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"Nierez-vous qu’on ait trouvé des coquilles sur les montagnes ? Qui les y a

mises, sinon le Déluge ? Elles n’ont pas coutume, je crois, de pousser toutes
seules dans la terre comme des carottes ! (...) A moins que ce ne soit encore

une des découvertes de la science ?”

Gustave Flaubert dans Bouvard et Pécuchet
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E chapitre introduit la problématique et donne les éléments géographiques,
géologiques et géophysiques nécessaires a la compréhension du manuscrit,

du raisonnement et des techniques utilisées.

I HIS chapter introduces the study and provides the geographical, geophysical
and geological background necessary to understand the manuscript, the rea-

soning and the techniques used.






1.1. Approche générale

1.1  Approche générale

A la surface du globe, les zones de convergence possedent des signatures tecto-
niques, magmatiques et morphologiques qui varient a la fois dans I’espace et dans
le temps. Les déformations associées observées actuellement permettent dans cer-
tains cas d’évaluer 1'état de contraintes (Zoback 1992). Cette dynamique des conti-
nents est régie par des forces s’établissant principalement en limite de plaques. Ces
moteurs principaux de la tectonique des plaques entrent dans les conditions aux
limites responsables de la dynamique continentale (Turcotte et Schubert 1982), et

donc de la déformation continentale.

F1G. 1.1 — Relations entre advections latérale et verticale, relief et érosion au niveau d'un orogene
actif. La tectonique (advection latérale et verticale) déplace les masses crustales qui forment des
reliefs. Ces reliefs entrainent une augmentation des précipitations sur ['un de leurs cotés (pro-wedge
ou retro-wedge), ce qui entraine leur érosion. L'advection verticale (exhumation) est en partie due a
la réponse a I'érosion via les méchanismes isostatiques et a la tectonique ; modifié d’apreés Stolar et al.
(2006).

Or, cette déformation est influencée par la dynamique externe des chaines de



Chapitre 1. Introduction

montagnes via les processus d’érosion et de sédimentation (Burbank (1992), Avouac
et Burov (1996), Finlayson et al. (2002) , Fig. 1.1). Il a été mis en évidence dans
les Andes, par exemple, que des variations climatiques a grande échelle sont ré-
percutées dans les caractéristiques topographiques (Montgomery et al. 2001). Ce-
pendant, des études ont montré la coincidence des zones d’érosion intense (fortes
pentes et précipitations intenses) avec les zones d’exhumation rapide (Finlayson
et al. 2002). En effet, 'influence de 1’érosion sur la localisation de la déformation
dans une chaine de montagnes est un phénomene souvent envisagé a la suite de
modélisations analogiques (Konstantinovskaia et Mallavieille 2005) et numériques
(Beaumont et al. 1992, Willett 1999, Beaumont et al. 1999; 2001). Par redistribution
des masses de surface, les processus superficiels permettraient des variations de
contraintes gravitationnelles et moduleraient donc les flux de matieres en profon-
deur (Beaumont et al. 1992, Avouac et Burov 1996, Beaumont et al. 1994). En consé-
quence, la structure thermique est modifiée. Par compensation thermique, cette
modification permet 1'élévation des plus hauts sommets (Zeitler et al. 2001, Koons
1989). D’un autre coté, l'incision rapide et profonde des vallées permet d’élever
les plus hauts sommets par réduction de la masse de la chaine et donc par com-
pensation isostatique (Burbank 1992, Fielding et al. 1994, Masek et al. 1994). Ceci
perturbe le systeme climatique et 1’érosion (Molnar et England 1990, Brozovic et al.
1997).

Or, les données géologiques pertinentes en faveur de cette hypotheése sont en-
core fort peu nombreuses. Nous proposons de tester cette hypothese en acquérant

des données :

1. A une échelle de temps allant du cycle sismique, considéré comme 1'incré-
ment de déplacement élémentaire a 1'échelle géologique a celle de la défor-

mation finie (de ’ordre du million d’années),

2. Sur un objet géologique soumis a des conditions de déplacements a ses limites

simples,

3. Sur un objet géologique soumis a des conditions climatiques et érosives va-

riables latéralement.

La zone externe de 1'Himalaya constitue un objet géologique adapté pour tes-
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ter cette influence de I'érosion sur la tectonique (Fig. 1.2). Elle est soumise a une
convergence continue et de valeur constante depuis plusieurs dizaines de millions
d’années (Mugnier et al. 2004, Yin 2006). Elle est en revanche soumise a un gradient
climatique d’Est en Ouest (transversalement par rapport a la direction de conver-
gence), variable au cours du temps (Finlayson et al. 2002, Thiede et al. 2004; 2005,
Bookhagen et Burbank 2006). Aussi, la mise en évidence d'une évolution tempo-
relle et/ou spatiale (transversalement a la chaine) de la déformation dans le prisme
himalayen constituerait un observable clef pour tester I'influence de 1’érosion sur

la localisation de la déformation tectonique a 1’échelle d"une chaine de montagnes.

1.2 Géologie et structure de la chaine himalayenne
1.2.1 Aspects topographiques

En premiere approche, la chaine himalayenne présente une structure topogra-
phique relativement cylindrique. Du sud au nord, le relief définit plusieurs unités
(Fig. 1.3) :

— La plaine du Gange qui est a une altitude de 1'ordre de 100 a 200 m, et qui

présente un relief trés plat.

— Du front de la chaine a 75 — 100 km au nord du front, 'altitude augmente ré-
gulierement, avec un relief, calculé sur un rayon 5 km, compris entre 0.5 et 1.5.
L’altitude moyenne est de 1’ordre de 2000 m (Duncan et al. 2003, Bookhagen
et Burbank 2006).

— De 100 a 150 km du front de la chaine, le relief devient trés important, sou-
vent supérieur a 2.5, les pentes sont trés fortes. C’est dans cette zone que
se situent la majorité des plus hauts sommets de 1'Himalaya (supérieurs a
8000 m). L'altitude moyenne est de I'ordre de 5000 m.

— Plus au nord, et ce sur plus de 1000 km, nous repassons a une zone de faible
relief, correpondant au plateau du Tibet. En revanche, l'altitude moyenne
reste élevée, de ’ordre de 4500 a 5000 m.

Mais cette cylindricité au niveau du relief n’est qu'une premiére approche. En

effet, il faut distinguer deux zones bien différentes, a savoir 1’'Himalaya central au

Népal central et 'Himalaya oriental au Bhoutan. Duncan et al. (2003) montrent que
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F1G. 1.2 — Situation sur une image Landsat plaquée sur un modele numérique de terrain du Népal,
du Tibet, du Bhoutan et de I'Inde. La chaine Himalayenne est constituée de I’ensemble des reliefs
formant la ceinture nord indienne ; modifié d’aprés William Bowen
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cette topographie differe notablement dans les pentes le long de transects nord -
sud. Au Népal central, ils mettent en évidence un saut topographique, ou transition
physiographique, au sud de la zone des hauts sommets (High Himalaya). En moins
de 10 km, nous passons d’'une altitude moyenne de I’ordre de 2000 m au sud a une
altitude moyenne de 1'ordre de 5000 m. Au Bhoutan, la pente est beaucoup plus
réguliere du sud au nord (Bookhagen et Burbank (2006), Fig. 1.4).

I est possible de mettre en vis-a-vis ces données de relief et les précipitations
moyennes pour la période récente (apres 1998, voir Fig. 1.3). Les fortes pluies
semblent induites par le premier saut topographique majeur. Mais le contrdle précis
exercé par la topographie sur les précipitations reste peu documenté (Bookhagen et
Burbank 2006). Les régions sans bande de précipitations fortes présentent un relief
plus raide et les fortes précipitations sont plutdt focalisées au front de la chaine.

Différentes interprétations en terme géométrique, géologique, tectonique et éro-
sif existent pour expliquer la zone de fort relief observée en Himalaya central (Lavé
et Avouac 2000, Duncan et al. 2003, Wobus et al. 2006). Pour la zone du Népal
central, nous pouvons montrer qu’il y a une relation évidente entre la géométrie

profonde des structures et la topographie observée.
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F1G. 1.3 — (a) Moyenne calibrée par TRMM des précipitations lors de la mousson, de janvier 1998
a décembre 2005. Les données prennent en compte la mesure instantanée de précipitations avec une
résolution spatiale de I'ordre de 5 x 5 km. En Himalaya central, deux bandes de fortes précipitations
sont en exergue. (b) Relief calculé sur un rayon de 5 km a partir des données topographiques issues
des données SRTM V2 et des images et modeles numériques de terrain ASTER avec une résolution
spatiale de 90 m. En Himalaya central, 75 a 100 km au nord du front de la chaine, une bande i
fort relief est marquée. En revanche, ce fort relief est beaucoup moins marqué en Himalaya de 'est
(Bhoutan) ; modifié d’apres Bookhagen et Burbank (2006).
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F1G. 1.4 — Profils nord - sud d’altitude et de pente moyennes sur une largeur de 50 km au Népal (a)
et au Bhoutan (b). L'échantillonnage est effectué tous les 5 km. Pour chaque profil, il est représenté
I'altitude maximale, minimale et moyenne, et la pente. Le relief est calculé comme la déviation
standard de I'altitude. (c) a (f) : Comparaison de profil du Népal et du Bhoutan alignés sur les
hauts sommets et le MFT. Les lignes verticales pleines (Népal) et tiretées (Bhoutan) correspondent
aux intersections des profils avec les altitudes 1 et 2 km, marquées par des lignes horizontales en
pointillé ; modifié d’aprés Duncan et al. (2003).
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1.2.2 Aspects géologiques

L’orogene himalayen est produit par la collision cénozoique entre les blocs
continentaux asiatique et indien. L'Inde possede une altitude moyenne inférieure a
1000 m, alors que le plateau tibétain est un bassin endoréique de relief tres faible,
mais d’altitude supérieure a 5000 m (Fielding et al. 1994). Le front topographique
est représenté par la chaine himalayenne.

La chaine himalayenne est définie par la suture du Tsangpo au nord, la faille
sénestre du Chaman a 1'Ouest, la faille dextre de Sagaing a 1'Est et le Main Frontal
Thrust (MFT) au sud (Le Fort 1975) (Fig. 1.5). Le systeme tectonique est un peu
plus large : il contient en plus de la chaine himalayenne proprement dite, le bassin
d’avant chaine actif (dépression Indus - Gange) et les cones alluviaux du Bengale
et de I'Indus. L'orogene en lui-méme est composé de systemes de chevauchements
d’échelle crustale, paralleéles en premiére approximation et séparant différentes uni-
tés lithologiques (Fig. 1.5).

Dans la littérature, les divisions géographiques, structurelles et stratigraphiques
sont la plupart du temps interchangeables (Le Fort 1975; 1996) et basées sur le tra-
vail de Heim et Gansser (1939) qui, a partir de 'étude de la région du Kumaun
(Inde du nord - ouest), divisent 1'Himalaya en 4 ceintures géographiques corres-
pondant exactement a 4 domaines géologiques distincts. Nous verrons que cette
amalgame, correct au premier ordre, masque en fait des observations importantes.
Ces divisions sont considérées continues le long de I'orogene (Gansser 1964, Le Fort
1975) et incluent (du sud au nord) :

— Les Siwaliks (Sub-Himalaya), composés de dépots de bassins d’avant-pays
d’ages Miocene a Quaternaire (Burbank 1996), plissés lors de la propagation
frontale de la déformation. Ils consistent en des alternances de gres, d’argiles
et de conglomérats. Trois unités sont distinguées, de la plus jeune a la plus an-
cienne, les Upper Siwaliks (conglomérats), les Lower Siwaliks (grés - conglo-
mérats) et les Lower Siwaliks (gres - argiles). Ce systeme chevauchant récent
est disymétrique d’Est en Ouest : il est trés large au Népal occidental (de
I'ordre de 40 km) avec des chevauchements intermédiaires (Main Dun Thrust,

MDT), mais étroit au Bouthan (de 1'ordre de 10 km) (Chalaron et al. 1995,
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Leturmy et al. 1999, Mugnier et al. 2004). Au Pakistan (ouest de la chaine), les
Siwaliks sont les plus larges.

— Le Bas Himalaya ou Moyen Pays (Lesser Himalaya, LH), formé de roches
sédimentaires déposées sur la marge indienne : 12 kilometres de roches pré-
cambriennes sont non-fossiliféres et 3 kilometres sont représentés par des sé-
diments fossiliferes Permo-Carboniferes a Eocéne. L'ensemble de ces roches
possédent un faible degré métamorphique (faciés schistes verts) (Stocklin
1980). La partie nord du Lesser Himalaya est constituée de métapélites a as-
semblage grenat-biotite-sillimanite (Pecher et Le Fort 1986, Mcfarlane 1995,
Vannay et Hodges 1996, Godin et al. 1998, Godin 2003). Plus récement, Beys-
sac et al. (2004) quantifient, a partir de spectroscopie raman sur du matériel
carboné, les températures maximales atteintesle long d"un transect nord - sud
dans le Lesser Himalaya, et montrent un gradient inverse métamorphique du
sud vers le nord.

— Le Haut Himalaya (Higher/Greater Himalaya, HH ou GH ou GHS), composé
de métasédiments datant du Protérozoique supérieur a Cambrien (Gansser
1983) intrudés par des complexes cristallins. Le degré de métamorphisme est
moyen a fort (facies amphibolites). Cette zone forme une partie des plus hauts
sommets himalayens.

— L'Himalaya Téthysien (Tethyan Himalaya, TH), roches sédimentaires marines
déposées sur la marge indienne entre le Cambrien et 1’'Eocéne. Elles sont pré-
sentes dans la partie sud du plateau du Tibet, entre la suture du Tsangpo et
les hauts sommets himalayens. Le métamorphisme de la série décroit rapi-
dement du sud vers le nord du faciés schistes verts (biotite-muscovite) a la
base de la formation, au faciés schistes verts basse température (Garzanti et
Pagni Frette 1991, Crouzet et al. 2007). La transition entre le Lesser Himalaya
et le Tethyan Himalaya est brutale, de I’ordre de quelques centaines de metres
(Garzanti et Pagni Frette 1991).

Les contacts entre ces divisions sont définis par :

— Le Main Frontal Thrust (MFT) délimitant les Siwaliks de la plaine du Gange,

— Le Main Boundary Thrust (MBT) dont le mur est constitué par le sub-

Himalaya et le toit par le Lesser Himalaya,
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— Le Main Central Thrust (MCT) dont le footwall est constitué par le Lesser Hi-
malaya et le hangingwall par le Higher Himalaya. Le footwall est marqué par
un fort gradient métamorphique inverse (Heim et Gansser 1939, Le Fort 1975,
Pecher 1989, Hubbard 1989). Le MCT en lui-méme est traditionnellement dé-
fini comme une zone de cisaillement ductile de largeur variable de quelques
dizaines de meétres a quelques kilometres (Le Fort 1975, Brunel 1986).

— Le South Tibetan Detachment (STD ou STDS) dont le hangingwall est consti-
tué par le Tethyan Himalaya et le footwall par le Higher Himalaya. A 'opposé

des autres failles, celle-ci est une faille normale.

68 E 76 E 84E 100E

28 N

Graben | High Himalayan Crystalline | Alluvial
[l Trans Himalayan Belt Lesser Himalaya B Traps
[ | Tethyan Sedimentary Series Siwaliks [ | Shield

Fi1G. 1.5 — Structure générale simplifiée de la chaine himalayenne mettant en exergue les unités
géologiques principales et les grandes structures tectoniques ; modifié d’apreés Galy (1999).

1.2.3 Etat actuel des connaissances sur la tectonique

Timing et déformation dans le prisme himalayen

Iy a 120 — 130 Mg, la plaque Indienne s’est séparée du Gondwana, puis de Ma-
dagascar 36 a 46 Ma plus tard (Metcalfe 1996). Son déplacement vers le nord a une
vitesse de 15 cm.an~! entraine la fermeture progressive d’une portion de 'Océan
Téthys, qui disparait alors en subduction le long de la limite Asie - Inde (Dercourt
et al. 1993). La collision et la formation de 'Himalaya débutent aux alentours de

50 — 53 Ma, et s’accompagnent d’un ralentissement du mouvement de I'Inde (Row-
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ley 1996, Searle et al. 1997, De Sigoyer et al. 2000, Yin 2006). Lorsque la totalité de
I'océan a disparu, la partie continentale de la plaque indienne entre a son tour en
subduction. Sous 1'effet des forces liées a la dynamique interne, I'Inde continue son
mouvement vers le nord, forcant la marge continentale a descendre dans la zone de
subduction. Or la crofite continentale indienne étant moins dense que le manteau,
elle s’'oppose a la subduction. Il en résulte une désolidarisation du manteau et de
la crofite au niveau de la zone de subduction. La chaine himalayenne commence
a se former par empilement successif de crotite. A partir de 35 Ma, la vitesse de
convergence se stabilise a environ 5 cm.an™! (Guillot et al. (2003), Fig. 1.6). Ces
changements de vitesses s’accompagnent souvent de changements de direction de
convergence.

Najman et al. (1997) démontrent grace a des datations 4 Ar/3 Ar qu’au front
de la collision, I'Himalaya ne se développe vraiment que depuis 20 a 30 Ma. Au-
paravant, d’autres épaississements de crotite ont probablement été actifs et ont
contribué a la formation du plateau tibétain. Mais la formation de cette structure
ne suffit pas a expliquer les 1500 km de convergence de I'Inde depuis le début de
la collision. Un autre processus tectonique joue un role majeur, a savoir 1'extrusion
vers 1'est de morceaux de continents, poussés par 1'Inde, grace au jeu de grandes
failles décrochantes. Ce modéle est appuyé par des expériences analogiques (Tap-

ponnier et al. 1982) et par la datation de déformations sur le terrain (Lacassin et al.

1997) (Fig. 1.7).
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F1G. 1.6 — Déplacement et vitesse de I'Inde par rapport a I'Eurasie; d’apreés Royer et Patriat (2002).
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F1G. 1.7 — Modele spéculatif d’extrusion en Himalaya entre I’Eocéne et le Miocene. Les vitesses sont
relatives a I'Inde. (a) Situation des plaques et des blocs continentaux a I'Eocéne supérieur (40 a
35 Ma) avec le début du mouvement sénestre le long de la faille Wang Chao (WCF), I'extrusion
de I'Indochine du sud-ouest et I'ouverture corrélée du delta du Mekong (Me) et d'une partie du
golfe de Thailande (T). (b) A I’Oligocene inférieur (30 Ma), l'extrusion de I'Indochine (IND) est
majeure, avec un mouvement sénestre sur la faille du Fleuve Rouge (RRF) et I'ouverture de la mer
de Chine du sud. (c) Au Miocene inférieur (20 Ma), le mouvement sénestre le long de la faille du
Fleuve Rouge continue avec I'ouverture de la mer de Chine du sud et de bassins en pull-apart (Y =
Yinghehai) ; d’apreés Lacassin et al. (1997).
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Le MCT est initié au minimum entre 23 — 20 Ma (Hubbard 1989, Hodges et al.
1996). Simultanément, le STDS s’initie aussi (Burchfiel et al. 1992, Hodges et al.
1996). Certains auteurs comme Beaumont et al. (2001) le relient a un modele de
channel flow, modele qui exhume la zone comprise entre le MCT et le STDS avec
une érosion trés intense (supérieure a 10 mm.an~1). D’apreés ces modélisations nu-
mériques, la rhéologie de cette zone est obligatoirement définie par un angle de
friction tres faible (entre 5 et 10°). Le hangingwall du MCT est alors érodé lorsqu’il
arrive a la surface au dessus de la rampe. Ce modele de channel flow est compatible
avec une subduction plate de la lithosphere indienne, mais est peu compatible avec
plusieurs constatations : il n’existe aucune preuve géologique de 'élévation du pla-
teau tibétain de 8 km permettant ce mécanisme, les observations de terrain ne sont
pas compatibles avec des unités téthysiennes avec un angle de friction aussi faible
(Ratschbacher et al. 1994), la géométrie prédite du MCT avec une seule rampe
sous le front d’érosion est incohérente avec les observations dans le moyen pays
(Yin 2006), le taux d’érosion invoqué semble trop élevé (Yin 2006), I'augmentation
abrupte des taux d’érosion et l'initiation du MCT ne sont pas corrélées temporel-
lement (Hubbard 1989, Yin 2006). Ce modéle n’explique pas le gradient inverse de
métamorphisme.

A partir de datations 40 Ar /3 Ar sur hornblendes et U — Pb sur zircons, Hub-
bard (1989), Hodges et al. (1992), Parrish et Hodges (1996), Coleman et Hodges
(1998), Godin et al. (2001) suggerent que le gradient inverse métamorphique ob-
servé et daté de 20 a 23 Ma est contemporain de la déformation induite le long du
MCT pendant son activité. Des études thermochronologiques montrent qu’au Mio-
cene Moyen, la déformation était terminée (Hubbard 1989, Copeland et al. 1991).
Bollinger et al. (2004) expliquent ce métamorphisme par la formation d"un duplex.

Pour ce qui est des chevauchements frontaux, peu de données contraignent leur
initiation. D’apres des données sédimentologiques et géochimiques datant 1’exhu-
mation du Bas Himalaya et le début de I'augmentation de son érosion, Huyghe
et al. (2001) montrent que le systéme chevauchant du Lesser Himalaya aurait été
initié il y a environ 10 a 12 Ma. Pour Delcaillau (1997), l'initiation du MBT se-
rait plus tardive (8 Ma). Il faut noter que pour Huyghe et al. (2001), le MBT n’est
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que 1'un des des chevauchements du Lesser Himalaya, ce qu ipeut expliquer cette
différence d’ages. Cette activité est actuellement discrete (Delcaillau 1997).

Le MFT est actuellement actif (décalage de terrasses récentes par des failles)
avec des vitesses de raccourcissement de 14 a 20 mm.an~! (Lavé et Avouac 2000,
Mugnier et al. 2004), tandis que la mesure de la déformation instantanée par GPS
indique un bloquage intersismique du chevauchement (Banerjee et Burgmann 2002,
Jouanne et al. 2004). Le MFT aurait été initié aux environs de 2 Ma d’apres Mugnier
et al. (2004), van der Beek et al. (2006) au Népal.

Une synthese de la cinématique des derniers 22 Ma est proposée sur la Fig. 1.8
(DeCelles et al. 2001).

La reconstruction de la tectonique des plaques basée sur des données paléo-
magnétiques de I'orogene himalayen suggeére une convergence totale post collision
de 2600 £ 900 km entre I'Eurasie et I'Inde, dont 1700 £ 610 km accommodés par le
raccourcissement nord-sud du plateau tibétain et de I'expulsion latérale (Patriat et
Achache 1984, Achache et al. 1984, Besse et Courtillot 1988; 1991). Les 900 km de
différence entre ces valeurs moyennes peuvent étre pris en compte pour le raccour-
cissement frontal himalayen (Le Pichon et al. 1992). Patzelt et al. (1996) estiment ce
raccourcissement en se basant sur des données paléomagnétiques entre ~ 700 km

et 1500 km.
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F1G. 1.8 — Reconstruction incrémentale de coupes équilibrées du front du prisme Himalayen de
22 Ma a 3 Ma. La ligne pointillée représente la position approximative de la surface. LLH = Lower
Lesser Himalaya, ULH = Upper Lesser Himalaya, RT = Ramgarh thrust, DT = Dadeldhura Thrust,
GHZ = Greater Himalayan zone, THZ = Tibetan Himalayan zone; d’aprés DeCelles et al. (2001).
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F1G. 1.9 — Coupe simplifiée de la chaine himalayenne centrale montrant la connection des chevau-
chements principaux sur le MHT et les principales zones tectonostratigraphiques ; modifiée d’apres
Bookhagen et Burbank (2006).
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Géométrie profonde des grandes structures tectoniques himalayennes

Les 3 chevauchements majeurs MCT, MBT et MFT sont connectés en profondeur
au Main Himalayan Thrust (MHT) qui accommode 1’essentiel de la déformation ac-
tuelle (Fig. 1.9). Il s’enracine dans une zone de cisaillement ductile sub-horizontale
située sous le Sud-Tibet (Avouac 2003) (Fig. 1.10, Fig. 1.11, Fig. 1.12 et Fig. 1.13). La
microsismicité absorbe une fraction négligeable des déformations observées, ces
déformations élastiques finissent alors par étre transférées sur le MHT lors des
séismes himalayens majeurs (Avouac 2003). Dans la suite, nous montrons que cette
géométrie est susceptible de varier latéralement.

Communément, il est admis que la zone du MHT possede une géométrie en
plat - rampe - plat (Lyon-Caen et Molnar 1985, Schelling et Arita 1991, Schelling
1992, DeCelles et al. 2001). Cette géométrie ne peut étre appliquée a l'ensemble
de I'Himalaya (Berger et al. 2004), cette chaine présentant une variation latérale de
morphologie, et sa définition repose sur des observations peu contraignantes. Les

paragraphes suivants passent en revue les principales zones de I’'Himalaya.

Au niveau du Népal central : Dans la littérature, il y a peu de données permettant
de contraindre la géométrie précise du MHT au Népal central. Il a été mis en
évidence sous le Tibet (Fig. 1.10) par des études de réfraction sismique et imagé
par les profils sismiques profonds INDEPTH (Zhao et Nelson 1993, Brown et al.
1996, Nelson 1996). La structure sous 'Himalaya du Népal central a été imagée et
interprétée par Lemonnier et al. (1999) (Fig. 1.10). A partir de ces données, Avouac
(2003), propose que le MHT soit constitué d'une géométrie en rampe - plat - rampe.
La rampe la plus au sud aurait un pendage de l'ordre de 30°, et son émergence
a la surface correspond a la trace du MFT. La seconde rampe, plus conjecturale
serait située a une profondeur correspondant a la croite moyenne, et située entre
le front et la haute chaine. Son pendage vers le nord est estimé a environ 15°.
Cette géométrie et ces valeurs sont qualitativement cohérentes avec les données de
microsismicité (Fig. 1.10, Fig. 1.11 et Fig. 1.12).

Des articles récents appuient ces hypothéses grace a l'imagerie en fonction-
récepteur migrée le long du profil 85°E de 'expérimentation Hi-CLIMB (Schulte-

Pelkum et al. 2005, Hetenyi et al. 2007).
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FiG. 1.10 — Contraintes géophysiques sur la structure sous le Népal central ; la coupe condutimé-
trique a été obtenue a partir d’expériences magnétotelluriques (Lemonnier et al. 1999); il est aussi
reporté la coupe sismique INDEPTH (Zhao et Nelson 1993, Brown et al. 1996, Nelson 1996). Toutes
les failles sont branchées a leur racine a la zone de transition fragile - ductile qui correspond au re-
flecteur principal a mi-crofite; les ronds blancs correspondent a la microsismicité enregistrée le long
de ce transect (Figure d’apres Avouac (2003)).
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FiG. 1.11 - Sismicité du Népal (Himalaya central) enregistrée par le réseau sismologique du DMG
entre le 04/01/1995 et le 10/12/1999 (Pandey et al. 1999) ; la ligne noire foncée correspond a la ligne

de niveau 3500 m (Figure d’aprés Avouac (2003)).
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F1G. 1.12 — Coupe a travers le Népal central et projection de I'activité microsismique ; I'aire du maxi-
mum de microsismicité est interprétée comme la conséquence des contraintes liées a un mouvement
nord - sud le long du MHT (Figure d’apres Jouanne et al. (2004)).

Berger et al. (2004) proposent un modele de morphologie du MHT au Népal
a partir de modélisations numériques de la déformation intersismique. Au Népal,
les longueurs des plats et la pente des rampes varieraient latéralement, ce qui en-

trainerait des rampes latérales dans la crofite indienne (Fig. 1.14).

(] 100 km
]

Fi1G. 1.13 — Coupe a travers le Népal de I’Ouest et projection de I'activité microsismique; I'aire
du maximum de microsismicité est interprétée comme la conséquence des contraintes liées a un
mouvement nord - sud le long du MHT (Figure d’apres Jouanne et al. (2004)).

Au niveau de Kathmandu, la coupe nord-sud de I'Himalaya est caractérisée par
une écaille cristalline située au sommet des unités du moyen pays (Stocklin 1980).
Cette unité fait partie de la klippe de Kathmandu qui forme le relief important
de la chaine du Mahabarat avec des altitudes supérieures a 2500 — 3000 m juste

au nord de l'avant pays Siwalik. Ces unités cristallines sont datées du Cambrien
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a I'Ordovicien par Scharer et Allegre (1983) et représenteraient ’extension sud du

High Himalaya (Stocklin 1980).

Au niveau du Népal de l'ouest : Au niveau des Annapurnas, il n'y a pas de
klippe de Higher Himalaya dans le Lesser Himalaya comme au niveau de Kath-
mandu. De plus, la Fig.1.13 représentant la microsismicité dans 1'extreme ouest -
Népal ne montre pas la méme structure qu’au niveau de Népal central. La struc-
ture, interprétée par Jouanne et al. (2004) comporterait 3 rampes de moindre am-
pleur et moins profondes. La structure générale reste proche de celle du Népal

central.

brittle-ductile transition on Main Himalayan Thrust

F1G. 1.14 — Extension 3D des modeles finaux issus de la modélisation de la déformation intersis-
mique. Cette interprétation implique un changement brutal de géométrie entre chaque zone et la
présence de rampes crustales latérales ; d’aprés Berger et al. (2004).

Coupe du Bhoutan : La structure profonde de I’'Himalaya du Bhoutan est assez
peu documentée. Hauck et al. (1998) présentent les seules images géophysiques de
la structure crustale de 'Himalaya aux alentours de la longitude 90° Est, obtenues
a partir d’un profil de reflection sismique (Fig. 1.15). Ils dessinent une géométrie

du MHT sans rampe bien distincte.
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F1G. 1.15 — Coupe géologique interprétée a travers le Népal de I'est et I'ouest du Bhutan a partir
des données de réflexion sismique et des coupes de Acharaya et Ray (1977), Gansser (1964). KD est
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1.3 Problématique
1.3.1 Fonctionnement du prisme himalayen

Avant tout, il est nécessaire de se poser la question du mécanisme selon lequel se
déforme le prisme de la chaine himalayenne : la déformation s’effectue-t-elle selon
une rampe et un chevauchement frontal (modele de Bollinger et al. (2004), Avouac
(2003), Lavé et Avouac (2000; 2001) : Fig. 1.16(a)), des anciens chevauchements in-
ternes sont-ils réactivés (modele de Hodges et al. (2004); Fig. 1.16(b))? Et si des
réactivations hors-séquences sont initiées, quelle est la proportion de raccourcisse-
ment associé ? Un outil pouvant répondre a ces interrogations est la reconstruction
de I'histoire thermique des unités mises en jeu. Intuitivement, ces deux scénarii
ne devraient pas avoir la méme signature thermo-cinématique, et donc, les enre-
gistrements thermochronologiques devraient nous permettre de trancher entre ces
différentes hypotheses. Sur de tels phénomenes, récents, les températures mises en
jeu sont basses (50 a 200°C), ce qui nous incite a utiliser des marqueurs de basses
températures. Nous utiliserons alors le systéme traces de fissions sur apatites dont
la température de fermeture est de 110°C. De plus, toute la déformation n’est pas
nécessairement accommodée uniquement par un raccourcissement au niveau du
prisme, mais aussi par une composante de sous-plaquage qui joue un rdle dans
la structure thermique d’apres Bollinger et al. (2006). Dans quelle mesure cette
composante de sous-plaquage affecte-t-elle la signature thermique et thermochro-
nologique de la tectonique de prisme ?

Une deuxieme question se pose aussi : comment se déforme le prisme frontal
et récent, id est au niveau des Siwaliks, et quelle est la part de 1'érosion dans ce
systeme dynamique ?

Dans un premier temps, nous allons justifier et présenter les techniques utili-
sées, a savoir la thermochronologie par traces de fission sur apatites et la modéli-
sation numérique directe et inverse.

Dans un second temps, nous allons étudier la dynamique globale du prisme
himalayen en appliquant les techniques décrites précédemment, id est en modéli-
sant I’état thermique du prisme selon les trois scénarii proposés ci-dessus, et en

calculant les ages thermochronologiques associés (traces de fission sur apatites et
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F1G. 1.16 — Modeles de déformation du front de la chaine himalayenne. a) Modeéle de Lavé et Avouac
(2001) : la déformation est principalement accommodée au front de la chaine grice au MHT - MFT.
b) Modele de Hodges et al. (2004) : la déformation est accommodée a la fois au front de la chaine
par le couple MHT - MFT, mais aussi grdce a une réactivation hors séquence au niveau du front
topographique. (Schémas modifiés d’aprés Hodges et al. (2004)).
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données Argon). La chaine himalayenne étant complexe autant d’un point de vue
structures que d’un point de vue processus, nous allons simplifier le probleme en
étudiant des transects Nord - Sud, en se restreignant a un modéle cinématique et en
implémantant un modele de processus de surface simple dans un premier temps.
Pour ces volets, nous confronterons les résultats aux données de terrain (Traces
de fission sur Apatites). En effet, j’ai accumulé par mesures et par un travail biblio-
graphique plusieurs jeux de données : un transect Nord - Sud au niveau du Lang-
tang, un transect Nord - Sud au niveau des Annapurnas et un début de transect
Nord - Sud dans I'Est-Bhoutan. Deux transects plus restreints mais de résolution
temporelle plus importante, dans les Siwaliks, a savoir au niveau de la Karnali et
de la Bakeia nous contraindront mieux le dernier stade de déformation de la chaine
himalayenne. Nous disposons de plus de données “°Ar /3 Ar sur muscovites déja
publiées par Arita et al. (1997), Rai (1998) et Bollinger et al. (2004). Ces données

seront aussi la base d"une inversion des problemes.

1.3.2 Kinematic models of the central Himalaya : A critical evalua-
tion

Au cours des derniers 10 ans, quelques modeles numériques élaborés ont vu
le jour pour tenter d’expliquer par la cinématique 1'histoire du front himalayen
(Beaumont et al. 2001; 2004, Jamieson et al. 2004, Brewer et Burbank 2006, Wobus
et al. 2006, Bollinger et al. 2006, Whipp et al. 2007). Ces modéles ne sont pas décrits
exactement dans les mémes référentiels, utilisent des données similaires, mais leurs
conclusions sont divergentes. La question qui se pose est de savoir quelle différence
réelle il y a entre ces modeles. Il est donc important d’en faire un état des lieux, en
décrivant tous ces modeles dans un méme repere. C’est ’objet de 1'article qui suit.

Cet article sera soumis a Earth and Planetary Science Letters.



Kinematic models of the central Himalaya: A criticd evaluation

Xavier Robert, Peter van der Bekklean Brauf) Jean-Louis Mugniér

1. Laboratoire de Geéodynamique des Chaines Alpibksyersité Joseph Fourrier,

Grenoble, France
2. Géosciences Rennes, Université de Rennes heReRrance

3. Laboratoire de Géodynamique des Chaines Alpit#$RS, Le Bourget-du-Lac,

France

To be submitted to Earth and Planetary Scienceststt

Word count (22/10/2008): Main text - 6829



Abstract

Thermo-mechanical and thermo-kinematic models amnoonly used to examine the
tectonic evolution of orogenic belts. In the cehtd@malaya, different models that aim to
reproduce thermochronological and geological dédaaejuired mainly in central Nepal have
been published over the last decade. The modelodugifferent tectonic mechanisms, such
as crustal channel flow, underplating or out-oftsstpe faulting, and reproduce geological
observations and thermochronological data more ess Iwell, but have not led to
unambiguous conclusions as to the dynamics or katies of the central Himalaya. A
detailed comparison of five different proposed nisdhows that these can be resumed to two
fundamentally different classes of models (crustaderplating or out-of-sequence faulting)
when expressed in the same reference frame, ahththgeological or geophysical evidence
to discriminate between them is currently lackimbe divergence and/or ambiguity in these
models can be explained by the location of existimgrmochronological datasets, which
strongly concentrate on the Greater Himalayan Sempe whereas a significantly
discriminative tectonic signal should rather beorded in the Lesser Himalaya, where

relatively few data are available.

Keywords: Himalaya, Nepal, Tectonics, Thermochronology, Ntoa modelling, Review.

1. Introduction

An improved understanding of the dynamics and kiéza of orogenic belts is an essential
component of research into collisional tectonicajd questions concern the behaviour of

the lithospheric mantle and pathways of crustabeétion and flow. These processes drive



mountain building and strongly interact with theoking topography, both global and
regional-scale climate, and erosion processes Witett, 1999; Zeitler et al., 2001; Whipple
and Meade, 2006). To understand active mountaildibgi at the scale of a mountain belt,
one needs to be able to track particle paths dleing timescales. Access to the structure and
behaviour of the upper crust is provided by stradtand thermochronological data. Surface
observations, however, force us to extrapolatenferithe architecture of the subsurface

(upper) crust.

Because of its rapid convergence and exhumatias,rdbe central Himalaya provides an
excellent natural laboratory to study evolving @wig systems and mountain building
processes. Numerous balanced-cross sections hawecbestructed to infer the geological
structure of the central Himalaya and to develognados for its kinematic development
(Schelling and Arita, 1991; DeCelles et al., 20Bbhinson et al., 2006; Yin, 2006). During
the last twenty years, important thermochronoldgidatasets have been published that
constrain exhumation rates and pathways along aevemnsects across the range (e.g.,
Copeland et al., 1991; Catlos et al., 2001; Bo#ingt al., 2004; Thiede et al., 2004; Vannay
et al.,, 2004; Grujic et al., 2006). The thermaltdrg recorded by bedrock cooling ages
provides strong constraints on the kinematics armduéon through time of the architecture
of the mountain belt. However, in active orogens thermal field is multidimensional and
commonly transient with rock exhumation paths. Hteral rock movement, in combination
with effects of erosion and topography, will deflesotherms and produce local, non-linear,
geothermal gradients (Batt and Braun, 1997; Wilkdttal., 2003; Ehlers, 2005). Thus, to
extract maximum information from thermochronologicdata, the lateral and vertical

components of advection have to be specified. Fumtbee, topography strongly influences



low-temperature thermochronometers in rapidly eximgmregions (Manktelow and

Grasemann, 1997; Braun, 2002; Ehlers, 2005) arsirtbads to be taken in account

The large-scale structure of active mountain ramgefficiently described, to a first order, by
the doubly-vergent critical-wedge concept (Willett al., 1993; Batt and Braun, 1997,
Beaumont et al.,, 2000; Figure 1a). In this modbBe upper and middle crust of the
underthrusting (“pro-") plate is effectively decdeg from the underlying mantle, which
undergoes continental subduction underneath the"rplate. Particle paths within the crust
define a deforming double wedge in which matesaransported from the pro- to the retro-
wedge. Recent geophysical data has highlightedrmontal subduction of Indian lithosphere
beneath Tibet (Schulte-Pelkum et al., 2005; HetéB@D7). However, exhumation in the
central Himalaya is strongly focussed in the froptat of the orogenic pro-wedge (Lavé and
Avouac, 2001; Avouac, 2003). This differs from skmakcale orogens such as Taiwan or the
Southern Alps of New Zealand, where erosion is fedus the retro-wedge (Willett, 1999;
Batt et al., 2000; Willett et al., 2003), as pregitby the doubly-vergent wedge model. The
locus of maximum exhumation in an orogenic wedgmigtrolled by climate, in particular by
the asymmetry of precipitation due to orographieas (Willett, 1999; Stolar et al., 2007)
and orogaphic focusing of precipitation is partéiy strong in the Himalaya (Bookhagen and
Burbank, 2006). However, models suggest that opigecaprecipitation focused on the pro-
wedge may shift the locus of maximum exhumationamirthe central part of the orogen, as
observed for instance in the Olympic Mountainshef western US (Willett, 1999; Batt et al.,
2001), but it is difficult to shift this locus fumer into the pro-wedge. Two possibilities have
been proposed to explain the translation of thedaaf maximum exhumation to the front of
the pro-wedge: crustal channel flow (Beaumont et28l01; 2004; Figure 1b) or underplating

(Avouac, 2003; Bollinger et al., 2006; Figure 1c).



Numerical models that have been developed in regesais to improve our understanding of
the central Himalaya are mostly thermo-kinematioliiBger et al., 2006; Brewer and
Burbank, 2006; Wobus et al., 2006; Whipp et al.,220Qe., the kinematics are explicitly
described through aa-priori crustal structure and a kinematic rule set; thel@hpredicts the
associated thermal structure and cooling/exhumapiathways. Some thermo-mechanical
models, in which the crustal kinematics are predidtom a set of boundary conditions and
rheological flow laws, have also been developedtiiCand Avouac, 2000; Beaumont et al.,
2001; 2004; Jamieson et al., 2004). Most modelstapedimensional (2D) and model a
crustal profile (Cattin and Avouac, 2000; Beaumemnal., 2001; 2004; Jamieson et al., 2004;
Bollinger et al., 2006; Wobus et al., 2006). Sorhee¢-dimensional (3D) or pseudo-3D
approaches, which take in account 3D topographyrdler to better predict the influence of
topography on the near-surface thermal field, ledse been developed (Brewer and Burbank,
2006; Whipp et al., 2007). In contrast to the theikimematic models, which concentrate on
the most recent evolution of the central Himaldya,(the last few million years), the thermo-
mechanical models of Beaumont et al. (2001; 2004)) Zamieson et al. (2004) model the

evolution of the central Himalaya over the ent66-60 My) orogenic phase.

Numerical model predictions have mostly been tesmgminst thermochronological data for
systems with different closure temperatures (ipatite and zircon fission-track, mica Ar-Ar
data) and peak pressures and temperatures recdrgedhetamorphic rocks. Model
applications have been heavily concentrated orraleepal because this region concentrates
the most extensive thermochronological and metamorgatasets (Macfarlane, 1995; Arita

et al., 1997; Fraser et al., 2000; Catlos et ab,12@ollinger et al., 2004; Blythe et al., 2007)



together with good constraints on crustal geomé¢@wmttin et al., 2001; Avouac, 2003;

Schulte-Pelkum et al., 2005).

However, although model parameters are similar modiels are tested against the same
datasets, results and interpretations of model gtieds strongly differ amongst authors.
Avouac (2003) and Bollinger et al. (2006) argue ffontal propagation of the deformation
combined with crustal underplating that forms aanajuplex. In contrast, Beaumont et al.
(2004) and Jamieson et al. (2004) invoke a chafhmel-model to explain the spatial
distribution of peak metamorphic conditions. Hodgésal. (2004) suggest out-of-sequence
thrusting to explain patterns of low-temperaturerii@hronologic ages, but implicitly
associate this model with channel flow (cf. Hoddg®¥)6). It thus appears timely at this stage
to synthesise, compare and critically evaluateetdiferent models in order to understand
their key points and real or supposed differentéss exercise is a necessary starting point

for new modelling studies.

Here, we compare the different recent thermo-kirtemand thermo-mechanical models,
exploring their differences and potentially hiddgmilarities, as well as their limits and their
application to the central Himalaya. We start outdefining some generally loosely used
terms and building a common reference frame. Weflgrreview what is known about the
tectonic evolution of the central Nepal Himalayadoe reviewing in detail the different
model studies. This review leads us to suggesintioalel outcomes may be more similar than
suggested by their authors, to define what thedorehtal differences between the models are
and to propose a strategy to discriminate betwéendifferent scenarios proposed in the

literature.



2. Orogen kinematics: definitions and reference frenes

In this section, we examine the different compogseasft convergent motion that have been
proposed for the central Himalaya. Although we dall previous analyses of this type
(DeCelles and DeCelles, 2001; Avouac, 2003; Sineves., 2007), we prefer to define terms
explicitly here as they remain rather loosely aghliwe analyse an orogenic prism overriding
a crustal-scale flat-ramp-flat thrust (Figure 2)cls as envisaged in the central Himalaya
(Avouac, 2003; Schulte-Pelkum et al., 2005; Hete@907). For a reference frame fixed to
the (Indian) footwall or pro-plate, this motion cde subdivided into the following
fundamental modes:

(1) Overthrusting (Figure 2a): the fault is fixedtlwrespect to the footwall; the convergence
velocity (V) equals the overthrusting velocity. Material is1emned from the hangingwall;
no deformation occurs in the footwall. Overthrugtoan take place along the main basal
detachment, as illustrated in Figure 2a, or alongudace-breaking fault within the
overriding hanging-wall block, in which case itémed “out-of-sequence”;

(2) Underthrusting (Figure 2b): the fault is fixedth respect to the hangingwall and thus
moves in the direction of the underthrusting bledgth a velocityV, = V (in the case of
pure underthrusting)n this case, no material from the footwall is exted by the fault
and no deformation occurs in the hangingwall. Boibdes (1) and (2) exclude material
transfer from one block to the other and are cjetwlo extreme cases of the possible
kinematics. Amongst the numerous possible casegdla this condition, the following
are usually inferred:

(3) Underplating (with potential duplex formatidrigure 2c): the deep ramp part of the fault
moves toward the footwall at a velocity \df,. Footwall material is thus incorporated into

the hangingwall via an underplating window that esj@nts a ‘porous’ part of the crustal



fault where matter can cross from the footwall he thangingwall and eventually be
exhumed, if underplating is combined with overthings Duplex formation is a special
case of underplating where matter crosses the piladielg window discontinuously

through time. This scheme is invoked by Avouac @0énd Bollinger et al. (2004) to

explain strong exhumation of the pro-wedge in timalaya. Note that pure underplating
is not sustainable through time because the daegtatramp will rapidly ‘overtake’ the

surface-breaking frontal fault;

(4) Frontal fault propagation (Figure 2d) is likdn® underplating, but in this case it is the
upper ramp and the surface-breaking front of tiut that moves toward the footwall at a
velocity Vp. Material coming from the upper part of the unkersting plate is
incorporated in the frontal prism and can be exhdiatethe front if frontal propagation is
associated with overthrusting. In terms of critisadge kinematics, modes (3) and (4) are
often referred to as “basal accretion” and “frorstetretion”, respectively (e.g., Batt et al.,
2001; Simoes et al., 2007);

(5) Channel flow (Figure 2e) denotes the kinemsitizgation where the velocity along a single
thrust fault (in a reference frame fixed to the -ptate) is greater than the overall
convergence rate. There is no horizontal advegaifoiine main fault, but a high velocity
zone in the overthrusting block builds a channet florces rocks to be exhumed. The
thrust at the base of the channel is necessar8gcated with a normal fault in its
hangingwall, which forms the ‘roof of the channil,order to satisfy the definition that
the velocity in the channel is greater than theraVeonvergence rate. In the scenario
inferred for the central Himalaya (Beaumont et 2001; 2004; Jamieson et al., 2004),
channel flow occurs in a position of out-of-sequeiitrusting, but this is not necessarily

the case. The only kinematic difference betweet-dbsequence) channel flow and out-



of-sequence overthrusting is the necessity for contant extensional faulting in the

former.
Note that of the above modes of convergence, ongytbrusting and channel flow will lead
to exhumation of rocks (for steady-state topograplwhereas fault propagation and
underplating provide mechanisms for transferringtamal from the footwall to the
hangingwall. The kinematics of mountain buildinghdze described by any combination of
these processes (but not by any single procests awhn). The questions are: are all of them
compatible with each other, can the fundamentalen@tnge through time and what are the

controls on which mode operates?

3. Tectonic setting of the central Himalaya

3.1. Structure

The Himalayan orogen is characterized by a nompidg, southward-propagating, crustal-
scale thrust sequence (Figure 3). Major thrustsnitethree distinct units that are, from south
to north: the Siwaliks foreland fold-and-thrust tbieétween the Main Frontal (MFT) and the
Main Boundary (MBT) thrusts; the metasedimentshef tesser Himalaya between the MBT
and the Main Central Thrust (MCT); the Greater Hagan crystalline thrust sheet with

overlying Tethyan sediments (Gansser, 1964; Le, B85). The latter unit is separated from
the Tibetan or Tethyan Himalayan zone by the exteas South Tibetan Detachment System
(STDS). Structural and geochronological data indicthat the MCT and STDS were

simultaneously active during middle Miocene timBsirchfiel et al., 1992; Hodges, 2000),

whereas the more frontal thrusts have been seaillgrdictivated since that time (cf. next
section). Geophysical and structural studies sugtest all major faults in the central

Himalaya, including the MFT, MBT and MCT, branchdapth to a single major mid-crustal

décollement, the Main Himalayan Thrust (MHT; HirndaSapin, 1984; Zhao et al., 1993;



Makovsky et al., 1996; Schulte-Pelkum et al., 200%)e MHT is characterized by a ramp-
flat geometry, probably with two major ramps. Oseshallow and corresponds to where the
fault emerges with a dip angle of around 30° atsinéace (MFT). The other is envisaged at
mid-crustal depth beneath the sharp topographint fod the high range (Avouac, 2003;
Figure 3). Although geophysical data suggest aadigle of ~15° for this ramp (Lemonnier et
al., 1999; Pandey et al., 1999), mechanical maugliased on the present-day displacement
field (Berger et al., 2004) rather suggests a rangle of ~30°. The Lesser Himalaya forms a
crustal scale antiformal stack or duplex (Schellamgl Arita, 1991; DeCelles et al., 2001;
Figure 3b) on top of which Kklippen of Greater Himan rocks are locally preserved in

synclinal structures (the largest one of whicthis Kathmandu klippe in central Nepal).

Ten to thirty kilometres south of the MCT zone ientral Nepal, a sharp physiographic
transition marks the morphology by separating dhson high-relief zone at a mean elevation
>3000 m and a southern zone of more moderate edleinean elevation <1500 m (Lavé and
Avouac, 2001; Duncan et al., 2003; Wobus et alQ320This physiographic transition is

situated above the inferred deep ramp of the MHT iarinterpreted in different ways, related
to the kinematic models proposed for the centrahddaya: either as a result of overthrusting
over the mid-crustal MHT ramp (Lavé and Avouac, PO@s a result of underplating and
duplex formation at the ramp (Avouac, 2003; Bolénget al., 2006) or as reflecting

Quaternary out-of-sequence thrusting in the MCTez@WNobus et al., 2003; Hodges et al.,

2004).
3.2. Kinematics

Determinations of present-day convergence acrossHimalaya from GPS measurements

range from 13 to 21 mmi‘y(Bilham et al., 1997; Larson et al., 1999; Jouaenal., 2004).
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GPS measurements show a west-to-east increasevergence rate, qualitatively consistent
with the location of the rotation pole of the Indiaia collision (Paul et al., 2001). Lavé and
Avouac (2000) and Mugnier et al. (2004) infer Haloe shortening rates of 14-21 mrh.y
across the MFT in Nepal from folded and upliftederi terraces. Quaternary convergence
rates across the Siwaliks in Nepal, as derived fbafanced cross-sections, are ~19 mm.y
(Mugnier et al., 2004). On longer time-scales, Mi@cene rates of convergence across the
Lesser Himalaya are 19-22 mni.{DeCelles et al., 2001) and propagation rateshef t
Ganges foreland basin during the same time inteaval 10-24 mm. (Lyon-Caen and

Molnar, 1985; Mugnier and Huyghe, 2006).

Although the above rates are all quantitatively ilsim they do not all reflect the same
components of motion. The present-day and Holocemgergence rates reflect the sum of
underthrusting of India and overthrusting of themidiaya, whereas the Quaternary and
longer-term shortening rates should reflect ovesting plus forward propagation of the
frontal fault. The propagation rate of the Gangmeland basin, in contrast, reflects forward
propagation and/or underthrusting (DeCelles anddlle§ 2001). Different estimates for the
overthrusting velocity have been published: presentgeodetic uplift rates as well as short-
term fluvial incision rates have been interpretedstiggest overthrusting rates equal to the
total convergence of ~21 mnT.y(Cattin and Avouac, 2000; Lavé and Avouac, 2001),
whereas in contrast, Bollinger et al. (2006) an@évigxr and Burbank (2006) argue that
thermochronological ages of both Greater and Ledsealayan rocks require overthrusting
rates of no more than 5-6 mnt.yin the latter case, the underthrusting veloditysthas to be
~15 mm.y*. Thrusts in the Lesser Himalaya indicate a forwaropagating sequence that
initiated after cessation of activity on the MCThijah was active at 20-25 Ma). Thrusts in the

internal Lesser Himalayas are active between ~121&rida (DeCelles et al., 2001; Robinson

11



et al., 2006) and the Lesser Himalayan duplex wéssince ~10 Ma (DeCelles et al., 2001;
Huyghe et al., 2005; Robinson et al., 2006). TheTM8 active around 5 Ma (Meigs et al.,
1995; DeCelles et al., 2001; Huyghe et al., 2000) the MFT since ~2 Ma (Mugnier et al.,
2004; van der Beek et al., 2006), suggesting lengrtfrontal propagation at a (poorly

constrained) rate of 5-15 mnity

4. Thermo-kinematic and thermo-mechanical models forthe central
Himalaya

4.1. Model Setup

The thermo-kinematic models we discuss here gdgerahsist of three components: (1) a
kinematic model that prescribes particle paths modal advection velocities; (2) a thermal
(finite-element) model that tracks the calculatethperature field through time; and (3) a
thermochronometer age-prediction model. Extensiongathe STDS is ignored in all thermo-
kinematic models and no crustal channel flow, leddietween MCT and STD is considered.
This is in contrast to the thermo-mechanical moaél8eaumont et al. (2001; 2004) and

Jamieson et al. (2004), which mainly focus on thisnmel flow.

