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Résumé

Les processus complexes et intriqués liant érosion, climat et tectonique a la surface de la
Terre sont encore sujets a de riches controverses. Leur meilleur compréhension nécessite
notamment le développement de méthodes permettant la quantification fiable de taux d'érosion
a des échelles temporelles et spatiales variées. En particulier, les derniers ~10 Ma ont vu la Terre
affectée par des changements climatiques majeurs, que certains auteurs ont associés a une
apparente accélération mondiale des taux d'érosion. La réalité de cette accélération fait
cependant l'objet d'un intense débat. L'analyse dans des dépots anciens des isotopes
cosmogéniques in-situ, déja largement employés dans les sédiments de rivieres actuelles, a le
potentiel de fournir des enregistrements haute résolution, sur ces échelles de temps, de taux de
dénudations intégrés sur des bassins versant entiers.

Nous avons tout d'abord testé des points techniques spécifiques des isotopes cosmogéniques
dans deux zones cibles: I'Himalaya central et les Plateaux Ethiopiens. Ces deux études
confirment que l'emploi des isotopes cosmogéniques dans ces zones, sous réserve de respecter
plusieurs points de prudence, reste valide et extensible a des sédiments anciens.

Nous avons ensuite étendu avec succes cette méthode a des sédiments des piedmonts du
Tian-Shan (Chine) et de 'Himalaya (collines Siwaliks, Népal). Ces deux zones sont au coeur de
débats sur I'évolution des relations climat/érosion/tectonique depuis ~10 Ma.

Quatre sections au Tian-Shan, couvrant ~9 Ma, et une large étendue spatiale autour de cette
chaine, ne montrent pas de brusque accélération de I'érosion il y a ~3-5 Ma. Au contraire, nous
observons a I'échelle régionale une augmentation progressive (X 4 entre 9 et 4 Ma) puis une
stabilisation entre 4 Ma et l'actuel. Ces résultats suggerent une influence limitée des cycles
glaciaires quaternaires sur les taux d'érosion dans cette zone.

Un enregistrement dans les sédiments himalayens ne montre également pas d'augmentation
significative de 1'érosion depuis ~6.5 Ma. Il est en revanche probablement le témoin de
réorganisation des systémes de drainages et d'évolutions tectoniques dans cette région.

Avec ces études, nous avons ainsi pu produire pour la premicre fois des enregistrements
haute résolution de taux d'érosion depuis ~10 Ma, grice aux isotopes cosmogéniques. Cette
méthode étant potentiellement applicable dans de nombreux contextes géologiques et
climatiques, elle permettra indubitablement des avancées importantes dans la compréhension
des processus de surface actuels et passés.






Abstract

The complex and intricate processes linking erosion, climate and tectonics still are the matter
of extensive controversies. A better comprehension of these processes notably require reliable
estimates of erosion rates evolution upon various spatial and temporal scales. In particular,
throughout the last ~10 Myr, the Earth's surface has undergone major climatic changes, which
some authors have associated to a dramatic increase in global erosion rates. Nevertheless, the
reality of this increase has since been severely questioned. In-situ cosmogenic nuclides analysis
in ancient sediment could potentially provide high-resolution records of denudation rates,
integrated over whole drainage basins, and on several million-year time scales.

We first tested specific technical issues of cosmogenic isotopes in two target areas: Central
Himalaya and Ethiopian Plateaus. These two studies have confirmed that the use of cosmogenic
nuclides, if carried out propetly, are valid and extensible to ancient sediments.

We then successfully extended this method to sediments from the Tianshan (China), and the
Himalayas (Nepal) piedmonts. These two areas are at the core of ongoing debates on climate-
erosion-tectonics relationships since ~10 Ma.

Four sections in the Tianshan, covering ~9 Myr and a broad spatial extent around this range, do
not display a brutal increase in denudation at 3-5 Ma. On the other hand, they show at the
regional scale a progressive increase (x4 between 4-9 Ma) and a subsequent stabilization since
~4 Ma. These results suggest a limited influence of Quaternary glaciations on erosion in this
region.

One section in the Himalayan piedmont (Siwaliks hills), neither display any significant increase
since ~6.5 Ma that would be link to a major climatic shift. It has nevertheless probably recorded
reorganizations of the drainage system and tectonics evolutions in this region.

With these studies, we were able to produce the first cosmogenic nuclides-based high
resolution records of denudation rates over 10 Myr. This method being potentially applicable in
many geological and climatic settings, it will indubitably allow further advances in our
understanding of past and present surface processes.






Organisation de ce manuscrit

Ce manuscrit comporte deux chapitres introductifs, trois chapitres présentant les principaux

résultats de cette thése, comportant chacun un court paragraphe introductif, une conclusion
générale, et trois annexes.
Les chapitres introductifs généraux, les paragraphes introductifs et la conclusion patrtagent une
arborescence et des références bibliographiques communes, répertoriées en fin de manuscrit
principal. Les trois chapitres centraux, écrits en anglais, sont organisés sous forme d'articles
scientifiques, soumis a des revues internationales, en voie de soumission, ou en cours de
préparation. Ces articles peuvent étre abordés indépendamment du reste du manuscrit, et ont
leurs référence bibliographiques et leurs arborescences propres.

Note to the Anglophone readers :

Organization of this manuscript

This manuscript includes two introductory chapters, three chapters compiling the main
results of this PhD, a general conclusion, and trois annexes.

The general methodology is treated in French in the second chapter, but is also largely
addressed in English in the supplementary information provided within Chapter 4
The three central chapters are written in English language, under the form of scientific papers,
submitted or to be submitted to international journals. These papers can be addressed
independently of the rest of the manuscript, and each has got its own bibliography and contents
table. Since the short forewords of these papers are also in French, I will summarize them here :

Chapter 3 is constituted of two technical studies. These studies were originally designed at
the beginning of my works to address several potential complications of cosmogenic nuclides
measurement in two areas we targeted then. In central Nepal, we were concerned about the
potential influence of dominant landslides processes on the cosmogenic 1°Be signal. In Ethiopia,
we wanted to investigate the influence of the magmatic 3He over the cosmogenic 3He signal.

Chapter 4 and 5 are "the real deal" of this manuscript. They present paleo-denudation rates
records from two important areas regarding ongoing debates on climate-tectonics-erosion
interactions : the Tianshan range and the Himalayas. The Tianshan (chapter 4) is the first area
where we were able to successfully derive paleo-denudation rates from cosmogenic nuclides.
Our survey there is more fully developed. In the Himalayas (chapter 5), we successfully analyzed
only one sedimentary section yet.
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L'histoire de la Terre se compose, d'une part, de données

Sfournies par l'expérience, et, de ['antre, de raisonnements fondés sur ces
données. Llessentiel pour la science ne consiste pas a déterminer ce que la
Terre a ét¢ il y a un million d'années (et en fait d'années on peut se donner
libre carriere), mais a déterminer ce qu'elle est telle qu'elle est devant
nous : il consiste, en dautres termes, a déterminer la connexion
systématique de ces diverses formations. C'est, sans doute, une science ol
lexcpérience a une large part, et tout ne sanrait étre ramené a la notion

dans ce cadavre, car l'accident y jone son role.

G. W. F. Hegel,
Encyclopédie des Sciences Philosophiques (1L, Philosophie de la Nature), 1530
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Chapitre 1

Introduction

1.1 Mais en fait, ta thése, a quoi sert-elle ?

Comme ce titre, pas si provocateur que c¢a, l'indique, on ne trouvera pas dans cette
section §1.1 une revue détaillée et exhaustive des étroites relations reliant les enveloppes fluides
de la Terre, la construction des reliefs, et les mouvements tectoniques. En revanche, puisque ce
titre est la question que j'aurai peut-étre le plus entendue ces quatre dernicres années, je me suis
attaché a traiter le début de cette introduction de la maniere la plus didactique possible, afin de
tenter d'éclairer celles et ceux, y compris non spécialistes voire non scientifiques, qui se la seront

un jour posée. J'en fais partie.

1.1.1 Altération/érosion/dénudation

Le relief des continents est contr6lé par un équilibre entre construction, par les grands
mouvements tectoniques nés de la machinerie interne terrestre, et destruction, par les agents de
sa machinerie externe. Si ce qu'on appelle 1'érusion peut, au premier abord, paraitre bien se
concevoir, cette notion est en fait un peu plus subtile. Il me semble donc important de préciser

ce qu'il faudra entendre ici derriére ces trois concepts d'altération, érosion et dénudation.

1.1.1.1 L'altération

La premiere étape de la destruction des reliefs peut en fait étre plus formellement
appelée altération. 11 s'agit de I'ensemble des processus qui transforment ou détruisent la structure
d'une roche et ses constituants, quand celle-ci approche suffisamment de la surface. On peut
distinguer deux grande famille de processus d'altération, méme si ceux-ci sont trés intimement
liés (FI1G. 1.1) (e.g. Gabet, 2007; Gabet & Mudd, 2009; Dixon ef /., 2009) :
D'une part, l'altération chimique. Il s'agit de la transformation de minéraux, instables dans les
conditions de température, d'humidité, de taux d'oxygeéne ou d'acidité de la sutface, en d'autre

minéraux, et de la dissolution d'éléments les constituant.
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FIG. 1.1 - Couplage entre altération chimique et dénudation totale, modéles (conrbes noires)
et comparaison avec des données empiriques. a) Dixon et al, 2009; b) Gabet & Mudd,
2009.

D'autre part, l'altération physique. Par exemple, les cycles de température jour/nuit et hiver/été,
ou encore la création de minéraux secondaires issus de l'altération chimique, peuvent agrandir
progressivement, par dilatation et rétractation, les défauts dans les jointures entre grains. Les
cycles de gel/dégel de l'eau d'infiltration, les animaux fouisseurs et les racines des plantes

peuvent également fracturer physiquement les roches.

