique s'étant très largement concentré sur les paramètres tectoniques et climatiques, il m'apparaît nécessaire 1) de prendre en compte la complexité de la structure thermique crustale lors de l'interprétation des données, et ceci afin d'éviter (i) de biaiser nos interprétations au sujet des vitesses d'exhumation ou de la formation du relief, (ii) de perturber notre compréhension des forçages tectoniques et climatiques, tout particulièrement dans les chaînes de subduction ; (2) de réfléchir à de nouvelles directions de recherche, comme par exemple la quantification des gradients géothermiques dans les zones d'arc ou des circulations de fluides le long de zones de failles. Ainsi, les perspectives de recherche sont nombreuses pour utiliser la thermochronologie basse température dans les chaines de subduction et nécessitent de combiner l'approche thermochronologique avec d'autres types de données pour contraindre les processus thermiques et leur variations temporelles et spatialles. Un premier axe de recherche serait de contraindre les variations spatialles actuelles du gradient géothermique en fonction de la position dans l'arc à partir de mesures des flux thermiques de surface et ainsi d'utiliser les données thermochronologiques pour contraindre des hypothétiques variations temporelles du gradient géothermique. Un second axe de recherche serait d'évaluer précisément l'impact du magmatisme d'arc sur l'évolution thermique de la croûte supérieure. Liste des figures Chapitre 1
	manière plus générale, cette étude démontre que la thermochronologie basse température couplée
	à de la modélisation numérique ouvre de nouvelles perspectives dans l'étude de la structure
	thermique des arcs magmatiques continentaux.
	Après un premier chapitre introduisant successivement le contexte géodynamique des arcs
	magmatiques, les processus géologiques contrôlant potentiellement leur structure thermique, et Dans la partie II.4, j'utilise les données (U--Th--Sm)/He sur apatite et zircon présentées dans le
	enfin la méthodologie utilisée, le chapitre 2 regroupe notre travail sur la chaîne des North Cascades. chapitre précédent et complétées de l'important jeu de données (U--Th--Sm)/He sur apatite disponible

IV.1.

⋅ La thermochronologie sur apatite dans les pays tropicaux est problématique, l'altération chimique de roches et des minéraux y étant très importante. Il est nécessaire d'apporter un grand soin lors de l'échantillonnage, en collectant par exemple les échantillons le long des rivières, là ou l'abrasion physique des roches est plus forte que l'altération chimique. Cependant, il est important de noter que le pourcentage d'échantillon finalement daté est faible dans ce type de contexte à forte altération chimique (~20% pour notre étude au Guatemala). ⋅ Les aléas géopolitiques au Guatemala et les problèmes liés à la position du géologue occidental vis--à--vis des communautés indigènes limitent fortement les cibles d'échantillonnages accessibles et le temps apparti pour collecter échantillons et données. Ce point entre évidemment en conflit avec le premier. ⋅ Enfin les aléas plus intimement liés à la recherche scientifique lorsqu'elle tente de comprendre des systèmes naturels, m'ont amené à redéfinir le centre de mes recherches et de mes réflexions. La partie II.1 présente le contexte géologique de la zone d'étude pour donner au lecteur une connaissance large et concise de l'évolution géologique des North Cascades. Dans la partie II.3, je développe une nouvelle version de Pecube pour simuler l'effet des variations temporelles du gradient géothermique sur les données thermochronologiques collectées en contexte d'arc magmatique actif. Deux profils age--elevation (U--Th--Sm)/He sur apatite et zircon, ont été collectées 7 km au sud du batholith de Chilliwack. Les résultats montrent une variabilité spatiale et temporelle du gradient géothermique lors de l'emplacement magmatique qui peut être contrainte et séparée de l'exhumation. Durant l'emplacement du batholith, entre ~35 et 20 Ma, la perturbation thermique autour de l'intrusion atteint un état d'équilibre qui est fonction du flux de magma et de la distance à la source du magma. Le gradient géothermique dans l'encaissant se dans les North Cascades, afin d'évaluer les taux d'exhumation cénozoïque de la chaîne et de préciser l'influence des forçages climatiques sur sa dynamique. Nos résultats confirment la corrélation spatiale entre les âges apatite et les taux de précipitation actuels, indiquant une exhumation plus exhaustive les I.1.

Contexte géodynamique: les arcs magmatiques continentaux Figure 1.1: Carte simplifiée des Cordillères Nord et Sud Américaines

  

  are also shown. C) Shaded relief topography map showing sample locations and AHe ages. Black line is the present--day drainage divide, dashes line is the reconstructed northern Cascades paleo-drainage divide(Simon--Labric et al., In prep.). The 5 vertical transects studied here are the locations grouped within ellipses (RL, Ross Lake; SG,Skagit Gorge; FOJ, 4 th of July;

SNO, Snoqualmie; GM, Granite Mountain).