The crustal geometry of all thermo-kinematic modsl$ased on the crustal cross-section
proposed by Avouac (2003) (Figure 4). The majofedénce consists of the presence of an
underplating window in the models of Wobus et 2006) and Bollinger et al. (2006). These
models apply a linear, gently dipping MHT (10-18Mereas models that only model over-
and underthrusting (Brewer and Burbank, 2006; Wrepgl., 2007) include a ramp with

higher dip (18-28°; Figure 4; Table 1). The ramp aind location control the exhumation rate
and pattern for simple overthrusting models, wherts@se are controlled by the locus and

rate of underplating in the underplating modelse Tinderplating window extends from 70 to

12



150 km north from the MFT in Bollinger et al. (2006 Wobus et al. (2006), the size of the
underplating window is not specified but appearsritoompass the entire MHT ramp. Whipp
et al. (2007) explicitly test the existence of ofHsequence faulting in the MCT zone by
including a surface-breaking fault above the MHMpaand partitioning the overthrusting

velocity between this fault and the MHT.

The size of the model domain differs somewhat betwdifferent models, especially in
length, from 100 km (Wobus et al., 2006) to 220 (Bollinger et al., 2006). This may affect
predicted particle and time-temperature paths.aFmodel including an overthrusting rate of
5 km.My* since 20 Ma, a particle currently at the surfaas Ieen displaced laterally by 100
km. When the modelled domain is smaller in lengint100 km (e.g., Wobus et al., 2006),
this may affect predicted ages. However, Wobus|e{2006) do not explicitly predict
thermochronological ages and particle paths, bilterafocus on the (steady-state) thermal

structure of the orogen.

As concerns the thermal calculations, only Bollingeal. (2006) consider a transient thermal
field; the other three models use thermal steadyestThermal parameters used in the
different models are grossly similar (Table 1). Thest important difference consists in the
value of the basal heat flow, which varies by adaof two (15 to 30 mW.if) at a pre-

defined depth (50 or 100 km). The imposed basat fie&w may strongly affect thermal

predictions. Whipp et al. (2007) show that incregghe heat flux into the base of the thermal
model increases the maximum temperature withinrtbdel domain and steepens the thermal
gradient near the surface. In consequence, thandistirom a given closure isotherm to the

surface is reduced and the predicted thermochroimalogge pattern at the surface is
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uniformly younger. However, varying the basal hitatv only shifts the isotherms up or

down and does not deform them.

To compare the kinematics of the different modielss important to describe all of them in
the same reference frame. Because of the high lbeeravergence velocity in the Himalaya,
using the (Indian) footwall plate as a referen@anfe, as we did in Section 2, would require
modelling an excessively large hangingwall domaimg.( 400 km for a model applying a 20
mm.y' convergence for 20 My). Therefore, all models aseference frame in which the
MHT ramp is fixed, and have the surface trace tiezithe MBT or the MFT for origin.
Because all models also include steady-state tepbgr they implicitly assume that the
topography is advected with the hangingwall rockgha& velocity of frontal propagation
and/or underthrusting. Figure 4 shows characterfsrticle paths and Table 1 writes out the
kinematic rule set for each model. To a first ordlee four models presented follow a similar
scheme, with convergence partitioned into ~5 nino§ overthrusting and ~15 mmtyof
underthrusting velocities. This partitioning apmedo be required in order to fit the

thermochronological data, as tested explicitly bgvier and Burbank (2006).

The kinematics of the Wobus et al. (2006) model st®isof an underthrusting and
overthrusting velocity, which are both specifiedghel to the MHT fault plane. These are
combined with an accretion velocity (equivalent ttee underplating velocity in our

terminology) by vector summing. The detailed péeticajectories along the MHT are unclear
in this model — it appears that accretion can falleee along the entire fault plane, which
would seem inconsistent with the definition of 4T as a major crustal discontinuity.

Bollinger et al. (2006) take a similar approachN&sbus et al. (2006) but limit accretion to a

spatially restricted underplating window within th&HT, which appears physically more
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plausible. In both models, however, the geometryhef MHT does not change with time.
This implies forward propagation of the fault at #ane rate as underthrusting (cf. Figure 2),

although neither model includes such propagation.

In the model of Whipp et al. (2007), all faults atable with respect to an external reference
frame. The crustal block between the MFT and MCThiss isolated from the rest of the
model, but has its own internal kinematics, which discontinuous from the underthrusting
plate and from the hangingwall of the MCT. No undigting is included in the model, which
implies that either (1) the mass conservation eéguat not respected, (2) there must be
extension at the surface of the block between t&TMind MFT, or (3) crustal material
crosses the MCT. Thus, the kinematics of the Whippl. (2007) model does not appear
entirely self-consistent, but this choice is made fiumerical simplicity. To solve this
problem, either the MCT should be advected aloegMHT with the same velocity as that of

the block between the MCT and MFT, or there shbeldinderplating on the MHT ramp.

The “channel-flow” models of Beaumont et al. (202004) and Jamieson et al. (2004) differ
from the other models because they are thermo-meéiarather than thermo-kinematic
(Figure 5). They are also run over much longer sirftgpically >50 My) than the kinematic
models. Deformation is driven by underthrustingh@ Indian plate by the full convergence
velocity of 20 mm.y to the left of a velocity discontinuity or “S-pdin whereas basal
velocity is 0 to the right of this point. The modeference frame is built around this point,
which itself is not fixed but moves in time towalw Tibetan retrowedge (which is fixed with
respect to an external reference frame). FigureeSemts some representative particle paths
for this model. The thermal field is calculatedjngssimilar thermal parameters as in the

thermo-kinematic models, over the full subductittigosphere. The models are characterized
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by a weakened layer in the middle crust that alleannel flow and a time-dependent
surface denudation model that is function of slapd relief. They typically evolve through

an initial crustal-thickening phase of 20-30 My atipn in which there is no surface erosion.
Subsequently, a phase of focused erosion at thalblymn front sets up the channel flow and
exhumation of middle crustal material. In ordeptedict peak metamorphic temperatures and
times of cooling that are compatible with obsemwadi in the central Himalaya, denudation
rates need to drop considerably over the last ~E5 Mhe crustal kinematics is strongly

controlled by gravity forcing from the overthickeh€ibetan retro-wedge.

There has been some confusion about whether idfeé-of-sequence reactivation of the
MCT zone in central Nepal (Wobus et al., 2003; Hadgieal., 2004; Wobus et al., 2005) can
be likened to channel flow. The predicted crusedbrgetry and kinematics of most models
presented by Beaumont et al. (2004) and Jamiesa@h. ¢2004) is comparable to out-of-
sequence thrusting in that the channel reachesutiace inboard of the deformation front,
but the main period of activity of the channel &kdace during the intermediate stages of the
model run rather than in the recent past; therefiie model does not explain the inferred

recent reactivation of the MCT zone.

4.2. Model constraints

To constrain the predictions of thermo-kinematiocdels, authors use eithigr-situ (Bollinger

et al., 2006; Whipp et al., 2007) or detrital (Besvand Burbank, 2006; Wobus et al., 2006)
low temperature thermochronological data, whichordcthe cooling history of exhumed
samples. Thermochronological systems used are ynosiscovite Ar-Ar and apatite fission
track, with respective closure temperatures of ~85@nd ~110 °C. Most of this data is from

the Marsyandi River in central Nepal and was ctdléan the High Himalaya and/or the
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MCT zone (transition High Himalaya — Lesser HimalpyThere is very few data from the
southern part of the Lesser Himalaya, due mainlynfavourable lithologies. Both AFT and
Ar-Ar ages are very young in the MCT zone (typigai2 Ma and <4 Ma respectively;
Copeland et al., 1991; Bollinger et al., 2004; Hugton and Hodges, 2006; Blythe et al.,
2007) and increase both toward the north and towerdouth to ~8 Ma for AFT and ~20 Ma
for mica Ar-Ar. Bollinger et al. (2006) use the ebged linear southward increase in mica Ar-
Ar ages at a rate of ~0.24 My.Knto place constraints on the overthrusting ratekmavlyY)

in their model.

Both Brewer and Burbank (2006) and Wobus et al.0§20use detrital mica Ar-Ar
thermochronologicy data to fit their model, frometiMarsyandi and the Burhi Gandaki,
Trisuli and Bhote Kosi rivers in central-west arahtral Nepal, respectively. Whereas Brewer
and Burbank (2006) concentrate on the high-exhumatiCT zone and the Higher
Himalaya, Wobus et al. (2006) report a major brigattetrital mica Ar-Ar ages from a mode
of ~8 Ma north of the physiographic transition todal ages of 1.0-2.0 Ga immediately south
of it. This strong transition between young and ptately unreset mica Ar-Ar ages places
strong constraints on their model. However, it seesarprising to find such unreset
Proterozoic mica Ar-Ar ages in Lesser Himalayanksoenostly younger than 1.9 Ga
(DecCelles et al., 2000; Yin, 2006 and referencesein), because no pre-Himalayan Ar-Ar
ages have been reported frammsitu bedrock samples in this part of the Lesser Hinsakayd
the Kathmandu nappe (Arita et al., 1997; Rai, 19dlinger et al., 2004). Further west, in
the Marsyandi region and in far-western Nepal, spmeeHimalayan mica Ar-Ar ages have
been reported for rocks from the Lesser Himalaylacation 15-30 km south of the MCT but
not closer to it (Copeland et al., 1991; Catlod.e2801; Robinson et al., 2006). An extensive

detrital Ar-Ar study within the Marsyandi catchméBrewer et al., 2006), encompassing the
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Tethyan, Greater and Lesser Himalaya, did not tepoy pre-Himalayan cooling ages.
Moreover, given the recorded peak metamorphic teatpees of >350°C for Lesser
Himalayan rocks in central Nepal (Bollinger et &004), mica Ar-Ar ages should be reset
during Himalayan tectonism. Thus, we do not un@actthe origin of these exceedingly old

detrital mica Ar-Ar ages, nor their geological sfgance.

Petrologic constraints have also been used. Belliegjal. (2006) incorporate the distribution
of peak metamorphic temperature documented fromdRa8pectroscopy of Carbonaceous
Material (RSCM) thermometry (Beyssac et al., 20@Bbllinger et al., 2004); peak

metamorphic temperatures vary typically betweerf65@ear the MCT to about 350°C in the
southernmost samples. Beaumont et al. (2001) amdiedan et al. (2004) use peak
metamorphic pressure-temperature estimates anduirAsAr ages to constrain the earlier

(Miocene) phases of model evolution, but not theemecent phases.

4.3. Model conclusions

Channel-flow models (Beaumont et al., 2001; 20@4mi@son et al., 2004), in which a low —
viscosity crustal channel is extruded due to thavigmtional force of the overthickened
Tibetan Plateau coupled to focused surface derarggtrovide an internally self-consistent
explanation for many observed features of the Hayeah — Tibetan system (Nelson et al.,
1996; Hodges, 2000). Model predictions agree fairg}l with peak metamorphic ages from
both the Greater and the Lesser Himalaya and wesér Himalayan cooling ages (Jamieson
et al., 2004). However, the model requires sigaificslowing down of erosion after ~20 Ma
in order to provide these fits (Beaumont et al.0R0Jamieson et al., 2004). Even so,

predicted Greater Himalayan cooling ages are ®tbla younger than measured ages.
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Bollinger et al. (2006) show that observed peakametrphic temperatures and cooling ages
are equally well explained by a model of continuauserplating coupled to spatially
variable erosion at the Himalayan topographic freince ~10 Ma. As the model assumes
steady-state topography, it requires sustained high spatially variable erosion rates that
equal rock uplift rates throughout the last 10 Nty,contrast to the channel-flow model
predictions. The underplating model also providesnéernally consistent explanation for the
occurrence of Greater Himalayan klippen. This malbes not include late MCT reactivation
nor disproves it, but suggest that this process nmybe essential to explain the first-order
observations of structure and metamorphism forkighmandu transect. The model predicts
a gradient of exhumation ages (increasing toward gbeth), which is controlled by

overthrusting velocity and can thus be used totcaimsthe latter.

Although the model of Bollinger et al. (2006) isogeetrically and kinematically very similar
to that of Wobus et al. (2006), the latter authomiclusions differ from the previous. Wobus
et al. (2006) allow for out-of-sequence thrustingl a&ompare model predictions for both
underplating and out-of-sequence thrusting modeley show that continuous accretion
(underplating) and discrete (out-of-sequence) sarfaulting are both plausible mechanisms
for producing the observed pattern of mica Ar-Apolaay ages in the central Himalaya. But
out-of-sequence surface thrusting at the physidgcapransition provides the simplest
explanation for the distribution of cooling agesythuse to constrain their model. In particular,
the very old detrital Ar-Ar ages they report justith of the physiographic transition can only
be explained by a limited set of conditions in tirderplating model, but follows directly
from the kinematics of the out-of-sequence thrgstinodel regardless of overthrusting
velocities. They suggest that the kinematics ofcetral Himalaya may evolve in time from

underplating and duplex formation to focussed digemuence thrusting and that spatial
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variations between the two styles of deformatianmesent due to the laterally varying depth

of erosion.

Whipp et al. (2007) compared a scenario of simaiep overthrusting (without underplating)

with an out-of-sequence model. They applied theddeh to the Marsyandi valley and also
show that existing thermochronology data cannotidexl to discriminate between these two
models. Predicted ages depend more on the erosiergenerated by the kinematic model
than on the kinematic scenario. A major conclugibmhis study is that there have been no
major changes in the topographic relief since tammes cooled through their closure
temperature because the model topography is imst&ate and the model yields predicted

ages that fit the data. This is compatible witheotimodels.

Finally, Brewer and Burbank (2006) did not set tautest the existence or absence of out-of-
sequence faulting at the physiographic transitibhey use a simple ramp overthrusting
model in order to search for a kinematic scendra allows to explain the observed pattern
in detrital mica Ar-Ar ages throughout the Highemdlaya, which young from north to south
(i.e. toward the MCT). Mean detrital Ar-Ar ages yide fairly tight constraints on the rate of
overthrusting and the ramp dip (~5 km.Mgnd ~18° respectively), although tradeoffs clearly
exist between these two parameters. Finally, thdatsodo not predict the observed detrital
age distribution very well, implying additional cpiaxity in the response of the detrital

signal that is not captured by the model.
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5. Discussion and conclusion

Although the models discussed above have led th®euto very different and sometimes
opposing conclusions, none of them provide unanthiglarguments in favour or against the
different kinematic hypotheses for the central Haga. In fact, the models are not extremely
different in terms of kinematics or thermal paraengt Three main classes of kinematic
models can be distinguished: channel flow or owtexfuence thrusting (which are
kinematically similar, at least south of the STDEmp overthrusting and underplating. As

explained below, the latter two are probably linké¢tbng timescales.

All models are able to predict the available thezhronologic data relatively well. The least
successful in this respect is the channel-flow rhoglich requires erosion to be nearly “shut
off” over the last 10-15 My and yet predicts toougg mica Ar-Ar ages throughout the
Greater Himalayan Sequence. The model also doegaketinto account the Miocene to
present forward propagation of deformation from MET toward the MFT. It therefore
appears that this model is best applied to the dfiecevolution of the Himalaya, when the
MCT was probably the frontal thrust of the systdmt not the more recent tectonic history.
However, Robinson et al. (2006) and Kohn (2008Yioi® detailed criticisms of the channel-
flow model with respect to the outcrop pattern ateformation history of the Greater
Himalayan Sequence. In particular, they argue ttheimodel cannot explain the existence of
Greater Himalayan klippen far to the south of thespnt-day trace of the MCT, and that it is
inconsistent with the parallel stacked pattern ofaBer and Lesser Himalayan rocks in the

MCT zone, because it predicts viscous mixing os¢hat the base of the crustal channel.

21



The different thermo-kinematic models all predeasonable patterns of thermochronological
ages, which thus cannot be used to discriminatevdsgt them. The simplest model of
overthrusting on a crustal-scale ramp permits fga® both low- (apatite fission-track) and
intermediate (mica Ar-Ar) temperature thermochroggl data (Brewer and Burbank, 2006;
Whipp et al.,, 2007) as well as more elaborate nsotieht include underplating or out-of-

sequence thrusting.

However, as noted by Bollinger et al. (2004) andbWset al. (2006), a simple overthrusting
model cannot explain the inverse metamorphic gradiserved in the Lesser Himalaya
south of the MCT (e.g., Pécher, 1989; Macfarla®®5] Beyssac et al., 2004), as this would
predict that, given sufficient time (i.e. 10-20 My rates of overthrusting of ~5 km.Mya

continuous southward increase in peak metamorpntpérature and pressure should be
established. It therefore needs to be combined wiiter underplating or out-of-sequence

thrusting / channel flow in the long term.

Both thermo-kinematic models for underplating (Bajer et al., 2006; Wobus et al., 2006)
model the process as continuous transfer of métémen the underthrusting to the
overthrusting plate. For reasons of numerical sititg] they do not include discrete forward
movement of the ramp (according to the definitibmderplating in Section 2 and Figure 2)
even though Avouac (2003) and Bollinger et al. @06nvisaged this to be the physical
process taking place. The nature of the Lesser ldyaa duplex, which is inferred to result
from underplating and which is composed of discthtest packages (Schelling and Arita,
1991; DecCelles et al., 2001), clearly indicatesdiseontinuous nature of the process. Neither
of the underplating models in fact includes a ramghe MHT, as the kinematics is simply

controlled by vector addition of an overthrustingdaaccretion rate (Figure 4c, d). Note,
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however, that such kinematics predicts shorteninthé north of the underplating window
(converging particle paths) and extension to thetsof it (diverging particle paths), which is

not readily observed in the field.

Another important aspect of the thermo-kinematiaeis is the partitioning of convergence
into overthrusting and underthrusting. All modelke the MHT ramp as the reference frame
in order to limit the horizontal extent of the mbdehe idea behind this reference frame is
that the topography (which is assumed in steady staall models) is controlled by the
interplay between tectonic advection of rocks arasien, and the former term is controlled
by the crustal geometry. Underthrusting impliest tie Indian plate undergoes significant
deformation beneath the crustal ramp in the MHTthéligh this idea contradicts the
paradigm of “undeformable footwalls” in structuggology, there is seismological evidence
for such deformation of the underthrusting Indidate beneath the High Himalaya (de la

Torre et al., 2007).

In a more intuitive reference frame fixed to theligm plate, underthrusting is difficult to
distinguish from underplating and simultaneous fmavpropagation at the same rate (the
difference lying in the particle paths of pointstive underthrusting Indian plate, which are
either depressed by the overriding Himalaya (ovaesiing) or are incorporated into it
(underplating and forward propagation; cf. Figuje This is also evident from the different
geological measures of “convergence” or “shortehimage discussed in Section 3.2, which,
when combined, show that they cannot independestiynate the underthrusting or forward
propagation rate, only some combination of the tilmoa reference frame fixed to India, the

Himalayan topography is thus advected by the tobalvergence rate minus the horizontal

23



projection of the erosion rate. As shown by Breama Burbank (2006), it is in fact this latter

guantity that is equivalent to the “overthrustimgte (Figure 6).

One reason for the divergence or lack of conclisifstam the different thermo-kinematic
models is that they are mainly constrained by @tata the Greater Himalaya, and the history
of the Lesser Himalayan rocks remains essentialhconstrained. Low—temperature
thermochronological ages in the hanging wall amy yeung (typically <2 Ma for AFT ages
and <4 Ma for mica Ar-Ar) so that it will be veryfficult to extract a signal of potential out-
of-sequence faulting from them. Furthermore, plrgaths in the hanging wall of the MCT
are fairly similar in both trajectory and velocity both models. In contrast, the shape of a
thermochronological age transect through the Leldgaalaya and the topographic transition
should be more discriminative regarding the presancabsence of out-of-sequence faulting
in the MCT zone (Figure 7), as in one case thepellshbe a clear jump in both low- and
intermediate-temperature ages, whereas in the btitershould show a continuous decrease
toward the MCT zone. Thus, to better constrainrtloent kinematics of the central Himalaya,
new data from the southern part of the Lesser Hiyea(Figure 7) should be collected and the
whole transect from the MFT in the south to the aee Himalaya in the north modelled.
Given the unfavourable lithologies that characternmst of the Lesser Himalaya, this will be

no easy task.
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Figure and table captions

Figure 1: lllustration of the kinematics envisaded a convergent orogen, driven by plate
subduction and accretion in a doubly-vergent @itigedge (modified from Beaumont et al.,
2000; Willett and Brandon, 2002). Crustal deformatis focused above point S. Dashed lines
represent particle paths. (a) Convergent orogehowit any channel flow or underplating
mechanisms: the exhumation zone and erosionaldtucern the whole deforming orogen
(pro- and retro-side) and may vary spatially acowdo orographic focussing of precipitation
and erosion. (b) Convergent orogen with channel:fithe exhumation zone and erosional
flux are concentrated on the front of the pro-wedgeConvergent orogen with underplating

induces focussing of exhumation zone and erositunain the pro-wedge.

Figure 2: Different components of motion that canitvolved in Himalayan kinematics, in a
reference frame fixed to the underthrusting (Injliglate. The underthrusting (Indian) block
is in light blue and the overthrusting (Himalaydack in yellow. The geometry of the fault
plane is voluntary exaggerated for clarity. Fivanp® (A to E) are followed to illustrate
particle trajectories (grey lines). Red bars maghtexhumation zones. (a) Overthrusting: the
fault is fixed with respect to the footwall; the ne@rgence velocity () equals the
overthrusting velocity\(;) Point C is exhumed along the fault, the othen{sodo not move.
(b) Underthrusting: the fault is fixed with respdot the hangingwall and moves in the
direction of the underthrusting block with a vetgcV, = V. Points B and D are deflected
downwards, points C and E are passively transporidtere is no exhumation. (c)
Underplating: the deep ramp part of the fault mawegard the footwall at a velocity f,p.
Upper crust Indian material (point D) is thus tfemnsd to the hangingwall. There is no

exhumation. (d) Frontal propagation: the upper rang the surface-breaking front of the
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fault move toward the footwall at a velocity. Indian material (point B) is incorporated in
the frontal prism. There is no exhumation. (e) Gtehtilow: there is no horizontal advection
of the main fault, but a high velocity zone buikdshannel\) that forces deep crustal rocks

(point E) to be exhumed over the deep ramp

Figure 3: (a) Simplified Geologic map of the Himala modified from Galy (1999). Inset
show location of Nepal in southern Asia. (b) Sirfipl geological cross-section across the
Himalaya of central Nepal, modified from Bookhagamd Burbank (2006). MFT: Main
Frontal Thrust, MBT: Main Boundary Thrust, MCT: MaiCentral Thrust, STDS: South

Tibetan Detachment System, ITS: Indus-Tsangpo 8utur

Figure 4: Geometries, model domains, kinematics anticle paths of the different models
that little differ from the geometry described bycdac (2003). Notations as in Figure 3.
Black arrows refer to the velocity vectors and kldashed lines represent particle paths.
represents overthrusting velocity/, underthrusting velocity and/,. the accretion (=
underplating) velocity. The grey shaded zone reprissthe underplating window where the
hangingwall velocity is set &, — V4. and the footwall velocity¥, + Vac. All geometries are
from the original publications of (a) Brewer andrBank (2006; (b) Whipp et al. (2007);

(c) Bollinger et al. (2006); (d) Wobus et al. (2006

Figure 5: Initial conditions for the thermo-mechzaiimodel of Beaumont et al. (2001; 2004)
and Jamieson (2004). Only the central region ofrttuslel is shown here; the full model
width is 2000 km. (a) Passive marker grid and meidad layers. (b) Thermal layers and
instantaneous velocity vectogrepresents heat flowd;, the heat production of the layieK

the thermal conductivity and.s the effective internal angle of friction. Surfadenudation
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rate is function of local surface slope. (c) Relaship between mechanical and thermal layers
and summary of parameters (a, b, ¢ from Beaumordl.e2004). (d) Thermal structure
(isotherms) and particle paths (arrows) for po{AtsB and C) originating in different parts of

the model that are exhumed together at ca. 51 Myn(Beaumont et al., 2001).

Figure 6: Conceptual sketch illustrating the pasdagm a reference frame fixed to the MHT
to a reference frame fixed to the underthrustirgdjan plate. Notations as in Figure 2. The 5
mm.y' overthrusting velocity and 15 mnt-yunderthrusting velocity in the MHT-fixed
reference frame translate to 20 mrhof underthrusting combined underplating and fodvar
propagation (which take up an unknown amount of2Benm.y* convergence). Erosion of
the topographic front has a horizontal componens aim.y* (equal to the overthrusting
velocity in the MHT-fixed reference frame) so thihé topography is advected toward the
Indian plate at a velocity of 15 mnit.yequal to the underthrusting velocity in the MHxXet
reference frame). This model also allows to explairzzling variations in overthrusting
velocity recorded in the frontal Siwalik chain (~&0n.y*; Lavé and Avouac, 2000; Mugnier
et al., 2004) compared to those in the High Himléya mm.y"; Bollinger et al., 2004;
Brewer and Burbank, 2006), which are simply relatedarying erosion rates between the

little indurated Siwalik sediments and the resistareater Himalayan crystalline rocks.

Figure 7: Sketch of the two kinematic scenario sagéed for the central Himalaya (modified
from Hodges et al., 2004) with the expected thehmarwological age trends. (a) In the model
of Avouac and co-workers (e.g., Avouac 2003; Bgkin et al., 2006), shortening is
concentrated on the Main Himalayan Thrust (MHT)jcltincludes a crustal ramp below the
High Himalaya where Indian plate material is untkegd to the overriding plate. Both low-

and high-temperature thermochronologic age trehdsld show continuous younging from
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the MFT to the topographic transition zone and Mf@he. (b) In the model of Hodges and
co-workers (e.g., Wobus et al., 2003; 2005; Hodgfeal., 2004), out-of-sequence faulting
occurs in the MCT zone on the topographic transiion). The sharp topographic transition
and a jump in cosmogenic ages have been used torsigppgh a model. Both low- and high-
temperature thermochronologic age trends should pitesent a jump in the topographic

transition and/or in the MCT zone.

Table 1: Thermal and kinematic parameters of difiemrecent themrmo-kinematic models.
Grey lines mark the most important differences leetwthe models. When a parameter is set
from “x to Y, that means several runs were performed withedffit values of this parameter

betweerx andy.
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Brewer and

Bollinger et al.,

Model Burbank, 2006 Wobus et al., 2006 2006 Whipp et al., 2007
Model geometry

Geometry 2D -3D 2D (Avouac) 2D (Avouac) 3D (Avouac)

Box size (L*[W*]D) 190 * ? * 50 km 100 * 60 km 220 * 60 km 140 * 8460 km

Ramp angled) 13 to 23° 18° 10 ° MCT: 28° ; MFT: 20°

Basal heat flow

Heat production
Thermal diffusivity
Thermal conductivity
Surface temperature
Topography
Thermal structure

Convergence rate(V)
Underthrusting

velocity(\{)
Overthrusting velocity

(Vo)

Accretion rate
(underplating, ¥

Out of sequence fault
Mass conservation

Velocity

Running time

15 mW.n¥ at 50 km

010 2.5 pW.nt
0.8.10° n.s?
3W.MLK?
0°C

Steady state
Steady state

20 mm.y*
15 mm.y*

5 mm.y*
No
No
0OV =0

Fault parallel

20 Myr

Fixed point / reference MHT

Thermal parameters

30 mW.n¥ at 100

km

1to 2 pWw.n#

1.10° nP.s?

2.5 W.MLK?

Non-explicit
Steady state
Steady state ?

15 mW.n? at 100
km
0.4 to 2.5 pW.ri
1.10° mP.st
2.5 W.MLK?
0°C
Steady state
Transient

Kinematic parameters

20 mm.y*
15 mm.y*

5 mm.y*
1to 4 mmlyr

Possible
Non-explicit
Footwall:
V=Vu +Vac
Hanging wall
V=Vo +Vac

>10 Myr
MHT

21 mm.y*
17 +/- 0.5 mm.y

4 +/- 0.5 mm.y
1to 1.5 mm.}

No

v =0

V =Vu+ Vo
Footwall:
V=-tga..Vu +Vac(x)
V=Vu +Vac
Hanging wall
V=tga.Vo +Vac(x)
V=Vo +Vac

20 Myr

MHT

20 to 50 mW.rif at 50 km

0.8to 3 pW.nt

1.1.10%0 1.4.10° nP.s*

2.5t0 3 W.MK?

14 to 7°C/km times elevation
Steady stat
Steady state

20 mm.y*
5to 19 mm.y

Vuer: 1to 15 mm.y
Vyer: 0 to 8 mm.y
No

Vuer: 0 to 8 mm/yr
OV =0 (?)

V =Vo+Vu

Vo = Vyer+Vyer
Fault parallel

MFT:

V=(Vyer + VU) / COSimer
MCT:

V=Vt / COScr
20 Myr ?

MHT - MCT

Table 1: Robert et al
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a) Convergent orogen
Exhumation zone

[ | Deforming orogen S —

[ ] Undeforming plate —

b) Convergent orogen with channel flow
Exhumation zone

‘--.\-‘.

¢) Convergent orogen with underplating

Exhumation zone

Underplating 7™
window

Figure 1: Robert et al
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(a) Overthrusting V= convergence velocity

Fixed point

A

(b) Underthrusting Vyt = underthrusting velocity

T

(c) Underp|ating Vyp= underplating velocity

T

WA

(d) Forward propagation \pp = propagating velocity

(e) Channel flow Ve = channel flow velocity
Fixed point —

T

* A

Figure 2: Robert et al.
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a) Mechanical Model
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b)

MFT = Main Frontal Thrust

MBT = Main Boundary Thrust
MCT = Main Central Thrust

MHT = Main Himalaya Thrust
STD = South Tibetan Detachment

TT = Topographic Transition
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Figure 7: Robert et al.
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1.3. Problématique

71

Transition

Le Népal central est relativement bien documenté et est la base de nombreuses
modélisations numériques. Mais les conclusions des ses modélisations basées sur
des données similaires sont interprétées tres différement selon les auteurs. Cela im-
pose donc de construire une base de données plus précise pour mieux contraindre
les différentes hypothéses, et de mener de nouveaux tests numériques. Ce sera le
til guide de nos parties suivantes.

Pour répondre a ces questions, nous commencerons (partie 2) & mettre en place
toutes les notions et les méthodes utilisées permettant la compréhension des dif-
térentes études. Nous pourrons alors, en partie 3, mettre en évidence I'importance
de la géométrie des accidents a 1’échelle crustale sur les objets étudiés, ce qui sera
la base de démonstration, en partie 4 qu’en Himalaya, cette structure profonde
varie latéralement de facon importante. Cela nous amenera a traiter en partie 5
la variation latérale du front d'un prisme orogénique, toujours en s’appuyant sur

I'exemple himalayen.
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E chapitre explique le raisonnement suivi, démontre le bien-fondé des objets

utilisés, puis décrit les techniques analytiques et numériques mises en appli-

cation.

I HIS chapter documents the logic of the work and the choice of the objects

studied. The second part explains the analytical and numerical techniques

used throughout this work.
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2.1. Principes de I'étude

2.1 Principes de 1'étude

De nombreuses études montrent que les deux scénarii proposés pour expliquer
la cinématique récente du prisme himalayen possédent des signatures cinématiques
et thermiques de basse température bien distinctes (Avouac 2003, Bollinger et al.

2004; 2006, Whipp et al. 2007) (Fig. 2.1).

b) b)

———— High t ire thermocl Old MFT = Main Frontal Thrust
77777 High temperature closure depth MBT = Main Boundary Thrust
s+ Low temperature thermochronometer f M MCT = Main Central Thrust
- - --. Low temperature closure depth ,/r*"/' MHT = Main Himalaya Thrust

Young Young STD = South Tibetan Detachment

TT = Topographic Transition
a) a)

s High N s
gher Tibetant Plateau L Higher
Himalaya STD Lower o
MT MFT M Himalaya  TT  MCT Himalaya $

old

Age
Age

Lower
MFT MBT Himalaya TT

Tibetant Plateau

40 km - T - 40 km

F1G. 2.1 — Positions attendues des températures de fermeture 110°C (AFT) et 350°C (Ar) pour les
modeles de la cinématique himalayenne de Avouac (2003) et de Hodges et al. (2004). Cette prédiction
permet de proposer des profils thermochronologiques respectivement associés a des thermochrono-
métres de basses et hautes températures. Dans le cas d’un mécanisme hors séquence (Hodges et al.
2004), il y a un saut d’dges a proximité de la transition topographique.

Pour tenter de répondre a cette problématique, il faut donc acquérir des ob-
servables permettant de reconstruire la cinématique et la structure thermique de
la région étudiée. Il existe de nombreuses méthodes pour connaitre un gradient
thermique, mais toutes les méthodes ne permettent pas d’obtenir une carte des
isothermes a 'échelle du prisme orogénique : les températures mises en jeu dans
ces phénomenes sont de 1'ordre de la centaine de degrés, pour des profondeurs
de quelques kilometres a quelques dizaines de kilomeétres. L'utilisation de forages
profonds permet d’obtenir des valeurs de températures pour des profondeurs de
quelques centaines de metres, ce qui est lourd et cotiteux a mettre en oeuvre et qui
n’est pas suffisant pour cette problématique. De plus, la mesure du gradient ther-
mique donne uniquement un instantanné de la structure thermique. Pour en dé-
duire une cinématique, il est nécessaire d’associer la mesure du gradient thermique
a une étude de son évolution. Une possiblité serait alors d’utiliser des marqueurs
du métamorphisme associés a sa datation. Plusieurs problemes se posent alors :
d’abord, les températures concernant le métamorphisme sont élevées (400°C) et ne
donnent des informations que pour la zone profonde. De plus, les données déja

existantes (Hubbard 1989, Hodges et al. 1992, Parrish et Hodges 1996, Coleman et
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Hodges 1998, Godin et al. 2001) concernent des étapes de 1’évolution de la chaine
himalayenne plus anciennes (20 Ma) que celle qui nous intéresse.

I1 reste les systemes thermochronologiques de basse température qui repré-
sentent a la fois un systeme thermique, et son évolution dans le temps. Un thermo-
chronométre est un systéme permettant de dater le passage d"une roche a une tem-
pérature donnée, appelée température de fermeture. Cette température correspond
a la température maximale en dessous de laquelle est enregistrée la décroissance
d’un isotope radioactif qui permet la datation. A différents systémes correspondent

différentes températures de fermeture (Reiners et Brandon (2006) and Fig.2.2) :

40 Ar /3 Ar sur muscovites : Tferm = 380°C (Robbins 1972, Hames et Bowring 1994)
Traces de fission sur zircons : Tg,.,, = 232°C (Brandon et al. 1998)

Traces de fission sur apatites : Ty, = 116°C (Ketcham et al. 1999)

(U — Th)/ He sur zircons : Tf, = 183°C (Reiners et al. 2004)

(U — Th)/He sur apatites : Tf,, = 67°C (Farley 2000)

Dans la littérature, il est possible de trouver des données %’ Ar /3 Ar sur musco-
vites (Rai 1998, Arita et al. 1997) ou traces de fission sur apatites (Copeland et al.
2000, Blythe et al. 2007, Crouzet et al. 2007). Or, la majorité de ces données sont
situées au nord de la zone du MCT, et la conclusion est que ces données a ces
endroits-la ne permettent pas de discriminer correctement les deux scénarii (Bre-
wer et Burbank 2006, Bollinger et al. 2006, Blythe et al. 2007, Whipp et al. 2007).

Intuitivement, la différence dans la signature thermique de ces deux scénarii
devrait se trouver au sud de la zone du MCT. Il faut donc acquérir des données
thermochronologiques de basse température le long de transects nord - sud au
travers du prisme frontal himalayen. A cause de la nature des roches dans le Les-
ser Himalaya (gneiss, quartzites, schistes, dolomies, ...), il est difficile de trouver
des apatites et des zircons de bonne qualité (contenance en inclusions faible, auto-
morphes, sains, ...). Il est donc difficilement envisageable d’effectuer des transects
avec les systemes (U — Th)/He sur apatites ou sur zircons. Nous nous focaliserons
sur les traces de fission sur apatites.

L’idéal aurait été d’obtenir des trajets temps - température, et donc temps -

profondeur. Ceci est possible avec le systeme traces de fission sur apatites en tra-
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600 |

F1G. 2.2 — Estimation de la température de fermeture effective en fonction du taux de refroidissement
pour les thermochronometres He, FT at Ar (Reiners et Brandon 2006).

vaillant sur des analyses statistiques de longueurs de traces observées. Or, pour
ces analyses, nous avons besoin d’un nombre important de traces par échantillon.
Ceci n’est possible que pour des échantillons suffisamment agés avec une teneur
en uranium correcte. Or dans les études précédentes, les dges obtenus dans les
autres études (Burbank et al. 2003, Blythe et al. 2007) sont trés jeunes (< 1.5 Ma).
Il en résulte que le nombre de traces permettant la mesure de longueurs de traces
reste trop faible pour ce type d’échantillon. De plus, la qualité des échantillons
est telle qu’il n’est pas possible d’appliquer cette technique pour I’étude du Lesser
Himalaya.

Une solution a ce probleme est de modéliser la cinétique du prisme frontal

himalayen, de prédire le champ de température associé a chaque modele, et de

calculer des ages thermochronologiques respectivement associés. La modification



78

Chapitre 2. Principes et Méthodologie

du code PECUBE de Braun (2003) permet cela. Une inversion des parameétres ciné-
matiques permet alors de contraindre la cinétique et le timing des failles. Ceci est
effectué grace au Neighbourhood Algorithm de Sambridge (1999a;b). Le principe

général de la méthodologie employée est présenté Fig. 2.3.

Modéle thermique Modele cinématique

Modéle érosif

: Objets
calculés
\ Comparaison /

F1G. 2.3 — Principe général des relations données - modeéles - inversions : les inversions permettent
de contraindre des parametres caractéristiques du modéle.

. .

Données de <. Inversion .
Terrain

Les deux prochaines sections décrivent les méthodes d’analyse des Traces de

Fission sur Apatites et les méthodes de modélisation utilisées.

2.2 Analyse thermochronologique a partir du systeme
Traces de Fission sur Apatites

Les campagnes de terrain au Népal et au Bhoutan nous ont permis d’obtenir
des données thermochronologiques sur le thermochronometre traces de fission sur
apatites. Avant de donner les résultats, nous présentons la méthode utilisée.

Cette analyse permet de reconstruire 'histoire thermique de basse température
de roches magmatiques, métamorphiques et sédimentaires (Gallagher et al. 1998)
par la datation du passage de cette roche a une température spécifique au systeme
étudié, température appelée température de fermeture. Cette reconstitution thermique
permet l'acces a différents types d’estimations :

— Estimation de taux de dénudation dans les zones orogéniques et dans les
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zones continentales stables (Gallagher et al. 1994, Fitzgerald et al. 1995, Gal-
lagher et al. 1998, Carter 1999);

— Reconstitution de I'évolution de bassins sédimentaires (Gallagher et al. 1998,

van der Beek et al. 2006) ;

— Datation de l’activité de failles (Garver et al. 1999, van der Beek et al. 2006) ;

— Tragages de sédiments (Garver et al. 1999, Najman et al. 2005, van der Beek

et al. 2006, Bernet et al. 2006) ;

La méthode de traces de fission sur apatites (AFT) est basée sur la décroissance
radiocative de 28U. Cette décroissance est enregistrée sous certaines conditions de
température (température inférieure a la température de fermeture du systeme)
par création et maintien de dommages du réseau cristallin (Fleischer et al. (1975),
Fig. 2.4). Ces dommages peuvent étre mis en exergue afin de les visualiser (traces
observables au microscope optique). L'age est alors estimé en déterminant la den-

sité des traces dans ces minéraux ainsi que leur teneur en uranium.
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FiG. 2.4 — Modele de création de dommages dans un réseau cristallin par la fission d'un atome
d'?8U. a) Réseau cristallin contenant des traces d’*8U (points noirs). b) La fission spontanée d'un
atome d’8U produit 2 particules lourdes chargées et relache une énergie de I'ordre de 200 MeV.
Il y a répulsion entre ces deux particules chargées qui interagissent (échanges d’électrons et/ou
ionisations) avec les atomes environnants. Cela entraine une déformation du réseau. c) les particules
ionisées sont ralenties par la capture d’électrons, elles ralentissent et commencent a interagir avec le
réseau par des collisions atomiques, jusqu’a leur arrét. Ceci laisse un dommage rectiligne appelé trace
de fission latente. Cette trace ne peut étre observée en microscopie optique sans attaque chimique.
D’apres Gallagher et al. (1998).

La température joue un role sur le maintien au cours du temps du dommage

dans le réseau cristallin : a haute température, les traces de fission sont recuites
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(détruites partiellement) ou effacées totalement. Ce processus peut étre contraint
par la mesure des longueurs de traces de fission. Pour l'apatite, des modeles ci-
nétiques ont été proposés par Green et al. (1989gb), Carlson (1990), Crowley et al.
(1991), Ketcham et al. (1999). Green et al. (1985), Crowley et al. (1991), Carlson
et al. (1999) et Barbarand et al. (2003b) ont montré que la température a laquelle les
traces de fission s’effacent totalement est influencée par la variation de la composi-
tion chimique, et principalement par la proportion de chlore (CI). Pour les mémes
conditions, les traces de fission dans les apatites riches en CI sont plus résistantes
au raccourcissement que celle riches en OH et fluor F (Green et al. 1985, Crowley
et al. 1991, Carlson et al. 1999). Or, le parametre Dy, correspondant a la moyenne
arithmétique du diametre des traces projetées parallelement a I'axe c de l'apatite
est corrélé avec la proportion en Cl, OH et F (Donelick 1993; 1995, Burtner et al.
1994). Carlson et al. (1999) montrent qu'il est possible d’obtenir une estimation des
effets de la composition chimique sur les variations des longueurs de traces, en
mesurant le Dy Sile Dypgr est inférieur a 1.7 ym dans les conditions d’attaque
utilisées, il caractérise plutdt des fluoroapatites (les plus répandues). Si le Dy, est
supérieur a cette valeur, ce sont plutdt des chlorapatites.

Pour les apatites, 1’anisotropie cristallographique joue aussi un role important
(Donelick et al. 1999, Carlson et al. 1999, Ketcham et al. 1999). La température
en dessous de laquelle les traces ne sont pas effacées totalement est de l'ordre de
120°C, et elles sont recuites entre 60 et 110°C. Ce domaine de température définit la
zone de rétention (ou recuit) partielle (PAZ pour Partial Annealing Zone) (Gleadow
et al. 1986, Green et al. 1989a, Gallagher et al. 1998). A des températures inférieures,
les traces gardent leur stabilité et I'influence de la température est minime (Fitzge-
rald et Gleadow 1990). Il est alors possible de contraindre I’évolution thermique des
roches entre ~ 60 — 110°C en utilisant des approches ou des modéles d’'inversion
stochastique (Gallagher 1995, Ketcham et al. 2000, Ketcham 2005).

Ci-dessous, nous exposons synthétiquement la méthode de datation. Plus de
détails peuvent étre obtenus a partir de Wagner et Van Den Haute (1992), Gallagher

et al. (1998), Tagami (2005), Donelick et al. (1999).
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2.2.1 Notion de traces de fission sur apatites et de datations

Les apatites sont des minéraux contenant des atomes d’>3%U (99.3 % dans la
nature) et d’2°U (0.7 % dans la nature). Cet 238U se désintegre spontanément au
cours du temps, soit par émission d'une particule alpha, soit par fission, c’est-a-
dire en libérant deux ions fils dits fragments de fission. A environ deux millions de
désintégrations alpha correspond une seule fission spontanée.

Ces deux fragments de fission, libérés avec une énergie cinétique de l'ordre
de 200 MeV, sont alors éjectés selon des directions opposées. La plupart des miné-
raux se comportent comme des détecteurs solides non conducteurs et sont capables
d’enregistrer le déplacement de ces fragments : ce phénomene induit une désorga-
nisation locale du réseau cristallin par ionisation des atomes le long du trajet des
produits de fission (modéle du pic d’explosion ionique de Fleischer et al. (1965)).
Par répulsions électrostatiques, une zone linéaire de défauts métastables a faible
densité d’atomes se forme. Sa taille est de l'ordre de la centaine d’angstroms en
diametre, et de 15 a 25 um de long, ce qui définit une trace latente.

Le diametre d"une trace latente est tres faible, ce qui fait qu’il n’est pas possible
d’observer de tels défauts au microscope optique. Pour les visualiser, il faut les
révéler, id est il est nécessaire de les élargir grace a une attaque chimique appropriée.
Pour cela, il faut que le produit de l'attaque puisse pénétrer dans les défauts. Un
moyen est de mettre a nu une surface interne polie du minéral qui recoupe les
traces latentes. Nous travaillons donc sur une surface coupant le minéral en son
milieu, surface interne obtenue par polissage.

D’apres Fleischer et Price (1963a;b), la morphologie des traces révélées est trées
variable et dépend du rapport entre la vitesse d’attaque des traces V; et celle du
minéral V. % est toujours inférieur a 1 et caractérise la forme de la trace. Dans le
cas des apatites, ce rapport est faible, ce qui explique la forme en pointe de fleche
observée. La morphologie des traces est aussi a relier a leur orientation par rapport
a l'orientation cristallographique du minéral. En effet, dans un plan parallele a
I'axe cristallographique c, les traces paralleles a c sont tres fines alors qu’elles se
présentent avec un V plus ouvert perpendiculairement a c. Ceci s’explique par le

fait que V; est plus élevée parallelement a ¢ que dans les autres directions (Fleischer
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et Price 1963a;b). Pour les apatites, 1’attaque chimique sélective est effectuée avec
de l'acide nitrique a 5 N pendant 20 s a une température de 20°C.

La population d'un isotope pére instable, comme 1'238UI, décroit avec le temps
en suivant une loi exponentielle. Il en résulte que le nombre de traces latentes
qui s’accumulent dans un minéral voit son nombre augmenter avec le temps. Ce
temps depuis lequel ces traces ont commencé a étre enregistrées et la concentration
d’Z8U dans le minéral déterminent la densité p; (nombre de traces/cm?) de traces
de fission spontanées, révélées sur une surface interne du minéral obtenue par
polissage. Il en résulte que la détermination de ce nombre de traces permet de
calculer un temps correspondant pour I’échantillon a 1’dge de son passage a travers

la température de fermeture du systeme.

2.2.2 Mesure d’age de traces de fission sur apatites

Pour une détermination effective de l'age, il faut connaitre 1’abondance rela-
tive des éléments péres et fils, id est le nombre d’atomes d’?**U et le nombre de
traces spontanées par unité de volume, comptées sur la face polie du grain. Une
donnée manquante est dans le cas de la thermochronologie par traces de fission
sur apatites, la concentration initiale en 23811 du minéral. Elle n’est pas fournie par
I'information ps. Pour cela, nous connaissons le rapport % qui est constant dans
la nature et égal a 137.88 (Gallagher et al. 1998). L'idée est de trouver la quantité
d?®U,,;; en mesurant la quantité d’?3U. L'°U est aussi instable et se désintegre
par émission alpha et par fission spontanée. Mais cet isotope est peu abondant et
sa période de désintégration par fission spontanée est supérieure a celle de 1’>*8U.
Sa contribution aux traces de fission spontanée est donc négligeable (< 1/10000
de celle de I’>8U). En revanche, cet isotope est le seul qui fissionne par capture
de neutrons thermiques. Cette propriété permet de déterminer sa proportion dans
le minéral étudié. Pour cela, nous irradions le minéral dans un flux controlé de
neutrons thermiques en réacteur nucléaire. Au laboratoire de Grenoble, nous uti-
lisons le canal P1 (neutrons thermiques) du réacteur Orphée du Centre d’Etudes
Nucléaires de Saclay (France). La fluence mesurée ¢ (neutrons/cm?) et la teneur
en ?®U du minéral déterminent la densité de traces de fission induites p; dans un

minéral irradié.
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L’age de trace de fission est alors donné par 1'équation :

f— Lin(q 4 0890l (2.1)

N

ou :

— testl’age;

— ps et p; sont respectivement les densités de traces (nombre de traces/unité de

surface) spontanées et induites ;

— Ay représente la constante de décroissance radioactive par fission spontanée

de 13811 (8.216 10717 ans™1);

— Aq représente la constante de décroissance radioactive par émission a de

123811 (1.55125 10719 ans—1);

— g est un facteur de géométrie du minéral dépendant de la technique de data-

tion utilisée;

— ¢ est la fluence neutronique;

— o est la section efficace de fission de 1'>U par capture de neutrons ther-

miques (570.8 10722 cm~2) et

— I le rapport % égal 4 7.2527 1073,

Nous assurons la dosimétrie neutronique grace a des pastilles de verres ou moni-
teurs, renfermant une quantité précise et connue d’Uranium, irradiés conjointement
aux minéraux a dater. Comme dans les minéraux, au cours de l'irradiation, il s’y
produit des fissions d’?*U. Dans ces moniteurs, la densité p; des traces induites

révélées est proportionnelle a la fluence :

¢ =Bxpg (2.2)

avec B une constante caractéristique du dosimetre.

L’équation d’age 2.1 devient :

1 PsgAaBpgol

t=—In(l+—"—7— 2.
x, ok ) (23)

Dans I'équation 2.3, deux termes sont difficiles a évaluer :

— le terme B (Gallagher et al. 1998),

— A n’est connue qu’avec une incertitude de 15%
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Nous contournons ces difficultés par l'introduction d’un parameétre { de substi-

tution, déterminé par calibration avec un échantillon d’age connu (Gallagher et al.

1998) :

Bol
¢= )\_f (2.4)

Ce qui donne la formule finale de 1’équation d’age :

t 1“(/\d%9d€g ) (2.5)

1
1+ Ag
Dans le cas ou les densités de traces fossiles(ps) et induites (p;) sont mesurées

dans un échantillon standard (minéraux ou verres volcaniques) d’ages bien connus

tst, alors, nous pouvons calculer ¢ a partir de 1’équation :

/\zxtst —

e 1

C= o, 1. (2.6)
Pi(st) Parad

Chaque utilisateur doit donc déterminer sa propre valeur de { qui dépend,
pour un réacteur nucléaire et une position d’irradiation donnés, des conditions de
révélation et d’observation des traces. Dans une certaine mesure, des critéres de
reconnaisance des traces adoptés doivent aussi étre pris en compte. Une derniere
dépendance est le type de verre utilisé. Nous utilisons alors des échantillons étalons

(standards, voir Tab. 2.1) dont les dges sont reconnus internationalement.

| Standard | Origine | Age (Ma) +£20 | Référence(s)

31.40 £0.72 Naeser et Fleischer (1975)

Durango Mexique 31.44+0.18 | McDowell et al. (2005)

Steven et al. (1967)

Fish Canyon Tuff | Colorado, USA Kunk et al. (1985)

28.13 + 047 Dazé et al. (2003)

27.74 +0.30 Hurford et Hammerschmidt (1985)

TaB. 2.1 — Valeurs des dges traces de fission des standards utilisés, associés a leurs références biblio-
graphiques.
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2.2.3 Meéthode du détecteur externe : détermination de 1’abon-
dance en 2°U

Pour déterminer I'abondance en 23°U, la méthode utilisée est celle du détec-
teur externe (Fig. 2.5). La surface d'un minéral donné est polie et attaquée par de
I’acide en conditions appropriées, ce qui révele les traces de fission spontanées in-
tersectant ce qui était une surface interne. Un détecteur sans uranium (muscovite
typiquement) est collé a la surface polie. L'échantillon est alors irradié grace a des
neutrons thermiques de basse énergie dans un réacteur nucléaire. Cette irradiation
induit spécifiquement la fission des atomes d’?**U, et donc une expulsion de deux
fragments de fission par atome d’235U. Pour les atomes de la surface du grain, cette
éjection crée une trace de fission latente a la fois sur le grain et sur le mica. Il se pro-
duit alors sur le mica une image miroir du grain original. Ensuite, seul le mica est
attaqué a l'acide, ce qui révele les traces induites sur chaque grain de I’échantillon
par l'irradiation. Le grain originel est exempt de trace induite révélée. Le comptage

de traces sur le mica permet la mesure de 'abondance en 2*°U.

2.2.4 Mesure de longueurs et de largeurs de traces de fission sur
apatites

La méthode présentée précédemment ne suffit pas a remonter a une histoire
thermique. Cette derniére est approchée par 1'étude des longueurs de traces de fission
sur ces mémes minéraux car d’autres informations sur l'histoire thermique sont
contenues dans ces longueurs (Gleadow et al. 1986) : les longueurs des traces de
tission sont diminuées par augmentation de la température ou diminution de la
vitesse de passage par la zone de rétention partielle (PAZ pour Partial Annealing
Zone) lors de I'exhumation (Carter et Gallagher (2004), Fig. 2.6. Cette information
contenue dans les spectres de longueurs de traces de fission permet de rensei-
gner des histoires complexes de faible température (Carter et Gallagher 2004). Pour
un méme age thermochronologique donné et différentes histoires thermiques, les
spectres de longueurs de traces peuvent étre différents et un enfouissement trop
important efface en grande partie I'histoire thermique précédente (Fig. 2.6).

La mesure de longueurs s’effectue sous microscope optique, grace a une tablette

digitale et un curseur équipé d'une diode électroluminescente (DEL) de forte inten-
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F1G. 2.5 — Méthode du détecteur externe (d’aprés Gallagher et al. (1998)).
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sité, visible dans le microscope via un systeme de miroirs. Les mesures effectuées
sur les échantillons sont calibrées par une séance de mesures effectuées sur des
standards. Les longueurs mesurées n’ont de sens que sur des traces ne recoupant
pas la surface du minéral, c’est-a-dire des traces confinées. Celles-ci ne peuvent étre
révélées que si elles sont en contact avec le milieu extérieur via une autre trace
non confinée ou une fracture ou une surface de clivage, ce qui permet 'acces (et
donc l'attaque) pour 'acide révélateur. Seules les traces confinées paralleles au plan
d’observation sont mesurées.