1.1.1.2 L'érosion

L'érosion en elle méme consiste en la mobilisation des produits de l'altération, et leur
transport vers une altitude plus basse. Le principal agent de I'érosion a la surface de la Terre est
l'eau liquide. La capacité d'érosion d'un ruissellement, d'un ruisseau, une riviére, un fleuve... est
un équilibre entre la puissance de son flux, due a la pente du relief et a la quantité d'eau, et la
quantité de maticre a transporter. L'eau solide, sous forme de glaciers, est également un puissant
agent d'érosion. Dans les régions les plus arides ou pour les particules les plus fines, le vent peut
aussi en étre un agent non négligeable. Enfin, pour les reliefs les plus pentus, les roches peuvent

subir une érosion par mouvements de masses, comme les glissements de terrains et les éboulis.

1.1.1.3 La dénudation
La dénudation est la quantité totale de matiere qui est enlevée de la surface de la créute

terrestre. 11 s'agit donc de la somme de la maticre retirée par I'érosion et des éléments dissous ou
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évaporés lors de l'altération chimique. Clest cette notion que j'utiliserai préférentiellement dans
ce manuscrit, car ce sont les taux de dénudation qui sont enregistrés par les isotopes

cosmogéniques, qui furent l'outil de base de mon travail, et que j'introduis plus bas (§1.3).

Il existe des liens particulicrement intriqués entre la dénudation des reliefs, la
géodynamique (c'est a dire les mouvements des roches entre elles, comme par exemple la
convergence entre plaques tectoniques, ou la relaxation des reliefs sous leur propre poids), et le
climat (FIG. 1.2). Je vais rapidement détailler ces influences mutuelles dans les paragraphes
suivants. On trouvera plus de références bibliographiques pat exemple dans Champagnac ef a/,

2012.

1.1.2 Les relations climat /géodynamique /dénudation

1.1.2.1 Influences du climat sur 1'érosion

Instinctivement, le premier lien qui vient a l'esprit est l'influence du climat sur la
dénudation. Des températures plus élevées peuvent favotiser les taux d'altération chimique des
minéraux (Dixon e al, 2009), tandis que des températures plus basses peuvent favoriser
l'apparition de glaciers. Ces derniers sont de puissants agents érosifs, et favorisent la formation
de profondes et étroites vallées (Valla ef a/., 2010; Sternai ¢ a/., 2012; Pedersen & Egholm, 2013).
Pour les plus hauts reliefs, ils peuvent ainsi limiter l'altitude des montagnes en agissant comme
une "scie sauteuse” sur ces sommet englacés (Egholm ¢ 4/, 2009) (FIG. 1.3).
Cependant, sur la totalité de leur bassin versant et sur le long terme, ils ne sont probablement
pas des agents plus puissants que les rivieres (Koppes & Montgomery, 2009) (FIG. 1.3). Dans
certains cas ou leur glace flue particulicrement lentement (basses températures), ils peuvent
meéme agir comme une protection pour les roches sous-jacentes (Thomson e a/, 2010).
Les précipitations (tant leur quantité que leur distribution annuelle, continues ou trés
épisodiques) peuvent avoir dans certaines régions un contrdle important sut 1'érosion (e.g.
Thiede ¢ al., 2004), en fournissant aux rivieres 1'énergie nécessaire au transport des sédiments.
Cependant, de maniere contre-intuitive, elles n'ont, a I'échelle globale, qu'un réle secondaire (e.g.
Riebe ez al., 2001b; Burbank ez a/., 2003; Finnegan e al., 2008; Binnie e al., 2010; Henck ez al.,
2011; Portenga & Bierman, 2011) ou plutét non déconnectable des autres forcages (FIG. 1.4)
(Molnar, 2009; Champagnac ¢t al., 2012).
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= Création de topographie
— altération +

par incision localisée
et ajustement isostasique

* Températuras -

Erosi iai ?
~+ érosion gladiae + * Fracturation des = Madification du pattem

de déformation
= Pluie, tempéies +
—» puissance riviéres +,

* Altération silicates, * Création de relief
Enfouissement M. orga.
—= baisse CO, athmo. - Sdismes

—» glissements de lerrain

TECTONIQUE
CLIMAT | Voicanisme: Eruption de gaz 4 effet de serre,
rodification de Valbédo
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Glaciers, océans — charge sur la lithosphére
Subduction ecéanique — injection d'eau dans le manteau et la crodte

FIG. 1.2 - Schéma des influences entre dénudation, climat et tectonique.
Les influences en italique ne seront pas traitées, car changeant sur des échelles de temps

inappropriées d nos travaux;, ou étant secondaires.

1.1.2.2 Influence de la dénudation sur le climat

De maniere plus surprenante, la dénudation exerce en retour un contréle important sur
le climat global de la Terre, car elle joue le réle d'une pompe a CO2 atmosphérique a 1'échelle
des temps géologiques.
D'une patt, l'altération des silicates, suivie de la précipitation de carbonates dans l'océan, a pour
bilan net la consommation de CO» atmosphérique (Ebelmen, 1845; Berner ez /., 1983).
D'autre part, les flux de sédiments détritiques comprennent une patrt de matiére organique, qui
se retrouve enfouie avec eux, et ainsi a l'abti de l'oxydation dans les sédiments océaniques

(France-Lanord & Derry, 1997; Galy ez al., 2007).
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FIG. 1.3 - L'érosion glaciaire: agent majeur ou influence limitée?

a) Corrélation entre ligne de neiges éternelles (LINE) et altitudes des reliefs mondianx,

montrant l'effet des glaciers comme "rabots" limitant I'élévation des montagnes (Hegholm et

al. 2009); b) Hypsométries caractéristigues d'un bassin englacé et fluvial (Hegholm et al.

2009); ¢) Comparaison de taux de dénudations sur plusieurs échelles de temps et plusienrs

chaines dn monde. L'érosion glaciaire, si elle est capable de contrler la topographie et

Ihypsométrie d'un bassin, ne semble en revanche pas plus efficace que I'érosion fluviale, en

moyenne, sur de longues échelles de temps et spatiales (Koppes et Montgomery, 2009).
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FIG. 1.4 - Relations entre taux de dénudation, pente moyenne du bassin, et antres factenrs
climatiques et morphologiques. a) Compilation de taux de dénudation par isotopes
cosmogéniques et charges sédimentaires (d'aprés Willenbring et al. 2013). b) Coefficients de
covariance entre dénndation (isotopes cosmogéniques, jen de donnés similaire a Willenbring et
al. 2013) et différents factenrs, classés par lithologie dominante dn bassin et contexte
climatique. MAP : précipitations moyennes annuelles, MAT : Température moyenne
annuelle (tiré de Portenga & Bierman, 2011).

1.1.2.3 Influence de la tectonique sur la dénudation

La tectonique a un double effet sur la dénudation. Premicrement, ce sont les
mouvements tectoniques qui créent des montagnes a dénuder. Ce truisme n'est en fait pas
qu'une lapalissade. En effet, a 1'échelle globale, on obsetve que les taux de dénudation sont, en
premier lieu, grossiérement corrélés aux pentes moyennes des bassins versant (von
Blanckenburg, 2005; Portenga & Bierman, 2011; Willenbring ez al, 2013). Deuxiemement, la
tectonique peut fracturer des unités rocheuses par des réseaux de failles, ce qui améliore leur

érodabilité.
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FIG. 15 - Efet de la dénudation sur la  topographie  par  isostasie.
a) Création de relief (différence entre sommet et vallées) par incision localisée. b) Soulévement
des bassins d'avant-pays par diminution de la charge de l'orogene (Fignres d'apres Willet
2010).

Influence de la dénudation sur la tectonique

Encore une fois, de maniére contre-intuitive, la dénudation joue en retour un réle

important sur la tectonique. C'est une des découvertes majeutes en sciences de la Terre de ces

vingt dernicres années.

La crotte continentale est plus légere que le manteau terrestre sous-jacent. Aussi, tel un glacon

dans un verre d'eau, la dénudation de la surface de cette crotite va provoquer une remontée de

celle-ci pour revenir a son point d'équilibre, ce que l'on appelle l'isostasie. Si I'on dénude

préférentiellement les reliefs au niveau des vallées, les pics et crétes avoisinant peuvent ainsi en

moyenne, paradoxalement, gagner en altitude (FIG. 1.5) (Molnar & England, 1990; Champagnac
et al., 2007).
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De maniére encore plus surprenante, la dénudation, surtout si elle est particuliérement focalisée
sut une partie de la chaine de montagnes, comme c'est le cas dans les Andes ou en Himalaya,
peut méme activement redistribuer les champs de déformation et de contraintes physiques dans

la crotite (Willett, 1999; Whipple & Meade, 2006; Berger ¢7 a/., 2008; Whipple, 2009).

1.1.2.5 Autres relations

11 est a noter que d'autres relations directes existent entre la tectonique et le climat, mais
que nous ne traiterons pas en détail. Notamment, la tectonique, par I'élévation des reliefs ou la
position des continents, crée des battieres pour les masses d'air ou les courants océaniques qui

peuvent réorganiser le climat global.

1.1.3 Les Grandes évolutions climatiques de la fin du Cénozoique

Reconstituer les évolutions climatiques globales en terme de températures,
précipitations, ou saisonnalité s'aveére particulierement complexe et n'est pas le sujet de cette
thése. Par simplification, nous allons considérer principalement ici les évolutions de la
température de surface. En effet la paléo-température est certainement la variable climatique la
mieux contrainte sur ces longues échelles de temps. La température moyenne a moyen terme de
la surface du globe est au premier ordre corrélée a la température du fond des océans. Celle-ci,
dans le passé, peut étre reconstituée par I'étude des isotopes de l'oxygéne dans les fossiles de
coquilles de foraminiféres benthiques, des micro-organismes vivant au fond des océans et
construisant une coquille (le #s7) carbonatée. En compilant ces enregistrements a partir de
différentes carottes forées dans les sédiments océaniques, il est ainsi possible de reconstituer
l'évolution de la température moyenne du globe (FIG. 1.5).