Mots Clés: Cascades Nord, faille de Motagua, thermochronologie, exhumation, topographie, rivière, capture, érosion, glaciation, faille décrochante, (U--Th)/He, modélisation numérique, arc magmatique, gradient géothermique.

par un plissement d'axe Est--Ouest depuis au moins 15 Ma(Blakely et al., 2002;[START_REF] Sherrod | Holocene fault scarps near Tacoma[END_REF] Booth et al., 2004), les North Cascades ne sont pas affectées par cette déformation, qui est de toute façon perpendiculaire à l'orientation Nord--Sud de la chaîne et bien insuffisante pour produire des mouvements verticaux significatifs(Cheney & Hayman, 2009). De plus, actuellement la sismicité crustale est localisée uniquement dans l'avant--arc et largement absente du coeur de la chaîne(Van Wagoner et al., 2002). L'épaississement crustal des North Cascades serait donc associé essentiellement à des processus magmatiques, seul processus d'épaississement crustal actif depuis l'Oligocène(Crosson, 2003). Je développerai plus en détail ce point dans la suite du manuscript (cf. II.3.) Table 2.1: table des localisations et descriptions des échantillons analysés.II.1.2. Startégie d'échantillonnage et problématiques développéesLors de l'initiation de cette thèse, les North Cascades et tout particulièrement le bassin versant de la Skagit River avait été choisi comme cible d'échantillonnage afin d'illustrer et de dater les modifications du réseau de drainage dans cette chaîne à partir de données (U--Th--Sm)/He sur apatite. La Skagit River constitue une cible priviligiée pour l'étude de ce type de processus de surface pour deux raisons principales : (1)Riedel et al. (2007) décrivent dans les North Cascades septentrionales, de nombreuses modifications du drainage en lien avec l'avancée de la calotte glaciaire de la Cordillière lors des glaciations Plio--Quaternaires ; (2) les lithologies associées à l'arc magmatique, riches en apatites et zircons, sont adaptées à
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phase [H1] equal to 1.1 µW/m 3 to 2.25 ± 0.16 µW/m 3 after 22.6 ± 5.3 Ma (Fig. 11). This heat production increase reproduces an increase in geothermal gradient from 25°C/km to 41 ± 2 °C/km. The fit of this model to the data is very similar to that of the best--fit steady heat production model. In consequence, complementary geological informations are required to discriminate them.

Discussion

We first discuss the exhumation and geomorphic history for both sides of the fault, then the impact of geothermal variability across the fault on the age pattern and thermal evolution, and finally propose a new model of lateral heat transfer across continental transform faults.

San Lorenzo (Chuacus) exhumation

Two different thermal scenarios succeed in reproducing the San Lorenzo dataset equally well.

For the steady geothermal gradient case, the best--fit model reproduces the real data with three successive exhumation phases and low relief (0.5 time of the present--day relief) until ~3.5 ± 3.5 Ma (Fig. 10). The first and the second phases are well constrained: the first shows rapid exhumation at a rate of 0.59 ± 0.11 km/Ma, constrained by Ar--Ar ages and followed after 61.5 ± 3.1 Ma by a low exhumation rate of 0.13 ± 0.24 km/Ma, which is constrained by the ZHe ages and their AER (Fig. 9). Moreover, these two first phases appear to be in agreement with In contrast, the third and last exhumation at 0.76 ± 0.55 km/Ma after 11.6 ± 3.3 Ma suggested by the modelling is suspect. Indeed, the presence of elevated low--slope surfaces with a strong chemical alteration confirms a recent increase of in relief following an episode of relatively low erosion rate, but clearly excludes a superposed general increase of exhumation rates as these would have affected the surfaces.

the transition age between rapid exhumation from ~0.7GPa and ~600°C dated at ~40 Ma (Ratschbacher et al., 2009) and the later steady slow exhumation recorded by the ZHe data.

Geomorphic evolution

All of the models tested for the Chuacus block, with one, two, or three exhumation phases and either a stable or transient geothermal structure, predict very low relief during closure of the ZHe systems 30--45 ago (Tables 4,5). The initiation age of relief formation is less well constrained and changes from one run to another. However, the lack of relief during exhumation is consistent with the presence of low--slope remnants and low exhumation rates , 1963). Consequently, these results highlight the variability of relief and exhumation rates during paleo--relief formation even through both exhumation rates and relief amplitude were globally low.