De plus, la composition en CI, F, et OH des apatites joue dans le contrdle du
taux de recuit lors du passage dans la PAZ (Gleadow et Duddy 1981, Donelick
1991) et influe sur l'efficacité de l'attaque acide lors de la révélation des traces
(Barbarand et Pagel 2001). La largeur des traces de fission non confinées donne
une approche de la composition des apatites (Gleadow et Duddy 1981, Donelick
1991, Donelick et al. 1999, Barbarand et al. 2003). C’est pourquoi 'étude de la dis-
tribution des largeurs des traces de fission est nécessaire en paralléle a celle des
longueurs de traces, de maniére a contraindre au mieux les histoires thermiques.
La méthode de mesure des largeurs est similaire a celle de mesure des longueurs
de traces, sauf qu’on les mesure sur des traces non confinées et séquentes au plan
poli d’observation.

Pour des échantillons trés jeunes et/ou ayant une teneur en U faible, il n’est pas
possible d’effectuer ces mesures complémentaires de longueurs de trace de fission,
car les traces de fission confinées sont moins nombreuses que les traces séquentes
a la surface. Lorsque les échantillons sont trop jeunes et/ou possédent une teneur
en uranium trop faible, il est possible de favoriser la révélation de traces confinées
en irradiant les échantillons au californium 252 (?2Cf). Cette irradiation induit
des zones de dommages dans le minéral qui permettent a 1’acide de pénétrer et
donc d’augmenter la probabilité de révéler et d’observer plus de traces de fissions

confinées.
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F1G. 2.6 — Trois histoires thermiques avec les distributions de longueurs de traces associées, pour
un Adge thermochronologique identique (20 Ma) (L est la longueur moyenne, et e I'écart-type) :
A. Exhumation continue; B. Exhumation discontinue; C. Exhumation, puis enfouissement et re-
exhumation (calcul de cas d’école par AFTSolve).
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2.2.5 Notion de datation thermochronologique sur une roche dé-
tritique

Par définition, une roche sédimentaire détritique est une roche composée de
clastes qui ont subi une exhumation dans leur zone source, une érosion, un trans-
port, un dépot, puis une diagénese plus ou moins importante. Les rivieres drainant
des bassins d’alimentation pouvant étre importants, il est possible que les roches
sédimentaires du bassin contiennent des clastes de provenance et de sources trés
différentes. Ces roches posseédent alors un mélange de signatures correspondant a
chaque source.

Lors de I'exhumation dans la zone source, les thermochronometres enregistrent
le trajet de la roche, a partir de la profondeur correspondant a la limite inférieure
de la zone de rétention partielle (PAZ), jusqu’a la surface. Cet enregistrement est
conservé dans les processus jusqu’a I'enfouissement dans le bassin sédimentaire de

la roche. Plusieurs cas se présentent alors ((Brandon et al. 1998), Fig. 2.7) :

1. Si I'enfouissement ne permet qu’une température faible, inférieure a la tem-
pérature minimale de la PAZ : il n’y a aucun recuit du thermochronometre, et
le seul signal enregistré correspond a I'historique de la source. Les ages AFT
possedent un age supérieur a 1’age détritique, correspondant respectivement

aux ages thermochronologiques des différentes zones sources.

2. Sil’enfouissement atteint une température supérieure a la température maxi-
male de la PAZ : le thermomeétre est réinitialisé, id est le signal de la source
est effacé intégralement. Il en résulte que le signal enregistré ne traduira que
I'histoire du refroidissement de la roche sédimentaire, et non de la source.
L’échantillon est alors totalement recuit, et toutes les populations possedent
un age inférieur a 1'age détritique.

3. Si I'enfouissement atteint une température maximale comprise dans la four-
chette de température de la PAZ : le thermochronometre n’est que partiel-
lement réinitialisé. L'échantillon est alors partiellement recuit, ce qui se tra-
duit par certaines populations d’ages inférieurs a 1’dge détritique, et certaines
d’ages supérieurs. Le signal enregistré sera donc la somme d’un signal an-

cien correspondant a 'histoire de la source, et d'un signal récent attaché a
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I'histoire du refroidissement de la roche sédimentaire en question. Dans ce
dernier cas, pour les modélisations, une aide non négligeable est 1’étude des

longueurs de traces de fission.

Dans ce cas, pour chaque échantillon, il est nécessaire d’augmenter le nombre
de grains comptés pour déterminer un age pour chacun des 40 a 50 grains et mettre
en évidence par un traitement statistique a partir de calcul de densité de probabi-
lités des ages significatifs, donnant des populations d’ages thermochronologiques

(Brandon 1996, Stewart et Brandon 2004).
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FiG. 2.7 — Interprétation des différentes populations d’dges AFT d’une roche sédimentaire : concept
de thermochronologie détritique. Les échantillons provenant d’horizons stratigraphiques 1 a 4 enre-
gistrent le taux d’exhumation intégré entre leur passage a la température de fermeture du systeme
(tc) et leur arrivée a la surface (t.). t; est I'dge de dépot qui est généralement considéré comme égal i
te. Le Lag time est égal a t, — ty (= t. — to). (A) et (B) se référent respectivement aux températures
de fermeture des systemes apatite et zircon; la PAZ est la zone de rétention partielle. A cause de
la faible température de fermeture du systeme apatite, les échantillons peuvent étre partiellement ou
totalement recuits dans le basin sédimentaire. Modifié de Garver et al. (1999). (b et c) Modeéles syn-
thétiques pour des échantillons provenant d'un bassin exhumé. Ces échantillons sont initialement
exhumés dans la zone source, @ un taux de 1 km.Ma~?, érodés puis deposés dans un bassin depuis
16 Ma. Nous considérons une seule source avec un taux d’exhumation uniforme. De méme, le taux
de sédimentation est maintenu a 500 m.Ma~! entre 16 et 5 Ma. Ce bassin est ensuite exhumé a
partir de 5 Ma. Pour simplifier, nous utilisons un géotherme constant de 20°C.km~" dans la zone
source et dans le bassin sédimentaire. Les dges AFT prédits sont présentés en (b) en regard de I'dge
stratigraphique associé a I'échantillon pour des apatites réagissant lentement (High Rententive, HR)
et pour des apatites réagissant rapidement (Low Rententive, LR). Les Ages AFT sont calculés en uti-
lisant le modele de Ketcham et al. (2000) prenant en compte les histoires thermiques décrites en (c)
et les cinétiques de recuit caractérisées par des valeurs de Dpar entre 2.0 et 1.0 mm respectivement
pour des apatites HR et LR (Carlson et al. 1999, Barbarand et al. 2003). La boite ombrée en (b)
représente la PAZ pour les apatites. D’apres van der Beek et al. (2006).
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2.2.6 Modélisation multi - cinétique de traces de fission dans
I"apatite

La distibution des longueurs de traces confinées associée a 1’dge trace de fission
pour un échantillon donné permet la reconstitution de son histoire thermique au
dessous de sa température de fermeture. Le principe de base des programmes de
modélisation de données AFT est une calibration caractérisant le recuit des traces
de fission en fonction du temps et de la température. Cette calibration s’effectue
sur la base d’expériences de recuit en laboratoire (Green et al. 1985; 1989b).

Des modeles quantitatifs ont été proposés par Lutz et Omar (1991), Corrigan
(1991), Crowley (1993), Gallagher (1995), Willett et al. (1997), Ketcham et al. (2000),
Hadler et al. (2001) et Ketcham (2005). Ils permettent tous, un modéle théorique
du raccourcissement des traces confinées, une intégration continue du modele sur
un trajet temps-température, un test statistique pour comparer les résultats des
modeles avec les données mesurées et une détermination d’'un modéle optimal
basé sur cette comparaison.

Nous utilisons AFTsole (Ketcham et al. 2000) basé sur les cinétiques de recuit
(Carlson et al. 1999, Barbarand et al. 2003). Il permet la prédiction de trajets temps-
température comme un systeme multi-cinétique. La correction de l'influence de
I'anisotropie de 'apatite sur la longueur des traces est effectuée, et pour chaque

grain, 'ensemble des parametres cinétiques mesurés est pris en compte.

2.3 Méthode de modélisation et d’inversions

Pour contraindre les différentes hypotheéses présentées en partie 1, j’ai modélisé
la cinétique du prisme himalayen. Ces modeles permettent de prédire le champ
température associé a chaque modele, et ainsi de calculer des ages thermochrono-
logiques respectivement associés. Pour cela, j'utilise le code PECUBE (Braun 2003)
modifié par Jean Braun et moi-méme, ainsi qu'un algorythme d’inversion (NA,

Sambridge (1999a)).
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2.3.1 Modélisation thermique

Le code PECUBE (Braun 2003) est un code d’éléments finis permettant de pré-
dire I’age de fermeture des systemes thermochronologiques utilisés, par résolution
de I’équation de la chaleur dans un bloc crustal affecté par des mouvements verti-

caux, horizontaux et/ou de 1’érosion :

c(a—T—i-ua—T-l—va—T—i-wa—T)—ika—T—i—ika—T-l-ika—T-l— A
P T ox Ty T8 Tox ax Taytay "oz oz P

ou T(x,y,zt) est la température, p la densité des roches, c la capacité ther-
mique, u, v et w les coordonnées de la vitesse, k la conductivité et A la production
de chaleur par radioactivité. Cette équation doit étre résolue pour un champ de

températures initial :
To=T(x,y,z,t=0),
un champ de vitesses donné dans le modeéle tectonique :

u#0,
v #£0,
w # 0,

et un set de conditions aux limites :

T(x,y,z=—H,t) =Ty,
T(x’yfz = S(x’y’ t)’ T) = TMSL + ,BS(X,]// t)/

3—3; = 0 le long des frontiéres du modele,

ol z = —H représente la base du modele, S(x,y,t) la surface topographique a ¢,
Tamsy est la température au niveau de la mer, Ty la température a la base du modele,
n le vecteur normal a la surface externe du modeéle et § le gradient atmosphérique
de température (lapse rate). Avec ce modéle, nous ne définissons pas un flux de
chaleur a la base, mais une température basale. Ce choix a été fait pour simplifier
les calculs thermiques.

Dans ces modélisations, nous négligerons aussi le transfert de chaleur par les
fluides. Des travaux récents (Evans et al. 2004, Whipp et Ehlers 2007) suggerent
que le transfert de chaleur par circulation de fluides peut étre significatif dans le

Haut Himalaya. Mais son importance relative a I’advection verticale importante de
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ce flux par l'exhumation des roches est inconnue (Ehlers 2005). Nous supposons
donc que le transfert de chaleur par advection des roches et par conduction sont
les mécanismes dominants du systéme thermique.

Nous utilisons un approche mixte Eulérienne - Lagrangienne demandant de
fréquentes re-interpolations du champ de températures dans la direction verticale.
Les chemins T — t (température - temps) sont alors calculés, ce qui permet 1'ob-
tention des ages thermochronologiques pour les systemes étudiés. Nous calculons
les &ges traces de fission sur apatites (AFT, Ty = 110°C), (U+ Th)/He sur apatites
(Tr = 70°C) et 40Ar /% Ar sur muscovites (Tr = 350°C) par modélisation directe
de l'accumulation des produits fils, et pas simplement en prenant 1'age de fer-
meture (Wolf et al. 1998). Pour les traces de fission sur apatites, nous utilisons le
modele de Laslett (1987), Lutz et Omar (1991) décrit dans van der Beek (1995),
pour I'(U + Th)/ He, les modeles de Wolf et al. (1998), Farley (2000), et le modele

de Rahn et al. (2004) pour les traces de fissions sur zircons.

2.3.2 Modélisation tectonique/cinématique

Nous utilisons ici un modele cinématique de plats et de rampes avec chevau-
chement(s) et/ou réactivation hors-séquence développé pour 1'occasion par Jean
Braun. Ces différents processus peuvent avoir un role important dans la déforma-
tion du front de la chaine. Ces différents processus sont décrits dans l'article de la
partie 1.3.2. Dans ce modéle, nous définissons des failles qui délimitent des blocs
dont les particules sont mobiles grace a un champ de vitesse bien défini. Pour

définir ces processus, il est necessaire de définir un repére fixe dans le modele.

Détermination d’un repere fixe :

Décrire un champ de vitesses, définir des mouvements implique de définir un
repére fixe dans lequel nous décrivons toutes les failles, leurs activités et leurs
mouvements au cours du temps. Il y a plusieurs manieres de déterminer un point

fixe :

L’Asie-Tibet fixe : a ce moment, il n'y a pas de déformation du bloc du Tibet. Ce

modeéle est en contradiction avec les données de terrain. Nous ne 'utiliserons

pas.
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L’Inde fixe : Dans notre scénario, en 20 Ma, il y a environ 300 km de raccourcisse-
ment. L'Inde fixe engendre :
— La taille du modele est démesurément grande, ce qui implique un temps
de calcul démesurément long.
— La topographie himalayenne doit étre advectée, ce qui implique une aug-
mentation du temps de calcul.

Pour ces raisons, nous ne l'utiliserons pas.

La faille fixe : Prendre la faille fixe, implique deux interprétations. Une premiere
interprétation est de considérer la faille fixée loin du modele, comme sous le
Tibet dans notre cas. Il en découle qu’avec ce modéle, il est possible de créer
facilement un mécanisme de channel-flow en jouant sur les vitesses des blocs
supérieurs. L'autre interprétation est de considérer que la faille est fixée a la
topographie. Dans les deux cas, I’avantage est qu’il est possible de garder la
topographie en steady state. La définition de plusieurs failles peut entrainer
des problémes. Il faut fixer le chevauchement le plus jeune, et translater les

autres en fonction de la cinématique imposée.

Pour connaitre la position de différentes failles dans le temps, nous calculons
en remontant le temps, I'état initial du modéle. Nous sommes alors capables de
reproduire le mouvement et la position des failles de I'état initial a 1’état final

(aujourd’hui).
Définition d’une faille :

Une faille est d’abord définie par la position de 2 points dans le plan horizontal
a la surface du modeéle (z;) (Fig. 2.8). Les coordonnées de ces points sont données en
latitude /longitude. L'ordre de définition de ces deux points détermine un systeme
de coordonnées locales (7,s). L'axe r est défini pour le coté droit de cette ligne (du
point 1 au point 2), I'axe s est vertical, et son origine est située n'importe ou sur
la ligne a z = z;. Ceci implique que la géométrie de la faille est bi-dimensionnelle.
La faille est ensuite implémentée en entrant n points caractéristiques dans le plan
(r,5), et en les reliant par interpolations linéaires. La faille est alors défine dans le
plan (7,s). L'ordre de ces points détermine le demi-espace qui bouge le long de la

faille : c’est celui a droite de la faille. Sa vitesse v, est imposée le long de la surface
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de la faille, et son sens de mouvement est donné par son signe, dans le repere (7, s)

(normal = signe positif, inverse = signe négatif).

/// \\\

PECUBE system
X

F1G. 2.8 — Définition d'une faille dans le nouveau module de PECUBE dédié a I'utilisation de failles.

Les failles sont définies pour I'état final du modele, c’est a dire a 'actuel. Lors
du run, la géométrie des failles est recalculée pour chaque pas de temps en fonction

du champ de vitesses.

Définition du champ de déformation/vitesses :

Le champ de déformation est décrit par le champ de vitesses. Ce dernier est
calculé en deux dimensions dans le plan (r,s) grace a la méthode des kink-band
et des plis-failles (Suppe 1983), et est translaté dans 1'espace (x,y,z). Les vitesses
sont calculées segment par segment. Dans les régions définies par un segment de
faille unique et ses normales a chaque extrémité, la vitesse est imposée parallele au
segment de faille, avec v, pour module. S'il y a plusieurs segments pour une méme

taille, conserver la masse implique (Fig. 2.9) :

Angle aigu : la direction de la vitesse de la région au-dessus est donnée par la

moyenne des directions des deux segments (somme de deux vecteurs), et son
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cosu

. £ / J—
amplitude est donnée par v, = v, cost

avec « l'angle construit par les deux

normales aux segments.

Angle obtu : la direction est obtenue de la méme maniere, mais le module est donné

! _ 1
par v, = vo—cos%

F1G. 2.9 — Définition de la vitesse au niveau d’une rupture de pente du plan de faille.

Pour implémenter plusieurs failles, il faut prendre en compte 1’advection de la
position et de la géométrie de la faille. Ici, les failles sont advectées en fonction de
leurs positions, en déplagant chacun des points les définissant par le vecteur dépla-
cement correspondant. Le probleme qui se pose est le passage d'une faille trans-
portée au niveau d'un changement de pente (ex : plat = rampe ou vice versa). En
effet, le champ de vitesses implique alors une déformation de la faille transportée.
Par sa définition, il en résulte que pour une géométrie finale complexe, les failles
transportées peuvent alors jouer pour des pas de temps intermédiaires, dans une
géométrie qui n’est pas réaliste. Lors de cas litigieux, il est possible d’insérer un
flag permettant de ne pas advecter les failles.

Cette définition des failles et du champ de vitesses interdit tout transfert de

matiére d’un bloc a 'autre.

2.3.3 Géométrie et cinématique utilisées

Un des aspects de cette modélisation est de comparer les résultats des modeles
aux mesures de terrain. Pour cela, il faut choisir un transect qui se rapproche du

transect d’échantillonnage. Plusieurs stratégies sont possibles :
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— Suivre plus ou moins la ligne d’échantillonnage. Mais est-ce que cela n’intro-
duit pas un biais dans le relief par le fait que la ligne d’échantillonnage ne
suit pas un transect nord - sud, mais varie d’est en ouest?

— Prendre une ligne droite perpendiculaire a la chaine, qui passe par la zone
étudiée, ce qui donne un modele purement bidimensionnel. Les échantillons
sont alors représentés par leur projection sur le transect. Le calcul ne prend
alors pas en compte les effects topographiques.

— Utiliser un volume (3 dimensions) dont la surface supérieure représentant la
topographie contient le transect échantillonné, ce qui nous permet de nous
affranchir des effets liés au fait que la ligne d’échantillonnage n’est pas une
doite. Cela permet de retrouver exactement nos points échantillonnés, a 1'al-
titude correspondante.

Nous choisirons la derniére stratégie, qui est la plus simple a implémenter,
et la plus réaliste dans le calcul des états thermiques (effets de la topographie,
géométrie des failles non perpendiculaires au transect effectué). De plus, dans les
orogenes actifs, le champ thermique est multidimentionel et étroitement lié a la
topographie (Braun 2002a;b) et au trajet d’exhumation des roches qui possédent
des composantes significatives, a la fois verticales et horizontales (Stuwe et al. 1994,
Manktelow et Grasemann 1997, Ehlers et al. 2001, Batt et Brandon 2002, Ehlers
et al. 2003). La vue 3D restreinte de la zone étudiée est extraite a partir du modele
numérique de terrain (MNT) a 90 m du Népal (SRTM9go), que j'ai dégradé a 1 km
pour limiter les temps de calculs sous PECUBE.

Les ages de traces de fission sur apatites les plus vieux que nous avons sont de
I'ordre de 10 Ma. Il en découle que notre modéle doit prendre en compte au moins
cette période. Pour les coupes ot il est nécessaire d’utiliser des données argon pour
mieux contraindre le modeéle, nous conservons la méme date d’initiation du mo-
deéle, mais gardons uniquement les dges argon dans les zones ot ils sont inférieurs
ou égaux a 10 Ma, ce qui nous permet de nous affranchir du mouvement du MCT.
D’apres des données sédimentologiques et géochimiques datant 1'exhumation du
Bas Himalaya et le début de I'augmentation de son érosion, Huyghe et al. (2001)
déduisent que le MBT s’est initié vers 8 Ma. Il faut donc le prendre en compte dans

notre modélisation. En utilisant des données thermochronologiques recuites par-
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tiellement, Robert (2005), van der Beek et al. (2006) montrent que le MFT s’est initié
vers 2 Ma. Pour notre modele, nous avons donc a prendre en compte, le MBT, le
MEFT, et la potentielle faille liée au front topographique. Il faut déterminer depuis
quand cette derniére est en activité.

En revanche, nous ne considérons pas de glissement potentiel sur le STD pour
la gamme d’ages thermochronologiques que nous utilisons. En effet, la quantité
de déplacement ainsi que son timing sont peu contraints en comparaison avec
I'activité du MFT ou du MCT (Hodges 2000).

La convergence totale étant de 'ordre de 14 et 21 mm.an~! sur la durée du mo-
dele, il est nécessaire de partitionner les vitesses entre l'underthrusting et 1’over-
thrusting de maniére a ce que la somme des vitesses horizontales soit de 1’ordre de
21 mm.an—'.

A cette échelle de temps, nous considérons la topographie en steady state pour

plusieurs raisons :

1. Nous n’avons pas de données suffisamment précises pour contraindre le
changement de topographie au cours du temps pour des échelles de temps

supérieures a 3 Ma.

2. Modéliser des processus de surface complexes entrainerait une modification
importante de la base conceptuelle du PECUBE car il faudrait suivre les
points de la surface a chaque pas de temps. En effet, ceci demanderait a ce
que la surface soit modélisée par une grille dynamique qui serait découplée

de la grille calculée pour le modele 3D.

3. Diverses observations suggerent que la position des systémes fluviatiles a peu
changé lors de ces 10 derniers millions d’années (Whipp et al. 2007). Nous
retrouvons peu de paléo-rivieres, le drainage de la marge sud du plateau
tibétain ne semble pas avoir été modifié depuis plusieurs millions d’années.
Si le relief change, cette position aurait dii varier de fagon importante au cours

du temps (Gabet et al. 2004).

2.3.4 Modélisation des processus de surface

Pour modéliser 1’érosion/déformation, plusieurs stratégies sont possibles :
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— Idéalement, I'implémentation d'un code de type Cascade (Braun et Sam-
bridge 1997) permettrait une bonne approche de la modélisation des proces-
sus de surface. Plusieurs problémes en découlent. Le premier est purement
technique et concerne le couplage de PECUBE a Cascade car ils n’utilisent pas
le méme type de grille (grille dynamique versus grille statique), ce qui pose
des problemes quant au suivi des points pour le calcul de leur trajet temps
- température. Il est peut étre possible de le faire avec un coupleur du type
PALM (LMC, Grenoble). Le second probléme qui se pose est comment obtenir
une topographie actuelle correspondant a la réalité, et donc comment com-
parer les ages calculés et les dges mesurés sur des échantillons actuellement
situés en surface.

— Plus simplement, nous utilisons une routine supplémentaire sous PECUBE
d’érosion sous forme de loi exponentielle. Sa limite est de créer un biais
pour les hautes altitudes et pas de sédimentation dans le bassins d’avant-
pays. Cette derniere, que nous avions développée pour 1'étude du Dabie Shan
(Braun et Robert 2005), est présente dans la version de PECUBE actuellement

disponible.

2.3.5 Choix de la température basale

Dans PECUBE, il n’est actuellement pas possible de définir un flux de chaleur
a la base du modele. Pour des simplifications de calculs, il n’est possible que de
définir une température fixe a la base du modele.

Ce parametre est aussi une valeur difficile a définir précisément. Pour cela, il
est nécessaire de l'inclure en parametre variable lors d’inversions.

Dans sa synthese sur 1'histoire cénozoique de I’'Himalaya, Yin (2006) utilise a
plusieurs reprises un gradient géothermique de 30°C.km~! en surface. Cette va-
leur correspond a une température a la base du modele (60 km) de 1800°C, si nous
ne prenons en compte ni I'advection des roches, ni la production de chaleur par
radioactivité. Cette température est probablement surestimée. En effet, a cette tem-
pérature, les roches devraient étre en fusion. Nous devons donc implémenter une

production de chaleur dans le modéle représentant la production de chaleur dans
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la crofite par radioactivité principalement, afin de diminuer la valeur de la tempé-

rature basale.

2.3.6 Détermination de la production de chaleur

Théoriquement, le taux de production de chaleur (Q, production de chaleur
volumique) est calculé a partir des constantes dans ’équation de la chaleur. C’est
une énergie par unité de temps et par unité de volume ([Q] = W.m3). Or, dans
PECUBE, nous devons entrer la valeur [A] = K.Ma~!. La relation entre les 2 est
liée a la capacité calorifique massique a pression constante Cp ([Cp] = J.K 1kg™1)

et & la masse volumique p ([p] = kg.m~3) par la relation suivante :

Q

A=

(2.7)

L'ordre de grandeur de Q pour la lithosphere est de 0.3 a 3 107® W.m =3, p est
de l'ordre de 2700 kg.m 2, et Cp de 'ordre de 1000 J.K~1.kg~! (valeurs issues de
Jaboyedoff (1999)). A devrait donc étre de 'ordre de 1071% 4 1071? K.s~! soit 2.3 &
23°C.Ma~ 1.

Pour des raisons pratiques, ce parametre est normalisé (Ax) dans PECUBE. La

valeur réelle A est alors calculée par :

L Ank

— 2.8
le-Tmax ( )

ou k est la diffusivité thermique, Z; la profondeur du modeéle et T,y la tempé-
rature a la base du modele.

Le parametre Ay est difficilement quantifiable. De plus, dans les modeles
construits, nous imposons une production de chaleur Ay constante sur chaque
modele complet pour des raisons pratiques. Ce n’est pas completement réaliste,
mais couplé avec la notion de température basale, cela permet d’obtenir un champ
de température réaliste. Il peut alors étre utile de laisser Ay variable au cours

d’inversions.
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2.3.7 Meéthode d’inversion et de recherche de parametres via le
Neighbourhood Algorithm (NA)

Grace au package NA développé par Sambridge (1999a;b), il est possible d’ef-
fectuer une recherche multi-dimensionnelle directe de paramétres dans notre mo-
dele pour des parametres définis entre 2 bornes géologiquement et physiquement
cohérentes. Cette méthode est applicable pour un grand nombre d’inversions non-
linéaires, en particulier pour les problemes ot les relations entre les observables et
les inconnues (parameétres) sont complexes.

Cette approche est divisée en deux étapes. La premiere étape, dite de recherche,
échantillonne aléatoirement l'espace de parametres (multi-dimensionnel) pour un
nombre défini de combinaisons (modeéles). L'espace de parametres est alors dé-
coupé en cellules de Voronoy centrées autour de chaque modele. Pour chaque mo-
dele, un misfit est alors calculé. Dans le cas de I'approche thermo-cinématique que

nous avons effectué, il est donné par :

. ) 2
ZT'ZObS Agei)bs _Agelcalc
i=1 errort,
misfit =

(2.9)
Mops
N i 2N . P N 17 i z ’
ou Agel . est I'age i calculé correspondant a 1’Age!,  mesuré avec l'erreur
error,, , i variant de 1 a 7,5, nombre total d’observables.

Une seconde étape affine la recherche de parameétres en tirant aléatoirement un
nouveau set de parametres dans les cellules de Voronoy avec le meilleur misfit.
L'utilisateur définit le nombre de modeéles initiaux, le nombre de cellules rééchan-
tillonnées, et le nombre d’itérations. Cette méthode permet de limiter les effets des
minima locaux, et d’en retenir qu'un seul d’entre-eux.

La structure du code NA (Fig. 2.10) permet l'intégration simple du modéle dans
le code de recherche de paramétres, et surtout permet de définir et de configurer
simplement les inversions. forward calcule le misfit de la fonction pour un mo-
dele donné. Seule cette routine est appelée plusieurs fois (a chaque modéele dans
chaque itération). Na . in permet le controle des options et de la recherche de para-
metres. na.sum na.nad et NA_results.txt correspondent respectivement aux

sorties écran de l’exécution de NA, et au fichier résultat de 1'inversion. Ce dernier
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NA routines

F1G. 2.10 — Structure du code NA. Les routines vertes sont données et/ou modifiées par I'utilisateur.
Les fichiers rouges sont les entrées - sorties utilisées par le programme (D’apres Sambridge (1999a)).

donne simplement pour chaque modele testé la valeur du misfit et la valeur des
parametres associés.
Pour visualiser les résultats, il faut projeter dans des espaces a deux dimensions,

ou chaque axe correspond a un parametre.
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Transition

Cette méthodologie nous a permis d’acquérir 35 nouveaux ages AFT au Népal
central, et de développer un modele 3D rendant compte des ages thermochronolo-
giques de basses températures a la fois dans la partie haute chaine et dans la partie
moyen pays. Ces données et ces modélisations nous permettent dans la partie sui-
vante de démontrer le role prépondérant de la géométrie des failles crustales dans

un prisme orogénique.
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DANS ce chapitre, nous présentons les résultats analytiques et numériques obte-
nus au niveau de la transition topographique entre le Moyen Pays Himalayen
et la Haute Chaine. Nous les discutons par la suite en termes de variations latérales

cinématiques, géométriques ou érosives.

I HIS chapter presents analytical and numerical results from the physiographic
transition in the Lesser Himalaya. We discuss them in terms of lateral varia-

tions of kinetics, geometry or denudation.
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3.1 Présentation

Le travail sur la coupe nord - sud du Langtang (Népal central) est la base d"un
article de synthese soumis a Geology. Dans cet article, nous montrons a partir de
modélisations directes et inverses que la géométrie des failles majeures du prisme
himalayen contrdle majoritairement la distribution des dges thermochronologiques
a la surface actuelle. La répartition des vitesses sur ces failles joue au second ordre.
Les paragraphes suivants donnent quelques informations complémentaires non dé-
veloppées dans 1’article.

Une partie importante du travail a été 1'obtention des données traces de fission
sur apatite le long de la coupe nord-sud du Langtang. Nous avons échantillonné
des gneiss dans la zone du MCT, des quartzites et des grés dans le Lesser Himalaya.
J’ai ensuite traité ces échantillons du broyage aux datations, ce qui m’a demandé un
peu plus d’une année. La tres grande majorité de ces échantillons ont pu étre datés
sans probleme de matériel ou de concentration initiale en uranium trop faible. Les
résultats bruts sont donnés dans 'annexe A.3.2, et la carte des résultats est dans
l’article suivant. Les ages traces de fission sur apatite sont trés jeunes dans la zone
du MCT (< 1 Ma), puis augmentent régulierement vers le sud sans montrer de
saut, ce qui est fortement compatible avec une cinématique sans méchanisme en
hors-séquence.

Deux relations age-altitude, une au sud de la coupe au niveau du granit de Pa-
lung, située au dessus du plat du MHT, et la seconde au niveau de la transition
physiographique, dans le High Himalaya nous permettent d’estimer respective-
ment, des taux d’exhumations de 0.5 km.My~! et de 4.4 km.My~'. Nous les in-
terpretons en premiere approximation a partir de simples calculs angulaires pour
obtenir un encadrement de la valeur des angles du pendage du MHT. Sous le granit
de Palung, nous estimons le pendage du plat du MHT a 4 — 7°. En revanche, le fort
taux d’exhumation au niveau de la transition physiographique signe une rampe de
pendage 26 — 60°. Cette derniere est mal contrainte a cause d"une surestimation du
taux d’exhumation a cause de la forte topographie (Braun 2002b). Si I’on corrige

de cette topographie en utilisant I'approche de Stuwe et al. (1994) ou Manktelow et
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Grasemann (1997), nous ramenons cette valeur de pendage de la ramp crustale du
MHT a ~ 30°. Ces valeurs sont compatibles avec les données géophysiques.

La Fig. 3.1 donne un apercu de la géométrie et des cinématiques implémentées
dans le modele du Langtang. Cette géométrie a été construite a partir des modéles
établis précédement par Avouac (2003), Bollinger et al. (2006). La Fig. 3.1, dans
laquelle la pente de la rampe émergeant a la surface est de 27°, et de celle se
situant sous le front topographique de 18° représente un des géométries utilisées,
et est représentative de la géométrie générale des modeles.

Dans ces modeles, nous définissons le champ de vitesses dans le repere du

MHT fixe. La vitesse horizontale de convergence totale est de 20 a 21 mm.an~!.

Nous fixons la vitesse d'underthrusting a 15 mm.an—1.

Les questions (liées) qui se posent sont :

1. Les chevauchements sont-ils réactivés ?
2. Quel est le raccourcissement sur chaque chevauchement ?

3. Quel parametres thermiques utiliser ?

Pour mener a bien ces modélisations et afin de contraindre au mieux le champ
de températures, nous utilisons deux systemes thermochronologiques de basses
températures distincts, a savoir, des données traces de fission sur apatites (cette
étude et les données de Copeland, communication personnelle), et des données
20 Ar /% Ar sur muscovites de Rai (1998) (Fig. 3.2).

En résumé, un modeéle sans hors-séquence avec des parametres thermiques rai-
sonnables donnant un gradient de température moyen de 35°C.km ™! est bien cor-
relé avec les dges traces de fission sur apatites. Les ages traces de fission sur apatites
sont trés jeunes au nord du front topographique. Cela s’explique par la présence
de la rampe. En effet, cette présence perturbe fortement les isothermes, en les re-
montant fortement vers la surface. Le rajout d'un chevauchement hors séquence
modifie légérement ce résultat, en augmentant la proportion d’ages tres jeunes : la
zone est plus étendue vers le nord du modele. Un chevauchement hors séquence n’est
pas necessaire pour expliquer la transition dans les dges thermochronologiques observée au

niveau de la transition topographique.
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champ de vitesses associées (en km.My~". Ici, la pente de la rampe du MHT est de 17.8°.

Pour les données brutes, 'article se réfere a un Data Repository Item, qui est

publié dans ce manuscrit dans I'annexe A.3.2.
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ABSTRACT

We study the recent dynamics of the Himalayan orogein central Nepal with the
goal of quantifying the onset of activity and the dformation history recorded by the
different major thrusts. Here, we focus on the pogble reactivation of the footwall of the
MCT, which is marked by a strong topographic transtion. Different tectonic
mechanisms, such as out-of-sequence thrusting or derplating over a major crustal
ramp, have been suggested to explain the morphologynd exhumation patterns in this

area. We present 25 new apatite fission-track (AFThges collected in central Nepal



along a north — south transect from the Langtang Hnal to the active deformation front,
as well as two age-elevation profiles. Ages are aistently < 3 Ma in the MCT zone and
increase continuously in age to 4 - 6 Ma in the sthu The topographic transition does

not correspond to a sharp jump in AFT ages. Apparenexhumation rates from the age-

elevation relationships vary from 0465 km.My™ in the Palung granite south of

Kathmandu to 44%% km.My™ in the MCT zone, although the latter rate is probaly

overestimated by a factor of two due to topographiceffects. As shown by a new
numerical model, these strongly varying exhumatiomates can be explained by a model
of overthrusting over a crustal ramp, which exertsa primary control on age patterns,

and do not require out-of-sequence reactivation ofhtrusts in the MCT zone.

Keywords: Himalaya, Nepal, Main Central Thrust, Tectonicseffhochronology, Numerical

modeling.

INTRODUCTION

The Himalayan orogen is characterized by a nortpidigp southward-propagating,
crustal-scale thrust sequence (Fig. 1). Major tisrdelimit three distinct units that are, from
south to north: the Siwaliks foreland fold-and-thrbsit between the Main Frontal (MFT)
and the Main Boundary (MBT) thrusts; the metasedisi®f the Lesser Himalaya between
the MBT and the Main Central Thrust (MCT); the Gesdflimalayan crystalline thrust sheet
with overlying Tethyan sediments (Gansser, 1964; dut, A975). Geophysical and structural
studies suggest that all major faults in the cérienalaya, including the MFT, MBT and
MCT, branch at depth to a single major mid-crudedollement, the Main Himalayan Thrust

(MHT; Hirn and Sapin, 1984; Zhao et al., 1993; Makgvst al., 1996; Schulte-Pelkum et al.,



2005). The MHT is characterized by a ramp-flat geynerobably with two major ramps.
One is shallow and corresponds to where the faultgagsawrith a dip angle of around 30° at
the surface (MFT). The other is envisaged at migstad depth beneath the sharp topographic
front of the high range with a dip angle to thethaf about 15-30° (Avouac, 2003; Berger et
al., 2004). Ten to thirty kilometres south of th&€€Min central Nepal, a sharp topographic
transition separates a northern high-relief zona atean elevation >3000 m and a southern
zone of more moderate relief at a mean elevatid@0&In (Lavé and Avouac, 2001; Duncan
et al., 2003; Wobus et al., 2003).

Recently, two competing models have been proposedestribe the present-day
kinematics of the Central Nepal Himalaya (Fig. 1).e3é differ principally in their
predictions of which surface-breaking faults accomdate current shortening and what
kinematics drive rapid exhumation in the topograptransition zone around the MCT.
Avouac (2003) and Bollinger et al. (2004; 2006) arthat recent deformation is concentrated
along the MHT and that rapid exhumation in the M@he results from underplating along
the MHT ramp. In contrast, Hodges et al. (2004) ssfygetive out-of-sequence thrusting in
the MCT zone, possibly driven by climatically-casited and strongly localized exhumation
in this area. A jump in detrital thermochronologimd cosmogenic ages across the
topographic transition in central Nepal has beemedgo support the latter model (Wobus et
al., 2005; 2006).

The opposing models predict different upper-crustdlumation paths for rocks in the
Lesser Himalaya and the topographic transition zatgch should be recorded by low- and
medium-temperature thermochronometers such agefiation-track (AFT) and mica Ar-Ar
data (Fig. 1). In particular, the out-of-sequencedel predicts a jump in ages in the MCT
zone (Hodges et al., 2004; Wobus et al., 2006), edwethe underplating model would predict

a gradual decrease in ages across the Lesser Harfately the MBT to the MCT (Bollinger



et al., 2004; 2006). However, due to unfavorablelitgies, little thermochronologic data has
been collected until recently in the Lesser Himalageecluding a clear discrimination
between the two models. Here, we present new apatiorfitrack data from a transect
across the central Nepal Himalaya and combine thefe avforward numerical model in

order to assess the different models.

THERMOCHRONOLOGICAL DATA

Samples were collected along a north-south trarfseet the Langtang Himal to the
Ganga plain in central Nepal (Fig. 2). In this atb& MCT forms a large klippe of Greater
Himalayan rocks, the Kathmandu klippe (Upreti, 199)e central part of the klippe is
intruded by the Ordovician Palung granite, which wamsadn target for our sampling. In the
half-window of Lesser Himalayan sequences to the nash of the Kathmandu klippe, we
targeted quartzites and sandstones of the Lower Na#vtoup as well as the Ulleri gneiss
(Upreti, 1999) for sampling. Two age-elevation pedilwere collected; one within the
topographic transition zone from the Trisuli Rivalley at Dunche up Gosainkund mountain,
with sample elevations spanning 1780-4500 m; anathttre Palung granite between 770 and
2500 m elevation.

Details on sample processing and the data reparttdsi paper are provided in the Data
Repository. An AFT-age transect shows a continuous trend (Figwih ages younging
nearly linearly from the MBT to the MCT (with the@sption of two young AFT ages at low
elevations in the Palung granite south of Kathmanditg northernmost samples from the
MCT zone are consistently very young (<3 Ma) anchgarable to data collected from further

west (Blythe et al., 2007). This trend crosses tpographic transition and the MCT zone

Y A data repository item, Apatite fission-track déram the central Nepal Himalaya, is submitted witis
manuscript



without a significant jump in ages. Mica Ar—Ar datarfr the same region (Arita et al., 1997,
Rai, 1998; Bollinger et al., 2004), although lepatmlly extensive as the AFT data reported
here, show the same pattern (Fig. 2).

The two age-elevation profiles are shown in Fig.rBtHe Palung granite, ages vary

from 2.1+1.0 Ma at 770 m to 6.5£0.6 Ma at 2360 ewvation. Weighted linear regression on

these data suggests an exhumation rate046'5. km.My™. In contrast, ages from the

Gosainkund profile only vary between 1.2+0.4 and @.6#Ma, suggesting an exhumation

rate an order of magnitude higher, 44";® km.My™. However, at such high rates of

exhumation, topographic disturbance of the closisetherm may lead to seriously
overestimating exhumation rates from age-elevatiekationships (Stiwe et al., 1994;
Manktelow and Grasemann, 1997; Braun, 2002; Ehlé€d85R This overestimate can be
quantified as (Braun, 2002):

dh_ e
da (@1-a)

Wheredh/dais the apparent age-elevation relationsléis, the “real” exhumation rate, amd

is the vertical deflection of the closure tempemtisotherm relative to the amplitude of the
surface topographyy varies from 0 (no deflection of the isotherm) t¢tHe isotherm follows
the surface topography).

We have estimated for the AFT closure isotherm of 110+10 °C usinghbthe
methods of Stiwe et al.(1994) and Manktelow and Grasani1997; cf. Braun et al., 2006
for a review), using topographic wavelengths (~30 kamd amplitudes (~3 km) that
characterize the Gosainkund (Langtang Himal) samgieg. In both cases, we find that
0.5, so that we should expect to overestimate exhomaates by approximately 100%;
“real” exhumation rates for the Gosainkund profite thus probably in the order of 2.0-2.5

km.My™.



We use a simple geometric model (Fig. 3) to tds¢thver these large differences in
exhumation rate are compatible with overthrustingaairustal ramp. We assume a ramp and
flat geometry for the MHT and estimate the angleshefflat and ramp that are required to
explain these differences. Previous thermo-kinatnatdels (Bollinger et al., 2006; Brewer
and Burbank, 2006; Wobus et al., 2006; Whipp et2007) have shown that, in order to
explain the AFT and mica Ar-Ar ages observed in th€TMzone, the ~21 km.My
convergence rate accommodated by the central Himdlegvé and Avouac, 2000; Mugnier
et al., 2004) should be partitioned into 5-6 kmMgf Himalayan overthrusting over the
MHT and ~15 km.My of underthrusting of the Indian plate (see alschd®b et al.,
submitted). The rate of overthrusting ¢an be simply linked to the exhumation rate through
the detachment angl@) tan@ = ¢é/v (Fig. 3). Applying this approach to the exhumatiater
inferred for the Palung granite suggests a detanhmip below the Lesser Himalaya and
Kathmandu Klippe of 5.2+1.6°, in good agreement wédrlier estimates from elastic

dislocation modelling of the present-day displacettield (Larson et al., 1999; Berger et al.,
2004). When taking the exhumation rate 4&4";2 km.My™* from the Gosainkund profile at

face value, this would imply a ramp angle of 44+1@3ly just overlapping with the highest

estimates from geophysical and geodetic data (Ax,02@03; Berger et al., 2004). However,
when taking into account their probable 100% overedton, the exhumation rate recorded
by the Gosainkund profile is compatible with a rampla of ~22°, exactly within the range

(15-30°) of allowable ramp angles from the geophaisimd geodetic data. We thus conclude
that the spatial pattern of thermochronologic aged inferred exhumation rates do not
require out-of-sequence thrusting in the MCT zom¢ ¢an be explained by a model of

overthrusting on a crustal ramp.



NUMERICAL MODEL

The topographic perturbation taken into accourthamabove analysis assumes vertical
exhumation whereas the geometric model we use impigigy oblique particle trajectories,
which may strongly affect inferred exhumation rafesm age-elevation profiles (e.g.,
Huntington et al., 2007). Although the effect shobddlimited in the Palung profile because
of relatively low exhumation rates and limited r&liend in the Gosainkund profile because it
was sampled orthogonal to the tectonic transpoection (Huntington et al., 2007), we use a
numerical model to study the relationship betweenctiire, kinematics and exhumation rate
more quantitatively.

We use a modified version of PECUBE (Braun, 2003)jn#e-element code that
predicts the thermal structure in a crustal blodleched by vertical and/or horizontal
advection. New features in the code include the pmation of faults and associated
kinematics, assuming vertical shear. Thermochragicéd ages are predicted by combining
predicted cooling paths of rocks currently at theface and a forward model of AFT
annealing (Stephenson et al., 2006), assuming \sttate topography for the models
presented here. Thermal parameters are describ@dhbile 1. The input geometry for the
numerical model is based on the crustal-scale €gesson proposed by Avouac (2003; Fig.
3). The model is run for 10 My in order to preddd¥ T ages up to this age. The MBT is active
from 10 to 3 Ma and the MFT from 3 Ma to the prdaséfhe total overthrusting and
underthrusting velocity on the MHT are 6 km.Mgnd 15 km.M§} respectivelyFig. 4).

The model predicts a region of very young (<2 M&TAages overlying the MHT ramp
(Fig. 4), where the vertical component of motionctess 2.2 km.My. Ages increase both to

the north and the south of this zone, until reagtman-reset zones at both edges of the model.



Model exhumation rates above the southern flaDa&ekm.My". The AFT ages predicted by
the model compare very favorably with observed abeth when comparing the spatial
pattern in a north-south transect across the deHtraalaya, and when comparing the two

age-elevation profiles.

CONCLUSIONS

An AFT-age transect through central Nepal shows airmomiis younging trend from the
Lesser Himalaya through the topographic transitiod the MCT zone, and therefore no
direct evidence for out-of-sequence thrusting i@ kitter area. Two age-elevation profiles,
one from the topographic transition zone of higliefeabove the MHT ramp and the other
from the Kathmandu klippe above the southern flathef MHT, show apparent exhumation
rates that vary by an order of magnitude. Howeveemtaking topographic perturbation of
isotherms into account, these exhumation ratesa@isistent with overthrusting at a constant
rate of 5-6 km.My} over a ~20° dipping crustal ramp and a ~5° detactimespectively, in
accord with independent geophysical and geodetia danhstraining the geometry of the
MHT. A numerical thermo-kinematic model shows thathbifite spatial pattern of AFT ages
and the age-elevation relationships are well fitbtgdsuch a scenario. Therefore, the new
thermochronologic dataset that we sampled througtheutesser Himalaya with the specific
objective to test the various kinematic models peagl for the central Nepal Himalaya, do
not require out-of-sequence reactivation of a thiushe MCT zone. This does not, however,
mean that they are incompatible with it. In a sejgantribution, we will use a formal
inversion approach together with our numerical madebrder to address this question

further.
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TABLE AND FIGURE CAPTIONS

Table 1. Thermal parameters assumed for the numerical mdthelse values lead to a 32

°C.km* stable geothermal gradient.

Figure 1. Two schematic scenarios suggested for the centnalaldiya (modified from

Hodges et al., 2004) with the expected thermochrgicdd age trends. A: In the model of
Avouac (2003), shortening is concentrated on thenMdimalayan Thrust (MHT), which

includes a crustal ramp below the High Himalaya. Etquedigh- and low-temperature
thermochronologic age trends should show continyousging toward the MCT zone and
the topographic transition. B: In the model of Hoslged co-workers (e.g., Hodges et al.,
2004), out-of-sequence faulting occurs in the M@he Both high- and low-temperature
thermochronologic age trends should present a jatpe topographic transition / the MCT

Zone.

Figure 2. A: Location of samples collected along a north-Botmansect along the Trisuli
River and across the Mahabarat Range, from the thaggHimal to the Ganga plain in
Central Nepal. Apatite fission-track (AFT) ages ardi¢dated. B: AFT (squares: this study;
circles: data from P. Copeland reported by Bollingfeal., 2006) and mica Ar/Ar (Arita et al.,

1997; Rai, 1998; Bollinger et al., 2004) age tratseplotted as a function of latitude. The
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relationship to the major structures of the centtethalaya is indicated by the crustal-scale

cross-section (modified from Bollinger et al., 2004

Figure 3. Palung and Gosainkund age-elevation profiles planetheir kinematic context.
Straight line is weighted linear regression usirg riiethod of Williamson (1968); envelopes
show 95% confidence limits on age-elevation relaiop. AER: apparent exhumation rate.
Lower plot shows inferred kinematics and how we deftegndetachment slope from these
data;v is the overthrusting velocityy the detachment anglq for the frontal flat;0 for the
ramp) andéthe erosion rate. Value for ramp dip in parenthésless the apparent exhumation

rate from the Gosainkund profile without correcting topographic effects.

Figure 4. (A) Forward-model geometry showing the modeled MHT gdetkinematics and

predicted thermal structure and thermochronologiege pattern at the surface. B:
Comparison between measured and predicted AFT algéiedpas a function of latitude. C:
comparison between observed and predicted agetielev@lationships for the Palung and

the Gosainkund profiles.
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Parameter Value

Basal temperature 850 °C
Heat production 7.5 °C.M¥y
Thermal diffusivity 25 krAMy™
Temperature at =0 20 °C
Atmospheric lapse rate 6 °C.Km

Table 1,Robert et alGeology.
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3.2. Assessing quaternary reactivation of the Main Central Thrust Zone (central Nepal

Himalaya) : New thermochronologic data and numerical modeling

131

Transition

Cette méthodologie (thermochronologie de basses températures couplée a des
modeles numériques) permet d’appuyer des modeles cinématiques cohérents sur
des orogenes. Nous avons travaillé ici sur des données issues de roches pluto-
niques ou sédimentaires fortement métamorphisées. L'histoire thermique et donc
cinématique de ces objets ne peut étre contrainte que pour la derniére phase de
leur histoire.

Nous avons montré qu'un des éléments majeurs pour expliquer la répartition
des ages thermochronologiques a la surface actuelle est la géométrie des failles
crustales du prisme himalayen. Les résultats que nous obtenons est ici pour le Né-
pal central. Or, si nous mettons en vis a vis nos données avec d’autres données
himalayennes, mais soit plus a 'ouest, soit plus a 1'est, nous observons une va-
riation latérale significative. Dans la partie suivante, nous démontrons que nous

pouvons les interpréter en terme de variations latérales géométriques.






VARIATIONS LATERALES DE LA

GEOMETRIE DU MAIN HIMALAYAN
THRUST
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DANS ce chapitre, nous présentons les résultats analytiques et numériques laté-
ralement le long de la chaine himalayenne, ce que nous discuterons en termes
de variations latérales cinématiques et géométriques du Main Himalayan Thrust.

Nous comparerons ces résultats aux variations connues climatiques et érosives.

I HIs chapter presents analytical and numerical results along strike of the Hima-
layan range in terms of lateral variations of kinetics and geometry of the Main
Himalayan Thrust. We compare the results to the known variations in climate and

erosion.

133






4.1. Variabilité le long de la chaine himalayenne
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4.1 Variabilité le long de la chaine himalayenne

Des études topographiques (Duncan et al. 2003), climatiques (Bookhagen et al.
2005, Bookhagen et Burbank 2006), géologiques et géophysiques (Hauck et al. 1998)
mettent en évidence une variation conséquente de ces observables d’est en ouest.
En effet, Duncan et al. (2003) montrent que le saut topographique dans le moyen
pays au Népal central est inexistant en Himalaya de l'est. De plus, la distribution
des précipitations varie d’est en ouest. Parallélement, la proportion de Lesser Hi-
malaya a l’affleurement est plus importante a I'ouest qu’a I’est, ce qui est inverse au
cas de l'affleurement des séquences du High Himalaya. Hauck et al. (1998) mettent
en évidence par des techniques d’imagerie sismique que la rampe située au Népal
central n’est pas localisée au méme endroit en Himalaya de 1’est, et qu’elle est bien
moins prononcée.

Nous avons montré au chapitre précédent par I'étude de la géométrie et de la
cinématique du Népal central, le role important des marqueurs thermochronolo-
giques de basses températures dans la contrainte de ces parameétres. C’est pour-
quoi, en parallele aux données de la coupe du Langtang, nous avons aussi effectué
un profil nord - sud, du High Himalaya aux Siwaliks, au niveau des Annapurnas
au Népal. Nous avons choisi cette coupe car aucune donnée n’existait dans la partie
sud de la vallée de la Kali Gandaki, alors qu'une base de données conséquente a été
publiée dans le Haut Himalaya de la Marsyandi (Burbank et al. 2003, Blythe et al.
2007). J'ai traité ces échantillons grace a la méthode du chapitre 2. De nombreux
échantillons possédent soit des apatites opaques en microscopie (impossibilité de
compter le nombre de traces spontannées), soit des apatites tres pauvres en ura-
nium (densité de traces induites extremement faible). Les lithologies concernées
sont principalement des quartzites trés blanches et homogenes. Il en résulte que
seulement 4 échantillons sur 30 ont pu étre datés.

L’acquisition de ces données et la comparaison avec les données bibliogra-
phiques du Népal central (Arita et al. (1997), Rai (1998), Burbank et al. (2003),
Blythe et al. (2007) Fig. 3.2 et Fig. 4.1) et a en Himalaya de l'est (Grujic et al.
(2006) et Fig. 4.2) nous permet de discuter de la cylindricité de la chaine hima-

layenne actuellement, et des variations latérales de sa tectonique récente, ce qui
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est la problématique de l'article qui suit en partie 4.2. De maniére a comparer les
différentes coupes, il est necessaire de projeter les dges thermochronologiques de
chaque zone étudiée sur un profil fictif perpendiculaire au MFT, respectivement
proche des points analysés.

Des modélisations inverses ont aussi été effectuées en suivant la méthode pré-
sentée dans la partie 2 sur la zone des Annapurnas/Kali Gandaki, et sur la zone du
Bhoutan. Dans ces modélisations, j'ai limité la recherche de parameétres sur la géo-
métrie du MHT dans chaque zone. Les parametres recherchés sont les parametres
thermiques (Production de chaleur et température a la base du modele), et les posi-
tions (latérale et verticale) de points définissant la géométrie de la rampe profonde
du MHT. Pour les trois zones, la valeur des parametres thermiques sont proches,
alors que la valeur des angles varient d’ouest en est. La géométrie du MHT trouvée
par les inversions des données thermochronologiques est, pour chaque modele, du

méme ordre de grandeur avec les interprétations des données de terrain.