Le Cénozoique, également appelé ere Tertiaire, est I'ére géologique courant de ~65 Ma
jusqu'a aujourd'hui. Les relations complexes entre le climat, la tectonique et la dénudation ont
été déterminantes dans I'évolution de la sutface de la Tetre sur cette période. En particulier, la
concomitance de deux évenements majeurs ont tot attiré l'attention des chercheurs : en effet,
alors que la fermeture de l'ancien Océan Téthys a été suivie par l'orogenése alpine et
himalayenne, puis la sutrection du plateau du Tibet depuis ~45 Ma, il s'est produit en paralléle

un refroidissement quasi continu depuis le début de I'Eocene (~55 Ma).
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FIG. 1.6 - Compilation global du &'$O dans les foraminiferes benthiques, comme proxy de

la température des océans (Zachos 2001). Haut : depuis 70 Ma; Bas : goom sur les 10
derniers Ma. On remarque une intensification du refroidissement vers ~3Ma, synchrone du
développement des glaciations dans I'hémisphere Nord. La fermeture du passage de Panama
et la mise en place de la circulation thermobaline a ét¢ proposée comme précursenr de ce
refroidissement. Par aillenrs, il y a 0.9 Ma, les cycles climatignes deviennent dominés par la

période de 100 ka associée a 'exccentricité de I'orbite terrestre.
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Cette concomitance a ainsi conduit plusieurs chercheurs a proposer que le refroidissement
cénozoique a été engendré par la surrection himalayenne, notamment par la consommation de
CO; atmosphérique qu'elle a induit (§1.1.2.2) (Raymo & Ruddiman, 1992; Galy ez /., 2007). Le
refroidissement ainsi induit aurait, par l'apparition de glaciers, encore augmenté la dénudation

des montagnes et la topographie (Molnar & England, 1990).

Ici, nous allons nous focaliser sur les dix derniers millions d'années. Il s'agit
probablement de la pétiode la plus froide de l'histoire de la Tetrre depuis ~250 Ma (Royet ¢/ af.,
2007). Cette période est marquée par deux évolutions majeures du climat (e.g. Zachos et al,
2001, et références incluses).

Tout d'abotd, elle voit une diminution progressive des températures moyennes a partir de 6 Ma
(FIG 1.6) : Pendant cette période, les calottes glaciaires finissent de se développer sut tout le
continent Antarctique et deviennent permanentes. Vers 4 Ma, le passage de Panama finit de se
refermer, isolant 1'Atlantique du Pacifique et modifiant de maniére probablement importante le
systeme de circulation océanique mondial, qui a un réle majeur dans la redistribution de la
chaleur tropicale. Cette théorie est cependant débattue (Molnar, 2008). La chute des température
s'accélére a partir de 3.2 Ma. Cette époque concorde avec l'augmentation significative de la taille
des calottes polaires de I'némisphere nord (groenlandaise, laurentide, sibérienne) (FIG. 1.6, bas).
Ensuite, une évolution majeure s'est produite dans la cyclicité du climat. Jusqu'a ~0.9 Ma, le
climat répondait en phase avec les cycles d'obliquité de l'axe Terre (période de 40 ka) et dans
une moindre mesure de précession des équinoxes (période de 22 ka). Depuis 0.9 Ma en
revanche, ce sont les cycles d'excentricité de l'otbite terrestre autour du soleil qui dominent
largement le climat, avec une grande amplitude entre périodes glaciaires et interglaciaires.
D'apres les données de paléo-température issues des forages dans les calottes antarctiques, ces
amplitudes sont d'environ 10 °C entre les maxima glaciaires et les interglaciaires des cycles de
100 ka (FIG. 1.6, bas). L'amplitude énergétique induite par les cycles d'excentricité de période
100 ka étant insuffisante poutr causer un tel écart de température, des mécanismes internes
d'amplification (albédo des calottes et cycle court terme du carbone) doivent jouer un role

majeur dans le controle de ces cycles quaternaires de 100 ka.
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Le climat global sur de longues échelles de temps et la tectonique sont intimement liés par la dénudation
(somme de ['érosion physique et de ['altération chimique), selon des mécanismes complexes et trés débattus. Or, la
Terre a, an cours de son histoire, et en particulier sur les derniers millions d'années, enduré des évolutions
climatiques et tectoniques majenres. 11 est done essentiel pour comprendre ces mécanisme de pouvoir reconstituer de

maniere fiable et précise ['évolution des tausc de dénudations globans: sur ces échelles de temps.

1.2 Quelle évolution de la dénudation globale durant le
Cénozoique?

Dans cette section, je rentrerai plus franchement dans le vif du sujet, mais j'invite les

éventuels courageux lecteurs non spécialistes a ne pas se laisser impressionner par le jargon.

1.2.1 Evolution des flux sédimentaires mondiaux et wvariabilité
climatique.

En l'absence d'autres méthodes permettant de déterminer les taux de dénudation du
passé, ce sont pendant longtemps les taux d'accumulation sédimentaires qui ont été utilisés
comme leur meilleur enregistrement.

La datation de carottes marines a révélé dans les années 1980 une augmentation trés importante
et globale des taux d'accumulation sédimentaires dans I'océan profond depuis ~40 Ma (FIG. 1.7
a) (Hay ez al., 1988). Toutefois, cette augmentation apparente résulte essentiellement de deux
phénomeénes : Tout d'abord, la subduction de la croute océanique fait qu'une partie des
sédiments anciens, grandissant linéairement avec l'age, a disparu (Parsons, 1982). Ensuite et
surtout, les baisses du niveau des océans associées aux cycles glaciaires de la fin du Cénozoique
ont provoqué la reprise des sédiments déposés sur les marges continentales (Hay e af., 1988).

Cependant, a l'échelle globale, de nombreux bassins continentaux ou cones sédimentaires
déposés sur les marges continentales enregistrent également des augmentations spectaculaires
sur les 2-5 derniers millions d'années. Ces taux d'accumulation ont été compilés par Zhang ¢ al.,
(2001) et Molnar (2004) (FIG. 1.7). Ces auteurs remarquerent que cette hausse spectaculaire
n'était associée a aucune accélération mondiale connue de la tectonique des plaques. Ainsi, le
seul candidat recevable pout expliquer une hausse mondiale de 1'érosion qui awrait mené a cette

hausse des taux d'accumulation sédimentaire serait un changement climatique.
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Une explication "traditionnelle" eut été d'invoquer l'effet de la mise en place des glaciers
(§1.1.2.1). O, certains de ces bassins se situent dans des zones tropicales n'ayant jamais été
englacées. Ces auteurs proposerent donc plutdot comme cause une variabilité accrue du climat,
tant en amplitude qu'en fréquence, oscillant entre périodes froides et séches et périodes humides
et chaudes, menant les reliefs a un état de déséquilibre permanent avec le climat, état engendrant

une augmentation de I'érosion.

1.2.2 Un paradigme largement remis en cause.

Malgré la prudence initialement affichée par ces auteurs dans leurs articles (Molnar,
2004), ce paradigme d'une augmentation globale de l'érosion depuis 2-5 Ma, a largement été

relayé pendant les années 2000. Cependant, plusieurs études récentes 'ont remis en cause.

1.2.2.1 Biais des reconstitutions de taux d'accumulation
Reconstituer des taux d'accumulations fiables s'aveére souvent atdu, et il est d'autant plus

hasardeux de les relier 2 des variations de taux d'érosion.

La plupart des taux d'accumulations compilés par Zhang ¢f a/. (2001) et Molnar (2004)
ont été calculés a partir d'enregistrements 1D. Or, la géométrie des dépots peut varier
significativement, notamment par la migration des dépdcentres, la géométrie du bassin
sédimentaire ou sa vitesse de subsidence. Ainsi, extrapoler des vatiations de taux d'érosion a
partir de quelques enregistrements 1D dans un bassin a peu de sens (Métivier, 2002). Le moyen
le plus fiable d'estimer des volumes sédimentaires reste donc l'extrapolation de profils sismiques
2D, cette méthode étant trés couteuse. Le cone du Bengale illustre bien ce probléeme, méme si
(Zhang et al., 2001) et (Molnar, 2004) ne le prenaient pas en compte dans leurs études : Les taux
de sédimentation déduits d'apres des forages 1D (Métivier ¢f al., 1999) et des profils sismiques
2D (Clift, 2006) s'averent en contradiction. Dans cette région, les tres larges plaines alluviales en
amont de ces dépdts, comme la plaine du Gange, ajoutent encore a la difficulté d'interprétation
de ces résultats, en agissant comme des zones tampons pour le transport sédimentaire (Métivier
& Gaudemer, 1999). Ensuite, pout une méme zone de dépét, c'est la source des sédiments qui
peut elle-méme avoir varié, avec des cones de différentes rivicres se recouvrant les uns les
autres, comme dans le cas du Golf du Mexique (Galloway ¢z a/., 2011).

Enfin, il faut également noter que de nombreux enregistrements reportés par exemple par
Zhang et al. (2001) et Molnar (2004) ne prennent pas en compte la compaction sédimentaire, qui

réduit la porosité et donc la masse volumique des sédiments les plus vieux et profonds.
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Un autre probléme inévitable des enregistrements sédimentaires est leur plus grande probabilité
de comporter des lacunes lorsque leur 4ge augmente. Ainsi, plus les sédiments sont anciens, plus
les taux d'accumulation vont avoir tendance a étre moyennés sur des périodes longues et ayant
de chances de comporter des lacunes (Schumer & Jerolmack, 2009). Ceci a pour effet une
augmentation artificielle exponentdelle des taux d'accumulation vers les périodes récentes
(Schumer & Jerolmack, 2009; Schumer ef al., 2011). Cet effet est parfois appelé "effet Sadlet”,

du nom de l'auteur ayant le premier alerté sur cet artefact (Sadler, 1981; Sadler, 1999).

En plus de ces biais inhérents, des raisons de douter de ces taux d'accumulation
sédimentaire sont apparues avec de nouvelles données dans plusieurs zones du monde,
remettant en cause largement la théotie d'une augmentation mondiale des taux d'érosion.

Dans les Alpes, la principale compilation de volumes sédimentaires était au début des années
2000 celle de Kuhlemann ez a/. (2001; 2002). Si des auteurs ont utilisé cette estimation pour
expliquer une partie du soulevement actuel des Alpes (Champagnac ez al., 2007), les données de
thermochronologie basse température ont cependant mené a des interprétations contradictoires
(Willett, 2010). Ainsi, les thermochronomeétres zn-situ montrent soit une forte augmentation de
relief, potentiellement liée au creusement des vallées glaciaires (Valla ez @/, 2010), soit un relief
stable (Reverman 7 a/., 2012), selon les zones. La thermochronologie détritique, enregistrant les
taux de dénudation moyens intégrés sur les bassins versants entiers, n'obsetve pas
d'augmentation plio-pleistocene (Glotzbach ez al, 2011).