Overall, this suggests that the paleo--relief remnants are characteristic of regional landscape disequilibrium rather rather than a uniform exhumation history. In the Las Ovejas block, the ~200 m/Ma exhumation rate is rather constant since ~25 Ma, suggesting that relief formation is not related to an increase in exhumation rate in the valley, but rather to a reduction of Tuff. The weighted--mean age for each sample is given in bold together with the error calculated from the 1σ standard deviation of the sample, or from 12,5% FCT reproducibility, whichever is greater.

Oligocene rapid cooling of continental upper crust next to a strike-slip plate boundary: the Motagua fault zone, Guatemala.

1--Introduction

Samples for apatite (U--Th--Sm)/He ages (AHe) have been collected along the northern flank of the Motagua valley, a major topographic feature controlled by the Motagua Fault Zone (MFZ). The MFZ is the main fault of a 500 km long east--west strand of the boundary between the North American Plate to the north and the Caribbean plate to the south. In the area of interest the fault separates two continental blocks, the American Maya block and the Caribbean Chortís block (Fig.

6.1). This major left lateral strike--slip fault is the continental western continuation of the oceanic Cayman Trough located in the Caribbean Sea (fig. 6.1). The Cayman Trough is a pull--apart basin displaying oceanic accretion within the sinistral north Caribbean plate boundary. The amount of total Cenozoic displacement accommodated along the MFZ is controversial, but magnetic anomalies within the Cayman trough suggest at least of ~ 1100 km displacement. Spreading rates in the trough were ~ 3 cm/y from 44 to 30 Ma and ~ 1.5 cm/y thereafter (Rosencrantz et al. 1988).

In the preceding chapter, we synthesised published thermochronological data and presented new zircon (U--Th--Sm)/He (ZHe) ages. We proposed a thermal model in which strike--slip displacement along the MFZ has juxtaposed the cold Maya block (s.s.) against the hot, arc derived, Chortis block (s.s.) to the south. In addition to producing different age patterns on both sides of the fault, rapid tectonic horizontal displacement has induced short--distance lateral thermal exchange, resulting in recent heating of the cool side and cooling of the hot side of the MFZ. From an exhumation and geomorphic point of view, age--elevation relationships (AER) of the MFZ northern side (Chuacus block) and three--dimensional thermokinematic modeling suggest low Cenozoic exhumation rate (∼130 m/Ma) associated with the formation of a regional low--relief erosional surface, followed recently by relief incision associated with regional surface uplift.

Apatite (U--Th--Sm)/He ages evaluate more precisely the recent geomorphic evolution of the MFZ. These ages do not mimic monotonic and slow Cenozoic cooling, but rather show rapid AHe data do not show high concentration in parent nucleides and do no exhibit age--eU correlations, which could be diagnostic of the effect of radiation damage on helium diffusion kinetics and explain why AHe are so close to ZHe ages (Table 1, eU measures the concentration in parent nuclides [U]+0.235*[Th]). We plan to evaluate more precisely and correct the effect of alpha--damage on AHe ages in the near future (Gautheron et al., 2009) As presented in Chapter 5, ZHe ages likely record steady low exhumation of the Chuacús complex from 45 Ma to 30Ma. In contrast, cooling of the uppermost crust is not monotonic; indeed AHe ages record rapid cooling at ∼35 Ma. This cooling affects a deep section of the upper crust, because samples from the middle part of the San Lorenzo profile show an age difference between the two thermochronometers of only ∼5Ma. With an exhumation rate of ∼130m/Ma, this difference implies a distance of only ∼650 m between the two closure temperatures (∼70°C for AHe, Farley et al., 2002;∼180°C for ZHe, Reiners et al., 2004). For comparison, the distance between these closure temperatures in a stable geothermal gradient of 25°C/km is ∼4.4 km. This cooling pattern therefore suggests rapid and deep cooling of the upper part of the crust, which brought AHe and ZHe Tc in closer proximity (only ∼1km), and also implies that the thermal perturbation vanishes above a depth of ∼7km (depth of ZHe Tc for a geothermal gradient of 25°C/km).

quantified. Whipp and Ehlers (2007) use a steady--state three--dimensional coupled hydraulic thermokinematic finite--element model to simulate the influence of fluid flow on exhumation rates derived from thermochronometer data in the Nepalese Himalayas. They show that true exhumation rates can be substantially underestimated in orogenic systems where fluid advection is significant.

Mountain topography produces differences in hydraulic head (e.g., [START_REF] Hubbert | The theory of ground-watermotion[END_REF], driving ground water flow that captures heat from the surrounding bedrock. The water then returns to the surface as warm springs within valleys and modifies the crustal thermal field (Fig. 6.6).