4.2 How cylindrical is the Main Himalayan Thrust?
Insights into the controls on lateral variations in
exhumation rates from low-temperature thermo-
chronology and numerical modeling
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Abstract

The Himalayan range is commonly presented as adndial structure from west to
east. However, geological structure, topographggipitation rate, convergence rates and low
— temperature thermochronological ages all vargiaantly along strike. Here, we focus on
the interpretation of thermochronological datasetserms of cylindricity in geometry and
kinematics of the MHT along the Himalayan range. Yéport new apatite fission-track
(AFT) ages collected along north-south transectgastern- and eastern-central Nepal (at the
latitudes of the Annapurna and Langtang massifpeetively). AFT ages are consistently
young (< 3 Ma) along both N-S transects in the Mt@he and increase (4 to 6 Ma) toward
the south in the Lesser Himalaya. We compare owr daeta to published low-temperature
thermochronological datasets for Nepal and the &hutimalaya. We use these data to
perform both forward and inverse thermal-kinematmdeling with a modified version of the
Pecubecode, in order to constrain potential along-stiiegiations in the kinematics of the
Himalayan range. Our results show that lateral atimms in geometry of the MHT (in
particular the presence or absence of a major ratiphgly control the kinematics and

exhumation history of the orogen.

Keywords: Himalaya, Nepal, Bhutan, Main Himalayan Thrust,a&eation, Tectonics,

Thermochronology, Numerical modeling.

1. Introduction

The high elevation of active convergent mountailtshis driven by a balance between
the tectonic processes that create topographywaface processes that erase it. The system is

dynamic, with feedbacks that tend to drive orogesystems toward steady statedpms



1980; Jamieson and Beaumoni988; Willett and Brandon 2002]. Because of its rapid
convergence and exhumation rates, the Himalayageargrovides an excellent natural
laboratory to study evolving orogenic systems aralmtain building processes. Numerous
balanced cross-sections have been constructed féo ihe geological structure of the
Himalaya and to develop scenarios for its kinemdé&eelopment [e.gSchelling and Arita
1991; DeCelles et al. 2001; Yin, 2006] and its deep structure is known throughessv
geophysical experiments [e.glirn and Sapin1984;Zhao et al, 1993;Schulte-Pelkum et al.
2005]. During the last twenty years, thermochronigiaigdatasets have been published that
constrain exhumation rates and pathways along akewemsects across the range [e.g.,
Copeland et a).1991;Catlos et al. 2001;Bollinger et al, 2004;Thiede et al.2004;Vannay

et al, 2004;Gruijic et al, 2006].

The Himalayan orogen (Figure 1) is classically iader®ed as a cylindrical structure
from west to east [e.gGansser1964;Le Fort, 1975;Yin and Harrison 2000; c.f.Yin, 2006
for a recent review]. Its structure commonly ddsedi as a north-dipping, southward-
propagating, crustal-scale thrust sequeti@angser 1964;Le Fort, 1975;Yin and Harrison
2000]. Recently, emphasis has been laid on poteniteof-sequence reactivation of the more
internal part of the belt{odges et a).2004;Wobus et a).2005], possibly controlled by rapid
recent erosion rateJliede et al.2004] and linked to crustal “channel flonBg¢aumont et

al., 2001;Hodges et a).2001;Grujic et al, 2002].

In contrast to the general two-dimensional vievih&f Himalaya, topography and relief
[Duncan et al. 2003; Bookhagen and Burbank?006], precipitation rates and patterns
[Bookhagen et gl.2005; Bookhagen and Burbank2006; Grujic et al, 2006], orogen

structure Yin, 2006] and convergence ratésfson et al. 1999;Paul et al, 2001] all vary



significantly from west to east, showing that thamklayan range is not cylindrical when
studied in a minimum of detail. Whether climaticdgraeters, tectonic forcing or pre-existing
structures control these lateral variations remaiggiestion, which is not easy to answer due
to the coupled nature of these potential forcincapeeters. Topography drives variations in
climate and erosion rateMpntgomery and Brander2002;Roe 2005], and tectonics drives
topography. Erosion rate depends on relief, elewatind rainfall [e.g.Summerfield and
Hulton, 1994;Hovius 1998;Burbank 2002] and directly influences topography andaeicis
[Willett, 1999;Stolar et al, 2007]. A better understanding of the lateral isppafariations in
kinematics and exhumation rates is thus requiredesmlve the fundamental controls on
topography and erosion in the Himalaya, and may pisvide more general insight into the

coupling mechanisms between crustal-scale geonwtrgen tectonics, climate and erosion.

To address this question, we employ both forwardiamerse numerical modeling, using
a newly developed thermo-kinematic model, in oreexplain observed patterns of low-
temperature thermochronological ages (mainly apafission-track; AFT) along three
transects across western-central Nepal, easterrat&fgpal and Bhutan. The upper crustal
thermal structure is strongly affected by orogemekiatics, fault geometry, surface processes
and topography [e.gEhlers 2005;Braun et al, 2006; Reiners and Brandgr2006]; these
processes are thus recorded by the time — temperatdepth history of exhumed rocks. In
optimal conditions, low-temperature thermochronagnatiows constraining the temperature
field and rock exhumation paths through its reaafrthe time-temperature history. However,
in a highly complex and dynamic system such asHimealayan orogen, characterized by
spatially and temporally variable and non-vertipalticle paths and a strong influence of
topography on the upper crustal thermal structuueperical models are essential in order to

extract meaningful information from thermochronatodata Braun et al, 2006].



In the following, we first review the geologic stture, kinematics, topography and
climate of the central and eastern Himalaya, fowsin both recent controversies and lateral
variations. We then present the AFT data, combimingown data with published datasets,
and the numerical model that forms the basis far shildy. We show inverse model results

that constrain the crustal geometry and kinematasgethe three studied transects.

We show that, for the transect in central Nepal, rehibe recent kinematics of the belt
have been strongly disputed in recent yeasolia¢ 2003;Bollinger et al, 2004;Hodges et
al., 2004; Jamieson et al.2004; Bollinger et al, 2006; Wobus et aJ). 2006], the low-
temperature thermochronology data do not havecsesfi resolution to discriminate between
different kinematic models for the Quaternary etiolu of the belt. However, they do
constrain very well the geometry of the Main Hinyala Thrust [the crustal-scale detachment
underlying the orogenHirn and Sapin 1984; Zhao et al. 1993; Makovsky et al.1996;
Schulte-Pelkum et al2005]. The results from the other two transedtglfght important
along-strike variations in this geometry, whichsisown to exert a first-order control on
exhumation rates. Our synthesis of exhumation irHinealayan orogen allows us to propose

a geometric and kinematic model for its recent etioh.

2. Tectonic and Morphologic Setting

2.1. Geological Structure of the Himalaya
The Himalayan orogen is characterized by a sefiesxth-dipping crustal-scale faults
that delimit four distinct tectonic unitd.¢ Fort 1975;Hodges 2000; Yin and Harrison

2000], which can be followed along its 2500 km kn@-igure 1). The northernmost Tethyan



Himalayan zone consists of Cambrian to Eocene sadamy to low-grade metamorphic
rocks. It is separated from the structurally unged Higher (or Greater) Himalaya by the
extensional Southern Tibetan Detachment System §BDrchfiel et al, 1992]. The Higher
Himalaya crystalline thrust sheet consists of hgghde metamorphic rocks, with abundant
evidence for partial melting, and overthrusts thdarlying Lesser Himalaya along the Main
Central Thrust (MCT). Precise dating of the acyivf the STDS and MCT has shown that
they were active simultaneously during the Earlypdéine [around 22 — 18 MBurchfiel et
al., 1992; Hodges et al. 1996], giving rise to the “channel-flow” model ektrusion of
partially molten Higher Himalayan middle crust froonder the overthickened Tibetan

Plateau Beaumont et a/2001;Hodges et a).2001;Grujic et al, 2002].

The Lesser Himalaya forms a complex structural ekplith several major internal
thrusts Bchelling and Arital1991;DeCelles et a).2001]. In Nepal, these indicate a forward-
propagating sequence that initiated after cessatfoactivity on the MCT. Thrusts in the
internal Lesser Himalayas of western Nepal arevadietween ~12 and 15 MB¢Celles et
al., 2001;Robinson et al.2006] and the Lesser Himalayan duplex was biuiltes~10 Ma
[DeCelles et al.2001;Huyghe et al. 2005; Robinson et al.2006]. The Lesser Himalaya
varies strongly in width along strike, due to theesence or absence of a lid of Higher
Himalayan rocks that have overthrusted the Lessmatdya up to 150 km southward of the
general trace of the MCT and that form a serigsrofminent klippen in Nepa§chelling and
Arita, 1991;Upreti and Le Fort 1999;DeCelles et a).2001;Grujic et al, 2002;Yin, 2006].

In the eastern Himalaya, Lesser Himalayan tectetrigctures are similar, but the unit has
been reduced to a narrow width and has been syrateggbrmed in the Bhutan Himalaya

[Gansser1983;Bhargava 1995].



The Lesser Himalaya overthrusts the Sub-Himalay@iwalik thrust belt, composed of
Mio-Pliocene syn-tectonic clastic deposits, alohg Main Boundary Thrust (MBT). In the
western and central Himalaya, the MBT was activeuad 5 Ma Meigs et al. 1995;
DeCelles et al. 2001; Huyghe et al. 2001]. The Siwaliks form a wide and structurally
complex zone in the western Himalaya [eRpwers et al. 1998;Mugnier et al, 1999], but
are composed of a single discontinuous thrust sbieearrow width in BhutanGansser
1983; Lakshminarayana and Singh995]. The Siwaliks overthrust the Ganges pldim@

the currently active Main Frontal Thrust (MFT).

Geophysical and structural studies suggest thathallmajor thrusts in the Himalaya,
including the MFT, MBT and MCT, branch at depth amsingle major shear zone and mid-
crustal décollement, the Main Himalayan Thrust [MHHirn and Sapin 1984;Zhao et al.
1993; Makovsky et aJ.1996;Avouac 2003;Schulte-Pelkum et al2005]. In Nepal, where it
is best studied, geophysical and structural dadavghat the MHT is characterized by a ramp
and flat geometry with two major ramps. The front@inp is shallow and corresponds to
where the fault emerges with a dip angle around &0the surface (MFT). The other is
envisaged at mid-crustal depth beneath the shaggtaphic front of the high rangaJouag
2003]. Geophysical data from central Nepatéronnier et a). 1999; Pandey et a). 1999]
suggest a dip angle of ~15° for the mid-crustal pamechanical modelling based on the
present-day displacement field measured by GPSegsirBerger et al. 2004] suggests a

somewhat higher dip of ~30°.

From a detailed analysis of GPS daBmrger et al.[2004] have proposed that the
detachment is segmented and the crustal ramp nroreoynced in central Nepal than in

western Nepal, in accord with balanced structurabssections based on surface geology



[DeCelles et a).2001;Mugnier et al, 2004]. Similarly, drainage patternsah der Beek et al.
2002] and present-day displacement ratesrdon et al. 1999] suggest that the southern,
shallow flat segment is steeper in western Nepah ih Central Nepal. In Bhutan, the deep
fault structure is poorly known because of a latkg@ophysical studiesdauck et al[1998]
present a crustal transect from deep reflectiosnsiei profiling of the Himalayan orogen at
~90 °E. Combined with published geological crosstieas they suggest a major lateral
change in geometry to occur along the “Yadong estagcture” Burchfiel et al, 1992],
which underlies a major left-lateral offset in thrain Himalayan structures and topography
roughly along the Sikkim-Bhutan border. To the weskthis structure, the MHT shows a
crustal ramp underlying the MCT zone, similar tatcal Nepal, whereas to the east, the MHT
appears to dip more shallowly and contains a drustap much further to the north,

underneath the Tethyan Himalayan zone.

2.2. Topographic and Climatic Variability

The topography of the Himalaya varies strongly gl@trike Duncan et al. 2003;
Bookhagen and Burbank006]. Figure 2 presents a digital elevation nhd@EM) and
elevation profiles through Nepal and Bhutan perpmidr to the major structures,
constructed from Shuttle Radar Topography Miss®RTM) data. In both Nepal and Bhutan,
the distance from the deformation front (MFT), wélevations near sea level, to the range
crest, with elevations >7000 m, is 130-150 km. Tappbic profiles in central Nepal are
strongly concave; the mean topography in the Leldgmalaya rises to only 2000 m at ~100
km north of the MFT, before rising to close to 7000n the next 30-50 km. There thus exists
a sharp physiographic transition 10 to 30 kilometsouth of the MCT in central Nepal
[Seeber and GornitA983;Lavé and Avouga2001;Duncan et al.2003;Wobus et a).2003],

which is situated above the deep crustal ramp@MRT. This physiographic transition has



been interpreted in different ways, related to kinieematic models proposed for the central
Himalaya Lavé and Avoua2001;Avouac 2003;Wobus et a).2003;Bollinger et al, 2004;

Hodges et a).2004;Wobus et a).2005; see discussion below].

As previously shown bpuncan et al[2003] andBookhagen and Burbank2006], the
morphology is very different in the eastern (Bhiteimalaya. There, the topography shows
an almost straight to slightly convex taper. Consedjy, the topography rises more steeply
from the deformation front and the 2000-m elevationtour is reached within 50 km from

the front, whereas the rise to the high peaks ishrmiore gradual than in Nepal.

Bookhagen and Burbank[2006] combine their topographic analysis withttefidie
precipitation data to show two distinct precipibatimaxima along strike in the Himalaya. An
outer, continuous band occurs along the southege exf the Lesser Himalaya, where
elevations reach ~1000 m. A second band occursenhestrong physiographic transition
from the Lesser to the Higher Himalaya exists asdthus discontinuous in strike,
disappearing to the east. Previous studies havealey two more general Himalayan
precipitation gradients: a strong orographic gnadiacross the belt, with precipitation
decreasing from over 3000 mrit.yand locally up to 10,000 mmtyon the southern flank to
<200 mm.y* on the Tibetan Platea®pe 2005;Anders et al.2006], as well as an east-west
overall decrease in precipitatioBdokhagen et gl.2005], due to the fact that the major
moisture source for monsoon precipitation, the B&yBengal, lies to the southeast of the

Himalayan belt.



2.3. Kinematics of the Himalaya

GPS measurement8ilham et al, 1997;Larson et al. 1999; Jouanne et al.2004]
constrain present-day convergence rates acrosHlithalaya at 18+3 mm3; They show a
west-to-east increase in convergence rate, queditptconsistent with the location of the
India-Eurasia rotation pole to the west of theismh zone [arson et al. 1999;Paul et al,
2001]. The present-day rates are similar to Halecshortening rates across the MFT in
Nepal of 14-21 km.My from folded and uplifted river terracekavé and Avouac2000;
Mugpnier et al, 2004], as well as to Quaternary shortening ratess Siwaliks [~19 km.M¥;
Mugnier et al, 2004] and Mio-Pliocene shortening rates acrossL#ésser Himalaya [19-22
km.My™; DeCelles et a).2001]. The similarity of rates on different tinsates suggests that
the Himalayan orogen has absorbed India-Eurasiaecgance and propagated toward the

Indian continent at steady rates since mid-Miodénes Mugnier and Huyghe2006].

In a reference frame attached to the MHT, this eogence is partitioned into
underthrusting of the Indian plate and overthrgstif the Himalayan orogen [cRobert et
al., “Kinematic models of the central Himalaya: Atiwél evaluation”, manuscript submitted
to Earth and Planetary Science Lettelereafter referred to aRkbbert et al submitted (a)”
for a more detailed discussion]. Several authBdlinger et al, 2006;Brewer and Burbank
2006; Whipp et al. 2007] have shown that available thermochronokdgdata for central
Nepal limit overthrusting velocities to 5-6 km.Myince ~10 Ma, implying underthrusting of
India (or underplating and forward propagation lef Himalayan thrust wedge) at a rate of

~15 km.My" since that time.

Recently, two competing models have been proposedetscribe the present-day

kinematics of the central Nepal Himalaya (FigureaBd explain the sharp physiographic
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transition. These differ principally in their pretdons of which surface-breaking faults
accommodate current shortening and what kinematitge rapid exhumation in the
topographic transition zone around the MCARAvouac[2003] andBollinger et al [2004;
2006] argue that recent deformation is concentraleulg the MHT, generating major (M >8)
earthquakes on this thrust, and that rapid exhwmati the MCT zone results from combined
underplating and overthrusting along the MHT rarmpcontrast,Wobus et al[2003] and
Hodges et al[2004] suggest active Quaternary out-of-sequehnesting in the MCT zone,
possibly driven by strongly localized climaticaltgntrolled exhumation in this area. A jump
in detrital thermochronologic and cosmogenic agesss the topographic transition in central
Nepal has been argued to support the latter mddeb(is et a).2005; 2006]. A link between
such reactivation and crustal-scale channel flow Ibeen suggestedipdges et al. 2001;

2004] but the exact mechanism envisaged remairsamr|cf. Robert et al submitted (a)].

3. Thermochronologic Data

3.1. Existing Datasets and Sampling Strategy

We use new apatite fission-track (AFT) data andtexg AFT and mica Ar-Ar ages,
together with numerical modeling to constrain tle®metry and kinematics of major faults
along three north-south transects through the akaibd eastern Himalaya. A major obstacle
to obtaining thermochronologic datasets acros®titiee Himalayan orogen is formed by the
unfavorable lithologies of the Lesser Himalaya, eithconsists mainly of fine-grained pelitic
rocks with low degrees of metamorphism. We havesehathree areas where it is either
possible to obtain AFT data or where extensive femperature thermochronologic data
already exist. These are, from west to east (Figa)ethe Annapurna region in west-central

Nepal, the Langtang-Kathmandu region in east-ceNepal and the Bhutan Himalaya.
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We have collected samples for AFT thermochronomationg two transects across the
range: in west-central Nepal from the MCT zone gltire Kali Gandaki valley (Annapurna
massif) to the MBT at Buthwal; and in east-centiapal from the MCT zone along the
Trisuli River (Langtang Himal) across the Kathmardippe to the MBT at Hetauda. We
concentrated our sampling on the Lesser Himalayatter reasons outlined above. Our
sampling strategy consisted of trying to obtairramgect from the MBT northward to and
across the MCT zone, as well as local age-elevaiiofiles sampled orthogonally to the
tectonic transport direction in order to limit conegktions due to non-vertical particle paths
[e.g., Huntington et al. 2007]. We targeted quartzites of the Kusma, Knasand Naurpul
formations [Proterozoic Nawakot Grouppreti, 1999] as well as the ~1830 MadCelles et
al., 2000] Ulleri gneiss and the OligocereelCelles et a). 1998] Dumri formation in the
Lesser Himalaya. In the Langtang transect, we éxpte fact that the transect crosses the
Higher Himalayan crystalline Kathmandu klippe taongpde the OrdovicianGehrels et al.

2006] Palung granite intruded into it.

Twenty-seven new AFT ages from the Langtang-Hetatatesect, including two age-
elevation profiles at Mount Gosainkund in the MGIne (Langtang Himal) and through the
Palung granite, are reported Bgbert et al[“Assessing Quaternary reactivation of the Main
Central Thrust zone (central Nepal Himalaya): Néerinochronologic data and numerical
modeling”, manuscript submitted €@eology hereafter referred to &obert et al submitted
(b)]. We sampled and processed sixteen furtherplmmalong the Annapurna-Buthwal
transect, including an age-elevation profile at f@pani Hill (Lesser Himalaya in the
topographic transition zone just south of the Anmap massif). However, twelve of these
samples, mostly from the Lesser Himalaya, could betdated. The majority of undatable

samples are white quartzites from the Nawakot Gradpch either do not contain sufficient
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apatite, or apatite that is so poor in Uranium thatspontaneous or induced fission tracks

were recorded. For completeness, all samples pogtesl in Table 1.

We complete our database for the Annapurna-Butlhanabect with extensive AFT data
from the Marsyandi valley ~50 km to the edtifbank et al.2003;Blythe et al. 2007]. This
database contains 82 AFT ages and several agdiefeyaofiles, which were, however,
exclusively sampled in Higher Himalayan crystallinecks. For the Langtang-Hetauda
transect, we complete our AFT data with mica Ardata fromArita et al.[1997], Rai [1998]
andBollinger et al.[2004], as well as a few unpublished AFT agesiaobthby P. Copeland
and reported irBollinger et al.[2006]. Finally, we include an extensive AFT dataBom
Bhutan [Grujic et al, 2006] comprising 45 AFT ages, again all from Higher Himalayan
crystalline series, in our analysis. The differantth-south transects through the Himalayan

range are compared by projecting each transectooofite normal to the MFT (Figure 4).

3.2. AFT age patterns

The most continuous age trend has been obtainethéot angtang-Hetauda transect.
AFT ages plotted as a function of distance to tHeETMhows a continuous trend, in which
ages young continuously and nearly linearly from M&T to the MCT. The northernmost
samples, from the MCT zone in Langtang, are vemyngo<3 Ma), indicating strong local
exhumation. This trend crosses the topographicsitian and the MCT zone without a
significant jump in ages. IRobert etal. [submitted (b)], we discuss the interpretatidrine
data from this transect, including two age-elevatirofiles, in detail. An age-elevation
profile from the Palung granite (Kathmandu klippe the Lesser Himalaya) shows an
exhumation rate of 0.5+0.1 km.MyIn contrast, an age-elevation profile from the Mdne

(Gosainkund Mountain) suggests an apparent exhamedie an order of magnitude higher,

13



at 44778 km.My™*, comparable with strike-parallel age-elevationtieteships observed in the

Marsyandi areaHlythe et al. 2007]. However, at such high rates of exhumatiopographic
disturbance of the closure isotherm may lead tmssly overestimating exhumation rates
from age-elevation relationshipStiiwe et a). 1994; Manktelow and Grasemanrl997;
Braun 2002;Ehlers 2005]; we estimate “real” exhumation rates for @msainkund profile
to be in the order of 2.0-2.5 km.My[Robert et al submitted (b)]. These exhumation rates
are consistent with overthrusting at a rate of 5¥6My ™ over a ~20° dipping crustal ramp in
the MCT zone and a ~5° dipping flat for the Palgngnite. Thus, the data from the Langtang
transect do not appear to require active out-ofisege thrusting in the MCT zone or the
topographic transition and are compatible with thenp-flat geometry of the MHT as
constrained by independent geophysical and geodat& as described in Section 2.1. We

will assess this assertion by numerical modelin§ention 4.2.

The age pattern for the Annapurna-Buthwal traniseletss well constrained than that for
the Langtang transect because of a lack of dattaeihesser Himalaya, in spite of our efforts
to sample this region. However, the comparison optiogection of the AFT ages along a line
perpendicular to the MFT shows a similar trend fothbtransects (Figure 4): ages from the
MCT zone are similar (if possibly slightly youngarthe Annapurnas compared to Langtang)
and there also appears to be a similar increaseg@s toward the south in the Lesser
Himalaya. They thus appear, to a first order, coibfmtwith a similar geometry and

kinematic of the MHT as for the Langtang transect.

A projection of Grujic et al’s [2006] AFT data from Bhutan does not show a very
regular trend, even if we use separate projectfonghe data from western and eastern

Bhutan (Figure 2). As already noted Byujic et al. [2006], AFT ages are generally older
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than in central Nepal. Moreover, the pattern apptabe opposite to that observed for Nepal:
AFT ages increase from south to north in Bhutan, edmethey decrease in Nepal. This first-
order observation suggests that rocks from theemiogfront in Bhutan are exhumed more
rapidly than rocks from the region of highest to@my. No AFT-age inflexion is observed

in this region. The AFT age pattern observed in Bhwtppears to imply that (1) there is no
reactivation of the MCT, (2) the MHT does not comspra crustal ramp below the region of
highest topography, and (3) the overall dip of MidT is lower than in Nepal. The Bhutan

Himalaya has served as the type area where geolayickince for the “channel-flow” model

has been collectedfujic et al, 2002]. We note, however, that currently activencte flow

in the Bhutan Himalaya should be marked by very gART ages in the MCT zone and in
the Higher Himalaya and appears excluded by the d&ta.data are compatible, however,
with channel flow operating before 12-10 My ago, asppsed byHollister and Gruijic

[2006].

4. Thermo-kinematic Model

4.1. Model Description

In order to assess the above inference more qatweity, we develop both forward and
inverse numerical models. We employ a modified iearef Pecube[Braun 2003], a finite-
element code that predicts thermochronological dmessolving the 3-dimensional heat
transport equation in a crustal/lithospheric bloaiected by vertical and/or horizontal
advection and characterized by an evolving surtapegraphy. New features in the code
include the incorporation of faults and associdte@®matics. Faults define different blocks
and no matter can be advected through any fauitit-are defined in the model by their
surface trace and a number of points that defieg {faterally constant) profile. The velocity

field is calculated by conserving the mass equatiming a kink-band model originally
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developed byBraun et al.[1994]. As in other thermo-kinematic models for tHamalaya
[Bollinger et al, 2006;Brewer and Burbank2006;Wobus et aJ.2006;Whipp et al. 2007; cf.
Robert et al., submitted(a) for a review], we usefarence frame fixed to the MHT. If other
faults are present, these are advected and defaalnrd with the block they occur in due to

motion on the MHT.

In order to capture the topographic effect on treaimonological age variability, we
couple the essentially 2D kinematic model to a folan surface topography, derived from the
Shuttle Radar Topography Mission (SRTM) 90-m digékevation models of the zones of
interest (downgraded to the model resolution of J,kand assumed to be in steady state in
the models presented here. Models are run for 10 ddywe concentrate on predicting the
AFT age pattern and all AFT ages are <10 Ma. We Btart a steady-state thermal structure
for the kinematics defined at 10 Ma and then ptettiie transient thermal structure through
the model run. Particle paths are tracked throurgk for rocks that end up at the surface at
the end of the model run; the resultant time-terjpee paths are used to predict AFT ages
using the fission-track annealing modelG@ifeen et al.[1989] with the modified annealing

parameters obtephenson et gR006].

The initial model geometry is based on the infers@icture of the MHT in central
Nepal [Cattin and Avouac2000; Avouag 2003]; i.e., a flat-ramp-flat geometry with the
location of the mid-crustal ramp located below thygoigraphic transition between the Lesser
and the High Himalaya (Figure 5a). The MHT is actiwetighout the model run. Due to the
proximity of the MBT and the MFT, we consider thesea single fault in order to simplify
the models. Previous thermo-kinematic models fer adbntral Nepal Himalaya have shown

that, for a reference frame fixed to the MHT, obsdnthermochronological ages require
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overthrusting velocities of 5-6 km.My[Bollinger et al, 2006;Brewer and Burbank2006;
Whipp et al. 2007; cf. Robert et al., submitted(a) for a resljemplying underthrusting of
the Indian plate at a velocity of 15 km.Mjn order to obtain a total convergence rate of 20
21 km.My'. Here we will use over- and underthrusting velositef 6 and 15 km.My,
respectively, although we present model runs witliffarent partitioning in order to study its
effect on predicted age patterns. The geometryhef MHT is allowed to vary between
different models (see below) and, for the east-ekMepal models, we include a separate
fault that breaks to the surface at the front ef thpographic transition in order to simulate

out-of-sequence thrusting (Figure 5b).

Note that, because no material is allowed to cros$MHT in our models, and both the
MHT and the topography are fixed, we cannot includ@euplating of Indian plate material as
modeled byBollinger et al. [2006] and Wobus et al[2006]. However, although either
underplating of out-of-sequence thrusting is regplito explain the well-known inverse
metamorphic gradient observed in the Lesser Himasaydh of the MCT Bollinger et al,
2006;Wobus et a).2006], a simple overthrusting model as develdpe®@ permits to explain
both low- (AFT) and intermediate (mica Ar-Ar) tempeirat thermochronology data just as
well as the more elaborate moddBrdwer and Burbank2006; Whipp et al. 2007]. This is
because the upper-crustal kinematics are simitamfmdels with or without underplating [cf.

Robert et al submitted(a) for a more detailed review].

The thermochronologic age predictions depend oriathié geometry and kinematics as
well as the thermal structure of the modeled crusiatk. In order to explore this complex
multidimensional parameter space, we couPkrubewith the Neighborhood Algorithm

(NA) inversion routine $ambridge 1999], using the approach developed Braun and
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Robert[2005]. The NA inversion scheme allows both to fimdogtimum set of parameters to
explain the data and to evaluate the sensitivitthefmodel predictions to the values of the
input parameters. NA performs an intelligsetairch to find the set of parameter values of a
given model that wilminimize the difference between model predictiond areasured ages.
We define a misfit function that is defined as thenorm of the weighted difference between

the observation vecto@, and the prediction vectd®;

wheren is the number of measured ages Ay are the observational errors, taken here as
the lo-errors on the AFT ages. This search necessitaa¢s ttarge number of model runs be
performed to sample a wide range of parameter galusing a high-performance cluster, we

were able to perform a large number of forward modles in a reasonable amount of time.

We have run a series of inversions for the diffeteansects, in which we search the
thermal, geometric and kinematic parameter spacegdtimal parameter combinations. In an
initial inversion, we allowed to vary the basal temapere o) and normalized heat
production Q), but this led the model to zoom in on a geoldgjcanrealistic set of
parameters (see below). The MHT geometry is modbiedllowing variations in th& andy
positions (i.e., the distance from the MFT and dieeth) of both the top and the base of the
mid-crustal ramp within the bounds set by the gesfay data. Finally, in models including
an out-of-sequence thrust, we allow partitioning haf bverthrusting velocity\) between

motion on the out-of-sequence thrugtd) and the MHT Y, - Vre).
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4.2. Geometry of MHT and Importance of Out-of-Sequece Thrusting

Figure 5 shows forward model geometries and predli@&T ages for a simple
overthrusting model, as well as models including-afetsequence thrusting at different
velocities, applied to the Langtang transect. Esthmodels, overthrusting takes place along
the MHT for the first 8 My of the model run and igbsequently partitioned between the
MHT and the out-of-sequence thrust for the last 2, Myorder to simulate Quaternary
reactivation of the MCT zone [e.ddodges et a).2004]. As expected (cf. Figure 3), AFT
ages in the Lesser Himalaya become older with inorgaactivity of the out-of-sequence
thrust; forVre > 4 km.My*, AFT ages in the southern part of the Lesser Hiyaatae unreset
since 10 Ma. However, except for these extreme mspaghere nearly all overthrusting is
taken up on the out-of-sequence thrust, the madielsot predict a clear age jump at the
topographic transition zone. This is because otg#tegjuence thrusting, and associated slowing
down of the overthrusting velocity for the Lessemidlaya, has not been going on for long
enough in these models to influence the AFT agdbkarLesser Himalaya, which are mostly
around 5 Ma. Surprisingly, the models including thest rapid overthrusting also predict
older ages within the hangingwall of the out-of-smare thrust. This is because the
hangingwall of the out-of-sequence thrust is mubmrter in the MCT zone than the
hangingwall of the MHT, so that the thermal perttidra associated with overthrusting is
much smaller, and the near-surface thermal gragiensequently lower, when a significant
part of the overthrusting velocity is taken up hg but-of-sequence thrust (compare Figures
5a and b). None of these forward models fit the olese AFT age pattern particularly well,

probably because we can improve on the model gegraetl thermal parameters.

In order to search for the best-fitting combinatafrthermal, geometric and kinematic

parameters, we ran an initial inversion in which wievetd the basal temperature to vary
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between 500 and 1500 °C and the “normalized heatugtmn” (a non-dimensional
parameter that scales the crustal heat productiorih¢ model thickness, the thermal
diffusivity and the basal temperature) between 1 &nftorresponding to minimum and
maximum depth-averaged heat production rates & ar@l 3.80 pW.M, respectively). We
search for the optimum partitioning between fromtadl out-of-sequence thrusting by letting
Vre vary between 0 and 5 km.Myand we allow the MHT geometry to vary as described
above. We ran 100 generations of 100 models eadhifinversion, giving a total of 10,100
models (including an initial “seed” of 100 model$he model is fit to the set of AFT ages
shown in Figure 4, as well as 45 mica Ar-Ar ages rgpbbyArita et al.[1997], Rai [1998]
andBollinger et al.[2004]. However, since the spatial distributiontod tatter is not optimal,

they do not constrain the models much more thar\Ee data.

The results of this initial inversion are preseniedFigure 6 and the parameter
combination for the best-fit model is reported iable 2 (model TF1). This initial inversion
leads to optimal solutions in which a significantcamt of overthrusting is taken up by the
out-of-sequence thrust since 2 Még = 4.2 km.My" for the best-fit model) and a poorly
expressed mid-crustal ramp (ramp dip of 9° verssisadiow detachment dip of 6°). However,
optimal solutions also lead to an unrealisticaliypt” crust, with a best-fit basal temperature
of 1100 °C at 65 km depth and a stable (in the ratesef heat advection) near-surface
geothermal gradient of 63 °C.Km Although there is a clear tradeoff between basal
temperature and heat production in these moddlgp#dmal solutions are characterized by

unrealistically high geothermal gradients.

We therefore proceeded to run a set of less geimaralsions, in which we fixed the

thermal parameters &, = 850 °C andQ = 1.5 (corresponding to a depth-averaged heat
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production rate of 0.65 pW:H), in order to predict a stable near-surface geothbgradient

of 35 °C.km'. We ran a smaller amount of models for these sivas (i.e. 50 generations of
50 models each, for a total of 2550 models) becthesg appear to “zoom in” to an optimal
solution relatively rapidly. The geometric and kimegtic parameters were allowed to vary as
before. The results for this inversion (TF2; showrFigure 7a and reported in Table 2) are
opposite to the initial ones in that optimal modéksve practically no out-of-sequence
thrusting ¥/re = 0.2 km.My" for the best-fit model). Optimal models fit the alaomewhat
better than in for the first inversion (minimum fitizalue of 0.7 versus 1.0). The geometry
of the MHT (shallow flat dip of 6° and ramp dip of°20@s in good agreement with what is

known from geophysical and geodetic data.

In a third inversion (TF3), we explore the influenoé changing the partitioning
between over- and underthrusting on the MHT by nognan inversion where the total
overthrusting velocity is fixed at 8 km.Mywith a corresponding underthrusting velocity of
13 km.My"). All other parameters (both fixed and free) amailsir to the previous models.
Somewhat surprisingly, this model again favors $ohgt with significant to near total out-of-
sequence thrusting/{r = 7.8 km.My" for the best-fit model) and a purely linear MHT ftwi
both flat and ramp dips of 11°. A possible explasraftior this puzzling behavior is that the
higher overthrusting (and thus exhumation) ratesdn® be offset by a smaller thermal
perturbation in the MCT zone, as predicted by the-ad-sequence model (see above).
Another possibility is that the AFT data simply latie resolution to record reactivation of

the MCT zone in the last 2 My.

A final inversion run (TF4) was designed to test thtter assertion, as well as the

possible effect of the timing of onset of out-offgence thrusting. This timing is not very
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well constrained by the proponents of recent reatitim in the MCT zone. For instance,
althoughHodges et al[2004] speak of “Quaternary” faulting, they alsdate it to possible
increased precipitation and denudation since migeEhe (i.e. 3-4 Ma) times. We thus ran a
final inversion in which the onset of possible offsequence thrusting is pushed back to 4
Ma, while maintaining a total overthrusting velocity8 km.My". This final inversion leads
again to completely opposite results, namely d tdiaence of out-of-sequence thrustiNegg(

= 0 for the best-fit model) and a ramp dip of 1@8ry close to that inferred from inversion
TF2. The predicted dip of the shallow detachmeneiy low (1°) in this model, in contrast,
in order to accommodate the relatively low exhunmatites recorded by the AFT data in the

Lesser Himalaya with the higher overthrusting velocit

We conclude from the above inversion results tihat AFT data in the Langtang
transect lack the resolution to formally rule cetent (i.e., Quaternary) reactivation of an out-
of-sequence thrust below the topographic transitione. However, such a model requires
either unrealistically high crustal temperatures high total overthrusting velocities.
Moreover, significant out-of-sequence thrustingnisompatible with the presence of a mid-
crustal ramp in the MHT, although such a ramp ieried from a wealth of structural,
geophysical and geodetic data (cf. Section 2.h)cdntrast, the data do constrain the
geometry of the MHT very well, and best-fit modelstheut significant out-of-sequence
thrusting (in particular the results of inversiof2) predict a flat-ramp geometry that is in
guantitative agreement with available geophysioal geodetic data. In the next set of model
runs, we will thus use this model as a template dndyswhat lateral variation in MHT
geometry are required by the data from the traessicthe west and east of the Langtang

transect.
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4.3. Lateral variations in MHT geometry

We ran two model inversions for the Annapurna-Buthtneisect (west-central Nepal).
Inversion GEOL1 searches exactly the same parametee g3 TF2 and leads to similar best-
fit kinematics without out-of-sequence thrusting{ = 0 for the best-fit model; Figure 8;
Table 2). The predicted MHT ramp dip is higher, hearg34° instead of 20°), as required by
the in general somewhat younger ages reporteBlythe et al [2007] from the Marsyandi
valley (with a majority of AFT ages < 1 Ma) as congzhto our data from Langtang. Since
the ramp and flat dips are coupled through thetiogaof the top of the ramp (point 4
defining the geometry of the MHT), this also impli#srery low dip (<1°) of the southern

detachment.

In a second inversion (GEO2), we simplified the kiaios by removing the potential
out-of-sequence thrust, but again allowed the thestracture to vary within the same
bounds as for model TF1, in order to test whethesdah/oung ages can also be explained by a
higher geothermal gradient. The optimal model fittis inversion indeed shows a ramp dip
that is closer to that inferred for the Langtarensect (21°) and a consequently somewhat
higher (2°) detachment dip. However, this inversianofs a thermal structure that is even
more extreme than that of TF1, with a best-fit bés@aperature of 1300 °C depth and a stable

near-surface geothermal gradient of 70 °C’kiVe therefore favor the result of GEOL.

Both inversions, however, show a MHT geometry for Amnapurna transect that is
grossly similar to that of Langtang. Best fits ilspahe presence of a ramp below the MCT
and physiographic transition. This ramp appearbaaven more expressed in west-central

Nepal than in east-central Nepal.
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We use a similar inversion scheme to analyze tha& flam Bhutan (inversion Bhul),
with the final depth of the MHT at the northern boandof the model as an additional free
parameter. We choose to provide the inversion wihadditional degree of freedom because
there is no data to constrain the depth and gegroéthe MHT in the Bhutan Himalaya. As
expected from the very different pattern of AFT age8hutan as compared to Nepal, the
inversion results are completely different. In teraf thermal parameters, the inversion favors
a relatively cool basal boundary conditiory & 716 °C) but a relatively high crustal heat
production Q = 3.9, corresponding to a depth-averaged heatuptimh rate of 1.4 pW.i),
leading to a stable near-surface geothermal gradies2 °C.knt. The contrast is even
stronger for the MHT geometry, as the optimal mof®ier a practically linear MHT, with a
constant detachment dip of 5-7° from below the maimnfront to the north edge of the

model, where the MHT reaches ~42 km depth.

These inversions thus clearly corroborate our dhitjualitative interpretation of the
different AFT age patterns: only subtle differeneesst in the MHT geometry between
western and eastern central Nepal, but a major difter exists between Nepal and Bhutan. In
particular, the mid-crustal ramp disappears towhsddast and the MHT becomes a planar

detachment dipping at 5-7° to the north.

5. Discussion

Inversion results for the Langtang transect aimadsing the importance of recent out-
of-sequence thrusting in the MCT zone are somewlitaticlusive. Sets of parameters can be

found that allow both kinematic models to predia ttata. However, we show that active
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out-of-sequence thrusting at the physiographicsitem requires either unrealistically high
geothermal gradients or relatively rapid total elersting rates. Moreover, out-of-sequence
thrusting is incompatible with the existence of a+wiustal ramp in the MHT. In contrast,
models without Quaternary out-of-sequence thrusoglire such a crustal ramp with a ~20°
dip below this area. This latter geometry seems roongpatible with the available reflection
seismic profiles Hirn and Sapin 1984;Zhao et al. 1993;Makovsky et al.1996; Schulte-
Pelkum et al.2005;Hetényj 2007], as well as with seismicity daRandey et a).1999] and
geo-electric soundingd.émonnier et a). 1999]. If out-of-sequence thrusting is activeyonl
during Quaternary times, the available AFT data friva Lesser Himalaya (where the
greatest difference is predicted to occur; cf. Fegu3 and 5) does not have sufficient
resolution to either corroborate or contradicbécause most AFT ages are ~5 Ma. As argued
before, the younger AFT ages from the MCT zone ctoanstrain the problem because the
kinematic differences between the two models ardesitthe hangingwall of the proposed
out-of-sequence thrust [e.§Vhipp et al. 2007; see Figure 5]. Thus, the only possibiliy w
envisage to obtain a clear answer to this questionldvbe to obtain data permitting to
resolve the temperature history below the AFT clesamperature for the Lesser Himalaya,
i.e. apatite fission-track length distributions aardU-Th)/He data. Given our limited success
in obtaining AFT ages from Lesser Himalayan rocks, ldlrge amount of material required
for meaningful length measurements in young sanguesthe quality criteria associated with
apatite (U-Th)/He dating, we are pessimistic abowt tihances of success of such an

undertaking.

The data do, however, constrain the geometry oMHA& and its lateral variations very

well. Along-strike variations in thermochronologicapes in the Himalaya are linked to

along-strike variations in topography (Figures 2 di. Since the convergence velocity only
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varies by <10% along strike and increases to tis¢ @dereas exhumation rates decrease,
these variations should be controlled by changddnematics associated with the geometry
of the MHT. Where the MHT contains a mid-crustal rammg in central Nepal, because of
mass conservation, it is necessary to accommobtatéidw of rocks by creating high relief
over the ramp with high exhumation and erosion raiée topographic profile will thus
obtain a concave form. This is not necessary if dige of the detachment is continuous,
leading to a linear to convex topographic surface more constant exhumation rates along

strike, leading to a less pronounced trend in tlehmonological ages.

The Annapurna and Langtang transects show similéerpatin topography (Figure 2)
and AFT ages (Figure 4), suggesting that both regg&fould be characterized by a similar
MHT geometry and kinematics. Our numerical modeldioonthis but show that the dip of
the crustal ramp is somewhat steeper in the Annamrgaathan in the Langtang area. Such a
lateral variation of ramp dip is compatible with thenclusions oBerger et al[2004], who
inferred lateral variations in the geometry of MEIT in Nepal from the analysis of present-
day (GPS-derived) displacement rates. They progusexistence of lateral ramps to permit
the transition between areas with different crustatp dips. In particular, they show that in
westernmost Nepal, the mid-crustal ramp should behrtess well expressed and the shallow
detachment dip more important than in central Nepalagreement with inferences from
drainage patternsyfn der Beek et al2002]. The topographic transition between the &ess
and High Himalaya also becomes less well expressaestern NepalBerger et al. 2004].
Sampling a thermochronological age transect acnestern Nepal would allow to test our
model, which predicts that minimum AFT ages in the Mgbne should be older than in

central Nepal and the increase in ages toward thith $&ss pronounced, if existent at all.
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AFT data show that exhumation rates in the MCT zonkethe topographically highest
part of the range are lower in the eastern Himal@jé is consistent with observations of the
regional geology of the Himalaya. In the eastern Hhwye the Higher Himalaya is much
more widespread than in central Nepal, to the expefghe Lesser Himalaya. As clearly
shown by the Higher Himalayan klippen in Nepal, the ldighlimalayan sequence has
overthrusted the Lesser Himalaya on a nearly hoté#otetachment [e.gSchelling and
Arita, 1991; Upreti and Le Fort 1999; DeCelles et a).2001]. We can thus interpret the
regional variation in surface geology as a consecgi®f a variation in the depth of erosion
between the central and eastern Himalaya. This yhigpmpatible with a change in crustal
fault geometry. As GPS measurements show a somewha¢rhapnvergence rate in the
eastern Himalaya compared to the western Himalayasdtee solution to allow coexistent
higher convergence rates and lower exhumation rete® reduce angle of the MHT

detachment.

Our interpretation and numerical modeling of thedal variations in AFT age patterns
permit us to present a conceptual 3D view of the Mi¢fow Nepal and Bhutan (Figure 9).
The MHT is clearly not cylindrical. In western Neptile southern shallow flat of the MHT is
steeper than in central Nep&ahfson et al. 1999;van der Beek et al2002], but the dip angle
of the mid-crustal MHT ramp is steeper in centrap&lghan in western NepaBérger et al.
2004]. Within central Nepal, more subtle variati@ppear to exist between the Annapurna
and Langtang regions, as implied by our inversibnswe cannot definitely state at this stage
whether these differences are real or beyond ttodutien of our model. In Bhutan, the MHT
appears as a continuously shallow dipping detachmhiout a ramp below our model
domain. If a mid-crustal ramp exists below the gasktimalaya it should be located more to

the north, possibly associated with exhumation ef Klangmar dome in southern Tibet, as
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suggested byHauck et al [1998]. This interpretation implies important afalrly rapid
changes of geometry between each zone (western NepthlcNepal and Bhutan), most
easily explained by the presence of lateral crustaips within the underthrusting Indian
crust. Hauck etal. [1998] suggest that the Yadong Cross structaraesternmost Bhutan
represents one of these lateral ramps and corb®lgansition zone between the Bhutan and

Nepal Himalaya [see aldduncan et al.2003].

Our analysis thus poses the question of what isuhéamental control on topography in
the Himalaya and in collisional mountain belts inng&l. Bookhagen et al[2005],
Bookhagen and BurbanR006] andGrujic et al. [2006] have argued for a strong climatic
control on laterally varying topographic trendsedo the lateral variations in precipitation
rates and patterns observed in the Himalaya. We showever, that lateral variations in
topography and exhumation rates should be corcklatevariation in the geometry of the
MHT and associated crustal kinematics. Our study uingds the strong influence of the
geometry of deep tectonic structures on the toggralncreasing relief in mountain belts
will lead to enhanced erosion through the reliefed®lence of major erosional mechanisms
[e.g.,Montgomery and Brandor2002]. Increasing elevation also leads to higitesion rates
by orographically enhancing precipitation rateg.[edRoe 2005]. Thus, our study highlights
the complex couplings in the system but emphadizespotentially important role of pre-

existing structure, which may have been somewhataniezd in recent years.

6. Conclusions

In this study we have discussed the influence efgometry of major crustal faults on

exhumation patterns and show its importance in odlimtg surface observations.
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Low-temperature thermochronology data from the eeddimalaya in central Nepal
currently lack the resolution to asses the impaeaot Quaternary out-of-sequence faulting at
the physiographic transition. But the geometry led MHT required by a model in which
overthrusting in concentrated on the MHT and thentlbthrust is more in accord with
available geophysical data than that for models witmificant out-of-sequence thrusting.
Out-of-sequence thrusting thus appears to be a dappmechanism at best for explaining
the observed pattern of thermochronological agesoimparison to the geometry of main

crustal faults.

The tectonic structure and geomorphology of the Hagen range clearly show it is not
a cylindrical structure. We link the along-strikariations in topography, erosion and
geometry of the crustal faults. The crustal faudisd associated kinematics drive the
topography through the exhumation pathways of roitlet can differ drastically. The
presence of a mid-crustal ramp in central Nepalded the formation of a sharp topographic
transition. Both the mid-crustal ramp and the toppdic transition are absent in the Eastern
Himalaya. The formation of relief strongly influesc@recipitation and erosion rates, and
explains the gradient of denudation from west ta, easlerlined by variations in map view of

the outcrop pattern of the Higher and Lesser Himalaya
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Figure and Table captions

Figure 1. a) Simplified geological map of the Hima showing the major structural units
and the major thrusts [modified fro@aly, 1999]; lines indicate locations of three struatur
cross-sections shown in (c). b) Schematic representaf the relative widths of the High
Himalayan crystalline, Lesser Himalaya and Siwalikmglstrike of the Himalayan range. c)
Structural cross-sections across (A) western Nepdaifiad cross-section fronbeCelles et

al., 2001; madified fromyin, 2006], (B) central Nepal [modified froAvouag 2003] and (C)

the Bhutan Himalaya [modified fromin, 2006]. Colour scheme in cross-sections is same as

in map.

Figure 2. a) DEM of the central and eastern Himalslgawing the location of studied
transects and thermochronological data used in ghidy. Transect A corresponds to the
Annapurna-Buthwal region; transect B to the Langtetauda region; transect C and D to
the Western and Eastern Bhutan Himalaya, respegtiB@ISwath elevation profiles for each
transect. Black solid line corresponds to the melamation calculated in the corresponding
20 km wide box; outer grey lines correspond to tleximum and minimum elevations, and

the red fill to the probability-density of elevatiavithin the envelope.

Figure 3. Sketch of the two kinematic scenarios sageéd for the central Himalaya [modified
from Hodges et aJ.2004] and expected thermochronological age tréad$®oth. a) In the
model of Avouac and co-workers [e.gAvoua¢ 2003; Bollinger et al, 2004; 2006],
shortening is concentrated on the Main Himalayaru3h¢(MHT), which includes a crustal
ramp below the High Himalaya where Indian plate mdteriaccreted to the overriding plate.

Both low- and high-temperature thermochronologic agmds should show continuous
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younging from the MBT to the topographic transitiand MCT zone. b) In the model of
Hodges and co-workers [e.§Vobus et a).2003;Hodges et a).2004;Wobus et a).2005],

out-of-sequence faulting occurs in the MCT zonetloa topographic transition (TT). The
sharp topographic transition and a jump in bothi@étthermochronology and cosmogenic
ages have been used to support such a model. Bk &nd high-temperature
thermochronologic age trends should present a jumthe topographic transition and/or in

the MCT zone.

Figure 4. AFT datasets projected onto profiles eedicular to the MFT. Locations of
samples are indicated in Figure 2. Upper panel: pomaa-Buthwal transect; data principally
from Blythe et al[2007] augmented by four new AFT ages from the Kali dadinvalley and
the Lesser Himalaya. Middle panel: Langtang-Hetaudasect; data fronRobert et al
[submitted (b)] augmented by a few ages obtaineB.lyopeland and reportedBollinger et

al. [2006]. Lower panel: Bhutan Himalaya; data fr@rujic et al.[2006].

Figure 5. a) Forward-model geometry for the Langtamansect showing the modeled MHT,
model kinematics and predicted thermal structum ART age pattern at the surface for a
model of overthrusting on the MHTV{ = 6 km.My"). b) Same as (a) but for a model
including out-of-sequence thrusting on a fault kieg the surface at the front of the
topographic transitiongr = 5 km.My"). ¢) Comparison of observed and predicted AFT age
patterns for the Langtang transect, as a functioout-of-sequence thrusting velocity+¢);

the overthrusting velocity on the MHT is equal to(%rr) km.My™ in these models.

Figure 6. Initial inversion results for the Langjatransect. Results are shown as two-

dimensional sections through the parameter spatewhich each model (parameter
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combination) is represented by a dot, colored afiogrto the misfit between predicted and

observed data. Star shows location of best-fit higmrted in Table 2.

Figure 7: Results of model inversions TF1 and Tfe2 the Langtang transect. The central
sketch explains the significance of the free patarseX4,Y4, X5, Y5, ) controlling the
geometry and kinematics. For each inversion, thepasison of predicted and observed AFT
ages is shown. a) Inversion TF2 with thermal pararsethich lead to a geothermal gradient
of 35°C.km' (To=850°C and A=1.5). Best fit is for a model withougrsficant out-of-
sequence thrusting and with a 20° dipping crustedprab) Inversion with free thermal
parameters, leading to a strong geothermal gradie68°C.km" (T¢=1100°C and A=2.5).
Best fit is for a model with significant out-of-agence and without a well-expressed crustal
ramp. Lower panels show comparisons between predictddbserved AFT age patterns for

both cases, by plotting the ages predicted fasathpling locations where we have data.

Figure 8. Comparison of the inversion results aamsing the MHT geometry for the
Annapurna transect the Langtang transect, and the#aBhHimalaya. The sketch explains
significance of the free parameters controlling theometry. For each inversion, the
comparison of predicted and observed AFT agesaws/isha) Inversion GEO1 with thermal
parameters that lead to a thermal gradient of 3%m€ (To=850°C and A=1.5) for the
Annapurnas area. Best fit is for a model with a 3gpidg crustal ramp. b) Inversion TF2 for
the Langtang area. Best fit is for a model witiDa @ipping crustal ramp; c) Inversion Bhul
with thermal parameters that lead to a thermal gradif 52°C.krit (To=714°C and A=3.9)
for the Bhutan area. Best fit is for a model withlanar MHT (no crustal ramp) dipping at 5-

7°.

43



Figure 9. Schematic drawing showing 3D view of MHT getm and kinematic of the
Himalaya from Nepal to Bhutan. Geometries of the fieshodels from NA inversions are

shown for comparison.

Table 1. Apatite fission-track data from AnnapurnatBeal (west-central Nepal) and
Langtang-Hetauda (east-central Nepal) transectscéiopleteness, all analyzed samples are
reported here, including those that did not congifficient apatite or Uranium to provide
meaningful ages and those reportedRkbert efal. [submitted (b)]. N: number of individual
grains datedps, spontaneous track density; Ns, spontaneous t@ahkted;p;, induced track
density in external detector (muscovite); Ni, numbg&induced track counteghy, induced
track density in external detector attached tordesér glass; Nd, number of track counted in
determiningpg; P(x%), chi-square probability; D: age dispersion. Alloged ages are central
ages (albraith and Lasleft1993] = 1 standard deviation. Note that zero-trgikins were
abundant and included in the age determinationmp&a preparation followed standard
methods [cf.van der Beek et al.2006]. All ages were determined by XR using a zeta-

calibration factor of 350+7.