Une autre zone importante est 'Afrique de l'ouest, puisque cette zone n'a jamais été englacée et
pourrait donc étre témoin d'une hausse de la dénudation liée a l'instabilité du climat. Or, les
entegistrements sédimentaires entre le Congo, I'Angola (pourtant proche) et le fleuve Orange
sont contradictoires (Lavier ¢ al, 2001). Leurs variations sont largement imputables a des
processus tectoniques de soulévement des marges ouest-africaines (Seranne & Anka, 2005).
Enfin, une des zones clefs pour I'étude de I'évolution des taux de dénudation est 1'Asie centrale
(FIG. 1.6 ¢c)(Molnar, 2004). En effet, cette large zone est endoréique et donc isolée d'une
éventuelle influence des variations eustatiques, et inclut une grande partie des enregistrements
compilés par (Zhang ef al, 2001) et (Molnar, 2004). Cependant, ces enregistrements et
compilations de volumes sédimentaires (Metivier & Gaudemer, 1997; Metivier ¢ al, 1999),
jusqu'au développement récent de la magnétostratigraphie dans cette région, étaient fondées sur
des datations trés incertaines. Notamment, l'apparition de la formation Xiyu, un épais niveau
conglomératique, présente au sommet des sections tout autour des bassins d'Asie centrale
(Junggar et Tarim), était systématiquement datés a ~2 Ma. Or, les études

magnétostratigraphiques ont montré depuis que cette formation est diachrone, avec un age
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compris entre 15 et 1.5 Ma selon les zones. La formation Xiyu correspond en fait a une
progradation sédimentaire ayant une cause tectonique (e.g. Charreau ef al., 2005; Charreau ¢ al.,

20006; Charreau ef al., 2009a; Charreau e al., 2009b).

Enfin, toutes ces reconstructions basées sur des sédiments détritiques ne permettent pas
de remonter a une autre composante importante de la dénudation : l'altération chimique. Les
proxy chimiques de cette altération sont pourtant eux aussi contradictoires. L'utilisation du
rapport 87St/86Sr des océans, jusqu'alors couramment invoqué comme proxy de l'altération
continentale au cours du Cénozoique, est contestée, du fait de la forte dépendance de son taux
de dissolution aux températures atmosphériques et a la concentration dans les roches meres
(Kashiwagi ez al, 2008). Le rapport 87St/8Sr des océans peut aussi étre modifié par un
changement de la nature et de I'age des roches sources altérées. Ce n'est donc pas un traceur
univoque de l'intensité de l'altération. Un autre proxy, le rapport 1'Be/Be de l'océan, montre
des flux d'altération relativement stables depuis ~10 Ma (Willenbring & von Blanckenburg,
2010). Au contraire, le 7Li matin enregistré par les foraminiféres planctoniques semble montrer
une augmentation tres rapide de l'altération entre 6 et 18 Ma, suivie d'une relative stabilité depuis
6 Ma (Misra & Froelich, 2012). En tout état de cause, il n'est pas impossible d'imaginer que dans
des conditions climatiques différentes de l'actuel, ou dans des phases de transition d'un état
d'équilibre a un autre, érosion physique et altération chimique se retrouvent interconnectées

différemment d'aujourd'hui.
Ainsi, la compilation de tanx d'accumnlation sédimentaire est une méthode affectée par des biais

importants quand elle est utilisée pour remonter anx taux de dénudation du passé, comme [l'ont montré études

théoriques et nouvelles données contradictoires. De plus, ils n'incluent pas dans leur bilan ['altération chimique.
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1.3 Apport potentiel des isotopes cosmogéniques

1.3.1 Application des isotopes cosmogénique dans 1'actuel

J'introduis brievement ici l'utilisation des isotopes cosmogéniques pour la détermination
de taux de dénudation, dans l'actuel. Pour une desctiption compléte des isotopes cosmogéniques
et de leurs utilisations en sciences de la Terre, on pourra chaudement recommander 'ouvrage de

T. Dunai (2010).

1.3.1.1 Production des isotopes cosmogéniques in-situ

Les isotopes dits cosmogéniques sont les éléments créés par la cascade de réactions
engendrées dans l'atmosphere terrestre par le rayonnement cosmique. Ce rayonnement n'est en
fait pas a proprement patler une onde magnétique mais un flux de particules de haute énergie,
essentiellement de protons et de particules a (e.g. Gosse & Phillips, 2001). Ces particules vont
réagir avec les atomes des enveloppes terrestres, et produire de nouveaux noyaux plus légers, par
réaction de spallation (destruction du noyau par la particule incidente), ainsi que des muons,
protons, et neutrons de différentes énergies. Clest ce flux secondaire qui, en réagissant a son
tour avec les atomes des enveloppes terrestres, va produire les isotopes dit cosmogéniques (FIG.
1.8)
Sila trés grande majorité de ces réactions a lieu dans l'atmosphere, une partie de flux secondaire
atteint la surface terrestre. La majeure pattie de ce flux est atténuée exponentiellement dans les
roches de surface (Eq. 1.1), mais produit dans celles-ci des isotopes cosmogéniques, selon trois
mécanismes principaux: la spallation, par les neutrons de haute énergie (la majeure partie de la
production en sutrface, mais rapidement atténuée avec la profondeut), la capture muonique (plus
faible production mais plus pénétrative en profondeur) (FIG. 1.8), et la capture neutronique,
négligeable dans notre cas. Le taux de production P (atgl.an?) d'un isotope cosmogénique

donné a une profondeur g peut ainsi s'écrire:

(1.1
Rz)=) F(0)e”™

Avec p la masse volumique de la roche mére (g.cm3), A la longueur caractéristique d'atténuation
q g q
(g.cm?), et i indice désignant les différents mécanismes de production (spallation, captures

muoniques...).
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Flux cosmique primaire (P, «)
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FIG. 1.8 - Schéma de la cascade de réactions menant du flux cosmique primaire a la
production d'isotopes cosmogéniques in-situ. Le flux est fortement absorbé par ['atmosphére et
dévié par le champ magnétique terrestre, en fonction de la latitude. 11 réagit avec les atomes de
Latmosphere, créant une gamme de particules secondaires (N: neutrons, P: protons, u:
muons). Dans la surface, le taux de production par les différentes réactions de production
cosmogénique décroit exponentiellement, avec des longuenrs caractéristiques différentes. Ici, on
a représenté les taux de production pour le "'Be dans le quartz, mais les longuenrs
d'atténnation (profondenr nécessaire pour que le flux décroisse de 63%) seraient similaires

pour d'autre minéranx: et/ ou isotopes (Eq. 1.1).
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1.3.1.2 Utilisation pour la détermination de taux de dénudation

La concentration en isotopes cosmogéniques de la sutface d'une roche ou d'un sol est
directement reliée a son temps d'exposition, au taux de dénudation qu'elle subit, et au taux de
production en isotopes cosmogénique a cet endroit donné (Lal, 1991).
Pour une concentration initiale nulle, la concentration C d'une surface exposée subissant un taux
de dénudation constant & pendant un temps # est décrite par :

(1.2)

C(t) = Zii (1 _e—t(l+pg//\i)]

Avec A (an) la constante de désintégration, si l'isotope considéré est instable.
Si la surface est exposée suffisamment longtemps avec le méme taux de dénudation, sa

concentration atteint un état d'équilibre directement dépendant de ce taux de dénudation
(plateaux sur la FIG. 1.9 a). Autrement dit, pour #>>1/(A + pe/Aj) :
(1.3)

RSAC
€O _Z A+ pe/A,

i

De maniére remarquable, les concentrations en isotopes cosmogéniques peuvent aussi

>
permettre de calculer le taux de dénudation moyen d'un bassin versant entier. Il serait en effet
bien trop fastidieux d'échantillonner des centaines de surfaces dans tout un bassin. En revanche,

le sable transporté par la riviere a l'exutoire de ce bassin est constitué de grains de sable
provenant de tout le bassin versant. Dans les cas ou A << p &/ (i.e., pout le 1'Be pat exemple,
&£>> 0.3 m.Ma’, condition tres largement observée a la surface terrestre), on peut montrer que
la concentration totale C de ce sable est directement reliée au taux d'érosion moyen g de ce

bassin versant et a son taux de production moyen en isotopes cosmogéniques f_)l(()) (voir aussi
FIG. 2.1) (Brown e# al., 1995; Granger ez al., 1990) :
(1.4

— P.(0
XN

Cependant, cette équation ne reste valable que si certaines conditions sont vérifiées :
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FIG. 1.9 - Notion de temps d'équilibre des tanx de dénudation dérivés des isotopes
cosmogénigues. a) Surface partant d'une concentration nulle exposées a différents taux de
dénudation. Si ce tanx reste constant, la concentration atteint un platean an bout d'un temps
Iui-méme fonction de ce tanx. ['ai pris ici le cas du "'Be dans le gnartz, an nivean de la mer
et d une hante latitnde, mais ces courbes seraient qualitativement les mémes pour d'autres
minéranx cibles et isotopes radioactifs. b) Temps caractéristique de lissage du tanx de
dénudation par les isotopes cosmogéniques (conrbe blen). J'ai également représenté les gammes
d'érosions rencontrées dans les zomes abordées pendant cette these, et un taux représentatifs des

boucliers continentaux.

(@) Le taux de dénudation est supposé constant sur l'échelle de temps caractéristique nécessaire
pour éroder l'épaisseur d'atténuation du taux de production, dépendant de la densité de la roche
mais typiquement ~0.6 m (FIG. 1.8) (e.g. Niemi et al., 2005; Yanites et al., 2009);

(i) Le minéral sur lequel sont menées les analyses doit étre présent en proportion équivalent
dans tout le bassin versant.