Table 2. Parameters used for the different invessiand best fit results for each inversion.
Numbers in bold italic represent the values of ttee fparameters for the best-fit model,
others are kept constant. The stable near-surfeathe@rmal gradient (grad(T)) in the absence
of heat advection, and the dips of the MHT ramp aadthern (shallow) flat have been

computed for each model in order to compare parmmvetiues to observables. O.0.S. timing

= timing of onset of out-of-sequence thrusting.
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Annapurna - Butwal Section

Ghorspani Varoeal South Section
Sample | & u Elavation

Roka Long Lat Localily | N pe N& Al NI pd Nd | Pix2)
{m) min_ s min_s [x10® cm®) (x10° cm®) {x10* em™) %
NPO5.32 |Lessertimal| 2510 quarzite | 63 42 9.1 |28 23 24 | Mangemand| - - - - - 5.62 11571 | -
NPO5.35 |LesserHimal] 3190 quartzite |83 41 21.1|28 23 82| PoonHm | - - - - 5.62 1er | -
NPOE38 |LesserHimal| 2050 gnalss | B3 40 79|28 26 118 Sikha - - - - 5.62 1er | -
NPO540 |lesserHimal] 1900 | Ampniboites] 83 33 sse |28 20 7.2 [atopanl Erdgf - - - - 5.62 11971 ] -
High Kall Gandaki SacTion
Sample | SWucL Unit [ Foks Long Lat Tocality | N 3 [ ) pa Hd | Plxd
im) *mn_s [*mn_s [xi0® o) (x10° em®) {x® em®) B
NPOEA1 | High Himal | 1550 gnalss | B3 3/ 505|428 33 21.5 |Kabre Broge| 25|  0.47 11 | 151.49 3550 562 11071 | 95
NPOs42 | HighHimal | 1450 gnaiss | B3 33 406|328 32 539 Tire |35 oa7 20 | o2o  2137| s62 11971 | 96.53
NPO5 43 |LesserHimal| 1480 quartzite |83 33 541|258 32 60 | SukeBagar| - - - - - 5.62 17| -
NPos 42 |LesserHimal] 1130 quartzite |83 33 198|258 28 1468| Mahaor |I7| 119 26 | 13719 3oo2| se2 11971 | .25
NPO547 |LesserHimal| 840 sandstone | B3 34 1.1 (28 20 239 Benl - - - - - 5.62 mer | -
NPO548 |LesserHimal] 1170 quartzite |83 35 02|28 17 536| Bagung | - - - - 5.62 1o | -
MP05.43 JiesserHimal] 800 | Ampniboiies] 83 39 353 |28 14 319] lampata ] - - - - 5.62 11971 ] -
Lower Kall Gandaki S _ _
Sample Struct. Unit | Elevation Roka Long Lat Locality | N 3 Ms B NI pd Md | Plxd
{mj) min__ s min_ & (x10° cm®) pi0® em®) a0 em™) %
NPO5.50 |LesserHimal| 11480 | sandstone |63 &2 127 |28 11 163 B[ 404 45 | 15759 1158|562 11571 | 97.55
NPO551 |LesserHimal] 1010 | quartztes |83 51 46|28 & 234 - - - - 5.62 1e7 | -
NPO552 |LesserHimal] 850 sandstone | B3 51 S62(28 5 412 - - - - 5.62 1e7 | -
NPO553 |LesserHimal| 740 sandstone | B3 43 B4 (27 58 27.5 | Andnikhoia| - - - - 5.62 1er | -
NPOSE1 |LesserHimal] 434 sandstone | E3 32 204 (27 45 4.9 pholaiTopME] - - - - 5.62 11971 ] -
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Langtang - Amlekhganj Section

Fmkan Vevtioal Profl o —
Tample Bm Unit | Elevation Roks Lomg Lat Losality L] He u‘ﬂ HI Dri Hd Pixz [] Age g
{m} " mn s " min s il ﬂr:m'u:- xi u-fa:- il cm“'l % b Ma
HPOS.05 | esser Himal BED quarnzhe 8 B 50 |27 55 121 Bildur H 3135 &0 11283 15 e.00 856 | 97.33 o 31 0.4
HPOS.07 QP esser Himal BT4 sandsione | 85 9 17 |27 55 45.&5| Simwutar |15 BET 45 120 1244 £B2 119741] 8552 o 34 oE
NPOS.02 g esser Himal F-) sandstone |85 11 35|27 58 29.56| Betrawad |22 03 £3 155 et 1 E.00 9356 | 65.23 1 1.7 02
HPOS.O0S3 Qesser Himal 1540 sandsione | 85 20 39 |ZE 10 3.6 | ByobruBes | 21 (L= 2 436 o1s 500 356 | 90.16 1 1z 0.4
HPOS.10 Qesser Himal 1621 gresiss 8 I 48| 11 TB ‘Wangal 3 L= 42 TIET 1214 &.00 856 | TR.E2 2 par g 0.4
HPD5.11 High Himal. 1582 sandsione |85 21 15 | 2@ 12 11.5] Kapdinma |24 188 63 1523 4265 &.00 956 | £0.24 12 15 D2
NPODS.AZ High Himai. 1600 quanzie 85 I 66|Z® 11 49 Lirgiing 5 1= n 19027 4576 E.00 9356 | 026 TE [:E-) 02
HPOZ. A3 High Himai. 1600 quarzhe 85 20 S| 11 236 Linsgiing 16 03z 5 =5 339 E.00 356 | 14.86 1 1= o
HPOS.14 Q esser Himal 1833 quarzhe g 18 55 |2 8 24.1|Thulo Barkhul 30 o ral e -1 &150 &.00 356 | 15.13 45 o4 o
NPOS.1S | esser Himal 1180 guarziz S5 iz toj a7 53 33.5) wamcasthan )2 3.5 81 140 Z550 5.00 3356 § 80.74 1] z9 0.3
Palung Sectlon
Lamiple Struot. Unit | Elevabion Roke Lomg Lat Losaltty L] ur He D‘F HI Dr Hd HIZ] [+] Age g
im} " mn_ s * min s sl cm'u:- 1] n-u":- [l cﬂ‘ll _! b E
HPOS.17 Qesser Himal o quarnzis B T 3|27 & Bd Amarchu |11 135 11 &1l =3 562 11871] 35.04 [] z1 1
HPOS.18 Qesser Himal 02T sandsione | 85 S 57 |27 3@ 462 Tistung 18 347 43 17247 343 E.00 356 | 99.85 o 1= 03
HPOEI0 | esser Himal 1835 granie &8 4 50 |37 37 184 Pakung 5 457 kg 035 T3 &.00 5356 | 503 o 47 0B
HPOE.21 | esser Himal 13en granie &8 & 18 |37 36 182 Daman 17 BE3 13g] 14313 238 &.00 3356 | 72.34 o (-1 11
HPOS.ZZ Qesser Himal 2500 granie B & 38|27 35 27.6|Embhanjang] 22 19.73  419) 28745 enaT 500 356 | 84.13 o TZ 0.4
HPOS.Z3 Qesser Himal Fa b grankie 85 4 23|I M M3 18 Hes 385) 28455 4555 E.00 356 | 47.03 T (-1 0.5
HPOE.24 | esser Himal 13s0 oreiss &8 2 54 |27 33 4.4 | Lamindamda | 22 113 T8 s 1389 &.00 9356 | 81.44 1 53 0T
NPOS.ZS g esser Himal B11 dicrhe |- LT IF|zr 29 W7 - - - - - E.00 9356 - - MO databis
HPOS.25 | esser Himal 530 schisies &85 2 |37 28 344 Hetauda - - - - .00 356 - - MO databile|
Long Lat Lowally | B He u"' NI nr’ Wd | FlEl | © | Ao zig
*mn s |t mn s it ur:m'a:- pit® om®) w1 em®) % % M
BS 1 34| 27 23 315 - - - - e.00 9955 - - MM datsbie
B4 E3 EI T 16 SE_ I AmI _I 554 3_51 E.? BIEd 552 11971 443 24 S4 0.4
=] sriical seotion
Eamiple Etruot. Unit | Elevabion Roke Lomg Lat Losality L] [ Hz HI pd Hd Pix3l [] Age g
im} " mm s |* mn s (10 em ¥y et oy 1n® em®) % % [
TE | esser Himal 1825 quarzh= B5 42 32 [ 0 473 Ehelewdends | 15 178 25 1XE83 1766 5.83 12513] 546 o 14 o3
T Lesser Himal 2000 B 13 25| 3 575 Grang 19 23z i =73 | 5.93 12513 96.65 o 14 02
T™ Lesser Himal A7eD quarzhe g5 18 S0 | & 34T Dunche 16 173 7 12487 1zas5 593 12513] 95.43 o 14 03
TiO | esser Himal 540 schiste 8 13 3B | & 112 Deural 17 e | -] 13156 1728 5.83 125413] 8435 o 18 o3
™ Lesser Himal 290 greiss 85 19 S3|Z® 6 264 Dimsa i 1oz 12 Ter 243 593 12513] 95.52 o 14 o4
Tz High Himal. 3640 greiss B85 20 53 |Z® & 27.4| Cholangpad |18 174 23 174 1255 56T 12016] 97.05 o 14 03
Ti4 High Himal. A0 gresiss B 24 33| 5 44| Gosalkund |2 1o 13 4357 216 E.BT 12046 ] 92.02 o 1= oE
Tis High Himal. AJED oreiss 8 213 47| 5 TE poiangpal O 18 iss 2% =ET a5 EBT 12046 67.04 o pa-1 11
Ti7 High Himal. 3250 gneiss 85 33 1638 & 35.1) Ceclengem |16 211 33 10528 1708 5.67 12016] 38.45 0 18 0.3

Table 1.
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Inversion TF1 TF2 TF3 TF4 GEO1 GEO2 BhuO1
Area Langtang Langtang Langtang Langtang Annapurnas pumnas Bhutan
No of models 10100 2550 2550 2550 2050 410 328
Best misfit 1 0.7 0.7 0.7 0..7 0.6 0.6
To (°C) 1100 850 850 850 850 1300 714
Q 25 1.5 1.5 1.5 15 2.6 3.9
(%’(";‘/‘:((B 63 35 35 35 35 70 52
Vo (km/My) -6 -6 -8 -8 -6 -6 -6
0.0.S. timing 2-0 2-0 2-0 4-0 / / /
V1e (km/My) -4.2 -0.2 -7.8 0 0 / /
X4 (km) 80 80 85 80 110 97 117
Y4 (km) -9 -9 -14 -35 -3 -5 -7
X5 (km) 129 150 150 150 150 140 147
Y5 (km) -17 -28 -27 -27 -30 -23 -17
Flat dip (°) 6.2 6.2 11.0 1.0 0.3 2.0 5
Ramp dip (°) 9 20 1 19 34 21 7
Table 2.
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4.2. How cylindrical is the Main Himalayan Thrust ? Insights into the controls on lateral
variations in exhumation rates from low-temperature thermochronology and numerical

modeling
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Transition

Cette méthodologie (thermochronologie de basses températures couplée a des
modeles numériques) permet d’appuyer des modeles cinématiques cohérents sur
I'ensemble de I'orogene. Nous avons travaillé ici sur des données issues de roches
plutoniques ou sédimentaires métamorphisées. Comme pour la partie précédente,
I'histoire thermique et donc cinématique de ces objets ne peut étre contrainte que
pour la derniere phase de leur histoire. Mais ils permettent de montrer la variation
latérale de la géométrie des failles crustales en Himalaya, et d’expliquer de nom-
breuses observations et/ou résultats thermochronologiques, climatiques, érosifs et
topographiques.

En revanche, la mise en ceuvre de cette technique differe si 1’on travaille sur des
roches sédimentaires non recuites totalement. C’est le cas des gres des Siwaliks,
situés entre le MFT et le MDT. Ces données permettent d’obtenir des informations
a la fois sur 1'histoire de la source et sur l'histoire récente des chevauchements

frontaux en Himalaya.
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ANS ce chapitre, nous présentons les résultats analytiques et numériques sur

le front de la chaine (MFT et prisme des Siwaliks) que nous discuterons

en termes de variations latérales cinématiques, géométriques ou érosives pour la

période la plus récente.

i

HIs chapter presents analytical and numerical results from the front of the oro-

gen (MFT and Siwaliks prism). We discuss these in terms of lateral variations

of kinetics, geometry or erosion for the most recent history of the orogen.
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5.1 Meéthodologie

En Himalaya, les études précédentes sur les Siwaliks et le MFT ont principale-
ment été effectuées au Népal de 1'ouest (Mugnier et al. 1999; 2004, Huyghe et al.
2005, van der Beek et al. 2006). Dans le chapitre 1, nous avons montré que le MFT
est branché sur le MHT. Nous avons mis en évidence les variations de structure
du MHT le long de la chaine dans le chapitre 4. Peut-on reporter ces variations
latérales a la structure et au fonctionnement du MFT ?

Cette étude, en partie publiée dans van der Beek et al. (2006) a été effectuée

pour étudier :

1. 1'histoire tectonique - érosive - climatique des sources des sédiments Siwaliks

du Népal de l'ouest,

2. dater puis reconstruire l'initiation du MFT ainsi que son activité.

Pour cela, plusieurs coupes ont été effectuées au Népal dans les séries Siwa-
liks. Les coupes échantillonnées au Népal sont celles de la Tinau Khola, de la Surai
Khola, et de la Karnali River (Fig. 5.1), a partir du MFT jusqu’au chevauchement
intra-siwaliks, le Main Dun Thrust (MDT) (Fig. 5.2). Les échantillons ont été pré-
levés dans les bancs gréseux avec un pas de temps de 1 Ma dans la section sé-
dimentaire. Ces prélévements ont été étroitement calés par rapport a des études
magnétostratigraphiques antérieures (Appel et al. (1991), Gautam et Rosler (1999)
et De Celles et (inpress) pour Tinau et la Surai Khola, et Gautam et Fujiwara (2000)
pour la Karnali River) en échantillonnant a proximité de trous référencés pour
la magnétostratigraphie. Au cours de la mission 2005, nous avons aussi prélevé
quelques échantillons dans les gres des Siwaliks inférieurs et moyens au sud d'He-
tauda au Népal que j'ai traités au cours de ma these. Malheureusement, pour des
raisons de qualité médiocre des minéraux et d'une quantité d’apatite insuffisante,
une seule datation (NPo05.28) a pu étre menée a terme (Tab. 5.1).

Dans la suite, nous utilisons comme référence commune de profondeurs, la pro-
fondeur stratigraphique. Comme aucune des séquences sédimentaires n’est conti-
nue jusqu’a aujourd’hui, la profondeur maximale atteinte par chaque échantillon
est assez mal contrainte. Les sédiments les plus jeunes des Siwaliks supérieurs de la

Surai Khola sont estimés a 1.0 = 0.5 Ma et sont recouverts par quelques centaines de
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& sampled sections [Z72] sub-Himalaya
KAR Karnali MCT Main Central Thrust |:| Lesser Himalaya
. MBT Main Boundary Thrust
SUR Surai Khola y Higher Himal
TIN Tinau Khola MFT Main Frc.mtal Thrust [: igher Himalaya
STDS South Tibetan Detachment System MiscaraGinias
[:‘ Tethyan Himalaya

F1G. 5.1 — Localisation sur une carte géologique simplifiée du Népal des coupes et des données AFT
obtenues dans les Siwaliks au Népal. Les données utilisées proviennent des mesures effectuées au
Laboratoire de Géodynamique des Chaines Alpines, publiées en grande partie dans van der Beek
et al. (2006) ; modifié d’apres van der Beek et al. (2006).

2000 m
Upper Siwaliks

0
——— Middle Siwaliks

—2000
Lower Siwaliks

—4000

Lesser Himalayas

F1G. 5.2 — Coupe équilibrée de la Karnali River montrant la localisation des échantillons et la relation
avec la structure tectonique locale ; modifié d’apres Mugnier et al. (1999), van der Beek et al. (2006).



Vi

‘9T SOJN U0J13uvYd2,] 930p 1,[ £ (900T) "V 12 Y22 43P UVQ

1 €q-1g sady,p suoyvindod ! s3duiod suwi8 ap aiquiou ‘N

Echantillon Ages. prof.s. N Agecentral P1 £20 P2 £2¢ P3 £2¢
(Ma) (m) (Ma=+20) (Ma) (Ma) (Ma)
Karnali River
KAR14 28+£03 925 41 6.0+1.0 50£1.1(74) 82+4.3(22) 141+14.1 ()
KA3o0 434+02 1420 41 74+12 59+13 (65 10.2+2.3(35)
KAR13 52+01 1720 16 9.0+22 71+£1.7(76) 144+45 (24)
KAR12 6.0+0.1 1950 44 89+12 79+13(79) 13.3+£6.0(21)
KA34 64+01 2070 63 95+1.0 3.6 £2.2(9) 9.6 £1.7 (81) 13.9 £19.5 (10)
KAR10 81+0.1 2630 59 69+08 6.5+0.8 (98) 23.8+29.0 (2)
KARg 9.0£01 2915 49 101+12 99+1.0(9y) 21.6+36.8(3)
KAR7y 109+£0.1 3710 56 85+1.0 51£2.6(20) 93+1.3(80)
KAR6 121+£0.1 3980 48 82+14 214+18(13) 9.0+1.3(8y)
KAR3 14.1+£0.1 4650 51 4.0+1.0 1.8+13(43) 52+18(54) 17.2£24.2 (3)
KA441 159+0.1 5265 44 40+1.0 24404 (82) 11.8+2.0(18)
KAR1 159+£0.1 5280 81 57+22 244+04 (58 11.0£69 (38 258+71.81(4)
KA441+KAR1 1594+0.1 5280 81 24404 (750 120£21(23) 192+£57.5(2)
Tinau Khola
TINS 72+0.2 2504 54 112+18 10.5£1.8 (92) 19.31+9.5(8)
BUT4 91+£01 2811 29 6.5+08 23+1.2(6) 7.0+ 0.7 (94)
BUT3 10.3£0.2 3343 29 6.0+12 55£0.6 (96) 349+£315(4) 323£323(2)
BUT3+TINs5 10.3£0.2 3343 77 34+12(32) 69+1.2(6y)
TA181 11.0£0.1 3694 39 6.1+1.6 6.3+15(92) 14.7+£6.3(8)
TA1y 11.3+£0.2 3810 34 6.0+1.0 544+12@83) 9.0+£59 (17)
BUT1 120£0.3 3976 9 45416 35+1.1(88) 134+21.5(12)
BUT1+TIN1 120£0.3 3976 33 9.1+28 25+0.7 (13) 69+£20(83) 31.6 £29.7 (4)
Hetauda
NPos5.28 ~11—-12 ~2900 90 54+04 2.0+1(8) 5.5+ 0.5 (90) 20.2+6.5 (2)

suvp sagignd juos 3o sauidpyy saugpy?) sap anbruvuhpogs) ap a4103p10quT nY uLqu g 4vd sagnioaffo
292 U0 §T'SOIN UOIIJUVYIY,] fnvs suoyvivp saj sanol ‘ad anbvyd inod suwi ap aSvjuazinod vy

JuauUop Sasayuavd 243Ud SAQUIOU SI]
Ua U01150dUI009p V] P SIVINSAL 13 ‘SYIVMIS SAP SUOJIJUVYI S| 4nod [y suoyvp( — 1T°S "4v],

L oanbiydva8ryvags anapuofosd s “Joiq ! anbwydpiSipais a8y g a8y !sady,p suoyvmdod saquaiffip

J130[OPOYIDIN ‘T'S

10T



202

Chapitre 5. Cinématique récente du Main Frontal Thrust et variations latérales

metres de conglomérats. Dans la coupe de la Karnali, 'épaisseur minimale estimée
des sédiments des séries moyennes et supérieures recouvrant la coupe datée par
magnétostratigraphie est de I'ordre de 1500 m. Mais dans les deux cas, les Siwaliks
supérieurs sont clairement syntectoniques (Mugnier et al. 2004, Huyghe et al. 2005)
et leur épaisseur varie fortement latéralement. Comme la coupe de la Tinau Khola
se termine contre un chevauchement interne, il n’est pas possible d’estimer 1'épais-
seur des sédiments sus-jacents. van der Beek et al. (2006) estiment la profondeur
stratigraphique maximale en extrapolant le taux de sédimentation calculé a partir
des données magnétostratigraphiques (Fig. 5.3). Cette approche tend a surestimer
la profondeur maximale atteinte par les échantillons en minimisant I’age de l’arrét
de la sédimentation au niveau des coupes effectuées. En revanche, les courbes ages
stratigraphiques / profondeurs obtenues sont cohérentes entre elles.

L’ensemble des données thermochronologiques concernant les Siwaliks sont des
données portant sur des roches sédimentaires. Il est donc nécessaire de bien dis-
criminer les informations des sources et celles concernant la cinématique du MFT,
en mettant en évidence différentes populations d’ages (voir chapitre 2). Pour aug-
menter la résolution des inversions effectuées a partir d’AFTsolve (Ketcham et al.
2000), j'ai mesuré les longueurs et les largeurs des traces de différents échantillons

de la Karnali River (Tab. 5.2, Fig. 5.4 et Robert (2005)).

5.2 Initiation et cinématique du Main Frontal Thrust
5.2.1 Initiation du MFT au Népal de 1'Ouest

Les ages centraux de la Karnali River, de la Surai Khola et de la Tinau Khola
sont présentés en Fig. 5.3. La combinaison des trois coupes montrent une cohérence
dans la transition de non-recuit a recuit des échantillons, qui se situe entre 2500 et
2800 m de profondeur. Cettte transition correpond a l’entrée des échantillons dans
la zone de recuit partiel (PAZ). Ces températures sont cohérentes avec les valeurs de
réflectance de la vitrinite provenant d"un nombre limité d’échantillons de la partie
supérieure de la Karnali River (L. Martinez, communication personnelle, 2003) qui
suggerent une température de 62 et 75°C a une profondeur entre 1700 et 2600 m.

Mugnier et al. (1995) publient des valeurs de réflectance de la vitrinite de 0.3 — 0.5 %
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Echantillon MTL +1c¢ S.d. N Dpar  S. d.

(um) (um) (um)  (um)
Karnali River
KAR14 11.7+03 2.0 84 1.7 0.4
KAR13 1.7 0.3
KAR12 11.0£03 29 75 1.6 0.3
KAR11 11.3+£03 26 78 1.6 0.3
KAR10 121+£02 20 68 1.8 0.3
KARg 11.24+03 25 54 1.3 0.4
KAR7y 10.7+02 21 80 1.6 0.4
KAR6 94+03 1.9 51 1.2 0.3
KAR3 95+03 1.9 36 1.5 04
Tinau Khola
TINS 109+02 1.6 100

Tas. 5.2 — Mesures de longueurs et de Dy, sur les échantillons des sédiments Siwaliks ; MTL,
longueur moyenne des traces; N, nombre de traces confinées horizontales utilisées pour la mesure de
longueurs; S. d., écart type (standard deviation) ; Dy, largeurs des traces paralleles a 'axe C; pour
chaque échantillon, 100 mesures de largeurs ont été effectuées; j'ai effectué ces mesures, publiées
dans van der Beek et al. (2006).

pour les Siwaliks moyens et de 0.6 — 1.0% pour les Siwaliks inférieurs du Népal de
I'ouest, ce qui correspond respectivement a des températures d’enfouissement de
60 — 90°C et > 100°C. Huyghe et al. (2005) donnent aussi une estimation de la
température d’enfouissement dans la coupe de la Karnali a partir de la cristallinité
de l'illite de 70 — 95°C pour les profondeurs > 2100 m. Ces différentes estimations
indiquent un gradient thermique de 18 — 24°C.km 1, en prenant une température
moyenne a la surface de 20°C, ce qui est en accord avec les mesures de température
en forage dans les Siwaliks de 'ouest de 1'Inde (Agarwal et al. 1994). Nos extrapo-
lations a partir des estimations de profondeurs stratigraphiques apparaissent donc
raisonnables.

Les échantillons profonds, partiellement recuits, ont enregistré le recuit sédi-
mentaire et 'histoire de 1'exhumation des Siwaliks, directement liée a la ciné-
matique du front de déformation actuel himalayen. Les ages AFT minima des
quatre plus profonds échantillons de la Karnali (KAR6, KAR3, KAR441, KAR1),
les deux ages les plus profonds de la Tinau Khola (BUT1, TIN1) sont tous proches
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AFT central age (Ma)

0 2 4 6 8 10 12 14
0 i | i 1 i 1 i | i | i | s |
— HKarnali strat. age 41 Karnali FT age

T
Surai strat. age HH Surai FT age
1000 | e —— Tinau strat. age R Tinau FT age

>—§—< NP05.28

&
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2000 -

3000

Stratigraphic depth (m)

4000 [ i — — +
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F1G. 5.3 — Ages centraux AFT +20 en fonction de la profondeur des échantillons pour les coupes
de la Karnali River, de la Surai Khola et de la Tinau Khola. Les dges stratigraphiques des trois
coupes proviennent de Gautam et Fujiwara (2000) pour la Karnali et de T.P. Ohja (communication
personnelle, 2003) pour les deux autres ; d’aprés van der Beek et al. (2006).

de 2.1 £ 0.4 Ma (voir Tab. 5.1 et Fig. 5.4), ce qui suggére une exhumation liée a
l'activité du MFT aux alentours de cette date.

De manieére a mieux contraindre ’histoire de ’exhumation, nous (van der Beek
et al. 2006) avons inversé les données longueurs de traces de fission de la Karnali
River en utilisant le code AFTsolve (Ketcham et al. 2000). Nous devons considé-
rer les résultats des inversions en terme d’histoires thermiques avec précaution. En
effet, la relative courte longueur des traces des échantillons non-recuits indiquent
que l'histoire de 'exhumation au niveau de la source est relativement complexe
(Tab 5.1 ou Fig. 5.4) et qu’elle doit étre prise en compte pour la modélisation de
I'histoire post-dépot de 1’échantillon (Carter et Gallagher 2004). Ensuite, le nombre
de traces dont il est possible de mesurer la longueur dans chaque échantillon est
taible, ce qui diminue le niveau de résolution pour contraindre la prédiction de
I'histoire thermique. Et derniérement, nous avons étudié des échantillons partiel-
lement recuits caractérisés par une gamme de longueurs de traces importante, qui
signent une histoire pré-dépot, ou une résistance au recuit variables.

Dans l’approche de Ketcham et al. (2000), il est possible de définir des popula-

tions multicinétiques. De plus, pour des échantillons détritiques, les modélisations
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F1G. 5.4 — Ages AFT (dges centraux et dges de la population la plus jeune, P1) en fonction de la

profondeur et associés aux histogrammes de longueurs de traces respectifs (N, nombre de longueurs

mesurées; MTL, longueur de trace moyenne; o, standard déviation) pour la coupe de la Karnali

River ; d’apreés van der Beek et al. (2006).
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F1G. 5.5 — Histoires thermiques représentatives des échantillons partiellement recuits de la coupe de
la Karnali River. La ligne noire en train plein représente le meilleur modele, et I'aire grisée correspond
a 'ensemble des modeles acceptables. Pour chaque échantillon, la légende donne I'dge AFT mesuré,
les longueurs de traces mesurées (MTL), la déviation standard de la distribution des longueurs de
traces (o), comparés avec les valeurs calculées associées pour le meilleur modele entre parentheses,
ainsi que la valeur de Dpa, utilisée. Chaque inversion est basée sur un tirage aléatoire de 10 000
modeles sur une plage de valeurs contraintes (Ketcham et al. 2000). Le test statistique KS permet
la comparaison des distributions observées et calculées, le GOF (Goodness Of Fit) analogue au test
KS donne un indice de comparaison entre I'dge AFT calculé et mesuré. Pour des raisons de clarté,
les chemins temps - températures pre-dépot des échantillons KAR3, KAR6 et KARy n’ont pas été
représentés ; d’apres van der Beek et al. (2006).

thermiques devraient étre idéalement effectuées sur une seule population pour ca-
ractériser une et une seule phase de 1'histoire thermique (Carrapa et al. 2006). Mais
comme nous travaillons avec peu de mesures de longueurs de traces, nous nous
abstenons de séparer nos mesures en fonction des groupes d’ages. En revanche,
nous avons mesuré la résistance au recuit grace aux valeurs de Dygr, qui varient
pour chaque échantillon pris séparément, et entre les différents échantillons.

Pour modéliser les histoires thermiques, nous considérons comme contrainte
principale, que les échantillons étaient a la surface au moment du dépo6t. Nous im-
plémentons aussi les histoires thermiques de la source données par les échantillons
peu recuits, pour appréhender I'historique pré-dépot des échantillons profonds for-

tement recuits. A cause de la complexité discutée ci-dessus, aucune des histoires



5.2. Initiation et cinématique du Main Frontal Thrust

207

thermiques correspond parfaitement aux informations des données thermochro-
nologiques, ce qu’indiquent les valeurs assez faibles des indicateurs statistiques.
Pourtant, les différentes histoires thermiques tirées indépendamment de chaque
échantillon sont remarquablement cohérentes entre-elles. Elles indiquent toutes un
réchauffement entre I’dge de dépot et ~ 2 Ma, suivi d'une phase stable ou d'un re-
froidissement lent puis d'un refroidissement final tres rapide a partir de ~ 0.3 Ma.
L’exhumation finale est principalement contrainte par ’échantillon le plus profond
et le plus recuit (KAR3). La température maximale atteinte par les échantillons est
de 104°C pour KAR11 (2290 m de profondeur) a 106 — 115°C pour KAR3 (profon-
deur de 4650 m)

Nous n’avons pas utilisé des inversions combinées (Gallagher et al. 2005), car
ceci implique un gradient géothermal constant a priori. La Fig. 5.6 montre les pa-
léotempératures maximales prédites en fonction de la profondeur. Bien que ces
palétotempératures maximales soient cohérentes entre elles, elles suggerent un gra-
dient thermique treés faible entre ~ 2300 et 4650 m (7.3°C.km~1!), et impliquent un
gradient de 30°C.km~! pour les 2 km du haut de la série (Fig. 5.6). Les pics de
températures prédisent que les trois échantillons les plus profonds sont cohérents
avec un géotherme de 20°C.km~! déduit précédemment a partir de la transition
recuit/non-recuit. Mais les paléotempératures maximales prédites des deux échan-
tillons les plus hauts de la série sont 15 — 25°C plus élevés que celles attendues.
Si ces prédictions sont valides, alors, le géotherme dans le bassin des Siwaliks est
fortement non-linéaire, ce qui suggere un mécanisme de transport de la tempéra-
ture convectif dans le bassin associé, par exemple, a des mouvements de fluides.
Bien que des marqueurs indépendants de la paléotempérature puissent étre utili-
sés pour valider ces prédictions, les données de réflectance de la vitrinite et de la
cristallinité de l'illite actuellement disponible (Huyghe et al. 2005) ne permettent
pas de discriminer un géoterme linéaire d'un géoterme non-linéaire (Fig. 5.6).

Ces histoires thermiques peuvent étre expliquées par la tectonique de la chaine
frontale des Siwaliks. Le réchauffement post-dépot est clairement lié a 1’enfonce-
ment du bassin et a la diagénese. Son arrét a ~ 2 Ma indiquerait I'initiation du MFT
et I’exhumation des roches des Siwaliks le long du MFT. Cette datation est cohé-

rente avec les dges AFT minima obtenus indépendamment pour les échantillons les
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F1G. 5.6 — Paléotempératures maximales atteintes par les échantillons partiellement recuits prédites
par les inversions d’AFTsolve en fonction de la profondeur stratigraphique. Les points représentés
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minimum autorisé pour les modeles acceptables. Pour comparaison, le champ de paléotempératures
maximales issu des valeurs de réflectance de la vitrinite (Ro; L. Martinez, communication person-
nelle, 2003) et de cristallinité de l'illite (IC; Huyghe et al. (2005)) est respectivement représenté;
d’apres van der Beek et al. (2006).
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plus profonds, ainsi qu’avec les observations de terrain de Mugnier et al. (2004) qui
observent une discordance progressive datée au début du Quaternaire et liée aux
mouvements sur le MFT. L'accélération du refroidissement a 0.3 Ma est cohérente
avec le passage des roches durant I'exhumation du décollement basal du MFT a sa
rampe frontale. Cette transition s’effectue a ~ 3500 m de profondeur dans la Kar-
nali River (Fig. 5.2), le pendage de la rampe est de 30°, ce qui correspond a un taux
d’exhumation de ~ 12 mm.an~! et & un raccourcissement moyen de 20 mm.an—!.
Ces valeurs sont cohérentes avec les taux a court terme de raccourcissement et de
soulevement des études géomorphologiques (Lavé et Avouac 2000, Mugnier et al.
2004), ce qui suggere que le raccourcissement actuellement observé a été maintenu
depuis au minimum 0.3 Ma.

L sur le

Il serait tentant de proposer que ce raccourcissement de ~ 20 mm.an~
MEFT est stable depuis 2 Ma, ce qui engendrerait un raccourcissement de ~ 40 km
le long du MFT. Mais un tel scénario impliquerait des profondeurs de recuit des
échantillons a la base de la section non réalistes. En effet, le pendage du décolle-
ment au Népal de I'ouest de I’ordre de 6 — 8°C (Larson et al. 1999, Berger et al. 2004)
associé au raccourcissement proposé pendant 1.7 Ma (avant l’exhumation rapide
liée a la rampe) impliquerait pour 1’échantillon le plus profond une profondeur
maximale de 7.1 — 8.3 km et donc une paléotempérature maximale de 162 — 187°C
pour un gradient géothermal de 20°C.km~!. En conséquence, nos échantillons les
plus profonds devraient étre totalement recuits. Si nous considérons un gradient
thermique perturbé, la température maximale atteinte par I’échantillon le plus pro-
fond serait de 126 — 135°C, suffisante pour recuire totalement les apatites en regard
de leur composition. Pourtant, aucun de nos échantillons n’est complétement re-
cuit. Ces résultats impliquent donc, soit une activité du MFT intermittente dans
le temps, soit une augmentation récente des taux de raccourcissement le long du

MFT, soit un probleme avec nos inversions thermiques. Nous reviendrons sur cette

question au paragraphe 5.2.3.
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5.2.2 Initiation du MFT au Népal central et en est-Himalaya
(Bhoutan)

Actuellement, au Népal central, nous ne disposons que d’une seule datation,
I’échantillon NPo5.28 (Tab. 5.1 et Fig. 5.7). Cet échantillon est mal contraint en
terme d’age stratigraphique (base des middle Siwaliks) et en terme de profondeur
stratigraphique. Nakayama et Ulak (1999) estiment cette profondeur entre 2700 et
3040 m. Géographiquement, il a été échantillonné au front méme du MFT, au niveau
ou le dernier relief des Siwaliks laisse place a la plaine du Gange. Au Bhoutan,
les données les plus méridionnales accessibles se situent a 1’ouest du pays. A cet
endroit, le MBT et le MCT sont trés proches (~ 10 km), et ni les Siwaliks, ni le
MFT ne sont présents (Grujic et al. 2006). Les deux échantillons proches du front
de déformation se situent dans le Lesser Himalaya et a la base du High Himalaya.
Aucune donnée n’a pu étre extraite au front de la chaine a l'est du Bhoutan ".

Au Népal central et au Népal de 'ouest, les datations AFT sur des échantillons
profonds dans la série des Siwaliks donnent des résultats similaires en terme d’ages
centraux, et de populations d’ages (Tab. 5.1 et Fig. 5.4). En effet, la population
P1 d’age minimal est de l'ordre de 2 Ma dans chaque cas. Bien que ni 1’age, ni
la profondeur stratigraphique précis de 1’échantillon NPo5.28 (Fig. 5.7) ne soient
réellement connus, cette population d’ages P1 montrent que cet échantillon est
partiellement recuit, et a enregistré une partie de I'histoire de l'enfouissement du
bassin, ainsi que son exhumation au front de la rampe. Les mesures de longueurs
et de Dy, n’ont pas encore été effectuées pour 1’échantillon au sud d'Hétauda. En
conséquence, il n’est pas possible d’effectuer une inversion des données en utilisant
AFTsolve (Ketcham et al. 2000). En revanche, par similarité avec les échantillons
partiellement recuits de 'ouest Népal, nous pouvons en déduire que le MFT s’est
mis en place a la méme période au Népal de 'ouest et au Népal central.

Dans I'ouest du Bhoutan, 1’age de 1’échantillon le plus au sud est de 1.8 Ma, ce
qui est similaire aux données du front actif du Népal. A cette longitude au Bhoutan,
le MFT n’est pas présent morphologiquement (Grujic et al. 2006), le chevauchement

le plus au sud est le MBT qui met les roches du Lesser Himalaya directement sur

"Une mission au Bhoutan a été entreprise pour justement acquérir des données pour cette pro-
blématique. malheureusement, des complications administratives et politiques nous ont interdit de
sortir les échantillons du pays.
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F1G. 5.7 — Position de I'échantillon NPo5.28 sur la coupe équilibrée Hetauda - Amlekhanj ; modifié
d’apres Leturmy (1997).

le Quaternaire du bassin du Gange. Par similarité, nous pouvons donc proposer
qu’actuellement, le front de déformation a 'ouest du Bhoutan est constitué par le
MBT, qui est confondu localement avec le MFT.

D’un point de vue mise en place du MFT tout au long de I'Himalaya, ces don-
nées montrent que l'initiation du chevauchement actif actuel s’effectue extreme-
ment rapidement (< 0.1 — 0.2 Ma) a l'échelle des temps géologiques, et ce sur
une longueur supérieure a 500 km. Si nous extrapolons tout le long du MFT, nous
sommes obligés de ne pas prendre en compte 1’est de la chaine a cause de 'absence
de MFT, et cette longueur est de 1’ordre de 1700 — 1800 km.

Ces résultats sont en accords avec les expériences de modélisation analo-
giques menées par F. Graveleau sur la croissance d’un prisme orogénique en liai-
son avec les précipitations (F. Graveleau, communication personnelle, 2008). Au
cours de ses expériences, il observe l'initiation de chevauchements frontaux quasi-
simultanément en diverses zones du modele. Ces initiations croissent rapidement
pour former un chevauchement majeur unique, ce qui peut exprimer une destabi-

lisation quasi-uniforme du prisme.

5.2.3 Importance relative de I’overthrusting et de I'underthrusting

Les vitesses de convergence déduites des données AFT sédimentaires dispo-
nibles sur le front de la chaine himalayenne sont cohérentes avec les estimations
publiées précédement (Lavé et Avouac 2000, Mugnier et al. 2004), qui donnent une
convergence de 20 — 21 km.Ma~!. Au front de la chaine, elle est associée a la vi-

tesse d’exhumation des roches Siwaliks, ce qui impliquerait que I'overthrusting est



212

Chapitre 5. Cinématique récente du Main Frontal Thrust et variations latérales

bien plus important que l'underthrusting si 1'on croit nos inversions d’histoires
thermiques.

Or, dans la haute chaine, les vitesses d’overthrusting sont de 5 — 6 km.Ma~!
(Brewer et Burbank 2006, Bollinger et al. 2006, Whipp et Ehlers 2007). C’est la valeur
utilisée dans nos modélisation dans les chapitres 3 et 4, et la vitesse d"underthrus-
ting est plus importante (15 km.Ma~1). Pour tester 'importance de 1’overthrusting
et de I'underthrusting, j’ai effectué une inversion a partir des données et du mo-
dele numérique de terrain du Langtang en utilisant le méme code PECUBE et NA
que dans les chapitres 3 et 4. Pour cette inversion, j'ai couplé les vitesses d"under-
thrusting et d’overthrusting pour maintenir une vitesse totale de convergence de
21 km.Ma~!. Un seul parametre variable me permet de controler ces deux vitesses.
De plus, je laisse la géométrie de la rampe du MHT libre, comme précédement. Je
définis la température basale a 850°C et la production de chaleur normalisée a 1.5,
ce qui induit un gradient de température moyen de 35°C.km~! compatible avec les
données de terrain. Les résultats de l'inversion sont présentés en Fig. 5.8 et Fig. 5.9.

Le résultat majeur de ces modélisations est de pointer que de l'underthrusting
est necessaire pour expliquer les données thermochronologiques (Fig. 5.8, Fig. 5.9 et
Tab. 5.3). La vitesse d’overthrusting est de ’ordre de 8 km.Ma~!, ce qui induit une
vitesse d'underthrusting de 13 km.Ma~!, assez proche des valeurs utilisées dans les
chapitres précédents (6 et 15 km.Ma~! respectivement). La rampe crustale obtenue
est de 16°, ce qui est légerement inférieur a la valeur trouvée précédemment. Le
meilleur modéle donne des ages qui représentent bien les ages AFT mesurés, mais
moins bien les ages argon mesurés. Ceci montre que le modéle est un peu froid.

Ces valeurs ne correspondent pas a celles trouvées a partir de I’analyse des lon-
gueurs de traces pour les échantillons partiellement recuits de la Karnali River. En
revanche, si nous ne considérons que l’age de la population minimale des échan-
tillons partiellement recuits, que la rampe frontale est de 30°, et que la transition
rampe frontale / plat est a 5 km de profondeur, alors, la vitesse d’overthrusting est
de 5 km.Ma~!.

Il se pose donc la question de la validité de nos interprétations. Nous pouvons
penser qu’a cause de la qualité médiocre des échantillons recuits partiellement, les

données sur les longueurs de traces de fission ne sont pas interprétables correcte-



5.2. Initiation et cinématique du Main Frontal Thrust 213

‘TL
2
=
E
."EP g MFT
O -10 ;
e
(O] 21Vover %
> . . e Y &
o) 15 A X
=
2 . —
S 20— : ‘ :
é 80 90 100 110 120
g x point 4 (km)
@)
-157 e ]
e 3 A = -5
~— X
~—~ 20 1 =~
IS £ 10 57 |
O o5 - o P
s a
> >
T - T - ) -15 * — T — ]
120 130 140 150 80 90 100 110 120
x point 5 (km) x point 4 (km)
——
0.0 15

Normalised RMS misfit

F1G. 5.8 — Résultats de l'inversion avec NA sur la géométrie du MHT et le rapport de vitesses
d’overthrusting/underthrusting.

15 72) Ages Ar 15 1) Ages AFT *
© ©
E 10 o semme o ??Dm nhn-n 2 10 H° . °
N—" . ”gﬁ”unn - : ~—" .:Q o hadd
® ® o GJ s " Y N
O) 5 ] O') 5 N a o !; i . o
< < | e N
" o8 o
0 T T T | 0 T T T - !
2725 2750 2775 2800 2825 2725 2750 2775 2800 2825

Latitude (°N) -Agecacuié | Latitude (°N)

= Age mesuré

F16. 5.9 — Comparaison des données thermochronologiques calculées avec les données réelles pour
le meilleur modele donné par 'inversion. a) Comparaison des données argon ; b) Comparaison des
données AFT.



214

Chapitre 5. Cinématique récente du Main Frontal Thrust et variations latérales

Model OvsU1 OvsU2
Area Langtang | Langtang
Nb of models 1020 1020
Misfit 0.7 0.7
Tpasar (OC) 1139 850
AN 1.74 1.5
grad(T) (°C.km~1) 51 35
Overthrusting (km.My~!) -8.5 -8.2
Vrp (km.My ™) / /
X4 (km) 120 120
Y4 (km -9 -9
X5 (km) 150 148
Y5 (km -17 -16
Ramp slope (°) 16 16
Palung e (km.My~1) / 14497,
Gosaikund e (km.My~!) / 32127

TaB. 5.3 — Synthese des meilleurs modeles donnés par les inversionssur le rapport overthrus-
ting/underthrusting. Les points (X,Y)s et (X,Y)s représentent les point constituant la rampe
crustale du MHT, et sont définis dans la Fig. 5.8. e représente le taux d’exhumation calculé a
partir des valeurs calculées respectivement par le meilleur modele et correspondantes aux données.

ment. D’un autre c6té, les deux fagons d’interpréter nos données sont compatibles
avec des observations distinctes, et de plus, comment expliquer que nous avons
5 km.Ma~! d’overthrusting mesuré dans la haute chaine, et 20 km.Ma~! au front
de la chaine?

Deux solutions sont envisageables (Fig. 5.10) :

— Une explication plausible est de considérer que le front de la chaine voit a la
fois 1'overthrusting et 1'underthrusting. La présence d’un niveau de décolle-
ment (un plat "supérieur"), fixé au MFT, des Siwaliks sur 1'Inde serait alors
nécessaire (Fig.5.10b). Cette solution est peu crédible car elle n’est pas en ac-
cord avec les observations de terrain : la transition entre la plaine du Gange et
les premiéres montagnes des Siwaliks est brutale et correspond a I’émergence
du chevauchement. De plus, cette hypothese impliquerait une déformation
du footwall a la base de la rampe, ce qui n’a jamais été mis en évidence, no-
tamment sur les profils sismiques. Il ne peut donc pas y avoir de niveau de
décollement a ce niveau.

— Une autre explication possible est de se placer dans un repére Inde fixe et
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F1G. 5.10 — Schéma conceptuel donnant deux explications indépendantes explicant le différentiel de
vitesses observé entre la transition topographique et la zone du MFT. a) Décollement du front des
Siwaliks sur I'Inde; b) Interprétation de la vitesse d’overthrusting an terme d’érosion différentielle,
dans un repere fixé sur I'Inde.

de considérer que le front de la chaine se propage vers le sud. Le MDT pré-
céde le MFT d’environ 0.8 Ma, et se situe actuellement a une dizaine de
kilometres au nord du MFT (Chalaron et al. 1995, Mugnier et al. 2003). En
premiere approximation, ces observations donnent une vitesse de propaga-
tion de ~ 13 km.Ma~! qui correspond a une valeur moyenne du déplacement
de la position de la rampe frontale vers le sud. Si nous retirons cette va-
leur a la vitesse de chevauchement total estimée sur le terrain (20 km.Ma~1),
alors, la répartition overthrusting/underthrusting est proche de celle de nos
modélisations. Mais ce que nous mesurons est I’advection de la topographie
himalayenne, dans un cadre de référence fixé a 1'Inde, par la convergence
totale moins la projection horizontale du taux d’érosion. Comme Brewer et
Burbank (2006) le montrent, dans ce cas, ce taux est équivalent a la vitesse
d’overthrusting. Nous pouvons expliquer la différence de vitesses observées
par le fait que la partie sud (Siwaliks, composés d’alternances de gres et de
conglomérats peu indurés) est relativement facile a éroder (20 km.Ma=1), et
la partie nord (haute chaine, composée en grande partie de quartzites et de
gneiss) est plus difficile a éroder (5 km.Ma 1), ce qui induit une advection de
la topographie de la haute chaine de +15km.Ma~?, équivalent a la propaga-
tion de la flexure du bassin du Ganges.
Cette deuxiéme alternative semble plus facilement acceptable, car I’émergence
du MFT au front de la topographie des Siwaliks implique que l'érosion est en
équilibre avec le raccourcissement sur cette structure. De plus, cela permet d’expli-

quer la disparition des Siwaliks vers 1’est (Bhoutan), si les taux d’érosion frontaux,
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contrdlés par une plus forte précipitation, y sont plus élevés que la convergence
(comme déja proposé par Champel et al. (2002)). En revanche, les deux modeles
impliquent que les taux d’incision dans la haute chaine, calculés par Lavé et Avouac
(2001) a partir de calibration de 1’érodabilité des roches, soient fortement surévalués

(d'un facteur 4 environ).
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Pour mener a bien cette étude, il a d’abord été nécessaire que j'effectue un état
des lieux sur les données thermochronologiques de basses températures dispo-
nibles en Himalaya, et que je fasse une revue critique des différentes modélisations
thermo-cinématiques récentes. Cela m’a permis de construire une banque de don-
nées thermochronologiques conséquente pour 'Himalaya. ]'ai utilisé cette banque
de données pour déterminer la stratégie d’échantillonnage sur le terrain afin de la
compléter. J’ai ensuite mis en valeur cette base de données en la couplant a des
modélisations numériques thermo-cinématiques sur les différentes zones étudiées.
Au cours de cette étude, j'ai abordé 1'histoire cinématique récente et la géométrie
des chevauchements majeurs en Himalaya, puis étudié leurs variations latérales au
travers le la chaine de montagnes. Les conclusions pour chaque partie se retrouvent
a la fin de chaque chapitre ou des articles correspondants.

Les paragraphes suivants posent les limites de cette étude, leurs causes et des

suggestions pour les repousser.

6.1 Une histoire cinématique de ’'Himalaya central

J’ai montré que l'histoire cinématique du MHT est tres fortement dépendante
de sa géométrie, qui masque les processus susceptibles d’entrer en jeu dans la
tectonique et la cinématique de la zone située au dessus de la rampe profonde du
MHT. C’est pourquoi, malgré un échantillonnage comprenant et encadrant cette
zone, il est difficile de quantifier exactement I'importance relative de différents
scénarii tectoniques pour l'histoire la plus récente dans cette zone.

Au début, nous avions prévu de compléter I'étude cinématique du prisme hi-
malayen en quantifiant 'activité du MBT au Népal central en utilisant la méme
méthode que celle mise en application pour le MFT. Pour cela, nous avons échan-
tillonné le toit du MBT en deux endroits distincts, mais les lithologies (diorites ou
schistes dits Benigar Slates de la formation Dalagan) ne nous ont permis aucune
datation. Pour pouvoir mener a bien ces datations, il est indispensable de mieux

définir les zones a échantillonner, et peut étre de passer plus de temps sur le terrain
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pour trouver des roches susceptibles de permettre des datations thermochronolo-
giques.

En revanche, les données du front de la chaine contraignent relativement bien
I'histoire récente du MFT. Pour l'étude de cette partie de la chaine, la difficulté
majeure est d’obtenir des données suffisamment propres. En effet, le chevauche-
ment frontal coupe des sédiments synchrone de l'érosion de 1'Himalaya. Il faut
donc utiliser une technique statistique pour discriminer les données des sources, et
les données liées a I'histoire du bassin sédimentaire. Pour les techniques que nous
avons mises en oeuvre, il est nécessaire que I’échantillon contienne un nombre suf-
fisamment important de grains d’apatites. Il faut donc échantillonner des gres en
prélevant un échantillon assez important (5 a 7 kg). Au Népal central, nous avons
actuellement une datation, sans mesures de longueurs de traces ni de D,,. Ces me-
sures vont étre effectuées pour corroborer ou infirmer mon interprétation calquée
par similarité sur l'interprétation des données du Népal de 'ouest. De plus, une
vingtaine de kilometres a 1’est de 1’échantillon daté du Népal central, nous avons
prélevé une coupe pour datations thermochronologiques dans les gorges de la Ba-
kaia, dans laquelle une étude magnétostratigraphique a aussi été menée (Harrison
et al. 1993). Cette coupe permettrait entre autre de corroborer ou d’infirmer mon

interprétation.

6.2 Une variation latérale des structures en Himalaya

L'utilisation de données bibliographiques (Arita et al. 1997, Rai 1998, Burbank
et al. 2003, Grujic et al. 2006, Blythe et al. 2007) m’a permis de montrer que le
MHT n’est pas réellement cylindrique tout le long de la chaine himalayenne, et
qu’a l'est, il n’y a pas de rampe profonde. Ces conclusions sont basées sur des
données provenant principalement du High Himalaya. Il serait fortement bénéfique
de compléter ce jeu de données par des transects sud-nord prenant en compte le
Lesser Himalaya. Cette tache ne sera pas facile a cause des problemes liés a la
lithologie qui peuvent étre comparables a ceux que nous avons rencontré pour la
coupe au niveau des Annapurnas et de la Kali-Gandaki.

De plus, nos conclusions sur l’activité du MFT tout le long de la chaine péchent

par le manque de données provenant du front de déformation actif en Himalaya
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de I’est. Comme le MFT n’est pas continu en Himalaya de 'est et est probablement
relayé sur le MBT, il faut choisir une région comprenant des sédiments Siwaliks,
les plus épais possible de maniére a obtenir des échantillons partiellement recuits.
Il faudrait effectuer une coupe en échantillonnant régulierement dans ces rivieres.
Ce travail a été commencé au Bhoutan, ou, a cause de problemes politiques, nous
n’avons pas pu rapatrier les échantillons. Pour pallier ce probleme, il serait pos-
sible de transférer cet échantillonnage dans la partie indienne a I’est du Bhoutan

(Arunachal Pradesh).

6.3 Etla place de 'underplating?

Au cours de nos modélisations, nous n’avons pris en compte aucun mécanisme
d’underplating. Ce mécanisme est un des deux mécanismes nécessaires pour ex-
pliquer le gradient inverse de métamorphisme observé dans le Lesser Himalaya.
Ayant eu des difficultés pour mener a terme les inversions sur des modeles plus
simples, je n'ai pas tenté cette implémentation. Il est a noter que nos modéles
sans underplating ne reproduisent pas réellement le gradient inverse de métamor-
phisme, mais reproduisent fidélement les données thermochronologiques. Numéri-
quement, I'implémentation de ce mécanisme ajoute une complexité. Il y a plusieurs

moyens de le progammer :

1. Créer comme Wobus et al. (2006) ou Bollinger et al. (2006) une fenetre a tra-
vers laquelle nous faisons passer de la matiere en continue. Ce processus
serait difficile a implémenter dans la version actuelle de Pecube a cause de la
définition méme des failles, et de la difficulté a conserver une rampe avec ce

processus.

2. Changer la morphologie de la faille au niveau de la rampe crustale pour un
pas de temps donné. Ceci permettrait de modéliser un mécanisme discon-
tinu dans le temps, compatible avec les conclusions de DeCelles et al. (2001),
mais pose un probleme de repeére par rapport a la topographie (la transition

physiographique est liée a la position de la rampe).