(i) La granulométrie du minéral étudié doit étre équivalente dans tous le bassin versant, et la
granulométrie étudiée du sable de riviere doit étre représentative de toutes les unités de ce bassin
(e.g. Codilean ef al., 2012);

(iv) La perte de masse par altération en profondeur doit rester faible (e.g. Riebe ez a/., 2001a);

(v) Le temps de transfert du sédiment dans le bassin doit étre assez rapide pour éviter a la fois
une réexposition au rayonnement cosmique et une décroissance radioactive pour les isotopes

cosmogéniques instables (4C, 1'Be, 20Al, 3°ClI).
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Dans la plupart des environnements, ces conditions ne sont pas toutes parfaitement vérifiées.
En particulier, nous avons exploré les conditions (i) et (iii) dans deux contextes géologiques tres
différents, de maniere préliminaire a 'extension de cette méthode pour des sédiments anciens de
ces régions. Ce travail a donné lieu a la soumission pour publication de deux articles, formant le
chapitre 3 de ce manuscrit.

11 faut également noter que le taux de production moyen dans le bassin versant peut étre entaché
d'incertitudes, liées notamment aux modeles d'évolution de ces taux de production avec
l'altitude et la latitude (e.g. Lal, 1991; Stone, 2000; Dunai, 2001; Desilets et Zreda, 2003; Lifton ez
al., 2008), l'écrantage partiel par la topographie (e.g. Dunne e al, 1999; Norton and Vanacker,
2009), ou l'effet des couvertures neigeuses (e.g. Schildgen e7 a/., 2005; Delunel e af., 2013).

Malgté ces limitations, 1'étude des isotopes cosmogéniques dans les sédiments de riviere
a permis depuis une vingtaine d'année de fournir des estimations de taux de dénudation moyens
sut des échelles de temps hors de portée d'autres méthodes. Les nombreuses études ont ainsi
amené des informations cruciales sur la compréhension des relation tectonique/érosion/ climat
dans l'actuel (voir par exemple les compilations de Portenga & Bierman (2011) et Willenbring ez
al. (2013), FIG. 1.3). Il s'agit également d'une méthode extrémement simple a appliquer,
puisqu'elle ne nécessite que I'analyse de quelques aliquotes de sables de riviére (a comparer par
exemple avec les études basées sur la charge sédimentaire et dissoute, nécessitant un suivi sur de

nombreuses années).

1.3.2 Application dans 1'ancien : potentiels et limites?

Une des propriétés remarquables des isotopes cosmogéniques est de lisser les variations
de taux de dénudation sur des temps caractéristiques hors de portée d'autres méthodes (FIG.
1.9). Ainsi, pour les taux de dénudation rencontrés communément sur Tetrre, ce temps
caractéristique va d'environ 200 ans (taux de dénudation >3 mm.a!) 2 500 000 ans (taux < 1073
mm.a-1). Cette propriété permet d'éviter les variations saisonnieres ou annuelles qui affectent
notamment les mesures de charges sédimentaires. Pour les taux de dénudation modérés, elle
permet méme de lisser des éventuelles variations de dénudation dues aux cycles climatiques
millénaires (Schaller & Ehlers, 2000). A l'inverse, ces temps typiques permettent une meilleure
résolution que les thermochronomeétres basse température. Par exemple, les traces de fissions
sur apatites ou les ages (U-Th)/*He, avec des températures de fermeture de 70-100°C, et dans le
cas d'orogenes a forts taux de dénudation, n'autorisent une résolution temporelle que de l'ordre

du million d'années (e.g. Braun, 2002; Ehlers & Farley, 2003). La thermochronologie tres basse
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température (30°C) par OSL (Optically Stimulated Luminescence), développée récemment,
offre toutefois des résultats prometteurs et des fenétres temporelles intermédiaires entre les
isotopes cosmogéniques et les thermochronomeétres traditionnels (Herman e 4/, 2010).
Toutefois, ces méthodes restent treés dépendantes du modele de refroidissement choisi. Par
ailleurs, a l'exception de la thermochronologie dans des minéraux détritiques, elles fournissent

des taux d'exhumation locaux et non intégrés sur des bassins versants entiers.

Les isotopes cosmogéniques ayant montré leur efficacité pour déterminer des taux de
dénudation dans l'actuel, l'idée est rapidement venue d'étendre cette méme méthode a des
sédiments anciens (e.g. Shaller ez a/, 2001; von Blanckenburg, 2005; Blard e¢7 a/., 2006; Dunai,
2010). Cependant, plusicurs limites théotiques et difficultés ont jusqu'a présent réfréné (ou
poussé a 'autocensure?) les chercheurs dans cette tentative.

L'isotope cosmogénique de loin le plus utilisé pour dériver des taux d'érosions est le 1Be. Il
combine en effet plusieurs avantages cruciaux: (i) Il est retenu dans le quartz, seul minéral
présent dans presque toutes les formations géologiques continentales, contrairement par
exemple a 1%He (Trull ¢ al, 1991)); (i) Il est relativement facile a extraire des minéraux,
contraitement au 4C; (iii) Il n'a qu'un seul autre isotope, le ‘Be, souvent présent sous forme de
traces dans le quartz, contrairement par exemple au 2°Al, dont l'isotopes majeur 27Al est présent
en grandes quantités; (iv) Le '"Be ne provient que de la production cosmogénique, et le 1°Be
atmosphérique adsorbé sur les grains est aisément éliminable, contrairement au 2!Ne et 3He qui
peuvent provenir de nombreuses autres sources. Ces derniers, de par leur stabilité, peuvent en
effet avoir été produits par d'autres mécanismes (production radiogénique) sur de tres longues
périodes, en quantité écrasant totalement le signal cosmogénique ou rendant peu fiable sa
détermination. Dans le cas du 3He, cette problématique sera traitée dans l'article inséré au
chapitre 3, avec un cas d'étude appliqué a I'érosion des trapps basaltiques du plateau éthiopien.
Le "Be, cependant, est instable, et se désintégre avec une demi-vie de 1.39 Ma (constante de
désintégration A = 4.997 x 107 an'!, Chmeleff ¢ @/, 2010; Korschinek ez a/, 2010). Ainsi, une
batriere de l'age semble se dresser : pour des sédiments vieux de plusieurs millions d'années, le
10Be aura trop décru pour étre détectable par Spectrométrie par Accélération de Masse (AMS),
en particulier pour des taux de dénudation élevés engendrant des concentrations initiales faibles
FIG. 2.4).

Un autre probléme potentiel est I'évolution de la topographie du bassin versant. En effet, le taux
de production moyen est trées dépendant de son altitude (Lal, 1991; Stone, 2000), et celle ci peut

avoir significativement varié sur plusieurs millions d'années. Enfin, sur des échelles de temps
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aussi longues, il devient difficile d'estimer une éventuelle reprise de ses propres sédiments par la
tiviere ("cannibalisme") ou de multiples épisodes de dépot pouvant fausser le signal

cosmogénique.

Jusqu'a tres récemment, les rares publications de données de paléo-taux de dénudation a
partir d'isotopes cosmogéniques était en fait basées sur des couples d'isotopes cosmogéniques,
notamment le rapport "Be/26Al (Granger e al., 2001; Schaller e al, 2002; Schaller ez al., 2004;
Balco & Stone, 2005; Hu e# al., 2011; Matmon ef al., 2012). Ces derniers ayant un rapport de
production constant lors de I'érosion et des constantes de décroissance différente, leur rapport
dans un sédiment permet de dater I'dge de son d'enfouissement (voir §2.1.2). Or cette méthode
cumule plusieurs inconvénients :

(i) Le 20Al a une demi-vie encore plus faible que le 'Be (0.708 Ma), ce qui limite encore les ages
maximaux atteignables;

(i) Le cumul des erreurs sur les mesures de 'Be et d'26Al, et sur la constante radioactive du 26Al,
mal contrainte (Nishiizumi, 2004), méne a de larges incertitudes sur ces taux de dénudation;

(iii) En l'absence de datation indépendante, il est impossible d'estimer un éventuel cannibalisme
ou une histoire pré-dépot complexe (Hu ef @/, 2011; Matmon et al., 2012);

(iv) Souvent menés sur des terrasses alluviales (Schaller ez a/, 2002; Schaller ez a/., 2004; Balco &
Stone, 2005; Matmon ef al., 2012) ou dans des cavernes (Granger e al., 2001; Hu et al, 2011;
Refsnider, 2011), ces enregistrements sont discrets et non continus et haute résolution, ce qui est
nécessaire pour pouvoir suivre une éventuelle réponse de 1'érosion a un changement climatique
majeur. Aussi, jusqu'a présent, seules les études de Schaller ef o/ (2002, 2004) ont été clairement
axées vers l'étude de la réponse de la dénudation aux cycles glaciaires, mais seulement pour les
derniers 1.2 Ma, et seul Refsnider (2010) est remonté jusqu'a 5 Ma, mais avec un enregistrement

de seulement 5 points, et un bassin versant extrémement petit (quelques km?).

Ll'intérét théorique de ['application des isotopes cosmogéniques a des enregistrements sédimentaires
continus anciens est énorme. Cependant, a cause des difficultés pratiques de cette méthode et surtont de sa relative
nouveauté, ancune étude n'avait, an début de cette thése, tenté de l'appliguer a I'étude de ['évolution des tanx de
dénndation depuis ~10 Ma, matiére a un intense débat.

Dans le chapitre suivant, je détaillerai de maniére générale les obstacles techniques et théorigues a surmonter pour

aboutir a ces résultats.

-~ 38 -



-39 _



_40 -



Unité

11y a quelque chose de dense, uni, déposé au fond,
répétant son chiffre, son signe identigue.

Les pierres ont tonché le temps, cest évident,

une odenr d’age émane de leur fine maticre,

et de ['ean gu’amene la mer et du sel et du réve.

Une méme chose n’entoure, un seul mouvement :
le poids du minéral, la lumiére de la pean,

unis an son du méme vocable : noche

Lencre des blés, de livoire, des sanglots,

des choses en cuir, en bois, en laine,

vieillies, décaties, uniformes,

se dressent antour de moi telles des parois.

Je travaille sourdement, tournant sur moi-méne,
comme le corbeau sur la mort, le corbean de denil.
Je réfléchis, isolé an milien de longues saisons,
central, cerné de géographie silencieuse :

une température partielle tombe du ciel,

un empire extréme d'unités confuses

s’assemble en m’entourant.

P. Neruda,

Résidence sur la Terre.
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2 ISOTOPES COSMOGENIQUES, DE L'ACTUEL A L.'ANCIEN.

Chapitre 2
Isotopes cosmogéniques, de 1'actuel

a I'ancien.

2.1 Principes théoriques

L'idée de base de l'extension des isotopes cosmogéniques dans des sédiments anciens est
simple : si I'analyse d'un sable de riviére actuel permet de calculer le taux de dénudation moyen
de son bassin versant, il doit également étre possible d'appliquer la méme méthode a des sables
anciens, enfouis depuis plusieurs milliers ou millions d'années, et mis ensuite 4 notre disposition
par le couple tectonique-érosion, les constructions humaines, ou des forages. Toutefois,
plusieurs corrections et points de prudence primordiaux sont a respecter. Je vais ici décrire les
grands principes de cette méthode, ainsi que ses limitations théoriques. Pour le détail particulier
du traitement et de l'analyse des échantillons provenant des différentes zones ciblées, on se
référera aux paragraphes méthodologiques de chaque article correspondant (Ethiopie et Népal

central, Chapitre 3; Tianshan, Chapitre 4; Sud Népal, Chapitre 5).

2.1.1 Cotrrection de l'enfouissement et du transport.

Contrairement a un sable de riviere actuel, le signal cosmogénique d'un paléo-sable peut
largement évoluer apres sa production sur les pentes du bassin versant (FIG 2.1).
En effet, les sédiments peuvent accumuler pendant leur long dépét et jusqu'a la réexposition
récente une quantité significative d'isotopes cosmogéniques (Eq. 2.1). Tout d'abord, cette
accumulation indésirable peut se produire pendant l'enfouissement du sédiment, si celui-ci se
déroule en une durée non négligeable devant le temps caractéristique durant lequel a été
enregistré la dénudation. Ensuite, et méme une fois le sédiment profondément enfoui et protégé
du rayonnement neutronique, une tres faible production, muonique, se poursuit, méme a

grandes profondeurs (>4 m). Celle-ci est souvent négligeable pour des sédiments récents.
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FIG. 2.1 - a) Trajet du sédiment et b) évolution du signal cosmogéniqgue au cours du temps.
(1) Production initiale dans le bassin. La concentration moyenne C est relie an taux de

production moyen de ce bassin P et a son taux de dénudation moyen & . (2)
Enfouissement progressif et ré-accummulation, y compris a grande profondenr par réactions

mnoniques. (3) Exchumation (ici par exemple, exhumation tectonique) et analyse.
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En revanche, elle peut étre relativement importante pour des temps d'enfouissement de
plusieurs millions d'années, alors qu'en paralléle, dans le cas d'isotopes radioactifs
comme le Al et le 1°Be, le signal initial qui nous intéresse décroit drastiquement. Cette
production post-dépot est décrite par :
2.1
_ (Penf)i —tAp, /A, At
Cop=2.7— (e —e
/1 - A ps/Ai

i

(Braucher e# al., 2000)

Avec Puyle taux de production de sutface au point de dépot A le taux d'accumulation, p; la
masse volumique du sédiment, et #1'dge d'enfouissement (les autres constantes sont les mémes
qu'aux équations 1.1 et suivantes).

Comme on le voit, il est nécessaire de disposer d'une estimation indépendante de la vitesse
d'accumulation A afin de corriger de G,z Pout la production spallogénique, trés dominante en
surface mais peu pénétrative en profondeur, il est préférable de considérer le taux
d'accumulation des ~4 premiers metres au dessus du sédiment. En revanche, pour les
productions par les muons rapides et lents, pénétratives a grande profondeur, et si le taux
d'accumulation varie fortement, il est préférable de considérer un taux d'accumulation moyen
intégré sur toute la colonne sédimentaire.

Heureusement, cette production post-enfouissement tend a étre relativement limitée par le fait
que le dépot se fait toujours a une altitude plus basse que celle de la zone en érosion. Or, les
taux de production cosmogénique croissent exponentiellement avec l'altitude (Lal, 1991; Stone,
2000; Dunai, 2001; Desilets et Zreda, 2003; Lifton ez a/., 2008). Ainsi, le taux de production dans
le bassin est beaucoup plus élevé que dans la zone de transport (plaine alluviale) et de dépdt, ce

qui tend a limiter cette correction.

2.1.2 Réexpositions et cannibalisme

D'autres complications dues aux dynamiques sédimentaires entre les zones de

production et de dépot final du sédiment peuvent séveérement affecter le signal cosmogénique.

Comme pour les rivieres actuelles, tout d'abord, cette concentration peut avoir évolué
lors du transport entre la roche mere et le point de dépot final, suite a plusieurs épisodes de
dépobts puis de ré-incision par la riviere. Les données et modéles existants sont rassurants, et

semblent montrer que cette contribution reste en général faible, méme sur de longues distances
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de transport, comme notamment la plaine du Gange (Lupker ez @/, 2012) ou le bassin de
I'Amazone (Wittmann e/ a/., 2009a; Wittmann e¢# a/., 2009b; Wittmann ¢ a/.,, 2011). Cependant, il
reste préférable de tester cette potentielle modification du signal, pour des distances de transport
longues ou des systemes fluviatiles de faible dynamisme. On peut avoir recours dans ce cas a un
modeéle (Wittmann e al, 2007; Lauer et Willenbring, 2010), et a des ages théoriques

d'enfouissement fournis par des couples d'isotopes cosmogéniques radioactifs (voir ci dessous).

Sur de longues échelles de temps, il devient de plus en plus probable que le sédiment ait
subi un ou plusieurs épisodes de re-érosion et dépdt en zone plus proximale, la riviere
cannibalisant ses propres sédiments. D'une part, une re-exposition peut donner lieu a une re-
accumulation d'isotopes cosmogéniques. D'autre part, et @ fortiori dans le cas des isotopes
stables, les anciens sédiments repris peuvent encore contenir une quantit¢é non négligeable
d'isotopes cosmogéniques provenant de leur premicre exposition, notamment quand une partie
significative du bassin versant est constituée d'anciens sédiments maintenant soulevés (voir
Chapitre 4 le cas de Siwaliks par exemple).

Enfin, si l'échantillonnage ne se fait pas sur un affleurement extrémement récent
anthropogénique (construction de route, carottage), sa derniére re-exposition peut avoir conduit
a une re-accumulation d'isotopes cosmogéniques. Cette derniere est limitée par le fait qu'elle a
lieu plus bas en altitude que la production initiale, mais, dans le cas d'isotopes radioactifs, elle est
aggravée par le fait que la concentration initiale a décru depuis le dépot des sédiments.

La meilleure solution pour pouvoir tester l'existence de tels biais, a défaut de les quantifier, est
de comparer les ages d'enfouissement fournis par des couples d'isotopes cosmogéniques
radioactifs avec les ages "réels" fournis par des méthodes de datation indépendantes (telle la
magnétostratigraphie). Ces datations reposent sur le principe suivant : s'il est possible de
mesurer de maniere fiable le rapport 20A1/19Be actuel et la concentration absolue actuelle en 1°Be
d'un sédiment, alors il est possible de mesurer le temps depuis lequel ce sédiment a été enfoui et
isolé du rayonnement cosmique. En effet, le rapport de production initial (avant enfouissement)
de deux isotopes cosmogéniques dans un minéral donné est calculable avec ces données, quel
que soit le taux de dénudation : un échantillon exposé en surface a I'état stationnaire appartient
nécessairement a une courbe ayant une forme caractéristique de crosse de hockey (FIG. 2.2).
Apres enfouissement et le quasi arrét de la production, si ces deux isotopes ont des périodes de
décroissance différentes, ce rapport va évoluer a mesure qu'un des deux isotopes disparait plus
vite que l'autre (FIG. 2.2) (Klein ¢z al, 1986; Lal, 1991; Granger et Muzikar, 2001; Balco et
Rovey, 2008).
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FIG. 2.2 - Evolution dans l'espace 26.41/1°Be vs. °Be d'un sable enfouis, produit avec un
taux de dénndation stable dans le bassin versant originel. Dans le cas d'une réexposition, Je
rapport 26A1/19Be et la guantité de 1°Be vont étre réalimentés. On observe done dans

['échantillon actuel un "dge 26,41/ 19Be" artificiellement plus jeune gue ['dge réel du dépot.

Ainsi, en considérant les concentrations C(?) et Cp(?) en deux isotopes A et B, le rapport R.p(?)

= C4/Cp évolue avec le temps 7 selon :

2.2
Yy
R (t) — CA (t) — CA (O)e t = R e—t(lA —Az)
AB C (t) C (O)e—t/'LB prod
B B

Avec Ry le rapport initial de production.

On peut ainsi remonter a 1'age d'enfouissement :
2.3)

‘e —In (RAB /Rpmd)
A=
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Un 4ge d'enfouissement significativement plus vieux que l'age réel sera indicateur d'un
cannibalisme d'anciens sédiments. Un age d'enfouissement plus jeune sera synonyme d'épisodes
de re-exposition entre le dépot et I'échantillonnage (FIG. 2.2).

Encore une fois, on voit qu'une datation indépendante est primordiale.

2.1.3 Evolutions du bassin versant

Une autre incertitude majeure pouvant peser sur les paléo-taux de dénudation est celle
concernant 'évolution du bassin versant, et notamment son hypsométrie, son réseau de
drainage, et sa géologie.

Comme on 1'a déja évoqué, le taux de production est tres dépendant de l'altitude. O, sur des
périodes de plusieurs millions d'années, l'altitude moyenne et la répartition des altitudes
(hypsométrie) dans le bassin peuvent avoir significativement évolué.

D'autre patt, dans le cas d'une réorganisation majeure d'un bassin versant, la comparaison des
taux de dénudation au long de l'enregistrement peut ne plus étre significatif : on peut imaginer
qu'épisodiquement, dans la colonne stratigraphique, les sédiments n'aient été apportés que pat
un affluent local, ou au contraire que la riviére approvisionneuse ait été capturée par un plus
gros affluent.