Il faut se poser la question de la continuité ou non du processus d"underpla-

ting. Si ce processus est continu, alors, il faut le modéliser comme décrit en 1, ou
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comme en 2, mais avec un pas de temps trés court a I’échelle de la modélisation.
Or, d’apres DeCelles et al. (2001), la propagation du duplex sous le Lesser Hima-
laya s’effecturait de maniére épisodique : si I'on suppose que la taille des écailles
du duplex est de l'ordre de 60 km (d’apres la coupe de Lavé et Avouac (2000)) et
que la création d’une nouvelle écaille de duplex est 'un des processus majeur qui
absorbe 1'underthrusting, la création d’une écaille se produirait tous les 4 Ma. Pour
I'implémenter, il faut donc utiliser la technique du point 2. Or, cette durée est supé-
rieure a la majorité des ages thermochronologiques de la plupart des échantillons
du High Himalaya et de la partie nord du Lesser Himalaya. Il est donc fortement

probable que ce processus affecte peu les résultats des modélisations.

6.4 Apports de cette étude

Malgré les difficultés et les points a perfectionnés évoqués ci-dessus, cette étude
a tout de méme apporté les éléments suivants, nécessaires a notre compréhension

du fonctionnement du prisme himalayen :

1. J'ai effectué un tri dans les précédents modeles publiés sur 'Himalaya, et j’ai

éclairci les différents scénarios cinématiques potentiellement impliqués.

2. J'ai apporté de nouvelles données contraignant la cinématique récente de 1"Hi-

malaya.

3. J’ai démontré par I'analyse des données de terrain et par des modélisations
numériques qu’il est peu probable qu'un mécanisme de chevauchement hors-
séquence soit actif actuellement au niveau de la transition physiographique

du Népal central.

4. J'explique que la géométrie du MHT possede un role prépondérant et montre

qu’elle varie latéralement.

5. Je montre que l'initiation du MFT est récente et rapide tout le long de la

chaine himalayenne.
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MFT
MDT
MBT
MCT
STD
LH
HHC
TSS
AFT
ZFT
PAZ
NA

Main Frontal Thrust

Main Dun Thrust

Main Boundary Thrust
Main Central Thrust

South Tibetan Detachment
Lesser Himalaya

High Himalaya

Tethyan Sedimentary Series
Trace de Fission sur Apatite
Trace de Fission sur Zircon
Partial Annealing Zone

Neighbourhood Algorythm
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A.1 Méthodologie d’inversion

La méthodologie des inversions effectuée a été décrite dans Braun et Robert

(2005), lors d"une étude pré-these sur le massif du Dabie Shan, en Chine.
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Abstract

We have investigated whether low temperature thermochronological datasets can be used to
constrain the rate of surface evolution during the post-orogenic phase of a mountain belt.
We use a numerical method to solve the heat transport equation in the Earth’s crust, includ-
ing the effects of a changing, finite-amplitude topography and the resulting flexural isostatic
rebound. We demonstrate that accurate estimates of the amount of relief loss can be obtained
by applying a recently developed spectral method that is based on estimates of the relation-
ship between age and surface elevation as a function of topographic wavelength. We also
show that the rate at which topography decays with time following cessation of tectonic
activity can be constrained from estimates of exhumation rate derived from the slope of age—
elevation profiles collected across short wavelength topography. Using the Neighbourhood
Algorithm to perform a thorough search through parameter space, we are able to find a
tectonomorphic scenario that predicts age distributions compatible with a thermochronological
dataset collected in the Dabie Shan of eastern China by Reiners et al. (American Journal of
Science 2003, vol. 303, pp. 489-518). We demonstrate that, in the Dabie Shan, the mean
topographic relief has decreased by a factor of 2-5 to 4-5 during the last 60-80 Ma, while the
mountain belt experienced a mean exhumation rate of 0-01 to 0-:04 km Ma™'. We confirm the
conclusions of Reiners et al. that there is no need to invoke a discrete Cenozoic tectonic event
to explain the observed age distribution. The thermochronological dataset can also be used
to put constraints on the effective elastic thickness of the lithosphere underlying the orogen
(10 to 30 km). There is, however, a trade-off between elastic thickness, mean exhumation
rate and amount of topographic relief loss. The most likely scenario also predicts that the
topography has decreased at a constant rate since the end of orogenic activity about 100 Ma
ago. Copyright © 2005 John Wiley & Sons, Ltd.

Keywords: thermochronology; erosion; Dabie Shan; flexure

Introduction

It is well known that the rate at which landscapes evolve with time is strongly dependent on the local tectonic forcing
(Kooi and Beaumont, 1996). The classical concepts of dynamic equilibrium landforms (Hack, 1960), phases of growth
and decay of relief (Penck, 1924), and relaxation of landforms (Davis, 1899) can be understood as different aspects of
the behaviour of the coupled tectonic—erosion system (Kooi and Beaumont, 1996). This is because, at the scale of an
orogen, erosional processes can be characterized by a typical timescale (or rate at which they take place), the
‘erosional response time’ (Kooi and Beaumont, 1996). The erosional response time of an orogen depends on its
geometry, i.e. its height, extent and overal shape, but also on the local climate and on the nature of the dominant
process(es) for erosion (fluvial, glacial or hillsope processes, for example) (Kooi and Beaumont, 1996; Lague et al.,
2003; Whipple and Tucker, 1999).

Copyright © 2005 John Wiley & Sons, Ltd.
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In areas of slow tectonic forcing, erosion processes are usually capable of rapidly achieving a steady state in
which the tectonic flux, i.e. the rate of mass input into an orogenic area, is perfectly compensated by the
erosional flux, i.e. the removal of mass by erosion and transport (Kooi and Beaumont, 1996). In cases where the
tectonic forcing takes place over a timescale that is similar to the erosional response time of the system, the erosional
flux is always out of phase with respect to the tectonic flux (Kooi and Beaumont, 1996). However, when an orogen
is subjected to a very rapid or discrete tectonic event, the erosional response takes the form of an exponential
decay at a rate directly determined by the erosional response time (Kooi and Beaumont, 1996). Consequently,
the erosional decay of a mountain belt that follows cessation of tectonic activity, usually in response to a discrete
event of plate reorganization, provides us with an opportunity to determine the erosional response time of orogenic
systems.

Erosion causes rocks to be advected towards the surface and cool. The timing of this cooling can be well con-
strained by thermochronology. In essence, for a given thermochronological system, the ‘age’ of a rock corresponds to
the time at which it cooled through a so-called ‘closure temperature’ (Dodson, 1973). Dating rocks should therefore
provide us with good estimates on the rate at which rocks are brought to the surface and, consequently, with good
constraints on the rate at which surface erosion takes place. The purpose of the work described here is to demonstrate
whether one can extract useful information from thermochronological datasets about the evolution of surface topogra-
phy during the post-orogenic phase of a mountain belt.

It is, however, important to realize that surface erosion and transport in a ‘tectonically quiet’ area causes the
underlying lithosphere to ‘rebound’ by isostasy (Molnar and England, 1990; Montgomery, 1994) at a scale that is
determined by the flexural strength of the underlying lithosphere. This orogen-wide uplift causes further surface
erosion. Thus, to use thermochronological data to quantify the rate of surface erosion and, from it, derive an estimate
of the rate of relief evolution, one needs to incorporate the effect of isostasy.

In this paper, we first discuss the isostatic rebound associated with the evolution of surface topography by
erosional processes. We consider the importance of the lithosphere flexural strength on the isostatic response of
the system to erosion. Using a numerical method to solve the heat transport equation in three dimensions, we
show how a synthetic age distribution can be computed and how it is affected by our assumption about the iso-
static response of the lithosphere to surface unloading. We then investigate whether the age distribution is sensitive
to the assumed erosional response time. Finally we use an inversion method to extract information on the rate
of surface relief evolution in the Dabie Shan, from a thermochronological dataset collected by Reiners e al. (2003)
in the area.

Local Isostasy

The post-orogenic phase of most mountain belts is characterized by a gradual erosion of the relief/topography created
during the active tectonic phase. This erosion results in unloading of the underlying lithosphere and subsequent
isostatic adjustment. The principle of isostasy states that there is a region beneath the lithosphere where rocks are so
weak that they cannot sustain any horizontal stress gradient over geological times (i.e. greater than a few tens of
thousands of years). This implies that, at isostatic equilibrium, the weight of adjacent lithospheric columns must be
equal. Erosion of surface topography results in a reduction of the weight of the underlying lithospheric column and
must therefore be compensated by vertical uplift.

As shown in Figure 1, surface erosion by an amount E, (panel b) of a reference lithospheric column (panel a) of
crustal thickness / and total thickness / + L results in an isostatic surface uplift by an amount « (panel c) such that the
weights of the two columns (a and ¢) down to the compensation depth /4 + L + d are identical. This leads to the
following relationship:

hp.+Lp, +dp,=(h— Ep)p.+ Lp,, + (d+ u)p, M

where p,, p,, and p, are the mean densities of the crust, mantle lithosphere and asthenosphere, respectively, from
which an expression for the isostatic uplift u as a function of the erosion, E,, can be derived:

u=ELe ©)

a

From this relationship, one can also derive the expression for the amount of erosion, E, needed to reduce topography
by an amount A/k:

Copyright © 2005 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 30, 1203—1225 (2005)
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Figure 1. Erosion at the surface of a reference lithospheric column (a) by an amount E, (b) leads to isostatic uplift of the column
by an amount u (c). For typical density and crustal thickness values, u=4 to 5 x E,.
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which, for average values of upper crustal and asthenospheric densities of 2600 and 3200 kg m™, respectively, leads to
an isostatic amplification factor of approximately 5-3. This means that for every kilometre of surface topography
reduction, one needs to erode approximately 5-3 km of crustal rocks. This also means that during the post-orogenic
phase of a mountain belt, erosion of the topography may lead to tens of kilometres of exhumation, rock cooling and
the subsequent closure of thermochronological systems, especially those characterized by a low closure temperature,
such as apatite (U-Th)/He dating or apatite fission track dating. Consequently, for those thermochronological systems,
ages observed at the surface of an ancient mountain belt are more likely to provide information about the rate of
erosion and surface relief evolution during the post-orogenic phase of the mountain belt than about the rate of tectonic
uplift and exhumation during its constructive (or orogenic) phase.

Flexural Isostasy

The concept of an ‘isostatic compensation depth’ leads to a vertically integrated mass balance only if one neglects the
lateral strength of the lithosphere. This is usually true for very wide load, i.e. loads that are much wider than the
thickness of the lithosphere. However, the load associated with erosional processes at the scale of a single valley or
mountain range (1 to 100 km) is typically narrower than the thickness of the continental lithosphere (typically ranging
from a few kilometres to several hundred kilometres).

The lateral strength of the continental lithosphere is usually taken into account by parameterizing its isostatic
response as that of a thin, yet strong, elastic plate ‘floating” on the underlying inviscid asthenosphere (Turcotte, 1979).
Under the assumption that the surface deflection of the lithosphere, w, is small in comparison to its thickness, one can
derive the following partial differential equation that relates w to an applied distributed vertical surface load, g(x):

o

D=+ (P, = pIgw = 4(v) @)

Copyright © 2005 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 30, 1203—1225 (2005)
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where x is the horizontal spatial coordinate, D is the flexural rigidity of the plate, p, and p, are the densities of the
asthenosphere and sediment/crust/air, respectively, and g is gravitational acceleration (Turcotte, 1979). What p, repre-
sents depends on the assumption made on the evolution of the surface following its deflection by elastic rebound: if
subsidence is accompanied by sedimentation, p, is sediment density; if no sedimentation takes place, p, is water
density; where the surface is uplifted but no erosion takes place, p, should be upper crustal rock density; where the
surface is uplifted and erosion is very efficient, p, should be zero.

The flexural rigidity can be expressed in terms of the elastic constants, Y,, and v (Young’s modulus and Poisson’s
ratio), and the assumed elastic thickness of the plate, L, (Turcotte, 1979):

Y.L

120 - ) )

Periodic Loading

The flexural isostatic response of the lithosphere to a periodic surface load (resulting, for example, from a periodic
surface topography of amplitude &, and wavelength 1) can be obtained from the solution of Equation 4 in which:

. 2mx
q(x) = p.ghy sin—- (6)
The solution is in phase with the load:
2mx
w = W, sSin—— 7
osin=— @)
and its amplitude, w, is given by:
ho
Wy = 8
eS| v
Pe P\ A
The amplitude of the deformation depends on the wavelength of the load, A, compared to the flexural wavelength, x,,
given by:
1
D\
x, = (—j“ ©)
pL'g

Two end-member cases exist. First, when the wavelength of the topography is small in comparison to the flexural
wavelength

A << x,, (10)

the deflection of the plate, and thus the isostatic response of the lithosphere, becomes neglegible in comparison to the
amplitude of the surface topography:

Wy << hy (11)
This means that the load of the topography is small enough to be fully compensated by the flexural strength
of the lithosphere. Second, in cases where the wavelength of the topography is much greater than the flexural
wavelength

A>>x, (12)

the flexural strength of the lithosphere becomes negligible and the topography is in local isostatic equilibrium:

Copyright © 2005 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 30, 1203—1225 (2005)
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wo = Ll e (13)
Pa — P

The degree of isostatic compensation, C, of a topographic load of wavelength A is defined as the ratio of the deflection
of the lithosphere (Equation 13) to its maximum local isostatic (or hydrostatic) deflection (Equation 8):

c=Yo_c_ Pa ~ P (14)

we D(2rnY
Pu =Pt —|
g\ 1

For small wavelength topography (A <<x,), C tends towards 0; for long wavelength topography (A >>x,), C tends
towards 1.

Isostatic Response to Relief Reduction

Whether topography is in isostatic equilibrium or fully compensated by the lateral strength of the lithosphere will
affect the amount of isostatic amplification associated with post-orogenic relief reduction by erosion. To follow the
convention of Braun (2002a), we will assume that today’s topographic amplitude is 3 times what it was at the end of
the orogenic phase (i.e. before the post-orogenic decay started). The change in surface topography is given by:

1
Ah=|——1|h 15
(/3 j 4

where A, is the initial topography. Using Equation 8, Equation 3 can be generalized to obtain the total erosion, E,
necessary to achieve a change in topography, Ak, at a wavelength A, taking into account the flexural response of the
lithosphere:

1 1 P.
E=|—-1 h{,+(——1jh0—‘c
(ﬂ j ﬁ Pa — Pe
= (l - 1)},0(1 + LCJ
ﬁ Pa — Pec
E tends towards the local isostatic solution (Equation 3) when C tends towards 1 (long wavelength topographic

change); E tends towards the change in surface topography, Ah, when C tends towards O (short wavelength topo-
graphic change).

(16)

Topography Spectral Content and Age-Elevation Gain Function

Surface topography in active orogenic belts is typically characterized by a range of wavelengths, from small-scale
relief at the valley scale to large-scale relief at the mountain belt scale (Huang and Turcotte, 1989). As suggested by
(Braun, 2002a), this relatively wide spectrum of surface topography amplitude can be used to extract meaningful
information about mean exhumation rate and the rate of surface topography change from thermochronological datasets.
Indeed, the penetration depth of the thermal perturbation caused by finite amplitude surface topography decays
exponentially with the wavelength of the topography (Turcotte and Schubert, 1982). Isotherms thus tend to follow the
shape of the long wavelength component of the topography, while they are unaffected by the short wavelength
component. This, in turn, implies that age—elevation relationships measured along very steep topographic profile
provide a good estimate of the mean exhumation rate, while age—elevation relationships measured over long distances
(i.e. of the same order as the longest wavelength in the topographic signal) provide a good estimate of the rate of
change of the amplitude of the topography (Braun, 2002a).

A spectral method can be used to extract this information from age profiles collected along linear transects that (a)
sample the surface topography at a wide range of wavelengths and (b) are orientated in such a way that the mean
exhumation rate is relatively constant along the transect (Braun, 2002a). Optimally, such transects should contain up to
several tens of regularly spaced points, be located in the part of the mountain belt characterized by the highest topographic

Copyright © 2005 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 30, 1203—1225 (2005)
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relief and orientated in a way that the mean exhumation rate is uniform along the transect and that the transect is per-
pendicular to drainage direction (i.e. mean local slope). Age—elevation data collected along the transect can then be
used to build a gain function, G, that describes the relationship between age and elevation as a function of the wavelength
of the topography, A. The gain function can be constructed following classical spectral analysis methods (Jenkins and
Watts, 1968) from an input signal (here the topographic profile) and an output signal (here the age dataset):

[~2 . 2
\Ch + 0

G =
() C.

an

where C), and Q,, are the real and imaginary parts of the cross-spectrum obtained from the real and imaginary parts of
the smoothed spectral estimators of the input and output signals. These estimators are, in turn, obtained from the
Fourier transforms of the windowed input (elevation, z) and output (age, a) signals, R, I. and R, I, (Jenkins and Watts,
1968):

CIZ = RzRa + [zla
0n=IR,~RI, (1"
C,, is the power spectrum of the input signal:
C,\=R+I’ (19)

The smoothed spectral estimators are obtained by applying a triangular Bartlett window (see Jenkins and Watts, 1968,
p- 244) to the elevation and age profiles prior to the calculation of the Fourier transforms. Confidence intervals can be
calculated from the smooth spectral estimators (see Jenkins and Watts, 1968, p. 437).

At short wavelengths, gain estimates (Gy) are inversely proportional to the mean exhumation rate; at long wave-
lengths, gain estimates (G, ) contain information on the change in surface topography amplitude (relief), f3, over a time
equal to the mean value of the age dataset:

= (20)

The derivation of this important relationship as well as more information on the use of the spectral method to interpret
age—elevation datasets can be found in Braun (2002a).

Here, we propose to determine whether the spectral method can be used to estimate the mean rate of exhumation
and the rate of topographic change during the post-orogenic phase in the evolution of a mountain belt. In such a
situation, the rate of change of the geometry of the surface by surface erosion is also controlling the mean exhumation
rate of the area through isostatic compensation. Thus, the two signals that we are trying to deconvolve by spectral
analysis, are, in fact, spatially correlated at a wavelength that is determined by the flexural properties of the underlying
lithosphere.

Effect on Age Distribution

To demonstrate this point, we first use a numerical model solving the heat transfer equation to investigate the effect of
erosion-driven isostatic rebound on the distribution of ages measured along the surface of an old orogenic belt. The
model is a modified version of the Pecube software, developed by Braun (2003), in which we have incorporated a
module to calculate the vertical surface deflection of a thin elastic plate due to an applied surface vertical load, using
the spectral method described in Nunn and Aires (1988). Pecube is a finite element code solving the heat transport
equation in three dimensions:

2 2 2
a—T+Ea—T:Ka—T+Ka—T+Ka—T+£ (21)
ot oz ox? 0y? 222 ¢

including the effects of vertical heat advection due to erosion (£), heat conduction and heat production. T is tempera-
ture, x, y and z are spatial coordinates, ¢ is time, k is thermal diffusivity, H is the rate of heat production per unit mass

Copyright © 2005 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 30, 1203—1225 (2005)
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Figure 2. (a) Location of major tectonic elements surrounding the Dabie Shan and (b) topographic data used in this study.

and c is heat capacity. Pecube has been designed to accurately predict the effect of a finite amplitude, time-varying
surface topography on the underlying temperature structure. More details on Pecube can be found in Braun (2003).
Flexural isostasy has been included by computing at each time step, from the imposed change in surface topography,
Ah, the resulting negative load, p,gAh X AxAy, and the ensuing isostatic uplift. This uplift is then imposed as a
velocity term in a system of reference that is fixed with respect to the base of the model.

Rather than using a synthetic topographic surface, we have used a topographic dataset from the Dabie Shan area in
southeastern China (Figure 2a). The reason for this particular choice of natural topography is that we also have access
to a rather extensive thermochronological dataset for this area (Reiners et al., 2003). This orogen developed between
the northern edge of the Yantze craton and the southeastern corner of the Sino-Korean craton during a series of
subduction-related episodes of crustal shortening, from the late Palaecozoic to the mid-Cretaceous (Schmid et al.,
2001). There is debate on whether the orogen was reactivated during the ongoing Indo-Asian collision and whether
some of the present-day topographic relief is the result of this Cenozoic reactivation (Grimmer et al., 2002). Alterna-
tively, the topography is the erosional remnant of a much larger amplitude relief that was entirely formed in the
Cretaceous (Reiners et al., 2003).

Later in this paper, we will make use of the thermochronological data to extract from them quantitative estimates of
the amount of post-orogenic topographic decay and its timing. In a first step, however, we will use the topography
of this area (a 190 by 220 km rectangular section extracted from the 30 arc second resolution DEM GTOPO30;
Figure 2b) in a series of model runs in which we investigate the effect on low-7 age distributions of the isostatic

Copyright © 2005 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 30, 1203—1225 (2005)
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rebound associated with a post-orogenic erosional phase. To perform this sensitivity analysis, we first impose that the
topographic relief was arbitrarily four times larger 100 Ma ago than it is today and that it has decayed linearly since
then, to reach its present-day value at the end of the model run. Changes in surface relief are imposed by changing the
amplitude of the topography, not its shape. This is an approximation that is likely to be correct in a setting where
horizontal tectonic advection is not important, such as during the post-orogenic phase of a mountain belt. In these
situations, the potential for stream capture and reorganization of the drainage network is indeed small. It is, however,
likely that the small-scale diffusive processes acting along hillslopes will decrease small-scale relief first and, in
principle, one should assume a faster removal of the small-scale components of relief in comparison to its large-scale
features. Hillslope processes are, however, active on a scale (tens to hundreds of metres) that is well below the
horizontal scale of the topographic effects recorded by thermochronology.

We have first performed a series of five model runs to investigate how sensitive the predicted ages are to the
assumed elastic plate thickness. The model runs differ by the assumed elastic plate thicknesses, 0, 1, 10, 20 and
40 km, which correspond to flexural wavelengths of 0, 4-1, 23, 39 and 66 km, respectively, if one assumes that
Y, = 10" Pa, v=0-25 and p,g =3 x10* Pam™. The apatite He ages are computed from temperature—time histories
derived from the results of the Pecube model using the method described by Wolf ez al. (1998). We do not specify an
a priori closure temperature for the (U-Th)/He system in apatite; the temperature range across which the system will
‘close’ is internally determined, including the effect of cooling rate and diffusion domain size. A temperature of
600 °C is imposed at the base of the model, 30 km beneath the surface. Note that, although there is a likely relation-
ship between the effective elastic plate thickness and the thermal structure of the lithosphere, here we have assumed
that these two parameters are independent. Heat diffusivity is set at 25 km® Ma™'. Temperature at the surface, T, is
imposed to be proportional to topographic height, 4, according to:

Tx = mel + 7h (22)

where T, is temperature at mean sea level (z=0) and is taken to be 10 °C, and ¥ is the lapse rate (4 °C km™), i.e.
the rate of decrease of temperature with elevation in the atmosphere. Heat production over heat capacity, H/c, is
uniform throughout the crust and set at 8 °C Ma™'. The initial temperature structure is assumed to be at equilibrium
(steady state) with the imposed boundary conditions. We performed several model runs in which the initial tempera-
ture structure was first calculated assuming a mean exhumation rate of 1 km Ma™' to represent the active tectonic
phase preceding the post-orogenic decay phase of the orogen, but found that it did not affect the results in a significant
way.

The results of five model experiments are shown in Figure 3 as five predicted apatite (U-Th)/He age distributions
across the strike of the orogen, from the northwest to the southeast. In all model runs, ages are young near the centre
of the orogen (Figure 3), i.e. they are smaller than the length of the model run (100 Ma). We have chosen the mean
geothermal gradient (600/30 =20 °C km™") and the amount of topographic relief reduction (87" = 4) such that, even in
the absence of isostatic rebound, rocks that end up at the surface of the model have a starting temperature well above
the apatite He closure temperature, typically in the range 55-75 °C, and see their age set during the post-orogenic
exhumation. The minimum reset ages, found near the centre of the orogen, are inversely proportional to the assumed
elastic plate thickness. Because we have assumed that the rate of decrease in surface topographic relief is constant
through time, the larger the total erosion, the younger the ages. For low values of the elastic plate thickness (0—1 km),
the system is at or near local isostatic equilibrium and the reduction in surface topographic relief over the last 100 Ma
causes very large (up to 6 km) isostatic rebound and erosion. As the elastic plate thickness is increased, the amount of
isostatic rebound decreases and the total amount of erosion necessary to reduce the surface topographic relief by a
factor of 4 decreases.

Effect on Age-Elevation Distributions

A different way to look at these results is to state that, on the scale on the orogen, the ages are inversely proportional
to (present-day) elevation, i.e. ages are younger near the centre of the orogen where topography is currently the
largest. However, if one looks at the relationship between age and elevation at the scale of an individual valley (10 km
in length), three behaviours are observed (Figure 3). In cases where the flexural wavelength is larger than the width of
the valleys (L, = 10, 20, 40 km), there is a strong positive correlation between age and elevation; in the case where the
flexural wavelength is similar to the width of the smallest valleys (L, =1 km), there is little variation in age with
elevation; in the case where the flexural wavelength is smaller than the valley width (L, =0 km), predicted age is
inversely proportional to elevation.

Copyright © 2005 John Wiley & Sons, Ltd. Earth Surf. Process. Landforms 30, 1203—1225 (2005)
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Figure 3. Topography and computed apatite He ages along a profile crossing the study area from the northwest to the southeast
assuming different values for the elastic plate thickness.

This behaviour of the coupled erosional—isostatic system can be further documented by computing age—elevation
profiles in two separate valleys, one near the centre of the orogen, the other half-way between the centre and one of its
margins. Computed age—elevation profiles are shown in Figure 4. In both locations, the slope of the age—elevation
relationship is negative when the flexural wavelength is very small and positive otherwise. When the elastic plate
thickness is finite, the slope decreases with increasing elastic plate thickness. These synthetic transects are ‘collected’
across topographic features characterized by a wavelength (10 km) that is moderately larger than the critical wave-
length, A., given by the ratio of the closure temperature for the thermochronological system considered (55-75 °C)
and geothermal gradient (20 °C km™) (Braun, 2002a). The perturbation caused by the valleys on the closure tempera-
ture isotherm is therefore moderate and the slope of the age—elevation profiles should provide a reasonable, yet
overestimated measure of the local erosion rate (Braun, 2002a,b; Stiiwe er al., 1994). In the case where the elastic
thickness is large (L,=20 or 40 km) and isostatic rebound is negligible, total erosion is equal to the change in
topographic amplitude (3 km near the centre of the orogen and 1-5 km near its margin) and the mean exhumation rate
should be of the order of 0-03 or 0-015 km Ma™", respectively. The slope of the age—elevation relationship is 0-085 and
0-071 km Ma™' near the centre of the orogen, for L, =20 and 40 km, respectively, and 0-041 and 0-087 km Ma ™' near
the margin. When isostatic rebound becomes important (i.e. for smaller values of the assumed elastic plate thickness),
the total erosion and, consequently, the mean erosion rate increase. This is why the model predicts that the apparent
erosion rate derived from the slope of the age—elevation relationship measured along narrow valley profiles increases
with decreasing elastic plate thickness.

Estimates of Relief Change Based on the Spectral Method

The results of these five model runs can also be used to determine under which circumstances the spectral method
developed by Braun (2002a) can be used to estimate the amount of relief change experienced during the post-orogenic
erosional decay of an ancient mountain belt. We first calculate the spectral content of the topographic profile along
which age estimates will be used to determine the gain function. The results are shown in Figure 5 and demonstrate
that the topographic profile is made of a long wavelength (approximately 150 km) component and a series of shorter
wavelength components, the smallest above noise level is at approximately 12 km. We then estimate the value of the
gain function between topography and age (G) at those two wavelengths and use them to compute the apparent change
in topographic relief based on Equation 20.

To estimate the gain values G, and Gy, we compute the power spectra of the topography and the predicted ages
and combine their real and imaginary parts as detailed in Braun (2002a). We use two different methods to estimate
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Figure 4. Computed apatite He age—elevation profiles along two 10-km-wide valleys, one near the centre of the orogen (a) and
the other one half-way between the centre of the orogen and one of its margins (b). Each profile corresponds to a different value

for the assumed elastic thickness, L..

the power spectra. The first method makes use of a Bartlett window, the second is based on multiple estimates
of the spectrum from sub-samples of the topographic and age profiles which are then used to determine a mean value
and standard deviation of the gain function at both wavelengths. The results are summarized in Table 1. They
demonstrate that the spectral method provides very good estimates of the topographic amplitude change when the
plate thickness is of the order of 10 km or more. More generally, one can state that the spectral method can be used in
situations where the degree of isostatic compensation, C, of the orogen is less than 0-5. For larger degrees of
compensation (or smaller plate thicknesses), one of the main assumptions on which the spectral method is based is
violated: the isostatic uplift and thus the mean erosion rate is not uniform across the orogen; in the case of local
isostasy (C = 1), total erosion is directly proportional to topography and ages are inversely correlated to elevation, at
all wavelengths.

Estimates of the elastic thickness of the continental lithosphere vary from a few to several hundred kilometres
(Forsyth, 1985). In many cratonic areas, i.e. those which have not been subjected to a recent tectonic event, L,
estimates are consistently larger than 10 km (Bechtel et al., 1990; Maggi et al., 2000; Wang and Mareschal, 1999;
Zuber et al., 1989). It is thus clear that the spectral method is likely to provide accurate estimates of topographic relief
change associated with the erosional decay of ancient mountain belts.
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Figure 5. Topographic profile used to calculate the gain function (a) and its power spectrum (b). The arrows point to the
components of the spectrum where the long wavelength gain value, G, and short wavelength gain value, G, are estimated to
determine the amplitude of the relief loss (87').

Table I. Computed gain values, G, and G, and corresponding relief loss amplitude, 37, for five model runs characterized by
different values of the elastic plate thickness, L.. Method | is based on filtering of the age and elevation data by a Bartlett window.
Method 2 is based on multiple computations of the gain function from sub-samples of the age and elevation datasets to derive
error estimates

Method | Method 2
L, (km) G, (Ma km™) G; (Ma km™) B! G, (Ma km™) Gs (Ma km™) I
0 -98 =271 -2:6 —-106£2 -58+3 -0-83
| -8l 87 10-3 -94+3 84+t4 122
10 -36 10-4 45 =51 %2 10:3£3 59
20 -38 153 35 —45+ | 156+2 39
40 -23 10-57 32 -23%2 94+ | 34
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Erosional Response Time

Now that we have established that, under most circumstances, the relief reduction accompanying the erosion decay of
ancient mountain belts can be accurately derived from age—elevation datasets, we turn to the question of timing.
Clearly, relief reduction estimates can be used to derive a minimum estimate for the rate of relief evolution, by
assuming that the rate of erosion has been constant through time since the end of the orogenic phase. As most
geomorphic laws imply that the rate of erosion should be somehow proportional to the height of the mountain belt
(Whipple and Tucker, 1999), either through a slope or curvature dependence, it is most likely that relief evolution
during a post-orogenic ‘decay’ phase obeys an exponential law of the form:

1 —e((t - 1,)/7)

1 e(—,/7) @9

h=hy + hy(B = 1)

where ¢ is time in the past, &, is today’s relief amplitude, ¢z, is the time of the end of the orogenic phase and 7 is the
erosional response time. 7 is the time it takes for relief to decrease by a factor e. If 7 is short in comparison to 7,, most
of the relief reduction takes place during the period following the end of the orogenic phase; if 7 is much greater than
t,, relief has decayed quasi-linearly since the end of the orogenic phase.

Can we use thermochronological data and/or their relationship to elevation to put constraints on the value of the
parameter T characterizing the rate at which relief decreases during the post-orogenic phase of a mountain belt? To
answer this question, we have performed another series of numerical experiments in which the value of the parameter
T was systematically varied. As in the previous set of experiments, we have taken 7, = 100 Ma and assumed values for
7 of 10, 20, 40, 100 Ma and . The elastic plate thickness is set at 40 km. All other parameters are given the same
value as in the previous set of runs. The results are shown in Figure 6 as age distributions along the same profile for
the apatite He system (Figure 6a) and apatite fission track (FT) system (Figure 6b). The fission track ages are
calculated from predicted thermal histories using the method of van der Beek e al. (1995). We have also computed
age—elevation relationships along a narrow transect near the centre of the orogen. They are shown in Figure 7. The
gain estimates and the values of 8 derived from them are summarized in Table IL

The age distribution appears to be similar for all model runs (Figure 6) except for a younging of the ages with
increasing value of 7. That the ages are older for small values of 7is consistent with a rapid phase of relief reduction
following the orogenic phase (100 Ma ago) during which rocks are rapidly exhumed to the surface and cross the
closure temperature isotherm. That the minimum age computed for 7= oo is approximately 50 Ma is also consistent
with a linear decrease in relief of approximately 3—4 km in 100 Ma. The fission track ages have a similar distribution
but are all older, consistent with an approximate closure temperature of 110 °C.

The slope of age—elevation transects measured along the narrow valley in the centre of the orogen (Figure 7) is
strongly dependent on the assumed value for the erosional response time, 7. For small values of 7, corresponding to a
rapid decay of the topography following the orogen constructive phase, the apparent exhumation rate are very high,
approximately five times larger than the value predicted for a linear, steady decrease in topography over the past
100 Ma. Comparing the apparent exhumation rates derived from the slope of the age—elevation profiles ‘collected’ in
the central valley (Figure 7) for the apatite He and apatite FT ages, one notices that for large values of 7, i.e. quasi-
linear decrease in relief, the exhumation rate derived from both thermochronometers is almost identical. For small
values of 7, i.e. corresponding to a rapid relief decay following the end of the orogenic phase, the exhumation rate
obtained from the apatite He chronometer is almost twice as large as that derived from the apatite FT ages. This is
somewhat counterintuitive as it would lead to the conclusion that the rate of exhumation increased between 100 and

Table Il. Computed gain values, G, and G, and corresponding relief loss amplitude, 3", for five model runs characterized by
different values of the erosional response time, 7. Method | and method 2 are as in Table I. Age is the mean of the reset ages

Method | Method 2
7 (Ma) G, (Ma km™) G;(Ma km™) B! G, (Ma km™) G;(Ma km™) B! Age (Ma)
10 -7-8 29 37 -8:8+£02 2:9+04 4 95
20 —13-4 56 34 —152+0-3 55+07 3-8 92
40 -22:0 9-8 32 =251 £0-5 97+ 13 36 86
100 =315 137 33 —36:7+0-8 13719 37 78
oo -38-3 15-3 35 —45-5+ -1 [56+2:4 39 73
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Figure 6. Topography and computed apatite He ages (a) and apatite FT ages (b) along a profile crossing the study area from the
northwest to the southeast assuming different values for the erosional response time, 7.

90 Ma where, in fact, it decreased exponentially. This apparent increase in exhumation rate for the low temperature
(and therefore younger) age estimates is a consequence of the rapid advection towards the surface which causes a
greater perturbation to the closure temperature isotherm and generates higher apparent exhumation rates for the low
temperature systems (Braun, 2002b).

Interestingly, the B-values derived from the gain estimates (Table II) are all consistent, regardless of the value of 7,
indicating that the spectral method is very robust. Most estimates of 3~ are slightly smaller than the true value of 4.
This is because by the time the rocks cools through the closure temperature for the apatite He system, the relief has
already decrease by a small amount. The information contained in the age dataset can only provide us with informa-
tion on the rate of relief change and/or mean exhumation rate since the time the rocks cooled through the closure
temperature.
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Figure 7. Computed apatite He age—elevation profiles from the centre of the orogen (Figure 4a). Each profile corresponds to a
different value for the assumed erosional response time, 7. (a) (U-Th)/He system in apatite; (b) FT system in apatite.

In short, the slope of age—elevation profiles is sensitive to the rate at which erosional decay takes place during the
post-orogenic phase of a mountain belt; estimates of the amount of relief/topographic change by the spectral method
are not affected by the rate of decay, or whether it is linear or not.

Relief Evolution in the Dabie Shan
Spectral method
Having established that meaningful information about the rate of change of relief during the post-orogenic

phase of mountain belt evolution can be extracted from thermochronological datasets, we turn our attention to the
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data collected by Reiners et al. (2003) in the Dabie Shan (Figure 8). Our main purpose is to determine how
the concepts illustrated by synthetic examples in the first part of this paper can be applied to a ‘real’ dataset.
Rocks were collected across the orogen for (U-Th)/He and fission track dating in apatite and zircon (Reiners et al.,
2003). Here we focus on the low temperature, apatite datasets (Figure 8). In both datasets, there is a general trend of
younger ages near the core of the orogen and older ages around its rim. An age—elevation transect collected near the
centre of the orogen yields well-defined age—elevation relationships for the He dates with a slope, or apparent
exhumation rate, of approximately 0-064 km Ma™ and, for the FT dates, a slope of 0-042 km Ma™'. This could be
interpreted as indicating an increase in exhumation rate between 60 and 35 Ma ago, i.e. the mean age of each datasets.
However, as discussed by Reiners er al. (2003), it is more likely that this apparent increase in exhumation rate is,
in fact, related to the deflection of the closure temperature isotherm (approximately 55-75 °C for apatite He and 100—
120 °C for apatite FT) by the surface topography. The valley in which the vertical transect was collected is approxi-
mately 12 km wide (Reiners et al., 2003). It can be estimated that the deflection of the isotherm corresponding to the
closure temperature for He in apatite caused by a 12-km-wide valley is sufficient to explain the difference in apparent
exhumation rate. After correction, this yields a meaningful, orogen-wide exhumation rate of 0-06 km Ma™' (Reiners
et al., 2003). It was thus shown by Reiners e al. (2003) that the dataset is consistent with a scenario in which the
mean exhumation rate has not changed since the end of the large mid-Cretaceous exhumation event (i.e. approxi-
mately 100 Ma ago).

This dataset has not been collected with the purpose of using the spectral method of Braun (2002a) to interpret its
significance in terms of mean exhumation rate and rate of landform evolution. This would have required the collection
of samples along a single transect crossing the orogen and at nearly equidistant locations. However, one can obtain a
first-order estimate of the long wavelength gain value by restricting the dataset to the samples located in a narrow
corridor as done by Reiners ef al. (2003, figure 1B) and projecting and interpolating both the observed ages and
elevations onto a southwest—northeast transect to estimate their Fourier components. Using the apatite He age, we
obtain a value of approximately —50 Ma km™ for the real part of the gain estimate at long wavelength. The negative
value simply indicates that there is an anti-correlation between age and elevation, which, following the arguments
developed in Braun (2002a,b), implies that the long wavelength relief has decreased in the recent geological past.
Combining this with a value of 1/0-064 Ma km™ for the short wavelength gain, i.e. the inverse of the slope age—
elevation relationship observed in the narrow, central valley, yields a value of approximately 4 for the amount of relief
reduction experienced by this orogen over the past 60—70 Ma, i.e. since the end of the orogenic phase. Considering
that the present-day relief in the Dabie Shan is approximately 1-5km, this implies that the mountain range was
approximately 6 km high in the mid-Cretaceous.

Parameter search

More information can be extracted from this dataset. We have seen in the previous sections that the distribution of
ages within the orogen (i.e. as a function of the distance to the orogen’s centre) and the relationship between age and
elevation vary significantly as the assumed elastic plate thickness or the erosional timescale is varied. The forward
model Pecube can be used to search through parameter space for an ‘optimal’ set of parameters that result in age
predictions that are similar to the observed ages (within measurement error), and also to evaluate the sensitivity of the
model predictions to the value of the input parameters. In other words, we wish to ‘invert’ the thermochronological
dataset to provide constraints on a range of Earth processes (surface erosion, lithospheric strength, temperature
structure within the crust, timing of tectonic events, etc.) and/or, more importantly, to determine whether the dataset
contains information on each of these processes.

To perform this inversion, we have used the Neighbourhood Algorithm (NA) of Sambridge (1999), a Monte-Carlo-
type inversion method that does not require the calculation of the derivatives of the forward model with respect to the
model parameters in its search for a minimum of the misfit function between observations and model predictions.
Instead, the NA navigates through the parameter space to find this minimum by making use of the natural neighbour
and Voronoi diagram concepts. The misfit function is defined as the L,-norm of the weighted difference between the
observation vector, O, and the prediction vector, P:

1
misfit = —
n

(24)

where n is the number of measured ages (31 in our case) and AQ; are the observational errors. A detailed description
of the NA can be found in Sambridge (1999). The important point to remember is that NA performs an intelligent
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Figure 8. Relationship between age, topography and location for the apatite He dataset (a) and apatite FT dataset (b) collected by
Reiners et al. (2003) in the Dabie Shan. Each bar corresponds to an age measurement. The location of the bar gives the location
of the sample; the height of the bar is proportional to the measured age. Maximum age for apatite He is 65-5 Ma; maximum age
for apatite FT is 85:7 Ma. (c) Age—elevation plot for apatite He and apatite FT ages. The relatively well-defined positive correlation
between age and elevation among some of the data points corresponds to the vertical transect collected in the central part of the
orogen; at the scale of the orogen, there is a negative correlation between age and elevation, with younger ages near the centre

and older ages around the edges of the orogen.
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search to find the set of parameter values of a given model (here Pecube) that will minimize the difference between
model predictions (the synthetic ages) and observations (the measured ages). This search necessitates that a large
number of model (Pecube) runs be performed to sample a wide range of parameter values.

In our application, the ‘free’ model parameters, i.e. those for which the inversion is performed, are the effective
elastic plate thickness, L,, the length of the model run, #,, which can also be regarded as the time since the last major
tectonic event at the end of which the erosional decay episode started, the erosional response time, 7, the basal
temperature, T, the amplitude of the topography/relief decrease since the end of the orogenic phase, ', and a mean
exhumation rate, £, i.e. uniform in space and constant in time.

Using a high performance cluster, we were able to perform a very large number of forward model runs (17 744 in
total) in a reasonable amount of time. The results are shown in Figures 9 and 10 as scatter plots in parameter space.
Each circle corresponds to a Pecube forward model run. The grey shade of the circles is proportional to the predicted
misfit (dark shades correspond to low misfit, light shades correspond to high misfit). In Figure 9, all model runs are
shown. In Figure 10, only the 50 best-fitting model runs are shown. Although the search was performed in a six-
dimensional space (the space of the free parameters), we can only display the results as two-dimensional plots, by
projecting the other four dimensions. We selected six combinations of pairs of parameters.

The results demonstrate that the thermochronological data contain information on: the timing of the end of the
orogenic phase: 60 Ma < ¢, < 80 Ma; the effective elastic plate thickness: L, < 20 km; the amplitude of the relief loss:
2 < B! < 4; the mean exhumation rate: 0-01 km Ma™ < E < 0-04 km Ma™'. The data do not contain information on the
basal temperature, 7', or the erosional response time, 7. The best-fitting forward model run (indicated on Figure 9 by
a large white circle) is obtained with the following parameter values: L, = 9-3 km, t, = 72 Ma, 7=270 Ma, T, = 660 °C,
B'=23 and E =0-022 km Ma™". The ages predicted from this best-fitting model run are shown and compared to the
observed ages in Figure 11 as age—elevation distributions for the He and FT ages. The best forward model run is able
to explain the steep, positive correlation between age and elevation near the centre of the orogen and the increase in
age with distance from the centre of the orogen (and thus mean elevation). For the value of the ‘best fit model’
parameters, the total erosion in the centre of the orogen is approximatively 4 km, i.e. 1-6 km of uniform erosion, 2 km
of relief loss and 0-4 km of associated isostatic rebound. That the data are better explained by a model in which a
mean rock exhumation of 0-022 km Ma™" is imposed indicates that areas where little surface topography exists today
have undergone finite exhumation/erosion. We interpret this result as indicating that our approximation of relief
evolution by simple amplification (or multiplication) is too simplisitic.

One should note, however, that the ‘best’ 50 model runs differ by less than 4 per cent in their misfit to the data but
differ markedly by the value of the model parameters. The location in parameter space of these 50 best-fitting model
runs is shown in Figure 10. Their distribution demonstrates that some of the model parameters are linearly dependent,
i.e. that there is a trade-off between pairs of parameters: the data are equally explained by high relief loss or low mean
exhumation rate (and vice versa) (see Figure 10c); the data are equally explained by high elastic thickness or high
mean exhumation rate (and vice versa) (see Figure 10e); the data are consequently equally explained by high relief
loss or high elastic plate thickness (and vice versa) (see Figure 10d). The timing of the end of the orogenic phase is
independent of the other parameters.

The results of the inversion confirm the conclusions of Reiners et al. (2003) that, to explain the thermochronological
data, there is no need to invoke a discrete tectonic event some 40—60 Ma ago as suggested by Grimmer et al. (2002).
Slow exhumation related in part to the erosional decay of a relatively large surface topography and the subsequent
isostatic uplift can explain the data. Surface topography/relief appears to have decreased by a factor of 2 to 4 since the
beginning of the erosional decay phase. The data are better explained, however, if one assumes that the entire orogen
(including the present-day low topography areas) has undergone, in addition to the isostatically driven exhumation,
1-6 km of uniform exhumation. Interestingly, the thermochronological data appear to provide better constraints on the
effective elastic thickness of the underlying lithosphere than on the temperature structure (i.e. geothermal gradient) of
the crust.

Finally, the results of the inversion (Figures 9 and 10) suggest that there is little information in the data to determine
whether the relief loss occurred soon after the end of the orogenic event (small value of 7) or whether the topography
has decayed at a constant rate since (large value of 7). However, most of the best-fitting model runs are characterized
by relatively large values of 7, i.e. larger than 100 Ma, suggesting that a linear decrease in topographic height over the
past 60—70 Ma is the most likely scenario. In Figure 12, we compare observations with predicted ages for a model run
characterized by a small value of the erosional reponse time, 7= 16-5 Ma. Other parameters are L, = 12-4 km, ¢, =73 Ma,
T, =600 °C, ,B'l =2-5 and E = 0-028 km Ma™". It is the sixth best-ranked model and is shown as a dark black circle in
Figure 10. The predicted ages (Figure 12) have similar age—elevation slope to the observations but the He ages are
clearly older than the observations, suggesting that a small value (i.e. smaller than 100 Ma) for 7 is not compatible
with the data.
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Figure 9. Results of the NA inversion as scatter diagrams of the misfit between observations and predictions. Each circle
corresponds to a forward model run. The position of the circle is determined by the value of the model parameters. The grey
shade of the circle is proportional to the value of the calculated misfit: dark shades correspond to low misfit values; light shades
corresponds to high misfit values. The larger, white circle corresponds to the best-fit model run. Each diagram corresponds to a
projection of all model runs onto a plane defined by two of the six parameters. Note that during the inversion procedure all
model parameters are free to vary simultaneously. Only a small number (six) of all possible combinations of pairs of parameters
are shown.

Conclusions and Discussion

Using a numerical model for the evolution of the temperature structure within the Earth’s crust that includes the effect
of a changing, finite-amplitude surface topography and isostatically driven exhumation, we have demonstrated that
thermochronological data can be used to put constraints on the rate and amplitude of topographic decay during the
post-orogenic phase of mountain belt evolution.
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Figure 10. Same as Figure 9 but limited to the ‘best’ 50 model runs, i.e. those corresponding to the 50 smallest misfit values out
of the 17 744 model runs performed during the inversion procedure with NA. The larger, black circle corresponds to the sixth
best-fit model run, characterized by a small value of the parameter .

In particular, the spectral method developed by Braun (2002a) provides very good estimates of the mean exhuma-
tion rate and amplitude of relief loss even in cases when erosion is controlled by flexural isostasy; it is only in cases
where lithospheric strength is so low and the effective elastic thickness is of the order of a few kilometres or less that
the method overestimates the amount of relief loss.

Copyright © 2005 John Wiley & Sons, Ltd.

Earth Surf. Process. Landforms 30, 1203—1225 (2005)



1222 J. Braun and X. Robert

()
2:0
| ‘ @ Observed Apatite-He Age ‘
8 oY ¥
16 4 oo ‘ QO Predicted Apatite-He Age ‘
14
€ 127 €0
=3
= 1.0 4
5 o®!
£ o8 -
e 2
06
@) @
04 4
0 © o
02 ¥ 0 F.%
o Qo w
0-0 T T @O T T
0 20 40 60 80 100
Age (Myr)
(b)
20
18 4 ‘ @ Observed Apatite-FT Age ‘
O +HeH
16 ‘ O Predicted Apatite-FT Age ‘ o °
14
€ 127 [oF o
=3
E 10
k= —e— O
]
T 08 1
—eO
06
—e—-O
04 | @ O
02 - @O @—
O —o—
00 ‘ e O :
0 20 40 60 80 100
Age (Myr)

Figure I'l. Comparison between observed and synthetic age—elevation relationships for apatite He ages (a) and apatite FT ages
(b) estimated from the best-fitting model run.

The timescale, 7, over which relief decays once tectonic activity ceases can also be constrained by low-T'
thermochronological data; the slope of age—elevation profiles collected along short wavelength topography provides a
good estimate of the mean rate of erosion which, in turn, is strongly dependent on the mean rate of topographic decay.

Applying the spectral method to a thermochronological dataset collected in the Dabie Shan of eastern China
provides first-order estimates of the amount of relief reduction (8! =4) since the end of tectonic activity (at least
70 Ma ago).

A thorough search through parameter space indicates that the Dabie Shan dataset is best explained if the underlying
lithospheric thickness if of the order of 10 km, the relief has decreased by a factor of approximately 2-5 over the last
60 to 70 Ma, and if the area has been subjected, over the same period of time, to a mean exhumation rate of
0-02 km Ma™".

We have also demonstrated that these optimum parameter values should not be regarded as unique; the data suggest
that there is a trade-off between mean exhumation rate and relief loss. For example a smaller mean exhumation rate of
0-01 km Ma™" and a greater relief loss of 4-5 leads to a misfit to the data that is only a few per cent greater than that
calculated for the optimum parameter set. There is also a trade-off between elastic thickness and relief loss with model
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Figure 12. Comparison between observed and synthetic age—elevation relationships for apatite He ages (a) and apatite FT ages
(b) estimated from the sixth best-fitting model run, characterized by a small erosional response time, 7= 165 Ma.

runs characterized by a larger elastic thickness (up to 30 km thick) and a greater topographic relief loss (up to 4-5)
yielding similar misfit values.

We also found that surface topography in the Dabie Shan is likely to have decayed relatively linearly since the end
of the orogenic event; the value for the parameter 7 cannot be accurately derived from the thermochronological dataset
but is likely to be relatively large, i.e. 7> 100 Ma.

Finally, the misfit between model predictions and observations appears insensitive to the choice of geothermal
gradient.

The most interesting result of our analysis of the Dabie Shan dataset is that it supports the conclusion of Reiners
et al. (2003) that the rate of exhumation and thus the rate of change of surface topography has been more or less
constant during the post-orogenic phase of the evolution of the mountain belt. The ‘best-fit model’ is not compatible
with an exponential decrease in relief (and thus erosion rate) as predicted by most landscape evolution models that
assume that the rate of erosion is proportional to relief amplitude (through the slope dependency of most erosional
processes).

This result can be interpreted in several ways.
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(1) The large-scale features of the landform do not evolve at a rate that is proportional to their relative height. This
would imply that although the basic physical processes that drive the evolution of surface topography through
time, such as stream incision or hill slope processes, have a strong dependency on local slope, this cannot later be
time-averaged or spatially homogenized at the scale of an orogen and lead to a dependency of mean erosion rate
on the slope measured along its major large-scale features. This would then imply that much of the recent work on
the balance between tectonics and erosion that is based on an extrapolation of the stream power law to the overall
shape of an orogen (Hilley and Strecker, 2004; Roe et al., 2005; Whipple and Meade, 2004) is not well posed.

(2) Other landforming processes, such as glacial erosion, may play a more important role than commonly assumed
(Braun et al., 1999; Tomkin and Braun, 2002) and lead to a constant lowering rate, especially in mountainous
regions that are in a post-orogenic erosional decay phase.

(3) Low-T thermochronological data are not sufficiently sensitive to changes in surface relief to provide constraint on
the details of the temporal evolution of the relief. This does not seem to be supported by the results of our
modelling (Figures 6 and 7) but could be due to the accuracy with which small variations in ages can be recorded
by and extracted from the rocks.
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A.2 Analyse thermochronologique des sédiments Si-
waliks de la Karnali, Népal de I'ouest

van der Beek et al. (2006) décrivent les premieres données thermochronolo-
giques sur les Siwaliks de I'ouest Népal, et les interpretent principalement en terme

de sources.
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Late Miocene — Recent exhumation of the central
Himalaya and recycling in the foreland basin
assessed by apatite fission-track thermochronology
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ABSTRACT

Thermochronological analysis of detrital sediments derived from the erosion of mountain belts and

contained in the sedimentary basins surrounding them allows reconstructing the long-term

exhumation history of the sediment source areas. The effective closure temperature of the

thermochronological system analysed determines the spatial and temporal resolution of the analysis
through the duration of the lag time between closure of the system during exhumation and its
deposition in the sedimentary basin. Here, we report apatite fission-track (AFT) data from 31 detrital
samples collected from Miocene to Pliocene stratigraphic sections of the Siwalik Group in western
and central Nepal, as well as three samples from modern river sediments from the same area, that
complement detrital zircon fission-track (ZFT) and U-Pb data from the same samples presented in a
companion paper. Samples from the upper part of the stratigraphic sections are unreset and retain a
signal of source-area exhumation; they show spatial variations in source-area exhumation rates that
are not picked up by the higher-temperature systems. More deeply buried samples have been partially
reset within the Siwalik basin and provide constraints on the thermal and kinematic history of the
fold-and-thrust belt itself. The results suggest that peak source-area exhumation rates have been

constant at ~1.8km Myr '

over the last ~7 Ma in central Nepal, whereas they ranged between 1 and
~1.5km Myr ~'in western Nepal over the same time interval; these spatial variations may be
explained by either a tectonic or climatic control on exhumation rates, or possibly a combination of
the two. Increasing lag times within the uppermost part of the sections suggest an increasing
component of apatites that have been recycled within the Siwalik belt and are corroborated by AFT
ages of modern river sediment downstream as well as the record of the distal Bengal Fan. The most
deeply buried and most strongly annealed samples record onset of exhumation of the frontal Siwaliks

along the Himalayan frontal thrust at ~2 Ma and continuous shortening at rates comparable with the

present-day shortening rates from at least 0.3 Ma onward.