Les paléo-altimétres peuvent apporter des indices sur 1'élévation des bassin versants , mais ces
données sont souvent rares et sujets a de larges incertitudes (e.g. Clark, 2007). Dans le cas du
Tian-Shan (Chapitre 4), nous nous sommes par exemple appuyés sur des entegistrements
d'isotopes stables de I'oxygene et du carbone (Chatreau e al., 2012).

Enfin, des complications peuvent provenir de la géologie du bassin versant en fonction du
minéral cible. En effet, comme je l'ai évoqué au Chapitre 1 §1.3.1, les proportions du minéral
cible dans les roches du bassin versant doivent étre homogénes pour produire un taux de
dénudation qui soit réellement représentatif de la moyenne globale. Méme si cette condition
n'est pas parfaitement respectée, les isotopes cosmogéniques peuvent néanmoins étre utilisés
pour estimer des variations relatives de la dénudation des zones les plus productrices de ce
minéral. En revanche, si le bassin versant évolue de maniére a drainer alternativement des zones
plus ou moins concentrées en ce minéral cible, cette comparaison devient hasardeuse. Dans le
cas du quartz, ubiquiste dans la grande majorité des formations continentales, ce probléme reste
limité. Il peut cependant étre important dans le cas de minéraux plus rarement présents dans les
formations de surface (grenats, pyroxenes, olivines pour 13He par exemple). Les traceurs de
sources géochimiques et/ou minéralogiques peuvent étre utilisés comme indicateurs de telles

évolutions.
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2.1.4 Résolution du systéme, propagation d'erreurs
y » propag

En additionnant toutes les sources de production d'isotopes cosmogéniques (Eq. 1.4,
2.1 et exposition récente), et dans le cas simple d'absence de re-exposition ou de cannibalisme, la
concentration totale d'un paléo-sable d'age # s'écrit :

2.4

P Pen' i
Ctot = Crecent + z o ( - )

i oMy o AN _
~| pe/A, /I—ApS/Ai( )

Avec i indice décrivant les différents mécanismes de production, I_Dl (at.glal) les taux de
production par ces mécanismes, moyennés sur le bassin versant, & (cm.al) le paléo-taux de
dénudation moyen du bassin versant, (P.y; (atglal) les taux de production au lieu de
déposition, A (cm.a!) le taux d'accumulation au moment du dépot, p et pr (g.cm3) les masses
volumiques de la roche meére et du sédiment déposé, respectivement, A (a) la constante de
désintégration de lisotope considéré, A; (g.cm?) les longueurs d'atténuation des différents
mécanismes.

Ce systéme n'est pas solvable analytiquement pour € si 'on ne néglige pas l'influence muonique,
et dans le cas d'une érosion faible (4 non négligeable devant pg/A;). Le moyen le plus rigoureux
est donc de passer par une résolution numérique.

Par ailleurs, chacun de ces parametres est affecté par une incertitude qui n'est pas toujours
négligeable et qu'il faut propager au résultat final. En pratique nous avons donc mis au point un
code de propagation d'incertitudes qui réalisent des simulations de Monte-Catlo, avec tirage
aléatoire de chacun de ces paramétres dans une distribution fixée. Le code résout ensuite

numériquement l'équation (2.4), puis analyse la distribution des solutions. Le programme

Matlab® utilisé a cette fin est fourni en Annexe de ce manuscrit.

2.2 Limites analytiques de 1'extension aux anciennes séries
sédimentaires

Outre ces limites liées aux contextes géologiques des bassins cibles, une autre barriere
fondamentale est la limite de détection des isotopes cosmogéniques instables dans les sédiments
les plus anciens. En effet, le radionucléide le plus couramment utilisé, le ''Be, a une demi-vie de
1.39 Ma (Chmeleff e# al., 2010; Korschinek ez a/., 2010). Si 'on cible des sédiments agés de 10

Ma, le risque est de tomber sous la limite analytique de cet élément. Au début de cette these,
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l'idée pour s'affranchir de ce probleme de la "batriere de l'age” était de non pas utiliser le 1°Be,
mais plutét de développer l'utilisation des isotopes cosmogoniques stables, *He et 2'Ne.
Cependant, plusieurs problemes nous repousserent finalement vers 'utilisation du 1°Be, assortie

de certaines stratégies analytiques spécifiques.

2.2.1 Les isotopes cosmogéniques stables : potentiel et limitations

Le 3He est non seulement stable, mais tant la préparation des échantillons que leur
analyse sont bien plus aisées, et exposent a de moindres risques chimiques (voir ci dessous
§1.2.4) que le "Be ou le 20Al. Malheureusement, le 3He cumule deux défauts qui rendent son
utilisation impossible dans plusieurs contextes géologiques.

Tout d'abord, il n'est pas retenu quantitativement dans le quartz, minéral ubiquiste a la surface
de la Terre (Trull ef al, 1991). Son taux de production n'est connu que dans des minéraux
généralement rares, ou dont la présence est limitée a certaines parties du bassin versant:
pyroxene et olivine (e.g. Kurz ez al., 1990; Cerling et Craig, 1994; Goehring ¢ al., 2010), apatite,
zircon, grenat, distheéne, biotite (e.g. Gayer ¢ al., 2004; Farley e al., 2006; Amidon e al., 2008;
Amidon e al, 2009; Amidon et Fatley, 2010; Amidon et Fatley, 2012). Mis a part dans les
olivines et pyroxenes, ces taux sont par ailleurs généralement mal contraints, et des variations
inexpliquées avec l'altitude ont été décrites localement (Gayet ¢ al., 2004; Amidon e# al., 2008).
Ainsi, l'utilisation du 3He comme traceur de paléo-taux de dénudation ne peut se faire que dans
les bassins ou la géologie dispose d'une répartition suffisamment homogene d'un de ces
minéraux.

Ensuite, I'hélium présent dans ces minéraux provient de multiples soutrces (voir chapitre 3,
article 2). En particulier, une quantité parfois non négligeable du *He provient du manteau, et
est présent dans les minéraux sous forme d'inclusions fluides. Pour les minéraux
particulicrement anciens (>> 1 Ma), ou concentrés en U et Th (> 10 ppm), la correction
"traditionnelle" (Kurz, 1986, voir Chapitre 3 article 2) de cette composante est compliquée par
les concentrations importantes en *He radiogénique (Blard et Farley, 2008).

Enfin, comme on 1'a vu, il peut étre trés utile de disposer d'un couple d'isotopes cosmogéniques,
afin de contraindre une éventuelle re-exposition ou "cannibalisme" sédimentaire (§2.1.2). Or, les
méthodes d'analyse et suttout les taux de production du “Be et du 20Al dans les minéraux
retenant le 3He (notamment olivines et pyroxenes) sont soit mal, soit non connus (Nishiizumi ez

al., 1990; Seidl ez al., 1997; Ivy-Ochs et al., 1998; Blard ez al., 2008)
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FIG. 2.3 - Diagramme tri-isotopigue du Néon, avec les droites de mélanges des différentes
composantes communément rencontrées en milieu naturel (Niedermann et al., 1994). Pour les
concentration trop faibles en 2'Ne et 22Ne cosmogéniques (basses altitudes et tanx de

dénndation élevés), ceuxc-ci ne peuvent étre résolus des composantes atmosphérigue et crustale.

Les 2!Ne et 22Ne, en revanche, sont retenus dans le quartz, et leur taux de production
bien documenté (e.g. Niedermann, 2000; Kober ¢ a/, 2005). En théorie, ces isotopes sont donc
bien adaptés a la détermination de paléotaux de dénudation (Libarkin ez a/, 2002). Cependant,
comme pour le 3He, ces isotopes ont de nombreuses sources autres que cosmogéniques,
notamment l'atmosphére, certaines réactions de patticules alpha sur des noyaux d'oxygéne et de
fer (Niedermann ef al, 1994; Niedermann, 2002). Ces sources peuvent étre identifées et
quantifées dans un diagramme de mélange a trois isotopes (FIG. 2.3). Cependant, comme on le
constate sur un tel diagramme, la distinction entre ces sources nécessite une concentration
suffisante en 2!Ne et 22Ne cosmogéniques. Ces isotopes souffrent donc eux aussi d'une limite de
détection assez élevée (105 a 100 at.g?) et ils ne peuvent donc étre utilisés que pour des taux de
dénudation tres faibles (<50 m.Ma! pour un bassin de 2000 m d'altitude moyenne, Blard ez 4/,

2006)
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Isotope Avantages Inconvénients
Stable Non retenu dans le quartz
Facile et économique a Autres sources d'Hélium
3He mesurer compliquent la mesure de la
composante cosmogénique
pour € > 0.1 mm.yr! (voir Ch.
3)
Stable Autres sources de Ne a corriger
Facile et économique a Utilisable uniquement pour tres
2INe/?Ne mesurer faible taux de dénudation et/ou
Retenu dans le quartz trés hautes altitudes (<50
m.Ma! a 2000m par exemple)
Retenu dans le quartz Instables (ti/2 =1.39 et 0.7 Ma
10Be. 26A] Une seu%e .composante, res,pectivlement)

’ cosmogénique. Préparations et analyses
longues, dangereuses, et
couteuse.

Période de décroissances trop
AAutres courtes pour remonter a
1sotopes plusieurs Ma.
(36Cl, 14C)

FIG. 2.4 - Comparaison des avantages et inconvénient des isotopes potentiellement

utilisables pour dériver des paléo-tanx de dénndation

Ainsi, malgré leur relative simplicité d'analyse, et bien qu'ils permettent potentiellement
de remonter a de trés anciens taux de dénudation, les isotopes cosmogéniques stables ne restent
applicables que dans quelques contextes particuliers : bassin intégralement dominé par des

roches mafiques, ou tres faibles taux de dénudation.

2.2.2 Limite actuelle de détection du *Be

Lors de cette these, l'isotope qui a fourni les meilleurs résultats reste le 19Be, car, comme
on l'a vu, il s'agit du mieux adapté a la majorité des contextes géologiques. Nous ne traiterons
pas ici des autres isotopes cosmogéniques potentiellement utilisables dans le quartz, car ceux-ci

ont des périodes de décroissance inadaptées aux échelles de temps visées ici (ti2 = 710 ka pour

le 20Al et 5.7 ka pour le #C).