INTRODUCTION

The Himalaya is by far the most important source of sedi-
ment input to the world’s oceans (Summerfield & Hulton,
1994; Hay, 1998); its denudation history should, therefore,
have major consequences for global climate change if at-
mospheric CO, drawdown from weathering and organic
carbon burial plays a role in modulating climate (Raymo
& Ruddiman, 1992; France-Lanord & Derry, 1997). Denu-
dation rates within the Himalayan system may have fluctu-
ated considerably through time, controlled by tectonic
and/or climatic factors, such as the onset of the Asian

Correspondence: Peter van der Beek, Laboratoire de Géodynami-
que des Chaines Alpines, Université Joseph Fourier, BP 53, 38041
Grenoble Cedex, France. E-mail: pvdbeek(@ujf-grenoble.fr
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Monsoon and global glaciations. The erosional history of
the Himalaya, as inferred from mass-balance studies, is
controversial: whereas some studies have inferred a signif-
icant Quaternary increase in sediment fluxes (e.g. Métivier
etal.,1999), others have suggested that fluxes have been de-
creasing since reaching a peak in middle-late Miocene
times (e.g. Burbank ez a/., 1993, Clift & Gaedicke, 2002).
Vance ez al. (2003) and Vannay ez al. (2004) used detrital
cosmogenic and iz situ thermochronologic data, respec-
tively, to argue that denudation rates in the western
Himalaya have increased significantly during the last few
million years. Burbank (1992) has demonstrated rebound
of the Ganges foreland basin since ~4 Ma, which he also
attributes to increased denudation of the mountain belt
since that time. Constraining the erosional history of the
Himalaya is therefore important in order to elucidate both
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Fig.1. (a) Concept of detrital thermochronology and principal differences between detrital apatite and detrital zircon fission-track
thermochronology. Samples collected at stratigraphic horizons 1-4 record integrated exhumation rates between the time they passed
through the closure temperature () and the time they arrived at the surface (¢,). 4 is time of deposition; it is generally assumed that

tq = .. Lag time equals t—t4 ( =tt.). Subscripts (a) and (z) refer to the closure temperatures for the apatite and zircon fission-track
systems, respectively; PAZ, partial annealing zone. Because of the relatively low closure temperature of the apatite fission-track system,
samples may be partially or totally reset within the sedimentary basin. Modified from Garver ez al. (1999). (b and ¢) Synthetic model for
samples collected from an exhumed basin. Samples are initially exhumed from their source areas at a rate of 1km Myr ~ 'and deposited
in the basin from 16 Ma onwards. A single source terrain with uniform exhumation rates is considered here. Basin sedimentation rates
are constant between 16 and 5 Ma at 500 m Myr — I the basin is exhumed from 5 Ma onward. For simplicity, a constant 20 °Ckm ~ !
geotherm is assumed for both the source area and the sedimentary basin. Predicted pattern of apatite fission-track (AFT) ages as a
function of maximum stratigraphic depth is shown in (b), for highly retentive (HR) and low-retentive (LR) apatites, respectively. AF'T
ages are calculated using the forward model of Ketcham ez a/. (2000) using the thermal histories depicted in (c) and annealing kinetics
characterized by Dy, values of 2.0 and 1.0 um for HR and LR apatites, respectively (cf. Carlson ez 4l.,1999; Barbarand ez al., 2003). The
shaded box in (b) represents apatite partial annealing zone (PAZ). See text for discussion.

the mass fluxes at the Earth’s surface and the climatic and
tectonic controls on mountain building. Some of the ques-
tions that are of interest to us include: what is the recent
cooling history of the Himalayas? Has exhumation of the
Himalayas in Nepal been continuous or episodic since
the mid-Miocene? Is the exhumation history of the Hima-
layas controlled purely by tectonics or can we isolate cli-
matic controls?

Detrital thermochronology permits monitoring the
evolution of cooling and exhumation rates through time
by analysing samples from sediments of different ages de-
rived from an eroding mountain belt. Thus, detrital ther-
mochronology provides a much longer ‘memory’ of
exhumation rates than iz situ thermochronology, especially
in regions of high exhumation rates and therefore young
thermochronological ages such as the Himalaya. A key
concept of detrital thermochronology is the ‘lag time’
(Garveretal.,1999; Berneteral., 2001), defined as the differ-

ence between the thermochronological and the deposi-
tional ages of the sample and, therefore, the time the
sample spent to reach the surface from its closure tem-
perature and be deposited in the basin (Fig. 1). Transport
times are generally considered negligible; the lag time is
thus a direct measure of exhumation rates within the
source area at the time of deposition. As synorogenic sedi-
ments may be derived from different sources in a moun-
tain belt, characterized by varying denudation histories,
detrital samples usually contain a range of cooling ages,
which can be divided into different grain-age components
or peaks (e.g. Bernet ez al., 2001, 2004; Stewart & Brandon,
2004).

Most detrital thermochronology studies have used
thermochronometers with relatively high closure tem-
peratures (7,) such as zircon fission-track (ZFT;
T. ~240°C; e.g. Cerveny et al., 1988; Bernet ez al., 2004) or
mica *°Ar/*Ar (7, = 350-420 °C; e.g. Copeland & Harri-
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son, 1990; White ez al., 2002; Szulcezal., 2006). The effective
closure temperature of any thermochronological system
will determine what type of process can be addressed by
its study: the time and length scales of constraint will de-
pend on closure temperature, so that in any region, high-
er-temperature systems will constrain deeper, longer-term
processes than lower-temperature systems (Fig. 1). There-
fore, using a lower-temperature thermochronometer,
such as the apatite fission-track (AFT) system
(T.=110 = 10 °C), in conjunction with these higher-tem-
perature systems makes it possible, in principle, to track
short-term variations in denudation rates that are below
the resolution of the higher-temperature systems. In situ
bedrock AFT ages within the western and central Hima-
laya are consistently younger than a few Ma (e.g. Jain et al.,
2000; Thiede er al., 2004; Blythe ez al., 2006) so that, in
principle, variations in exhumation rates can be moni-
tored with a temporal resolution of 1-2 Myr.

The relatively low closure temperature of the AFT ther-
mochronometer, however, makes this system also more
sensitive to postdepositional heating within the sedimen-
tary basin. As a sample is buried deeper in the sedimen-
tary basin and reaches temperatures corresponding to the
AFT partial annealing zone (PAZ; ~70-120 °C), the in-
formation it contains concerning source-area exhumation
is progressively erased (Fig. 1). Samples that have been
buried to depths less than the PAZ retain a source-area
signal; their component ages are older than the deposi-
tional ages and increase down-section, indicating they
are unreset and can be interpreted in terms of lag times
(Fig. 1b). For samples exhumed from within the PAZ, in
contrast, annealing will partially reset the peak ages, which
thus lose their geological significance. Partially reset ages
may be either older or younger than the depositional age;
as the intensity of annealing increases with depth (tem-
perature), peak ages of partially reset samples will thus
generally decrease down-section. Moreover, as the ki-
netics of AFT annealing vary with apatite chemistry (e.g.
Carlson eral., 1999; Barbarand ez al., 2003), with low-reten-
tive grains becoming (partly or fully) reset at lower tem-
perature than high-retentive grains, we may expect a
stronger variability in single-grain ages in such samples
compared with unreset samples from the same source.
This loss of information is, however, counterbalanced by
complementary constraints on the postdepositional ther-
mal history, which will be most clearly recorded by the dee-
pest and most strongly annealed samples (Rohrman ez al.,
1996; Carter & Gallagher, 2004; Cederbom ez al., 2004). In
these samples, an increasing proportion of apatite grains
will have been completely reset within the basin, such that
the youngest component age peak will regain geological
significance: it dates the onset of exhumation of the basin
strata (Brandon et al., 1998; Locke & Garver, 2005). This si-
tuation manifests itself when minimum ages (that is, the
age of the youngest component peak) are similar for differ-
ent samples (Fig. 1b). Finally, if all of the apatites have been
completely reset within the basin, a single peak age dating
the onset of basin exhumation is expected. A more com-

Recent exhumation of the central Himalaya

plete retrieval of the post-depositional thermal history is
obtained when confined fission track-length distributions
are considered together with the age distributions of the
samples (Gallagher ez al., 1998; Carter & Gallagher, 2004).

In this paper, we present detrital AF'T data from 31 sam-
ples collected from Miocene to Pliocene stratigraphic sec-
tions of the Siwalik Group at the Karnali River, Surai
Khola and Tinau Khola sections in western and central
Nepal, as well as three samples from modern river sedi-
ments from the same area (Fig. 2). These data complement
detrital ZFT ages from the same sections presented in a
companion paper (Bernet ez al., 2006). Samples from the
upper part of the stratigraphic sections provide comple-
mentary constraints on source-area denudation rates,
and show spatial variations in denudation rates that are
not picked up by the higher-temperature systems, whereas
more deeply buried samples provide constraints on the
thermal and kinematic history of the Siwalik fold-and-
thrust belt itself.

TECTONIC AND GEOMORPHIC SETTING

The Himalaya is classically subdivided into four tectonic
zones (e.g. Hodges 2000, Yin & Harrison 2000) that can be
followed along its ~2500km length and are separated by
north-dipping crustal-scale faults, branching off the main
detachment overlying the underthrust Indian plate (Zhao
et al., 1993; Yin & Harrison, 2000; Avouac, 2003). The
northernmost Tethyan Himalayan zone forms the south-
ern border of theTibetan Plateau and consists of Cambrian
to Eocene sedimentary to low-grade metamorphic rocks.
It is separated from the structurally underlying Higher
(or Greater) Himalayas by the extensional Southern Tibe-
tan Detachment System (STDS; Burchfiel ez al., 1992). The
Higher Himalayan zone consists of high-grade meta-
morphic rocks and forms the topographic backbone of
the range. It is intruded along its northern border by Mio-
cene ( ~24-17 Ma) leucogranites (Burchfiel et al., 1992,
Guillot ez al., 1994, Hodges et al., 1996). The Higher Hima-
laya overthrusts the Lesser Himalaya along the main cen-
tral thrust (MCT,; Fig. 2). Precise dating of the activity of
the STDS and MCT has shown that they were active si-
multaneously during the Early Miocene (around 22—
18 Ma; Burchfiel ez al., 1992, Hodges ez al., 1996), giving rise
to amodel of extrusion of Greater Himalayan middle crust
from under the overthickened Tibetan Plateau (Beaumont
etal., 2001, Hodges ez al., 2001).

The Lesser Himalaya consists mainly of Proterozoic to
Palacozoic (meta)sedimentary rocks and is bounded to
the south by the main boundary thrust (MBT). In western
Nepal, the Lesser Himalaya forms a complex structural
duplex with several major internal thrusts (DeCelles et al.,
2001). Overall, the timing of activation of thrusts in the
Lesser Himalaya indicates a forward-propagating thrust
sequence with activity of the MCT initiating >20Ma,
the internal thrusts between 10 and 20 Ma (DeCelles ez al.,
2001; Huyghe ez al., 2005) and the MBT between 5Ma

© 2006 The Authors. Journal compilation © 2006 Blackwell Publishing L.td, Basin Research, 18, 413434 415
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(DeCelles eral., 2001) and 10 Ma (Meigs et al., 1995; Huyghe
et al., 2001). The MBT overthrusts the Sub-Himalaya or
Siwalik thrust belt, composed of Mio-Pliocene syn-tec-
tonic clastic deposits. The latter overthrusts the Ganges
plain (known as Terai plain in Nepal) along the currently
active main frontal thrust (MFT).

Present-day convergence rates across the Himalaya are
18 + 3mmyear ! from GPS measurements (Bilham
etal., 1997, Larson et al., 1999; Jouanne et al., 2004). Within
error, these are equal to Holocene shortening rates across
the MFT (Lavé & Avouac, 2000; Mugnier ez al., 2004) in-
ferred from folded and uplifted river terraces. They are
also equal to Quaternary shortening rates across the Siwa-
lik fold belt (Mugnierezal., 2004) and Mio-Pliocene short-
ening rates across the Lesser Himalaya (DeCelles ez al.,
2001) inferred from section balancing. Moreover, a frontal
propagation rate that is equal to the convergence rate can
be inferred from facies-migration patterns within the
Ganges foreland basin, suggesting overall steady-state for-
ward migration of the Himalayan orogenic wedge since

~15Ma (Lyon-Caen & Molnar, 1985; Avouac, 2003; Mug-
nier & Huyghe, 2006). Combining present-day patterns

and rates of uplift and deformation from geodetic studies
with those obtained on geological timescales, Avouac
(2003) has proposed a model in which convergence takes
place over a mid-crustal detachment including a ramp un-
derlying the topographic front of the Higher Himalaya (see
also Bilham e al., 1997; Cattin & Avouac, 2000; Lavé &
Avouac, 2001; Bollingerezal., 2004). From a detailed analy-
sis of GPS data, Larson ez al. (1999) and Berger ez al. (2004)
have proposed that the detachment is segmented and the
crustal ramp more pronounced in central Nepal than in
western Nepal. Recently, however, a competing model has
been proposed that incorporates out-of-sequence activa-
tion of a newly formed thrust just south of the MCT; pos-
sibly controlled by climatic focusing of erosion on the
topographic front of the Higher Himalaya (Wobus ¢z al.,
2003; Hodges et al., 2004).

A growing number of i situ fission-track thermochro-
nology studies have emphasized the rapid rates of recent
exhumation within the central Himalaya (e.g. Arita & Gan-
zawa, 1997; Jain et al., 2000; Burbank ez a/., 2003; Thiede ez
al., 2004; Vannay et al., 2004; Bojar ez al., 2005; Blythe ez al.,
2006). Most of these studies have concentrated on the
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Higher Himalaya and the Lesser Himalayan crystalline
zones, due to the unfavourable lithologies in the other tec-
tonic units of the central Himalaya. Within these zones,
AFTages of valley samples are commonly < 1Ma, rising
to 2-4Ma for the highest-elevation samples. In detail,
however, there are some differences between the different
results: extremely young AFTages <0.5 Ma (e.g. Burbank
etal., 2003; Bojar et al., 2005) are not reproduced in all stu-
dies, and whereas Burbank ez /. (2003) report a jump in
ages across the MCT in the Marsyandi area of central Ne-
pal, Thiede ez al. (2004), Vannay et al. (2004) and Bojar et al.
(2005) show that AFTages remain young in the Lesser Hi-
malayan crystalline zone in the Goriganga and Sutlej
regions ( ~400 and 700 km west of the Marsyandi, respec-
tively). Higher closure-temperature **Ar/*’Ar mica ages
show a similar pattern (Bollinger ez al., 2004, Vannay ez al.,
2004): they are commonly 4-6 Ma in the northernmost
Lesser Himalaya in the footwall of the MCT and increase
to ~20Ma in the southernmost part of the Lesser Hima-
laya along the MBT hangingwall.

Stratigraphy and structure of the Siwalik beltin
western Nepal

The Siwalik fold-and-thrust belt constitutes the active de-
formation front of the Himalaya and the deformed part of
its Neogene foreland basin. The belt can be subdivided
into a structurally simple outer belt, composed of laterally
propagating fault-bend or fault-propagation folds asso-
ciated with the MFTand their hanging-wall synclines, on
which wedge-top basins or Duns have developed, and a
more complex inner belt composed of a series of laterally
relayed and transported thrust sheets (Fig. 3; Mugnier
etal., 1993, 1999; Champel ez al., 2002; Husson ez al., 2004).
On the basis of growth strata recognized within the Surai
Khola section in central Nepal, Mugnier et al. (2004) infer
an onset of thrusting on the MFT between 1.8 and 2.4 Ma.

Siwalik Group sediments were deposited in the Ganges
foreland basin during Middle Miocene—Pliocene times
(e.g. Burbank ez al., 1996) and constitute an upward-coar-
sening fluvial megasequence (DeCelles ez al., 1998; Nakaya-
ma & Ulak, 1999; Huyghe ez al., 2005). The Siwalik Group is
traditionally subdivided into the Lower, Middle, and
Upper Siwalik subgroups (cf. Fig. 3). The Lower Siwaliks
consist of mudstones and fine- to medium-grained sand-
stones with common palaeosol horizons and are inter-
preted as representing deposition in a fine-grained

meandering fluvial system. The Middle Siwaliks are mainly
massive coarse-grained micaceous sandstones and record
a transition from sandy meandering to sandy braided flu-
vial environments. The Upper Siwaliks are composed of
pebble- to boulder-sized conglomerates representing de-
position in gravely braided streams and alluvial fans. Over-
all, the evolution of depositional environments records the
forward propagation of the Himalayan thrust wedge and
increasing proximity of the source area, although regional
climate changes also influenced the depositional settings
(Quade ez al., 1995; Nakayama & Ulak, 1999; Huyghe et al.,
2005).

The present-day drainage pattern of the Nepal Hima-
laya is characterized by a small number of through-going
trunk rivers (the Karnali in western Nepal, Narayani in
central Nepal and Sapt Kosi in eastern Nepal) that collect
the drainage of many tributaries before cutting through
the Siwalik ranges. The characteristic gridiron drainage
pattern thus formed has been interpreted to result from
thrust-related uplift along the MBT during Late Miocene
times (Gupta, 1997). Lateral drainage diversion is also
common within the Siwalik belt and is a response to uplift
and lateral propagation of the active fault-related folds
along the MFT (Champel et al., 2002; van der Beek ez al.,
2002). In contrast, flow directions measured within the
Siwalik sediments are consistently towards the south, indi-
cating transverse transport similar to the modern drainage
pattern in the northern Ganges flood-plain (Tokuoka ez al.,
1990; DeCelles et al., 1998; Szulc et al., 2006).

As the Siwaliks have been tilted and exhumed along the
MFT, several continuous cross-sections through the se-
quence are exposed where rivers cut across the frontal
structure (Figs 2 and 3), providing a well-constrained
framework for sampling the tectonic and climatic record
contained within the Siwalik Group sediments in magneto
-stratigraphically dated sections (e.g. Harrison ez al., 1993;
Quade ez al., 1995; DeCelles et al., 1998; Huyghe ez al., 2001,
2005; Robinson et al., 2001).

The first magneto-stratigraphic dating studies in wes-
tern Nepal were carried out along the Surai Khola (Appel
et al., 1991) and Tinau Khola (Gautam & Appel, 1994) sec-
tions; these results have been reinterpreted and calibrated
to the Cande & Kent (1995) magnetic polarity timescale by
Gautam & Rosler (1999). The Surai Khola preserves the
most completely dated stratigraphic section; the Tinau
Khola section is cut off within the Middle Siwaliks by an
internal thrust. Gautam & Rosler (1999) put the Lower-
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Fig.4. Plot of apatite fission-track (AFT) central age against depth for all samples. Stratigraphic ages for the three sections [after
Gautam & Fujiwara (2000) for the Karnali section; T. P. Ojha (pers. comm. 2003) for the Surai and Tinau sections] are also indicated.

Middle Siwalik boundary at ~9.8 Ma (base of chron 4a) in
these sections and the Middle-Upper Siwalik boundary at
5.2Ma (base of chron 3). This calibration has been ques-
tioned, however, on the basis of vertebrate fossil data,
which would suggest that the Middle-Upper Siwalik limit
should be younger than 3.5 Ma (Corvinus & Rimal, 2001).
More recently, these sections have been resampled by a
University of Arizona team (T. P. Ojha, pers. comm.,
2003). Although the magneto-stratigraphic results them-
selves have not been published, they have been used to
provide a temporal framework for several palaco-climate
and provenance studies (e.g. Hoorn e a/., 2000; Robinson
et al., 2001; Szulc et al., 2006). Whereas the difference be-
tween the two magneto-stratigraphic frameworks for any
horizon is never more than 1 Myr for the Tinau section, it
reaches >2 Myr in the Middle Siwalik subgroup in the
Surai section (cf. Fig. 4 in Szulcez al., 2006).T. P.Ojha’s un-
published data put the Lower-Middle Siwalik transition at
8.2Ma in the Surai section and 10.3 Ma in the Tinau sec-
tion, whereas they date the Middle-Upper Siwalik transi-
tion at 3.5Ma in the Surai section. Szulc er al. (2006)
provide a further discussion of these different magneto-
stratigraphic studies. Finally, a long magnetostratigraphic
record is available for the Karnali River section, encom-
passing Lower and Middle Siwalik subgroups between
159 and 5.2 Ma (Gautam & Fujiwara, 2000).

DETRITAL AFT THERMOCHRONOLOGY
Sampling and methods

We collected samples for detrital apatite and zircon analy-
sis along the Surai, Tinau and Karnali River sections, aim-

ing to collect a sample every million years represented by
the sedimentary succession. For the Karnali section, we
had access to detailed field logs, enabling us to locate and
identify ~90% of the holes drilled for the Gautam & Fu-
jiwara (2000) magnetostratigraphic study; we are thus able
to tie our data very closely to the magnetostratigraphy.
Samples KARI14 and KA30 were collected from Middle
and Upper Siwalik series stratigraphically above the dated
section; their ages were estimated by extrapolating the de-
position rates recorded by the magnetostratigraphy. For
the Surai and Tinau sections, we tied our data to the Appel
et al. (1991) and Gautam & Appel (1994) studies using the
most detailed maps and logs available (e.g. Tokuoka et al.,
1990; Corvinus & Rimal, 2001) and to the unpublished
Ojha data by tying them to the sampling sites of Szulc ez
al. (2006). We estimate uncertainties on the stratigraphic
ages to be of the order of the length of the recognized po-
larity chrons, i.e. &= 0.1-0.2 Myr, except for the youngest
samples, which have larger errors because they are based
on extrapolated deposition rates (in the Karnali section)
or because the magnetostratigraphy has a low resolution
(in the uppermost part of the Surai section).

In the following, we will use the stratigraphic depth of
samples as a common reference for the different sections
(cf. Figs 4 and 7). As none of the sections record continu-
ous sedimentation to the present day, the maximum depth
reached by the samples is not well constrained. The young-
est Upper Siwalik sediments in the Surai Khola section
have an estimated age of 1.0 £ 0.5 Ma and are overlain by
a few hundred metres of younger conglomerates. In the
Karnali section, a minimum estimated thickness of
1500 m of upper-Middle and Upper Siwalik series overlies
the magneto-stratigraphically dated section. However, in
both cases the Upper Siwaliks are clearly syntectonic
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(Mugnier et al., 2004; Huyghe et al, 2005) and their
thickness may vary strongly laterally, with thick deposits
limited to the footwalls of major internal thrusts (Fig. 3).
Because the Tinau section is cut off by an internal thrust,
no estimate of the overlying sediment thickness can be
made in the field. We estimated maximum stratigraphic
depth in all three sections by extrapolating the sedimenta-
tion rates calculated from the magnetostratigraphic data
to the present day (cf. Fig. 4). This approach tends to over-
estimate the maximum depth reached by the samples by
minimizing the age of cessation of deposition at the sec-
tion locations. However, the extrapolated sediment thick-
ness is close to the thickness of overlying sediments
observed in the field. Moreover, the stratigraphic age-
depth curves we obtain are consistent between the three
sections studied, lending a degree of confidence to our ap-
proach. Note that the use of stratigraphic depth is not cen-
tral to our analysis; it mainly serves to compare the
structural positions of samples from different sections
and to estimate geothermal gradients from the data.

Apatites were recovered from whole-rock samples using
standard magnetic and heavy liquid separation techni-
ques, mounted in epoxy, polished and etched in a 5M
HNO; solution at 20 °C for 20s. All samples were dated
by the external detector method, using U-poor mica as an
external detector and a & calibration factor for Fish Canyon
and Durango age standards (Hurford 1990). Samples were
irradiated at the well-thermalized ORPHEE facility of the
Centre d’Etudes Nucléaires in Gif-sur-Yvette, France, with a
nominal fluence of ~5 x 10" neutrons cm ~ % Neutron
fluences were monitored using NBS962 dosimeter glasses
(National Bureau of Standards, Gaithersburg, M D, USA).
Mica detectors were etched in 48% HF at 20 °C for 20 min.
All datable grains (including zero-track grains) within a
mount were included in the analysis; grains were selected
for dating primarily on the basis of the grain images in the
mica detectors. For the Karnali River section, where apa-
tite yield was the highest, confined track-length measure-
ments were performed on separate mounts, after
irradiation with 2*Cf- fission fragments (at University Col-
lege London) in order to increase the probability of reveal-
ing confined tracks. Track lengths were measured by
digitizing the track ends using a drawing tube. For these
apatite samples, the etch-pit width parallel to the C-axis
(Dypar) of 100 tracks crossing the etched internal surface
was measured using the same digitizing technique, in or-
der to constrain their annealing kinetics (e.g. Carlson et al.,
1999; Barbarand ez al., 2003).

RESULTS

AFT ages are reported as central ages (Galbraith & Laslett
1993) with =+ 2o uncertainties in Tables la and b. Although
the use of central ages is common in reporting AF T results,
these only have geological significance for samples that con-
tain a single-age population (as indicated by a * probability
P(x%) > 5% and an age dispersion D < 15%) and that are un-
reset. We determined the age populations making up our

Recent exhumation of the central Himalaya

samples by binomial peak fitting (Brandon 1996, Stewart &
Brandon 2004); Table 2 reports the fitted component ages
for the samples containing multiple age populations. Sam-
ples collected within the same polarity chron at a single sec-
tion (e.g. samples KA441+KARI in the Karnali section,
samples BUT3+ TIN5 and BUT1+TIN1 in the Tinau sec-
tion) were first modelled individually and subsequently
modelled together, in order to maximize the number of
single-grain ages in the inversions. Thirteen of our samples
can be fit by a single-age population; the single binomial
peak-fit age is equal to the central age for these samples,
which are characterized by age dispersions D < 12%. In
the following, we will thus quote the central ages for samples
containing a single population of grain ages, and the com-
ponent peak ages (termed P1, P2, etc) for samples contain-
ing multiple populations. Representative radial plots and
probability density plots of single-grain ages, together with
the fitted age peaks, are shown in Fig. 5.

Three samples from modern river sands were analysed,
from the Trisuli and Marsyandi rivers just upstream of
their confluence within the Lesser Himalaya about
100 km ENE of theTinau River section, and from the Kar-
nali River as it enters the Ganges plain just south of the
Karnali River section (Table 1b). All three samples contain
a single AFT age population. The Trisuli and Marsyandi
samples show a similar age structure with a central AFT
age of ~1.8 & 0.4 Ma. The Karnali sample, in contrast,
yields a surprisingly old AFT central age of 8.0 & 1.4 Ma.

Within the Surai section, none of the three samples from
the Lower Siwalik subgroup yielded sufficient apatite for
meaningful age determinations; the deepest sample repre-
sented in this study is from a stratigraphic depth of

~2700 m (1720 m above the base of the section). Unexpect-
edly, all of the Surai samples contain a single-age popula-
tion, consistent with the fact that they all pass the
x* test and are characterized by small age dispersions
(D <10% and mostly < 1%). Except for samples SURI
and SUR20, which are significantly older than the underly-
ing samples, AFT central ages increase down-section (Fig.
4), suggesting that they are unreset. We thus interpret the
central age to reliably date source-area exhumation for these
samples. However, four out of the eight Surai samples have
AFT central ages significantly younger than their deposi-
tional age, when using the Appel ¢z al. (1991) magnetostrati-
graphic data (as recalibrated by Gautam & Résler, 1999), and
one sample (SUR15) has an AFTage equal to its depositional
age (Fig. 6). The data appear more consistent with the un-
published magnetostratigraphy by T. P. Ojha, as all samples
have AFT central ages older than their depositional age. For
this reason, we will use this temporal framework, rather than
the published data, in the remainder of this study for the
Surai and Tinau sections. Lag times for most Surai section
samples are < 1Myr, except for the two ‘anomalously’ old
samples SUR1 and SUR20, which have lag times of 4.3 and
5.3 Myr, respectively. Of these two, SURI has a very low U
content (as indicated by the low track counts) and its age
may be spurious. In contrast, we think the age of SUR20 is
reliable and will come back to it in the discussion section.
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Tablela. Detrital apatite fission-track data from the Siwaliks of western-central Nepal

Stratigraphic age Stratigraphic depth Ps Pr Pa P(xz) D Age + 20
Sample (Ma) (m) N (x 10°m™? N, (x 10°cm™? N; (x 10°cm ™3 Ny (%) (%) (Ma)
Karnali Section
KARI14 28+0.3 925 41 0.087 303 1416 4913 0.555 14306 2 25 6.0 £ 10
KA30 43102 1420 41 0.121 434 1.028 3695 0.374 15841 46 28 74+ 12
KARI3 52+01 1720 16 0.130 165 1.359 1725 0.551 14306 4 29 90 £22
KARI12 6.0 £01 1950 44 0.122 454 1.359 5041 0.554 14306 1 20 89+12
KA 34 64 +£01 2070 63 0.116 694 0.807 4847 0.377 15841 68 24 95+ 10
KARI 69 £ 01 2290 51 0.101 435 0921 3976 0.553 14306 59 6 105 +£ 1.2
KA 36 75+ 0.1 2510 11 0.118 93 0.674 531 0.378 15841 44 12 1.5+ 28
KARI0 81+0.1 2630 59 0.073 365 1.049 5235 0.514 14306 2 20 69 + 0.8
KAR9 90 £ 01 2915 49 0.147 598 1.398 5704 0.550 14306 62 17 101 £+ 1.2
KAR?7 109 + 0.1 3710 56 0.115 546 1271 6021 0.549 14306 7 15 85+ 1.0
KAR6 121 £ 0.1 3980 48 0.071 289 0.858 3469 0.544 14306 1 31 82+ 14
KAR3 141 £ 01 4650 51 0.032 139 0.804 3469 0.545 14306 <1 57 40+ 1.0
KA 441 159 £ 01 5265 44 0.004 383 0.060 6344 0.370 15841 <1 76 40+ 1.0
KARI1 159 £ 01 5280 37 0.026 88 0.662 2235 0.548 14306 <1 93 57+£22
Tinau Khola Section
TINI13 6.1 +02 2010 44 0.108 243 1.105 2499 0.735 17622 93.2 <1 1.2+ 20
TINS 72+£02 2504 54 0.097 403 0976 4076 0.735 17622 26.8 22 112+ 18
BUT4 91+ 01 2811 29 0.209 529 2.847 7204 0.512 15671 220 23 6.5+ 08
TINS5 103 £ 0.2 3343 48 0.023 84 0.406 1493 0.735 17622 98.7 <1 64+ 16
BUT3 10.3 £ 0.2 3343 29 0.209 487 3.328 7774 0.512 15671 <1 42 6.0+ 12
TAISA 1.0 £ 01 3694 39 0.054 160 0.732 2154 0.519 13449 35.0 49 61+ 16
TA17 1.3+ 0.2 3810 34 0.065 178 0970 2672 0.519 13449 609 13 6.0 £ 10
BUT1 120+ 0.3 3976 9 0.137 58 3.266 1382 0.512 15671 12 32 45+ 16
TIN1 120+ 0.3 3976 24 0.047 53 0.585 662 0.735 12709 51.3 <1 91 £ 28
Surai Khola Section
SUR20 1.0+ 0.5 417 25 0.416 215 6.367 3292 0.546 16 698 96 <1 6.2+ 10
SURI7 40+ 0.2 1347 53 0.021 193 0.443 4101 0.545 16 698 84 1 44+ 0.6
SURI6 40+ 0.2 1397 63 0.036 192 0.829 4393 0.544 16 698 99 1 41 £ 06
SURI5 48+ 0.3 1825 38 0.016 106 0.161 1696 0.546 16 698 98 1 59+ 12
SURIL 49 £01 1932 20 0.157 69 1613 709 0.543 16 698 100 <1 92 +24
SUR3 50£02 1972 34 0.079 210 1.236 3283 0.548 16 698 79 1 6.1+ 08
SURS5 6.3 £02 2297 40 0.081 252 1.094 3536 0.548 16 698 67 10 70 £ 1.0
SURS 70 £ 0.1 2727 68 0.031 179 0.386 2220 0.543 16 698 100 <1 76 + 12
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Tablelb. Detrital apatite fission-track data from modern river sands, western-central Nepal.

Ps pi Pa P) D Age+2c
Sample River  Longitude Latitude N (x 10°cm~ 2% N, (x10°ecm~ %) N, (x10°%m 3 Ny (%) (%) (Ma)
MAR6  Trisuli 84°39'  27°46' 32 0.025 7 1.308 3822 0.572 11674 5.3 15 19404
MARIO Marsyandi  84°32'  27°52 54 0.016 85 0.896 4808 0.572 11674 658 2 17+04
KAR  Karnali 81°17/  28°38 25 0.067 136 0786 1600 0.547 14306 996 <<1 80+ 14

All age determinations were performed by E. Labrin; with § = 346.6 & 6.3 for glass dosimeter NBS962; all ages are reported as central ages (Galbraith &
Laslett, 1993). NV, number of grains counted; p, spontaneous track density; p;, induced track density; pq, dosimeter track density; Ny, N;, Ny, number of
tracks counted to determine the reported track densities. For irradiations with significant (> 3%) axial gradients in neutron fluence (as monitored by the
dosimeters), pq is interpolated between dosimeter values. P(xz), xz probability that the single grain ages represent one population; D, age dispersion.
Stratigraphic age and depth are calculated from the magnetostratigraphic data of Gautam & Fujiwara (2000) for the Karnali section, and from unpub-
lished data by T. P. Ojha (pers. comm. 2003) for the Surai and Tinau sections.

Table 2. Results of binomial peak-age fitting for samples containing multiple age populations.

Sample Stratigraphic age (Ma) N Age range (Ma) Pl £ 26 (Ma) P2 4+ 26 (Ma) P3 4+ 20 (Ma)
Karnali Section

KAR14 28 41 27-253 50 £ 11(74) 8.2 +43(22) 141 £ 141 (4)

KA30 4.3 41 11-224 59 + 1.3 (65) 10.2 + 2.3 (35)

KARI13 52 16 58-16.8 71 £+ 1.7(76) 144 £ 45(24)

KARI2 6.0 44 3.2-282 79 £ 1.3(79) 13.3 £ 6.0(21)

KA 34 6.4 63 11-257 36+22(9) 96 + 1.7(81) 139 4+ 195 (10)

KARI10 81 59 2.7-343 6.5+ 0.8(98) 23.8 £290(3)

KAR9 9.0 49 3.8-494 99 + 1.0(97) 21.6 + 36.8 (3)

KAR7 109 56 14-31.6 51 £ 2.6(20) 93 4+ 1.3(80)

KAR6 121 48 09-26.0 2.1 £ 18(13) 90 £ 1.3(87)

KAR3 14.1 51 04-223 18 £ 1.3(43) 52+ 1.8(54) 172 £ 242 (3)

KA 441 159 44 1.2-22.0 24+ 04(82) 11.8 £ 2.0 (18)

KARI1 159 37 0.3-60.5 1.7 £ 0.8 (58) 110 £+ 6.9 (38) 258 £ 71.8(4)

KA441+KARI 159 81 0.3-60.5 24+ 04(75) 12.0 £ 21(23) 192 + 575 (2)
Tinau Khola Section

TINS 7.2 54 4.3-38.2 10.5 + 1.8(92) 193 +95(8)

BUT4 91 29 2.2-16.2 2.3+ 1.2(6) 70 +£ 0.7 (94)

BUT3 10.3 29 1.7-36.7 5.5+ 0.6 (96) 349 £3154)

BUT3+TINS 10.3 77 1.7-379 344+12(32) 69 + 1.2 (67) 323 +323(2)

TA18A 11.0 39 0.5-18.2 6.3 £15(92) 147 + 6.3(8)

TA17 113 34 1.6-24.5 54+ 1.2(83) 90 £59(17)

BUT1 12.0 9 2.2-16.2 3.5+ 11(88) 134 £ 21.5(12)

BUT1+TINI 12.0 33 22-427 2.5+ 0.7(13) 69 +2.0(83) 316 £297(4)

N, number of grains counted; fitted binomial peak ages (P1-P3) are given £ 26 (95 % confidence interval). Numbers in parentheses correspond to the

percentage of grains in a given peak.

Samples from the Tinau section mostly come from
greater stratigraphic depths than those from the Surai sec-
tion, between ~2000and ~4000m. Out of nine samples
analysed, three contain a single age population (Tables 1
and 2), but two of these (TIN5 and TINI) were collected
from the same polarity chron as samples that show multi-
ple age populations (BUT3 and BUT], respectively) and
were ultimately combined with these for calculating age
groups (Table 2). Only the two uppermost Tinau samples
have AFT central ages (TIN13) or P1 ages (TINS) older
than the stratigraphic age; for the others, both P1 and P2
peak ages are younger than the depositional age (except
forTA18A, which contains a minor P2 peak just older than
the depositional age). These samples from below ~2800m
stratigraphic depth are thus partially reset; a downward-

© 2006 The Authors. Journal compilation © 2006 Blackwell Publishing L.td, Basin Research, 18, 413434

increasing intensity of annealing is indicated by the fact
that central ages generally decrease down-section (Fig. 4).
P1 ages do not become constant down-section, however,
suggesting that none of them (except possibly the youngest
ones) represent a fully annealed grain population. Thus,
neither the P2 nor the P1 peak ages are geologically signif-
icant, the latter only provide a maximum estimate for the
onset of basin exhumation in this area.

Sample recovery was most complete from the Karnali
River section, represented here by 14 samples from be-
tween ~900m and ~5300 m stratigraphic depth. All but
two of the Karnali section samples (KARI1, KA36) are
characterized by multiple age populations (Tables 1 and
2). Samples from < 2500m stratigraphic depth, have
AFT central ages that increase with depth and that are
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Fig. 6. Plot of apatite fission-track (AFT) central ages from the
Surai section against the depositional age of the samples, using
either the magnetostratigraphy of Appel ez al. (1991), as
recalibrated by Gautam & Rosler (1999), or the unpublished
magnetostratigraphic data of T. P. Ojha (pers. comm., 2003). As
all samples contain a single age population, the AFT central age
is meaningful, and as these AFTages represent a source-area
denudation signal, they should be older than the depositional
age. See text for discussion.

significantly older than the depositional age (Fig. 4). For
samples containing multiple age populations, minimum
(P1) ages are also older than the depositional age (except
for sample KA34 from 2070 m depth, which contains a
small and anomalously young P1 peak). We interpret these
samples as generally unreset and representing a source-
area denudation signal. The differences between the P1
age and the depositional age define lag times increasing
downward from ~2 to ~4Myr for the samples above
2500-m depth (Fig. 7). The fact that lag times increase
down-section for these samples is a strong indication that
they are unreset, as partial annealing increases in intensity
down-section and would reduce the peak ages and thus
the lag times. Three samples (KA36, KAR10, KAR9) be-
tween ~2500and ~2900 m depth have variable AFTages,
with P1 peaks both older and younger than the deposi-
tional age. Samples from below ~3000m stratigraphic
depth (i.e. within the lowermost 2000 m of the section)
have central ages generally decreasing down-section, and
both P1 and P2 peaks that are younger than the deposi-
tional age, indicating partially reset samples. P1 ages gen-
erally decrease down-section but are constant, with a
mean of 2.1 £ 0.3Ma, for the lowermost four samples
(Fig. 7, see also Fig. 5), suggesting that these represent a
fully reset group of apatites and indicate the onset of final
exhumation of the basin strata. This age overlaps the two

<
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youngest P1 peaks from the Tinau section samples (BUT4
and BUT1+TINI).

Four samples from the Karnali section and two from the
Tinau section show minor P3 populations with ages be-
tween 14 and 35 Ma, i.e. much older than the depositional
ages, even for the deepest samples. If these are not arte-
facts, they must represent exceptionally resistant apatites
derived from areas of relatively low denudation rates. How-
ever, because these age groups are defined by very small
numbers of grains, the errors on the peak ages are typically
larger than the peak age itself, rendering any interpreta-
tion of these very hazardous.

Track-length measurements were performed on eight
samples from the Karnali River section and one from the
Tinau section (Table 3). Track-length histograms for the
Karanali samples are plotted in Fig. 7. Owing to the low
track densities in these samples and the relative paucity
of material, between 36 and 80 lengths only could be mea-
sured, even after *Cf irradiation. The mean track lengths
vary between 11.0 and 12.0 um for nonreset samples (with
corresponding standard deviations of 2.0-3.0 um), suggest-
ing complex source-area exhumation paths. They decrease
down-section to ~9.5um in the deepest, most strongly
annealed samples. Samples from intermediate depths, be-
tween ~2000and ~3000m, show bimodal distributions
(e.g. KARI2, KARI11, KARY), whereas track-length distri-
butions from deeper samples become positively skewed,
indicative of increasing annealing intensities down-sec-
tion (Gallagher ez al., 1998). Etch-pit widths (D,,) show
little variation, both within single samples and between
samples. D, values vary between 1.2 and 1.8 um, with
standard deviations of 0.3—0.4 um. Six out of nine samples
have a D,,, between 1.6 and 1.8 pm (Table 3), indicating an-
nealing behaviour close to that of Durango apatite (e.g.
Carlson et al., 1999; Barbarand ez al., 2003).

DISCUSSION

Interpreting the above results is not an easy task because
our samples combine variable source signals with varying
degrees of thermal resetting. This leads to a wide variety of
single-grain age structures between the samples: some
samples are characterized by a single grain-age popula-
tion, whereas others have multiple component ages; both
minimum and central ages can be either older or younger
than the depositional age. Typical uncertainties on the
AFT central or component ages are > 15% and will propa-
gate into inferred source area or basin exhumation rates.
Compared with these error bars, the uncertainties on the
depositional ages are relatively small, but we have to accept
the magnetostratigraphy at face value (except for the Surai

Fig. 5. Radial plots (Galbraith, 1990; left) and probability density functions (right) for a number of representative samples. Within the
radial plots, thin black lines indicate the different peak ages recognized within the sample; thick shaded lines indicate the depositional
age. NV, number of grains represented; D, age dispersion (Galbraith & Laslett, 1993). Bars within probability density plots are histograms
of single-grain age distribution; the thick shaded line is the single-grain age probability-density function of the entire population
(Brandon, 1996); thin black lines are modelled probability-density functions for the fitted age populations.
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section). Although formal 95% confidence limits on our
reconstructed burial depths are very small (typically 10—
15 m), we have no way of independently testing our strati-
graphic depth model. This does not strongly influence our
inferences, however, other than for determining the
geothermal gradient. Finally, some of the results are spur-
ious, falling outside of the trends defined by under- and
overlying samples (e.g. SURIL, KARI10). Nevertheless,
when combining all the data, some clear trends do arise
and we will construct our interpretation of the data on
the basis of these general trends.

Combining the data from all three sections (e.g. Fig. 4)
shows a consistent transition from unreset to partially re-
set samples between 2500 and 2800 m reconstructed strati-
graphic depth. Studies of AFT annealing from thermally
calibrated wells (see Gallagher et al., 1998 for a review), as
well as annealing models based on experimental data (e.g.
Ketcham ezal., 1999), indicate that significant AF Tanneal -
ing under geological timescales begins at temperatures of
70-80 °C (cf. Fig. 1), thus providing us with a temperature
benchmark in the sections. These inferred temperatures
are consistent with vitrinite reflectance data from a limited
number of samples from the upper part of the Karnali sec-
tion (L. Martinez, Pers. Comm. 2003), which suggest max-
imum temperatures between 62 and 75°C at depths
between 1700 and 2600 m. Likewise, Mugnier et al. (1995)
reported vitrinite reflectance (Ry) values of 0.3—0.5% for
Middle Siwalik and 0.6-1.0% for Lower Siwalik sediments
in west-central Nepal, corresponding to maximum burial
temperatures of 60-90°C and >100°C, respectively.
Huyghe ez al. (2005) estimated temperatures of 70-95 °C at
depths >2100m in the Karnali section from illite crystal-
linity. These different depth—temperature couples indicate
a geothermal gradient of 18-24°Ckm ! (assuming
a mean surface temperature of 20°C), consistent with
temperature measurements in wells located in the
Siwaliks of western India (Agarwal ez al., 1994). This overall
consistency suggests that our palaco-depth estimates
from the extrapolation of sedimentation rates are
reasonable.

Because of the fundamentally different information
that is to be gained from unreset samples, retaining a
source-area signal, and partially to fully reset samples,
recording the postdepositional thermal evolution, we
discuss these two sets of samples separately below.

Source-area denudation rates

Figure 8 shows a lag-time plot for all nonreset samples
from the three sections analysed. The AFTages plotted in
this figure are either the central age (for samples with a
single age population) or the youngest (P1) peak age (for
samples with multiple age components).

Samples from the Surai section are aligned along a con-
stant lag-time trend of < 1Myr, with the exception of
the outliers SUR20 and SURI, whereas samples from the
Karnali section appear to indicate lag times that decrease
up-section, from ~4Myr at ~7Ma (KARI1, KA36) to

~2 Myr at the top of the section. Alternatively, the Karnali
data can be interpreted as two more or less constant lag-
time trends at ~4 and ~2 Myr, respectively, and a sharp
jump from one to the other at ~6.5Ma. Note, however,
that the three samples that define the ~4 Myr lag time
contain a single age population and we thus use their cen-
tral ages, whereas for the younger samples with shorter lag
times we use the P1 ages. On the other hand, bimodal
track-length distributions in these lower samples (Fig. 7)
indicate an onset of partial annealing that would tend to
decrease the ages and lag times.

Bernetezal. (2001) suggested a simple test for constancy
of lag times by performing a linear correlation of F'T peak
ages (¢, to depositional ages (¢,): if lag times are constant,
the slope to the correlation line should be ~1;if itis >1,
lag times decrease up-section and if it is < 1, they increase
up-section. For the Surai samples (excluding the outliers
SUR20 and SURI), the slope of the correlation line
(weighted by the uncertainties on both the magnetostrati-
graphic and AFT ages; Williamson, 1968) is 118 & 0.18
(95% confidence limit; #* = 093), consistent with a con-
stant lag time of 0.8 &= 0.5 Myr (weighted mean + 95%
confidence limit). This mean lag time is consistent with
published in situ AFTages from samples closest to this sec-
tion, in the upper Marsyandi valley in central Nepal
(Blythe et al., 2006), but significantly smaller than the cen-
tral ages of the two present-day sediment samples, col-
lected in rivers draining the central Nepal Himalaya
(samples MAR6 and MARI0). Note that, at present,
sediments from the Marsyandi and Trisuli catchments
leave the Himalayan system along the Narayani River, ap-
proximately 120 km east of the Surai. Sedimentology and
source area indicators for the Middle and most of the
Upper Siwaliks of the Surai section, however, clearly
indicate that these were fed by a drainage system
originating in the Higher Himalaya (Huyghe ez a/., 2001;
2005; Robinson ez al., 2001; Bernet ez al., 2006; Szulc ez al.,
2006).

For the Karnali section, in contrast, the slope of the
correlation line is 140 4 0.22 (95% confidence limit;
#* = 093), indicating lag times that decrease up-section,
with a weighted mean of 2.5 £ 0.9 Myr. No iz situ thermo-
chronological data exist in Western Nepal to compare
these with. The difference in lag times between the two
sections, however, is significant.

These spatial variations in lag times do not show up as
clearly in the detrital zircon data presented in the compa-
nion paper (Bernet et al., 2006), principally because the
zircon yield from the Karnali section is low. In order to
compare the apatite and zircon data more quantitatively,
we transformed lag times for both datasets to source-area
exhumation rates using a modified version of the simple
one-dimensional (1D) model of Brandon ez a/. (1998). This
model takes into account the advective perturbation of an
initially linear geotherm by rock exhumation, as well as the
dependence of closure temperature on cooling rate (e.g.
Dodson 1973). It does not, however, include 2D or 3D ef-
fects such as nonvertical rock-particle paths, spatial varia-
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Table 3. Track-length and etch-pit width measurements

Standard Standard
Sample MTL =+ 1o (um) deviation (pm) N Dyy(1m) deviation (im)
Karnali Section
KARI14 117+ 0.3 2.0 84 17 0.4
KARI3 17 0.3
KARI2 11.0 £ 0.3 29 75 1.6 0.3
KARIIL 1.3 £03 2.6 78 1.6 0.3
KARI0 121 £ 0.2 2.0 68 1.8 0.3
KAR9 1.2 £ 03 2.5 54 1.3 0.4
KAR7 10.7 £ 0.2 21 80 1.6 0.4
KAR6 94 + 0.3 19 51 1.2 0.3
KAR3 95+ 0.3 19 36 15 0.4
Tinau Khola Section
TINS 109 +£ 0.2 16 100

Track lengths and etch-pit widths were measured by X. Robert. Samples were 2?Cf-irradiated before revealing confined horizontal tracks. MTL, mean
track length; NV, number of horizontal confined tracks measured. D,,,,, etch-pit width parallel to the C-axis. 100 etch-pit widths were measured for each

sample.
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Fig. 8. Lag-time plot showing apatite fission-track (AFT) age
against depositional age of nonreset samples from the Surai,
Karnali and Tinau sections. For samples that contain a single age
population (e.g. Surai and lower three Karnali samples), the
central age is plotted; for samples with multiple age components,
only the youngest age peak (P1) is reproduced. Diagonal lines
represent constant lag times as indicated.

tion in exhumation rates or topographic effects. Where
both zircon and apatite data are available for the same
sample, we combine ZFTand AFTages to predict an initi-
al exhumation rate between the ZFT and AFT closure
temperatures and a final rate between the AFT closure
temperature and the surface. This procedure permits us
to predict exhumation rates that are consistent with both
sets of data. We predict exhumation rates using the central
age for samples with a single age population, or the
P1 age for samples containing multiple age components.
The implication is that the model exhumation rate corre-
sponds to the most rapidly exhuming part of the source
area, which we will term ‘peak exhumation rates’ in the fol-
lowing.

Model results are shown in Fig. 9, for the Surai and Kar-
nali sections. Error bars on the predicted exhumation rates
are calculated from the 26 error on the (peak or central)
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ages; where these overlap with the depositional age, the
maximum exhumation rate becomes infinite. Within the
Karnali section, apatite and zircon data consistently pre-
dict peak exhumation rates of 1.3 & 0.3 km Myr ~ ' Within
the Surai section, ZFT data indicate relatively constant
peak exhumation rates of 1.5+ 0.4km Myr ', whereas
AFT data are more variable and predict higher peak exhu-
mation rates of 3.5 + 2.1 km Myr ~ ! between 7 and 4 Ma.
The above values are simple arithmetic means of the pre-
dicted exhumation rates for each sample. When taking the
uncertainties in exhumation rates (due to the error on
the ages) into account and calculating weighted means, the
difference between rates predicted using the two systems
disappears. This is because the predicted high exhumation
rates for AFT data in the Surai section result from very
short lag times with large relative errors, mostly overlap-
ping with the depositional age. The weighted mean pre-
dicted exhumation rate from both AFTand ZFT data for
the Surai section (again excluding SUR1 and SUR20) is
1.8km Myr L AFTand ZFT data from present-day river
sands upstream of the Siwaliks (the Marsyandi and Rapti
rivers, respectively) also consistently indicate peak
source-area exhumation rates of 1.5-1.6 km Myr ~ ",

The inferred difference in peak source-area exhuma-
tion rate between the Karnali and Surai sections thus
appears real, amounts to ~500mMyr ! over the last
~7Myr and requires an explanation. Lower long-term
exhumation rates in the Karnali catchment, with respect
to central Nepal, are consistent with the preservation of
klippen of Higher Himalayan and Tethyan rocks in western
Nepal, whereas these have been removed by erosion in
central Nepal (cf. Fig. 2). Both tectonic and climatic effects
may control such lateral variations in exhumation rate
along the Himalayan front. Thiede ez a/. (2004) and Book-
hagen ez al. (2005) suggested that Himalayan exhumation
rates are the highest where monsoonal precipitation pene-
trates into the orogen along major river valleys and is
focused on the orographic barrier formed by the High

© 2006 The Authors. Journal compilation © 2006 Blackwell Publishing I.td, Basin Research, 18, 413434
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Fig.9. Modelled peak exhumation rates as a function of time calculated from apatite fission-track (AFT) and zircon fission-track
(ZFT) lag times observed in the Karnali and Surai section samples. A modified version of the one dimensional model of Brandon ez al.
(1998) is used in the calculation; closure temperature is estimated following Dodson (1973) using the kinetic parameters estimated from
annealing experiments by Brandon ezal. (1998); AFT: E, = 186.4 k] mol ~ U Doli? = 3.64 x 10°°s "L, ZFT: E, = 208.2 kJmol ~ U Dol =
370 x 10°s~ L Other parameter values used in the model: surface temperature 7; = 20 °C, initial geothermal gradient G = 20 °Ckm ~ !
model thickness L = 25 km, thermal diffusivity k = 25km*Myr ~ . Uncertainties in predicted exhumation rate are propagated from

20 uncertainties in peak or central ages. See text for discussion.

Himalaya. The Narayani catchment in central Nepal may
be one of these erosional ‘hotspots’] as shown by the preci-
pitation maps published by Thiede et a/. (2004) and Book-
hagen ez al. (2005), and the predicted stream power map of
Finlayson ez al. (2002), whereas precipitation appears not
to penetrate deeply into the orogen in the Karnali catch-
ment. From a tectonic point of view, Berger ez al. (2004)
modelled present-day deformation in Nepal to show that
the mid-crustal ramp underlying the Himalayan topo-
graphic front is much larger in central Nepal than in wes-
tern Nepal. As spatial variations in exhumation rates may
be controlled to a large extent by material being pushed up
this ramp (e.g. Lavé & Avouac, 2001; Avouac, 2003; Bollin-
geretal., 2004), the Berger et al. (2004) results imply higher
exhumation rates in central Nepal compared with western
Nepal. It is possible that the tectonic and climatic controls
are linked through the cross-sectional topography of the
mountain belt, which is much more concave in central Ne-
pal than in western Nepal (Berger ez al., 2004).

The data do not provide evidence for a significant in-
crease in source-area denudation rates over the last few
Myr, as has been inferred from the foreland basin strati-
graphy (Burbank, 1992) and from comparisons of high-
and low-temperature thermochronometers (Vance ez al.,
2003; Vannay et al., 2004). In contrast, the youngest samples
appear to have intriguingly old AFTages. SUR20 (deposi-
tional age 1.0 & 0.5 Ma) has an AFT lag time of 5.2 Myr,
longer than any of the other samples in this study and that
cannot be attributed to artefacts due to low U contents
such as in sample SURI. The modern Surai is a minor
stream draining only the Siwalik Hills, but the regional

@© 2006 The Authors. Journal compilation © 2006 Blackwell Publishing L.td, Basin Research, 18, 413434

drainage pattern suggests that it was previously connected
to the headwaters of the Rapti River before the latter was
diverted by movement along the MFT (e.g. Champel
et al., 2002). We thus expect that the modern Surai exclu-
sively carries sediments that have been recycled within
the Siwaliks, which would explain this anomalously old
AFTage. The appearance of an important recycled com-
ponent within the Upper Siwaliks may therefore indicate
the onset of movement along the MFT between 4.0 £ 0.2
and 1.0 & 0.5Ma (i.e. the depositional ages of samples
SURI17 and SUR20, respectively). The importance of sedi-
ment recycling in the Siwaliks is also suggested by the
modern sediment sample collected from the Karnali River
where it leaves the Siwaliks and enters the Ganges plain.
Although this sample yielded only 25 datable apatites, they
have a surprisingly old central age of 8.1 &+ 1.4 Ma. Amal-
gamating all Karnali section samples (611 single-grain
ages) results in an indistinguishable central age of
7.6 = 0.4 Ma. This virtual ‘mixed Siwaliks’sample contains
three age components of 3.0+ 04, 81420 and
11.2 &+ 3.0 Ma, respectively, the 8.1 Ma age peak represent-
ing ~50% of the single-grain ages. It thus appears likely
that the modern Karnali River sample downstream of the
Siwaliks contains almost exclusively recycled apatites. A
modern sediment sample taken upstream of the section
and for which Bernet et al. (2006) report detrital ZF T ages
would have been able to test this inference but unfortu-
nately did not yield sufficient apatite for analysis.

Further evidence for significant recycling of apatites
within the Siwalik sediments, however, comes from a
comparison of our results from three proximal sections
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Table4. Results of binomial peak-age fitting for Bengal Fan data

Sample Stratigraphic age (Ma) N Age range (Ma) P1 £ 26 (Ma) P2 £+ 20 (Ma)
Site 717
7-0 03+03 30 1.0-257 44 £ 1.3(9) 20.8 =269 (5)
7-220 30£08 30 1.5-17.0 6.6 = 1.8 (100)
7-420 6.0+ 04 30 1.8-21.3 77 £ 3.8(65) 116 £ 8.3 (35)
7-620 80+ 0.5 30 29-221 119 + 2.4 (100)
7-720 90+ 0.5 30 91-375 14.3 + 2.8 (100)
Site 718
8-290 90+ 0.7 30 5.7-30.2 143 +£31(84) 255 £ 119 (16)
8-460 10.6 + 0.3 30 81-190.3 189 £ 34 (97) 190.3 & 82.8 (3)
8-660 144 £+ 14 30 5.8-82.4 16.2 £ 6.8 (54) 214 £ 99 (46)
8-760 16.3 = 0.6 30 10.2-32.8 18.0 £ 3.6 (100)
8-860 170 £ 0.2 30 77-257 158 £ 3.0(100)

Data from Corrigan & Crowley (1990). Notations as in Table 2.
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Fig.10. Lag-time plot for the Bengal Fan data of Corrigan &
Crowley (1990). The dataset was treated in the same manner as
our own data (Table 4); the plot shows the P1 age peaks. Diagonal
lines represent constant lag times as indicated. Compare with
Fig. 8.

with those of Corrigan & Crowley (1990) from two ODP
sites in the distal Bengal Fan. We calculated component
ages from the Corrigan & Crowley (1990) dataset using
the same approach as for our own data (Table 4) and plot
the obtained minimum (P1) ages as a function of deposi-
tional age in Fig. 10. Except for the lowermost three sam-
ples from Site 718, which Corrigan & Crowley (1990) argue
are partially reset, the data show lag times of 1.7-8.3 Myr
with a weighted mean 4.4 & 19 Myr, i.e. significantly long-
er than the lag times measured in our study.

Thus, it appears that sediment recycling within the Si-
waliks has a major impact on detrital AFT age distribu-
tions of samples collected downstream. In contrast, no
significant recycling of Siwalik sediments is evident from
detrital zircon or mica ages, whether these were collected
from the Upper Siwalik subgroup (Bernet ez al., 20006;
Szulc et al., 2006), from Bengal Fan sediments (Copeland
& Harrison, 1990) or from the modern river sediment in
the foreland (Clift ez al., 2004; Campbell ez al., 2005). We
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have no satisfactory explanation for this apparent contra-
diction at present. Further constraining the role of sedi-
ment recycling within Siwalik sediments will thus require
more detailed multi-method analyses on present day and
recent sediments.

Thermal and kinematic history of the foreland
basin

Whereas the non-reset samples provide an insight into the
history of source-area exhumation, the deeper, partially
annealed samples record the postdepositional burial and
exhumation history within the Siwalik basin. As all three
sampled sections occur in the hanging wall of the MFT
(e.g. Figs 2 and 3), the exhumation history is directly linked
to the kinematics of the currently active deformation front
of the Himalaya.

Minimum AFT ages of the lowermost four samples
from the Karnali section (i.e. KAR6, KAR3, KA441+
KAR1), as well as the lowermost two samples from theTi-
nau section (BUT1+TIN1)all overlap at 2.1 &+ 0.4 Ma (Ta-
ble 2), suggesting an onset of exhumation along the MFT
around that time. In order to further constrain the exhu-
mation history, we attempted to invert the track-length
distributions of the most deeply buried samples from the
Karnali section for thermal history using the AFTSolve
modelling procedure (Ketcham ez al.,, 2000). Inverting
track-length distributions in settings such as the one we
study is far from straightforward and the resulting thermal
histories should be considered with care. Firstly, the rela-
tively short mean track lengths of the unreset samples (Ta-
ble 3) indicate that the samples arrived in the basin with a
relatively complex exhumation history that should be ta-
ken into account when modelling the postdepositional
thermal history (e.g. Carter & Gallagher, 2004). Secondly,
the number of track lengths we were able to measure in
any sample is low, diminishing the constraint on predicted
thermal history. Thirdly, we are dealing with partially an-
nealed samples characterized by a relatively large spread
in ages and wide track-length distributions, indicative of
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Fig.11. Representative thermal histories for partially reset samples from the Karnali River section. The thick line is the best- fit model;
the shaded area corresponds to acceptable model fits. For each sample, the legend provides the measured apatite fission-track (AFT)
age, mean track length (MTL) and standard deviation of the track-length distribution (), compared with the best- fit model predictions
in parentheses. Also quoted is the Dy, value used in the inversion. The inversion used a constrained random search with 10 000
iterations to find a best- fit solution (cf. Ketcham ez al., 2000); model fit to the data is given by the KS statistic for the comparison of
modelled and observed track-length distributions, and a goodness-of-fit criterion analogous to the KS statistic for the observed and
predicted AFTage. For clarity, the predepositional cooling of samples KAR3, 6, and 7 has been omitted; this part of the thermal history

is essentially unconstrained by the data.

variable predepositional thermal histories and/or variable
resistance to annealing. In the Ketcham ez a/. (2000) mod-
elling approach, these can be incorporated by defining
multiple kinetic populations. Moreover, in detrital sam-
ples, thermal modelling should ideally be performed on a
single age population in order to characterize a unique
thermal history (e.g. Carrapa et al., 2006). However, as we
measured track lengths on separate “2Cf-irradiated
mounts and as we are working with relatively few track-
length measurements, we refrained from separating our
length measurements according to kinetic or age groups.
We did, however, monitor the resistance to annealing of
our samples by measuring etch-pit widths and found little
variation in Dy, values, both within and between samples
(Table 3).

Keeping the above caveats in mind, modelled thermal
histories for four samples from the Karnali section are
shown in Fig. 11. We use the fact that samples were at the
surface at the age of deposition as the principal constraint
on these models, and use the source-area exhumation his-
tories inferred for the shallow and lesser annealed samples

to guide the predepositional histories of the deepest, most
strongly annealed, samples. Because of the complications
discussed above, none of the predicted thermal histories
provide a very tight fit to the data, as indicated by the rela-
tively low values for the fit statistics. The different thermal
histories are, however, remarkably consistent with each
other; theyall indicate heating from the time of deposition
until ~2 Ma, followed by a phase of thermal stability or
slow cooling and a final phase of very rapid cooling from

~(0.3 Ma onward. The final exhumation of basin strata is
most tightly constrained by the deepest, most strongly an-
nealed sample (i.e. KAR3), as expected. The maximum
temperatures reached by the samples, as predicted by the
inverse model, increase consistently with depth from 90—
104 °C for KARII (2290 m depth) to 106115 °C for KAR3
(4650 m depth), even though we modelled the samples in-
dividually. We chose not to use a combined inversion
scheme (e.g. Gallagher ez al., 2005) as this would imply im-
posing a constant geothermal gradient a priori. Predicted
maximum palaeotemperatures as a function of depth are
shown in Fig. 12.
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Fig.12. Maximum palacotemperature reached by the partially
annealed samples from the Karnali River section, as predicted by
the apatite fission-track (AFT) Solve inversions, plotted as a
function of stratigraphic depth. Dots indicate maximum
temperature of best-fit inversion; error bars correspond to
maximum and minimum peak temperatures allowed by the
‘acceptable’ model fits (cf. Fig. 11). Shown for comparison are the
maximum palaeotemperatures inferred from illite crystallinity
(IC; Huyghe et al., 2005) and vitrinite reflectance (Ry; L.
Martinez, pers. comm. 2003) data in the upper part of the
Karnali section, and the depth of the transition from unreset to
partially reset samples and its associated temperature range. The
peak temperatures from AFT inversions are consistent with a
geothermal gradient of 7.3 & 3.8 °Ckm ' (95% confidence
limit; # = 092) between ~2300and ~4600m depth and
require a gradient of ~30°Ckm ™ 'above that depth range.

A linear 20 °C km ~ " gradient is plotted for comparison.

Although the predicted maximum palacotemperatures
are consistent with each other, they suggest a very low
geothermal gradient of 7.3 £ 3.8°Ckm ™" (95% confi-
dence limit; 7 = 092) between ~2300 and 4650 m depth
and imply a much higher geothermal gradient of
~30°Ckm ™ 'in the top 2km of the section (Fig. 12). The
peak temperatures predicted for the lowermost three
modelled samples are consistent with the ~20°Ckm ~'
geotherm inferred earlier from the depth of transition be-
tween unreset and partially annealed samples, but the pre-
dicted maximum palaeotemperatures for the two upper
samples are 15-25 °C higher than expected. This discre-
pancy may reflect the difficulty of modelling the upper-
most and least annealed samples. If the predicted
palacotemperatures are valid, they require a strongly non-
linear geotherm within the Siwalik basin, which could sug-
gest convective heat transport by fluids in the basin.
Although independent palaecotemperature indicators
could be used to validate the model predictions, currently
available vitrinite reflectance and illite crystallinity data
(Huyghe et al., 2005) do not permit to discriminate be-
tween a linear or nonlinear geotherm (Fig. 12).

Irrespective of the predicted maximum palacotempera-
tures, the modelled thermal histories are readily explained
within the tectonic setting of the frontal Siwalik belt. The
initial postdepositional heating phase is clearly linked to
postdepositional burial, the cessation of which at ~2 Ma
would indicate onset of exhumation along the MFT: This
timing is consistent with that inferred independently from
the minimum AFTages in the deepest samples, as well as
with field observations of growth strata linked to the onset
of movement along the MFT (Mugnier ez al., 2004). Final-
ly, the strong acceleration of cooling at ~0.3 Ma is consis-
tent with passage of the rocks from the basal décollement
onto the MFT ramp during exhumation (cf. Fig. 3). As
the flat-ramp transition occurs at ~3500m depth in the
Karnali section (Fig. 3), exhumation along a 30° dipping
ramp in 0.3 Myr corresponds to a mean exhumation rate
of ~I2mmyear”' and a mean shortening rate of
~20mmyear . These values are consistent with short-
term rates of rock uplift and shortening along the MFT
from tectonic geomorphology studies (Lavé & Avouac,
2000; Mugnier ez al., 2004), suggesting that the current
shortening rates along the MFT have been maintained
for at least the last 0.3 Myr.

One could argue that shortening at ~20mmyear '
could have taken place along the MFT'since 2 Ma, imply-
ing ~40km of shortening along the MFT'since its incep-
tion. However, such a scenario implies unrealistic depths
of burial for samples at the base of the section. The dip of
the décollement underlying the Siwaliks in western Nepal
is 6-8° (Larson et al., 1999; Berger et al., 2004) and attaches
to the ramp at a depth of ~3500m. Shortening at
20mm year ! during 1.7 Myr (before reaching the ramp)
implies maximum burial depths for samples at the base of
the section of 71-8.3km, or maximum burial tempera-
tures of 162-187°C for a geothermal gradient of
20°Ckm ", largely sufficient to anneal fully all apatite in
these samples regardless of composition. Even when
adopting the nonlinear geotherm suggested by the track-
length inversions, the maximum burial temperatures
would be 126-135°C, sufficient to anneal fully fission
tracks in apatites of the composition encountered in this
study. In contrast to these predictions, none of the samples
in our study are totally annealed, with even the deepest
samples (KARI1, KA441) retaining 25% of grains with
AFTages close to the depositional age (cf. Table 2; Fig. 5).
These results require either intermittent operation of the
MFT since 2 Ma or a recent increase in shortening rates
along it. Preliminary thermal-kinematic forward model-
ling of the Karnali structure (Robert, 2005) suggests that
intermittent operation of the MFT is most consistent with
the thermochronological data presented here.

CONCLUSIONS

The low-temperature detrital AFT data presented here
complement the detrital zircon data of Bernet ez al. (2006)
by highlighting spatial variations in source-area exhuma-
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tion rates and by providing information on the postdepo-
sitional thermal and kinematic history of the Siwalik fore-
land basin. The most pertinent conclusions to be drawn
from these data are the following:

Within the Surai section in central Nepal, the detrital
AFTages are inconsistent with the magneto-stratigraphic
dating of this section as proposed by Appel ez al. (1991) and
recalibrated to the Cande & Kent (1995) magnetic polarity
timescale by Gautam & Rosler (1999). In contrast, the data
are consistent with more recent but unpublished magneto-
stratigraphic data (T. P. Ojha, pers. commun., 2003). Using
depositional ages constrained by this magneto-strati-
graphic framework, the Surai section AFTages yield a con-
stant lag time of 0.8 = 0.5 Myr, indicating rapid source-area
exhumation rates of ~1.8km Myr ~'since ~7 Ma. In con-
trast, nonreset samples from the Karnali River section in
western Nepal yield minimum lag times that decrease from

~4Myrat ~7Mato ~2Myr at the top of the section, im-
plying peak source-area exhumation rates in the order of
1.0-1.5km Myr ~ . These spatial variations in source-area
exhumation rates can be explained by either tectonic or cli-
matic controls, or possibly a combination of the two. No in-
dications for a significant increase in source-area
exhumation rates over the last few million years, as sug-
gested by several authors, have been encountered. In con-
trast, lag times are conspicuously long for samples from
the Upper Siwalik subgroup in the Surai section, suggesting
an increasing influence of sedimentary recycling within the
Siwaliks. Recycling is also indicated by the relatively old
AFT age of present-day sediment in the Karnali River
downstream of the Siwaliks, and by long lag times calculated
from a published AFT dataset in the distal Bengal Fan.

Partially reset samples from the deeper parts of the sec-
tions provide insight into the kinematics of the Siwalik
belt. In particular, they indicate onset of movement along
the MFTat ~2Ma and suggest that present-day shorten-
ing rates along the MFT have been operating for at least
0.3 Myr. The data suggest intermittent operation of the
MFT between 2 and 0.3 Ma.
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A.3 Données Traces de Fission sur Apatites

A.3.1 Calibration du Zeta
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| Observateur | Apatite | Date | Irradiation | Moniteur [ { | £10 |
Durango 11-09-2006 || 7-2005 NBSg62 | 350.5 | 10.3
Durango 18-09-2006 || 3-2006 NBSg62 | 314.5 | 20.6
X. Robert Durango 04-04-2008 || 7-2007 540R 330.0 | 10.0
' Durango 28-04-2008 || 7-2007 NBS962 | 360.8 | 29.4
Fish Canyon Tuff | 07-09-2006 | 7-2005 NBSg62 | 360.8 | 21.5
Fish Canyon Tuff | 21-04-2008 || 7-2007 540R 360.8 | 29.4

Tas. A.1 — Valeurs du paramétre { utilisé pour cette étude.

A.3.2 Coupe du Langtang



Langtang - Amlekhganj Section

Kakani Vertical Profil

Sample Struct. Unit | Elevation Roks Long Lat Locality N ps Ns pi Ni pd Nd P(x2) D Age tlo
(m) ° mn s |° mn s (x10° cm™®) (x10° cm™®) (x10° cm®) % % Ma
NPO05.06 [Lesser Himal. 650 quartzite [ 85 8 50|27 55 121 Bidur 21 3.35 60 [ 112.63 2015 6.00 9956 | 97.33 0 31 04
NP05.07 [Lesser Himal. 674 sandstone [ 85 9 17|27 55 45.6( Simwutar |15 6.87 45 190 1244 5.62 11971 95.52 0 34 05
NP05.08 [Lesser Himal. 739 sandstone [ 85 11 35|27 58 29.6| Betrawati | 22 0.3 49 1.56 2884 6.00 9956 | 65.23 1 1.7 0.2
NP05.09 [Lesser Himal| 1540 sandstone | 85 20 39 (28 10 3.6 | SyabruBesi| 21 0.58 12 49.6 1019 6.00 9956 | 90.16 1 12 04
NP05.10 [Lesser Himal| 1621 gneiss 85 20 48|28 11 7.8 Wangal 23 1.86 42 71.67 1314 6.00 9956 | 79.62 2 27 04
NP05.11 High Himal. 1582 sandstone | 85 21 15|28 12 11.8| Kagdinma |24 2.69 63 182.3 4265 6.00 9956 | 40.24 12 15 02
NP05.12 High Himal. 1600 quartzite 85 21 6.6|28 11 49 Lingling 25 1.59 39 190.27 4676 6.00 9956 [ 0.26 76 0.9 0.2
NP05.13 High Himal. 1600 quartzite 85 20 54|28 11 236 Lingling 16 0.32 5 21.55 339 6.00 9956 | 14.86 1 15 0.7
NP05.14 [Lesser Himal| 1833 quartzite | 85 18 59|28 8 24.1|Thulo Barkhu| 30 0.71 21 209.9 6190 6.00 9956 | 15.13 49 04 01
NP05.15 |Lesser Himal| 1180 quartzite 85 12 10|27 59 33.5]| Kalikasthan | 21 3.92 81 140 2890 6.00 9956 | 80.74 0 29 03
Palung Section
Sample Struct. Unit | Elevation Roks Long Lat Locality N ps Ns pi Ni pd Nd P(x2) D Age tlo
(m) ° mn s |° min s (x10° cm™®) (x10° cm™®) (x10° cm™®) % % Ma
NPO05.17 [Lesser Himal. 770 quartzite |85 7 38(27 44 81| Amarkhu |11 1.36 11 60.11 221 6.62 11971 95.04 0 2.1 1
NP05.18 |Lesser Himal| 2027 sandstone | 85 5 57|27 39 46.2 Tistung 18 3.17 43 | 172.47 2343 6.00 9956 | 99.89 0 19 03
NP05.20 [Lesser Himal. 1935 granite 85 4 50|27 37 19.1 Palung 9 4.57 37 90.25 731 6.00 9956 [ 90.3 0 4.7 0.8
NP05.21 [Lesser Himal| 2360 granite 85 5 19|27 36 19.2 Daman 17 8.83 138 143.19 2238 6.00 9956 | 72.34 0 6.5 0.6
NP05.22 [Lesser Himal| 2500 granite 85 5 3.8|27 35 27.6|Simbhanjang| 22 19.73  419| 287.15 6097 6.00 9956 | 84.13 0 72 04
NP05.23 [Lesser Himal| 2190 granite 85 4 23|27 34 313 18| 21.88 385 264.55 4655 6.00 9956 | 47.03 7 86 05
NP05.24 [Lesser Himal. 1350 gneiss 85 2 54|27 33 4.4 |Lamindanda| 22 11.3 78 201.29 1389 6.00 9956 | 81.44 1 59 0.7
NP05.25 [Lesser Himal. 611 diorite 85 2 37|27 29 307 - - - - - 6.00 9956 - - NON datable
NP05.26 [Lesser Himal. 530 schistes 85 2 31[27 28 344 Hetauda - - - - - 6.00 9956 - - NON datable
Hetauda Section (Detrital thermochronology)
Sample  [Struct. Unit | Elevation Roks Long Lat Locality N ps Ns pi Ni pd Nd P(x2) D Age #lo
(m) ° mn s |° mn s (x10° cm™®) (x10° cm™®) (x10° cm?) % % Ma
NP05.27 Siwalik 510|sandstone 85 1 34| 27 23 415 - - - - - 6.00 9956 - - |NON datable
NP05.28 Siwalik 330[sandstone 84 59 55 27 16 56.2|Amlekhganj [ 90 5.51 362 95.7 6284 5.62  11971| 4.48 24 54 04
Gosaikung vertical section
Sample Struct. Unit | Elevation Roks Long Lat Locality N ps Ns pi Ni pd Nd P(x2) D Age tlo
(m) ° mn s |° mn s (x10° cm™) (x10° cm™) (x10° cm?) % % Ma
T6 Lesser Himal. 1825 quartzite 85 12 32|28 0 47.3] Bhalayadanda | 16 1.78 25 125.63 1766 5.93 12513 94.6 0 1.4 0.3
T7 Lesser Himal| 2000 85 13 25|28 3 575 Grang 19 222 37 | 158.79 2641 5.93 12513 96.65 0 14 02
T9 Lesser Himal| 1780 quartzite 85 18 50|28 6 347 Dunche 16 1.73 17 124.87 1225 5.93 12513| 95.43 0 14 0.3
T10 Lesser Himal. 2540 schiste 85 19 35|28 6 11.2 Deurali 17 2.21 29 131.56 1729 5.93 12513| 84.35 0 1.6 0.3
T11 Lesser Himal. 2960 gneiss 85 19 53|28 6 2064 Dimsa 14 1.02 12 71.97 849 5.93 12513| 95.92 0 1.4 0.4
T13 High Himal. 3640 gneiss 85 20 53|28 6 27.4| Cholangpati| 18 1.74 29 117.4 1955 5.67 12016 97.05 0 14 03
T14 High Himal. 4500 gneiss 85 24 33|28 5 4.4 | Gosakund |21 1.03 19 49.57 916 5.67 12016 92.02 0 19 05
T15 High Himal. 4260 gneiss 85 23 47|28 5 7.5 polangpati Daq 18 1.58 26 57.57 945 5.67 12016| 67.01 0 2.6 0.5
T17 High Himal. 3260 gneiss 85 22 16|28 6 29.1]| Cholangpati | 16 2.11 33 109.28 1708 5.67 12016] 98.45 0 1.8 0.3
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A.3.3 Coupe des Annapurnas



Annapurna - Butwal Section

Ghorepani Vertical South Section

Sample Struct. Unit | Elevation Roks Long Lat Locality N ps Ns pi Ni pd Nd P(x2) D Age =lo
(m) ° mn s |° mn s (x10° cm?) (x10° cm?) (x10° cm? % % | Ma
NP05.34 [ Lesser Himal. 2510 quartzite 83 42 39.1|28 23 2.4 [ Nangethanti| - - - - - 5.62 11971 - - NON datable
NP05.36 [ Lesser Himal. 3190 quartzite 83 41 21128 23 582 Poon Hill - - - - - 5.62 11971 - - NON datable
NP05.38 | Lesser Himal.| 2050 gneiss 83 40 279|28 26 11.8 Sikha - - - - - 5.62 11971 - - NON datable
NP05.40 [ Lesser Himal. 1200 Amphibolites | 83 38 55.6[28 29 7.2 [atopani Bridg{ - - - - - 5.62 11971 - - NON datable
High Kali Gandaki Section
Sample Struct. Unit | Elevation Roks Long Lat Locality N ps Ns pi Ni pd Nd P(x2) D Age *lo
(m) ° mn s |° mn s (x10° cm?) (x10° cm?) (x10° cm? % % | Ma
NP05.41 High Himal. 1550 gneiss 83 37 57.5(28 33 21.5 [Kabre Bridge| 25 0.47 11 151.49 3559 5.62 11971 | 95 0 0.3 0.1
NP05.42 High Himal. 1450 gneiss 83 38 40.6(28 32 539 Titre 25 0.87 20 92.9 2137 5.62 11971 | 96.53 0 0.9 0.2
NP05.43 | Lesser Himal. 1480 quartzite 83 38 541|128 32 6.0 | SukeBagar | - - - - - 5.62 11971 - - NON datable
NP05.44 | Lesser Himal.[ 1130 quartzite 83 38 1.98(28 28 14.68( Mahabir |27 1.19 26 137.19 3002 5.62 11971 | 94.25 0 0.8 0.2
NP05.47 | Lesser Himal. 840 sandstone | 83 34 1.1 |28 20 239 Beni - - - - - 5.62 11971 - - NON datable
NP05.48 [ Lesser Himal. 1170 quartzite 83 35 10.2|28 17 536 Baglung - - - - - 5.62 11971 - - NON datable
NP05.49 | Lesser Himal. 800 Amphibolites | 83 39 35.2|28 14 31.9 Lampata - - - - - 5.62 11971 - - NON datable
Lower Kali Gandaki Section
Sample Struct. Unit | Elevation Roks Long Lat Locality N ps Ns pi Ni pd Nd P(x2) D Age +lo
(m) ° mn s |° mn s (x10° cm®) (x10° cm?) (x10° cm™) % % | Ma
NP05.50 |Lesser Himal.[ 1140 sandstone [ 83 54 12.7|28 11 16.3 18 4.04 45 157.99 1758 5.62 11971 | 97.95 0 24 0.4
NP05.51 [ Lesser Himal. 1010 quartzites | 83 51 34.8|28 8 234 - - - - - 5.62 11971 - - NON datable
NP05.52 | Lesser Himal. 850 sandstone | 83 51 56.2|28 5 412 - - - - - 5.62 11971 - - NON datable
NP05.53 | Lesser Himal. 740 sandstone | 83 43 8.1 |27 58 27.5 | AndhiKhola| - - - - - 5.62 11971 - - NON datable
NP05.61 [ Lesser Himal. 434 sandstone | 83 32 20.4([27 46 4.9 hola/Top MB]| - - - - - 5.62 11971 - - NON datable
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A.3.4 Projection des données

Pour chaque coupe, nous projetons les données le long d'un profil perpendicu-
laire au MFT, au plus porche des données. Pour cela, nous définissons (FAIRE UN
SCHEMA) un repere par rapport au MFT en choisissant 2 points A et B sur celui-ci,
qui donnent la direction générale du chevauchement, A étant au plus proche du
profil.

Soit un point M que nous voulons projeter (M) sur la perpendiculaire au MFT

passant par A. La longueur AM,, est calculé par :

AMp = AM(cos(5 — arccos %W))

| Point | Annapurnas | Langtang | Bhutan |

A 83.51 85.00 89.41
27.73 27.27 26.86
B 83.87 85.66 94.27
27.58 27.09 26.81

TaB. A.2 — Coordonnées des points de références utilisés pour la projection de chaque coupe.

A.4 Résumé des différentes présentations effectuées
lors de congres et workshops

Au cours des 3 années de these, j’ai participé a un certain nombre de conférences
et de workshops. Les pages suivantes présentent les résumés respectivement a la
Société Géologique de France en 2005 (Thrust Belts and Foreland Basins, Joint Earth
Science Meeting, 14-16 décembre 2005), au workshop ModOSUG en 2006 puis au
conférences internationnales European Geological Union (EGU) 2006, EGU 2007,

Américan Geophysical Union (AGU) 2007, EGU 2008 et AGU 2008.

A.4.1 SGF 2005



Thermochronological analysis of Siwalik sedimentsdm the
Karnali River section (western Nepal): Constraintson the
kinematics of the frontal Himalayan prism.

Xavier Robert, Peter Van der Beek, Jean-Louis Meitrika Labrin.
Laboratoire de Géodynamique des Chaines Alpine8088Grenoble, France.

Foreland basin sediments contain a record of tinamjcs of the orogenic prism in a continental
collision context (e.g., Burbank, 1992; Cederboralet 2004; Harrison et al. 1993). Here, we
study the dynamics of the Miocene-Recent Siwalisretionary prism of the Himalayan orogen,
which is constituted of several thrust slices agijido the active orogenic front. We report new
detrital apatite fission-track data from MioceneRiiocene Siwalik Group sediments. We have
analysed 13 samples collected along the magnettgstaphically controlled Karnali River
section in western Nepal (Gautam & Fujiwara, 20@®th apatite and zircon fission-track ages
were determined from these samples; they are egbarta companion paper at this meeting (van
der Beek et al, this meeting).

The specific goal of this study was to quantify tiveset of activity as well as the deformation
history recorded by the Main Frontal Thrust (MFe active frontal thrust of the system. We
use detrital apatite fission track (AFT) thermoctometry because this system is sensitive to
post-depositional heating within the sedimentarysimadue to its relatively low closure
temperature (11@ 10°C; Gallagher et al. 1998). As a sample is lludieeper in the sedimentary
basin and reaches temperatures at which fissichdrstart to anneal & 60°C), the information

it contains concerning source-area exhumationagrgssively erased. This loss of information
is, however, counterbalanced by complementary caing$ on the post-depositional thermal
history, which will be most clearly recorded by ttheepest and most completely reset samples
(Carter & Gallagher, 2004; Cederbom et al., 200dhrhan et al., 1996). We complete the
dataset presented by van der Beek et al. by inguddnfined fission track length measurements
(after Cf-irradiation of the samples improving doefl-track revelation efficiency) to constrain
the thermal history, as well as etch-pit width meements to provide a kinetic proxy (e.g.,
Carlson et al., 1999; Barbarand et al., 2003).

The upper part of the Karnali section yielded sasplith AFT ages older than the stratigraphic
age and increasing downsection, characteristicnoéaet samples. Deeper samples, in contrast,
have an increasing proportion of single-grain AFgEsayounger than the stratigraphic age and
ages decrease downsection, characteristic of pantealed samples (Figure 1). The transition
between the two (i.e., the top of the pre-exhummaRartial Annealing Zone) occurs at ~2500 m
depth, indicating a pre-exhumational geothermatiigra of 15-20°C within the basin, in accord
with vitrinite reflectance data and heat flow measwents in Ganges basin wells. The annealed
AFT samples from the lower part of the Karnali smtthave a consistent minimum age (i.e.,
youngest age population) peak of 2 Ma, suggeshiagthe onset of exhumation of this part of
the Siwaliks along the Main Frontal Thrust tookgalat this time.




Mean confined track lengths vary from ~12 pm innmealed samples to <10 pm in the deepest
and most strongly annealed samples. We inversérdlok-length data to further constrain the
thermal history of the samples using the AFTSolaekage (Ketcham et al. 2000) that allows
incorporating kinetic data (Figure 2). Best-fit mimal histories show initial heating of the
sediments related to burial within the foreland imadollowed by a phase of constant
temperatures during a period of up to 5 My andeswgly rapid cooling of the sediments since
<1 Ma, which we interpret as being due to exhummattddong the MFT. Predicted peak
temperatures are between 80-110°C for all sampleggesting a strongly non-linear geothermal
gradient, possibly due to heat advection by fluidhin the basin. The results also clearly show
that the mean and minimal thermochronological ajgertially annealed samples are not simply
related to a specific tectonic event.

Finally, we confront these inverse model resultthwredictions of a forward numerical tectono-
thermal model using the IFP (Institut Francais détrée) Thruspack Package. From a
reconstructed initial basin geometry and a tectenenario we calculate thermal histories for the
rocks along the Karnali River section and use thegeredict the corresponding apatite fission
track ages and length distribution using AFTSolvaking into account all available constraints,
our best-fit models suggest that initiation of MET took place after 2 Ma with an important
recent shortening around 20 mnt.from 0.3-0.1 Ma to today. The activity of MFT canrhave
been homogenous through time; it has either aatelgrrecently or activity has been
discontinuous through the last 2 My.

Keywords: orogenic prism, Himalaya, Siwaliks, Main Frontahriist, fold and thrust belt,
thermal gradient, thermochronology, apatite fissibacks, numerical modelling, time -
temperature paths
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Figure 1. Stratigraphic ages (thick continuous line), cehtthlack diamonds) and minimum
(white squares) AFT ages, and confined AFT lengthilutions for samples collected along the
Karnali River section (U is the mean confined triaigth and e the standard deviation). Note (1)
the switch from unannealed to partially annealethpes at ~2500 m depth; (2) the consistent 2
Ma minimum age in the lowermost 4 samples, andtl{8) decrease in mean track length
downsection.
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Figure 2. Synthesis of the best-fitting thermal historiastifie different samples from the Karnali
River from inversion of thermochronological dataings AFTSolve (Ketcham et al. 2000);
thermal histories are cut off at the depositiongeafor readability, even though the complete
history since initial exhumation in the source amwas modelled for each sample. Note the

extremely rapid recent cooling recorded by all sémpand the small range of maximum
temperatures attained.
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A.4.2 ModOSUG 2006



Couplage de modeles mécaniques,
thermiques et érosifs

X. Robert, P. Van der Beek, J.-L. Mugnier, J. Braun

Mercredi 27 septembre 2006

Il est connu que les paysages sont fortement fagonnés par un forgage tectonique, mais aussi
par une interaction avec les phénomenes érosifs (Beaumont et al., 1992; Kooi and Beaumont,
1996). Ce couplage est difficilement quantifiable, ce qui nous a poussé a modéliser différents
types de couplages Tectonique - Erosion. Pour contraindre nos modeles, nous reproduisons des
marqueurs thermochronologiques issus de données de terrain, ce qui nous oblige & coupler nos
modeles d’évolution a un modele thermique.

Ici, nous présentons 3 études, une complete, et deux en cours de développement. La premiere
(finalisée) consiste en une modélisation d’un rebond isostatique dans une zone montagneuse sans
composante d’advection horizontale (Dabie Shan, Nord - Est de la Chine, Braun and Robert
(2005)), la seconde en une modélisation du front d’un jeune bassin flexural (Karnali River, Siwaliks,
Ouest du Népal), et la derniére en une modélisation du fonctionnement d'un chevauchement au

sein d’un orogéne (Main Central Thrust, Népal central).

References

C. Beaumont, P. Fullsack, and J. Hamilton. Erosional control of active compressional orogens. In
Thrust Tectonics, pages 1-18, New York, 1992.

J. Braun and X. Robert. Constraints on the rate of post-orogenic erosional decay from low
temperature thermochronological data: application to the Dabie Shan, China. Farth Surface
Processes and Landforms, 30:1203-1225, 2005.

H. Kooi and C. Beaumont. Large-scale geomorphology: classical concepts reconsiled and integrated
with contemporary ideas via a surface process model. Journal of Geophysical Research, 101:
3361-3386, 1996.
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A.4.3 EGU 2006



Thermochronological analysis of Siwalik sediments
from the Karnali River section (western Nepal):
Constraints on the kinematics of the frontal Himalayan
prism.

X. Robert (1), P. Van der Beek (1), J.-L.. Mugnier (1), E. Labrin (1)

(1) Laboratoire de Géodynamique des Chaines Alpines, UJF, Grenoble, France ;
(xavier.robert@ujf-grenoble.fr)

We study the dynamics of the Miocene-Recent Siwalik accretionary prism of the Hi-
malayan orogen with the specific goal of quantifying the onset of activity as well as
the deformation history recorded by the Main Frontal Thrust (MFT), the active frontal
thrust of the system. We report new detrital apatite fission-track data from Miocene
to Pliocene Siwalik Group sediments along the magneto-stratigraphically controlled
Karnali River section in western Nepal. We also measure confined fission track lengths
to constrain the thermal history, as well as etch-pit width measurements to provide a
kinetic proxy (e.g., Carlson et al., 1999; Barbarand et al., 2003). The upper part of the
section yielded samples with AFT ages older than the stratigraphic age and increas-
ing downsection (unreset samples). Deeper samples have an increasing proportion of
single-grain AFT ages younger than the stratigraphic age and ages decrease downsec-
tion (partly annealed samples). The top of the pre-exhumation Partial Annealing Zone
occurs at 2500 m depth, indicating a pre-exhumational geothermal gradient of 15-
20°C, in accord with vitrinite reflectance data and heat flow measurements in Ganges
basin wells. The annealed AFT samples from the lower part of the section have a con-
sistent minimum age peak of 2 Ma, suggesting that onset of exhumation along the
MEFT took place at this time.

Mean confined track lengths decreased with depth. Inversions of track-length data
show initial heating of the sediments related to burial, followed by a phase of con-
stant temperatures during a period of up to 5 My and extremely rapid cooling of the
sediments since <1 Ma, which we interpret as being due to exhumation along the




MEFT. Predicted peak temperatures are between 80-110°C for all samples, suggesting
a strongly non-linear geothermal gradient. The results also clearly show that the mean
and minimum thermochronological ages of partially annealed samples are not simply
related to a specific tectonic event.

Finally, from a reconstructed initial basin geometry and a tectonic scenario, we calcu-
late, using the Thrustpack Package, thermal histories for the rocks along the Karnali
River section and thus predict the corresponding apatite fission track ages and length
distributions. Our best-fit models suggest that initiation of the MFT took place after
2 Ma with an important recent shortening around 20 mm/yr from 0.3-0.1 Ma to to-
day. The activity of MFT cannot have been homogenous through time; it has either
accelerated recently or activity has been discontinuous through the last 2 My.
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A.4.4 EGU 2007



Constraints on recent Lesser Himalayan deformation
from new apatite fission-track data along a North -
South transect (Central Nepal).

X. Robert (1), P. Van der Beek (1), J.-L. Mugnier (1), J. Braun (2), B. Mucecku (1)
(1) Laboratoire de Géodynamique des Chaines Alpines, UJF, Grenoble, France ;
(xavier.robert@uijf-grenoble.fr), (2) Geosciences Rennes, Université de Rennesl, Rennes,
France

We study the recent dynamics of the Himalayan orogen in central Nepal with the
specific goal of quantifying the onset of activity as well as the deformation his-
tory recorded by the different thrusts. Here, we focus on the possible reactivation
of the footwall of the MCT, which is marked by a strong topographic transition in
the Nepalese Himalaya. We report 14 new apatite fission-track (AFT) ages collected
along the Trisuli river and through the Palung granite (Langtang to Terail North -
South transect).

The topographic transition corresponds to an AFT age transition, with very young
ages to the north (<1.5 Ma), and much older ages to the south (up to 10 Ma). This
transition is too sharp to be interprated as a simple consequence of erosion. There-
fore, other mechanisms, such as out of sequence thrusting (Hodges et al., 2004) or
underplating over a major crustal ramp (Bollinger et al., 2006) have to be considered.
We perform numerical thermal-kinematic modelling, using a modified version of the
PECUBE code (e.g. Braun, 2002), to quantify the respective roles of underplating and
out-of-sequence thrusting in the shortening of this part of the Himalayan range. In
these initial models, we assume a simple steady-state between tectonic accretion and
surface erosion. Future model will incorporate physical erosion laws to study potential
transient effects.
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A.45 AGU 2007



Can we Detect Recent Activation of the Main Cenftfalust Zone from Apatite Fission Track

Data and Numerical Modelling?

X. Robert (1), P. Van der Beek (1), J. Braun (2],.Mugnier (1), B. Muceku (1)

(1) Laboratoire de Géodynamique des Chaines AlpidgdF, Grenoble, France ;
(xavier.robert@ujf-grenoble.fr), (2) GeosciencesiRas, Université de Rennesl, Rennes,
France

We study the recent dynamics of the Himalayan arageentral Nepal with the specific goal
of quantifying the onset of activity and the defation history recorded by the different
major thrusts. Here, we focus on the possible negtain of the footwall of the MCT, which

is marked by a strong topographic transition in lepal Himalaya. This transition is too
sharp to be interpreted as a simple consequenemsion and tectonic mechanisms, such as
out of sequence thrusting (Hodges et al., 2004yraferplating over a major crustal ramp
(Bollinger et al., 2006) have been suggested.

We report 14 new apatite fission-track (AFT) ageBected along a north — south transect
from Langtang in the High Himalaya to the TeraiiRI&AFT ages are consistently young
($<$ $3 \ My$) all along the N-S transect in the Mgbne and older ($4$ to $6 \ My$) in the
southern part of the Lesser Himalaya. The topodcaphnsition does not correspond to a
sharp AFT age transition.

We perform numerical thermal-kinematic modellingsing a modified version of the

PECUBE code (e.g. Braun, 2002), to quantify th@eesve roles of underplating and out-of-
sequence thrusting in the shortening of this parthe Himalayan range. In these initial
models, we assume steady state between tectonietiaocand surface erosion. The current
dataset cannot discriminate the two models: althougt-of-sequence thrusting and
reactivation of the MCT shear zone are consistétit the data, they do not require such a
mechanism. The presence of a crustal ramp belowtadpegraphic transition exerts the
primary control on age patterns. Therefore, thestioe of possible out-of-sequence
reactivation appears secondary in face of the ntidata set.
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A.4.6 EGU 2008



Geophysical Research Abstracts,

Vol. 10, EGU2008-A-04728, 2008
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Recent Kinematics and long-term Exhumation History
of the central Himalaya (Nepal) from numerical
Modelling of in-situ and detrital Thermochronology
Data

P.A. van der Beek (1), X. Robert (1), H.K.C. Perry (1,2), J. Braun (2), M. Bernet (1)

(1) LGCA, Université Joseph Fourier, Grenoble, France, (2) Géosciences Rennes, Université
Rennes I, Rennes, France (pvdbeek@ujf-grenoble.fr / Fax : +33 476 514058 / Phone : +33 476
514062)

Unravelling the kinematics and exhumation history of the Himalaya, the largest moun-
tain belt on Earth and the largest provider of sediments to thedis oceans, has
important implications for our understanding of mountain building processes, the in-
teraction between tectonics, climate and erosion, as well as seismic risk assessment.
We explore the capacity of thermochronological data to quantitatively constrain the
kinematics of the central Himalaya at two different time scales: we use a transect of
newly acquiredn-situ apatite fission-track (AFT) ages across the central Nepal Hi-
malaya to place constraints on the kinematics of the mountain belt over the last few
million years, and we extract the kinematic and exhumation history of the belt since
~20 Ma from a dataset of detrital zircon fission-track (ZFT) and mica Ar-Ar (MAR)
thermochronology collected within the orogenic Siwalik deposits of central and west-
ern Nepal. To do so, we employ a newly developed 3-D thermal-kinematic model,
based on th&ecubecode, which allows the prediction of thermal histories and ther-
mochronological ages for rocks exhumed along crustal-scale faults of any geometry.
The model tracks the distribution of thermochronological ages at the surface through-
out the model run, thus allowing comparison with both thesitu and the detrital
thermochronological record.

The central Himalaya underwent a major transition~dt5-20 Ma, from an Early




Miocene phase characterised by localised exhumation in the Higher Himalayan
crystalline belt along the Main Central Thrust (MCT) to a steady-state forward-
propagating system in the Late Miocene-Pliocene. Detrital thermochronology records
this transition as a major phase of exhumation; a significant proportion of both detrital
ZFT and MAR single-grain ages falling within this age range throughout the strati-
graphic sections. Our modelling of the detrital data aims at understanding this phase
of rapid exhumation and the associated controls (climatic, tectonic?) on the change
in kinematics. In recent years, controversy has arisen about the recent kinematics of
the central Himalaya, with some authors arguing for Plio-Pleistocene reactivation of
the MCT, possibly driven by climatically enhanced exhumation of the Himalayan to-
pographic front. AFT ages increase linearly frgtnl Ma in the MCT zone to 5-10

Ma in the outermost part of the Lesser Himalaya, without any sharp transition. Fitting
the observed AFT-age pattern, using our themal-kinematic model with exhumation
occurring simultaneously along several thrust faults, requires only minimal, if any,
reactivation of the MCT.
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AGU 2008
How cylindrical is the Main Himalayan Thrust? Insig from low — temperature

thermochronology and numerical modelling

X. Robert (1), P. van der Beek (1), J. Braun (2),.Mugnier (1)

(1) Laboratoire de Géodynamique des Chaines Alpidg3F, Grenoble, France
(xavier.robert@ujf-grenoble.fr), (2) GeosciencesiRas, Université de Rennesl, Rennes,
France

We study the recent dynamics of the Himalayan arageentral Nepal with the specific goal

of quantifying the onset of activity and the defation history recorded by the different

major thrusts along the Himalayan range, and pmpostructural and kinematic model of the
major crustal Himalayan thrust, the MHT. We re@#tnew apatite fission-track (AFT) ages

collected along north — south transects in westeich eastern — central Nepal (Kali Gandaki
and Trisuli Rivers). AFT ages are consistently yp($<$ $3 \ My$) along both N-S transects
in the MCT zone and increase ($4$ to $6 \ My$) talwhe south in the Lesser Himalaya. We
present and compare 2 age — elevation transeasinaime MCT zone and one in the outer
Lesser Himalaya, and interpret them in terms ofuexdtion rate that we use to constrain the
geometry of the MHT ramp.

The Himalayan range is commonly presented as adndial structure from west to east.
However, geological structures, topography, préaijgin rate, convergence rates and low —
temperature thermochronological ages all vary figaitly along strike. Here, we focus on
the interpretation of thermochronological datasatserm of cylindricity in geometry and
kinematics of the MHT along the Himalayan range.

We compare our new data to published low-tempegatibermochronological datasets for
western — central Nepal, eastern — central Nepdttae Bhutan Himalaya. We use these data
to perform numerical thermal-kinematic modellingtwa modified version of the PECUBE
code, in order to constrain potential along-strikeations in the kinematics of the Himalayan
range. Our results show that lateral variationg@ometry of the MHT (in particular the
presence or absence of a major ramp) strongly @latiie kinematics and exhumation history
of the orogen.
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mériques de terrain ASTER avec une résolution spatiale de 90 m. En Hi-
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Himalaya de I'est (Bhoutan) ; modifié d’aprés Bookhagen et Burbank (2006).

329



330

Table des figures

1.4

1.5

1.6

1.7

1.8

Profils nord - sud d’altitude et de pente moyennes sur une largeur de 50 km
au Népal (a) et au Bhoutan (b). L'échantillonnage est effectué tous les
5 km. Pour chaque profil, il est représenté l'altitude maximale, minimale
et moyenne, et la pente. Le relief est calculé comme la déviation standard de
Ualtitude. (c) a (f) : Comparaison de profil du Népal et du Bhoutan alignés
sur les hauts sommets et le MFT. Les lignes verticales pleines (Népal) et
tiretées (Bhoutan) correspondent aux intersections des profils avec les alti-
tudes 1 et 2 km, marquées par des lignes horizontales en pointillé ; modifié
d’apres Duncan et al. (2003). . . . . . .. ... L oo L.
Structure générale simplifiée de la chaine himalayenne mettant en exergue
les unités géologiques principales et les grandes structures tectoniques ; mo-
difié d’apres Galy (1999). . . . . . . . ... Lo
Déplacement et vitesse de I'Inde par rapport a I’Eurasie; d’aprés Royer et
Patriat (2002). . . . . ...
Modele spéculatif d’extrusion en Himalaya entre I’Eocene et le Miocene. Les
vitesses sont relatives a I'Inde. (a) Situation des plaques et des blocs conti-
nentaux a I’Eoceéne supérieur (40 a 35 Ma) avec le début du mouvement
sénestre le long de la faille Wang Chao (WCF), I’extrusion de I'Indochine du
sud-ouest et I'ouverture corrélée du delta du Mekong (Me) et d’une partie
du golfe de Thailande (T). (b) A I’Oligocene inférieur (30 Ma), I'extrusion
de I'Indochine (IND) est majeure, avec un mouvement sénestre sur la faille
du Fleuve Rouge (RRF) et I'ouverture de la mer de Chine du sud. (c) Au
Mioceéne inférieur (20 Ma), le mouvement sénestre le long de la faille du
Fleuve Rouge continue avec I'ouverture de la mer de Chine du sud et de
bassins en pull-apart (Y = Yinghehai) ; d’apres Lacassin et al. (1997). . . .
Reconstruction incrémentale de coupes équilibrées du front du prisme Hi-
malayen de 22 Ma a 3 Ma. La ligne pointillée représente la position ap-
proximative de la surface. LLH = Lower Lesser Himalaya, ULH = Upper
Lesser Himalaya, RT = Ramgarh thrust, DT = Dadeldhura Thrust, GHZ
= Greater Himalayan zone, THZ = Tibetan Himalayan zone; d’aprés De-

Celles et al. (2001). . . . . . . . o e

12

14

15

18



Table des figures

331

1.9

1.10

1.11

1.12

1.13

1.14

1.15

Coupe simplifiée de la chaine himalayenne centrale montrant la connection
des chevauchements principaux sur le MHT et les principales zones tecto-
nostratigraphiques ; modifiée d’apres Bookhagen et Burbank (2006).
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Séquence d’activité des failles et dynamique du prisme himalayen : apports de la
thermochronologie et de 1a modélisation numérique

L'influence de 1’érosion sur la localisation de la déformation dans une chaine de montagnes
est un phénomene souvent envisagé a la suite de modélisations numériques. Or les données géo-
logiques pertinentes en faveur de cette hypothese sont encore fort peu nombreuses. Aussi, la mise
en évidence d'une évolution temporelle et spatiale de la déformation constitue une observable clef
pour tester les relations érosion/localisation de la déformation. Nous testons cet effet, sur un objet
géologique soumis a des conditions de déplacements aux limites simples et sur un objet géologique
soumis a des conditions climatiques et érosives variables latéralement : le flanc sud de I'Himalaya
(située au dessus d'un décollement crustal majeur). Elle est soumise a une convergence continue
et de valeur constante depuis au moins une dizaine de millions d’années et sa rhéologie est in-
variante au cours du temps; elle est en revanche soumise a un gradient climatique d’est en ouest
(transversalement par rapport a la direction de convergence), gradient de plus variable au cours du
temps. Nous avons mis en oeuvre des techniques de thermochronologie basse température pour
constituer une base de données conséquente, que nous avons utilisée dans des modélisations nu-
mériques thermo-cinématiques directes et inverses. Nous montrons que 1) au Népal central,le MHT
présente une rampe crustale prononcée, et aucun mécanisme de chevauchement en hors-séquence
n’est nécessaire pour expliquer les données, 2) la géométrie du MHT varie d’est en ouest, avec une
rampe moins prononcée dans l’est de la chaine, et 3) les variations latérales en terme de mise en
place et de cinétique du MFT sont peu importantes.

Mots-clés prisme orogénique, Himalaya, Main Frontal Thrust, Main Central Thrust, systéme chevau-
chant, gradient thermique, thermochronologie, traces de fission sur apatites, modélisation numérique, chemins
temps - température

Fault activity and timing of the himalayan prism : Constraints from thermochronology and
numerical modeling

The influence of erosion on the location of deformation in mountain ranges has been demons-
trated by numerical modelling. However, few relevant geological data in favour of this hypothesis
exist. Thus, demonstrating a temporal or spatial evolution of the deformation/kinetics in the fron-
tal units of the Himalayan range would provide a key observation to test the interactions between
erosion and the location of the tectonic deformation at the scale of a mountain belt. We test this
effect by the acquisition of low-temperature thermochronological data (apatite fission-track) and
forward and inverse thermo-kinematic numerical modelling. The southern flank of the Himalaya,
situated above a major crustal detachment, is well adapted to test the interactions between erosion
and tectonics because it is submitted to convergence that is spatially continuous and homogeneous
through time, and its rheology is invariable through time. However, it is submitted to a climatic
gradient from east to west, perpendicular to the convergence direction. This gradient is moreover
variable through time. We show that 1) in central Nepal, there is a well-expressed crustal ramp on
the Main Himalayan Thrust (MHT) below the physiographic transition, out-of-sequence thrusting
is not required by the data, 2) the geometry of the MHT varies from east to west, from a linearly
dipping detachment to a well-expressed crustal ramp, and 3) the lateral variations of the kinetics or
the initiation of the Main Frontal thrust are limited at the scale of the entire orogen.

Keywords orogenic prism, Himalaya, Siwaliks, Main Frontal Thrust, Main Central Thrust, fold and
thrust belt, thermal gradient, thermochronology, apatite fission tracks, numerical modelling, time - tempera-
ture paths
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