2.2.2.1 Procédure d'extraction et d'analyse du “Be

La procédure d'extraction et de mesure du "Be cosmogénique est la suivante :
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1 - Isolement de quartz pur a partir du sable brut par des méthodes physiques
(séparation magnétique, flottation, liqueurs denses) et chimiques (dissolution
séquentielle dans HoSiFg).

2 - Décontamination du "Be atmosphérique, adsorbé en trés grandes quantités sur les
grains, par lessivage a l'acide fluorhydrique HF (Brown es al, 1991; Kohl et
Nishiizumi, 1992)

3 - Ajout d'entraineur (spike) *Be de concentration précisément connue et dissolution
des grains dans HF concentré.

4 - Evaporation des fluorures (BFs, SiFa...) et dissolution en milieu acide.

5 - Précipitation alcaline de BeOH a pH ~9

6 - Redissolution en milieu acide et séparations du bore et autres cations par colonnes
chromatographiques.

7 - Oxydation du Be en milieu nitrique (HNO3), puis par l'oxygene athmosphérique
dans un four haute température.

8 - Cathodage du BeO pour analyse au Spectrométre de Masse par Accélération (AMS).
Le recours a ce type de spectrométrie tres haute énergie est nécessaire pour

résoudre le 1°Be de son ultra dominant isomasse '9B.

En supposant la concentration en Be dans l'échantillons nulle (voir ci dessous §2.2.3), la

quantité absolue de 1°Be dans l'échantillon est alors donnée par :

10
Be
loBeechant = ( 986]

2.2.2.2 Limites d'analyse du YBe

2.5)

0B, ,
5 X mg .., X [ Be|
Be Spike spike

echant blanc

La limite de détection du 1“Be est donc controlée par une chaine de trois facteurs, dont

la solidité est celle de son maillon le plus faible :

- Le blanc machine du rapport 1'Be/*Be de I'AMS.

A T'AMS ASTER (Accélérateur poutr les Sciences de la Terre et les Risques), au
CEREGE, Aix-en-Provence, ou nous avons réalisé l'intégralité de nos analyses, le rapport
isotopique “Be/?Be du blanc machine fut pour toutes nos sessions d'analyse comptis entre 0.2

et 1.3 x10-15,
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Total coups 1o 10Be/SBe

Date mesure 10Be 10Be/9Be (%)
CRPG
23/01/2013 12 1.42E-15 29
12/4/2013 9 1.10E-15 33
12/04/2013 8 9.84E-16 35
18/04/2013 13 1.15E-15 28
| Moyenne* 1.14E-15 0.175E-15
CEREGE
11/5/2011 23 5.71E-15 21
29/6/2011 8 2.38E-15 35
28/11/2011 4 2.12E-15 50
28/11/2011 4 1.05E-15 50
28/11/2011 7 1.92E-15 38
29/11/2011 5 9.46E-16 45
5/12/2011 21 1.26E-15 25
17/3/2012 7 2.75E-15 38

Moyenne* 1.49E-15 0.39E-15

Table 2.1 - Blances (chimie +entrainenr) des séries analysées lors de cette these (entre 8 et 10

bchantillons par séries). *Moyennes pondérées par l'incertitude.

- Le rapport °Be/ ‘Be de l'entraineur (ou spike). Le rapport des entraineurs Be
commerciaux est, en général, de ~10-14 (S. Merchel, communication personnelle). Ainsi, baisser
la limite de détection jusqu'aux niveaux requis pour l'analyse de paléo-taux de dénudation vieux
de plusieurs millions d'années requiert d'avoir recours a des entraineurs alternatifs. Le CEREGE
a ainsi, pour les échantillons les moins concentrés, préparé son propre entraineur, fabriqué a
partir de minéraux de phénakites (BezSiO4) provenant d'une mine creusée a plusieurs centaines
de metres sous la surface, et donc préservés de la production de °Be zx-situ. L'entraineur utilisé
au CEREGE possede un rapport "Be/?Be <2 x10-15. J'ai également produit au CRPG notre
propre entraineur, a partir d'une autre phénakite brésilienne. Celui-ci a un rapport <4x10-1¢ ce

qui en fait un excellent choix pour des mesures de concentrations trés basses.

- Le blanc de la préparation chimique (contamination pat du '"Be atmosphérique du
laboratoire ou présent dans les réactifs utilisés). Les blancs de chimie + entraineurs des
différentes séries d'échantillons analysés pendant cette thése sont reportés Table 2.1. On
constate que le blanc total est en moyenne de 1.1 x10-1> au CRPG et 1.5 x10-1> au CEREGE, ce

ui est 2 peine 2 fois supérieur au rapport de l'entraineur. Cela signifie que le blanc de Be
q p p pp g q
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apporté par les réactifs chimiques est du méme ordre de grandeut que celui de l'entraineur (~5 x

10-16).

Afin d'augmenter relativement le rapport 'Be/Be mesuré dans l'échantillon, il peut étre
tentant de baisser la quantité d'entraineur (donc essentiellement de ?Be) introduit. Toutefois, en
dessous de ~0.3 mg de Be introduit, il devient tres difficile de recueillir assez d'oxyde de Be
final, ce qui provoque une baisse drastique de l'intensité du faisceau de '"Be dans I'AMS. 11

semble donc nécessaire de se borner a cette limite.

2.2.3 Repousser les limites

Afin d'augmenter la quantité de “Be mesurable, il peut étre tentant d'augmenter tout
simplement la quantité de quartz dissout. Cette méthode est efficace, mais l'expérience
accumulée lors de cette these a montré qu'elle s'avére contreproductive au dela d'environ 150 g
de quartz :

- Tout d'abord, obtenir de grandes quantités de quartz nécessite de traiter de plus grandes
quantités de sable brut (pour le Tianshan par exemple, ~3 kg de sable pour obtenir 150 g de
quartz de granulométrie 150-800 um). Cela signifie, outre des colts de transports non
négligeables, de consommer plusieurs litres d'acides pour la purification et la dissolution totale
(synonymes de cotts, et de risques importants pour le manipulateur).

- Le quartz n'est jamais totalement pur. Quelques minéraux accessoires peuvent subsister, et des
éléments autres que Si et O peuvent étre contenus sous forme de traces. Lors de I'étape (4) de la
chimie (voir ci-dessus), ces cations vont avoir tendance a former des fluorures (notamment CaF»
et Mgl%). Or, ceux-ci sont tres insolubles, et peuvent séquestrer le Be, réduisant drastiquement
le rendement de la procédure. Par ailleurs, ces cations peuvent également saturer les colonnes
chromatographiques (étape 6).

- Le °Be naturel, en général négligeable dans du quartz correctement purifié, pour de faibles
masses d'échantillons (<50 g), peut devenir significatif face au *Be introduit par l'entraineur et
fausser I'équation 2.5.

Ainsi, la méthode consistant a simplement augmenter la quantité de quartz analysé, que nous
avons tenu a utiliser au début de cette thése (avec pat exemple des quantités allant jusqu'a 300g
de quattz...) s'avere difficile et méme contre-productive. Cette limite de taille d'échantillon reste
cependant dépendante du budget, de la procédure et de l'équipement analytique utilisé dans
chaque laboratoire. Dans notre cas, des complications lors de la chimie, en particulier a l'étape

d'évaporation, ont été constatées a partir de ~150 g de quartz.
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FIG. 2.5 - Taux de dénudation mininmum mesurables par le °Be, en fonction de I'dge dn
sédiment, pour différentes altitudes moyennes de bassin versant (ici pour une latitude de 45°),
et différentes masses d'échantillon. On  suppose un rapport °Be/?Be de blanc de
chimietentrainenr de ~2 X107, un ajout (minimal) de 0.3 mg de ?Be (i.e. 2 x10"7

atomes), et un rapport signal/ blanc de 10.

La meilleure méthode pour encore repousser la limite de détection du °Be a l'avenir
restera probablement d'améliorer le blanc analytique et les rendements de la spectrométrie de

masse par accélération.

2.3 Synthese : le candidat idéal

Le contexte géologique patfait 2 l'entegistrement de paléo-taux de dénudation grace aux
isotopes cosmogéniques serait donc (en plus de toutes les conditions également requises dans

l'actuel (voir §1.3.1) :
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2 ISOTOPES COSMOGENIQUES, DE L.'ACTUEL A L."ANCIEN.

- Un bassin versant le plus élevé en altitude, et un taux de dénudation le plus
faible afin d'assurer une forte concentration initiale.

- Des traceurs de sources potentiels (minéralogiques, géochimiques) au sein de
ce bassin versant.

- Un bassin versant dont la topographie n'a pas varié significativement, ou dont
on peut quantifier précisément les évolutions hypsométriques

- Une zone de dépét la plus basse en altitude, et un taux d'enfouissement trés
rapide afin de minimiser la concentration post-dépot.

- Une réexposition récente tres limitée (incision trés rapide dans une gorge,
affleurement anthropogénique)

- Une série sédimentaire continue.

- Une datation haute résolution, précise et indépendante, de la série

sédimentaire.

Dans l'idéal, on pourra méme ajouter : un bassin versant comprenant de
maniére homogene des minéraux mafiques jeunes (moins de quelques millions
d'années), ou soumis a un taux de dénudation extrémement faible, afin de pouvoir

utiliser les isotopes cosmogéniques stables (*He et 2!Ne).
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Chant d'Ombre

()

Me fandra-t-il licher les tempétes de tontes les cavernes magiques du désert ?

Rassembler les sables anx quatre coins du ciel vide, en une fervenr immense
de sauterelle ¢

Puis dans un silence immémorial, le travail du froid apocalyptique ¢

Glissent déja tes paroles confuses de femme, comme des plaintes d'henrense
détresse, on ne sait

Et les pierres, brusque et faible chute, vont prendre le fracas des cataractes.

()

Léopold Sédar Senghor,
Chants d'Ombre
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Chapitre 3
Questions(s) de granulométrie.

Vouloir étendre [l'utilisation des isotopes cosmogéniques a d'anciennes séries

sédimentaires, avec toutes les incertitudes supplémentaires afférentes, requiett a fortiori d'en
contraindre les limites dans les sédiments modernes. Or, comme évoqué précédemment (§1.3),
les contextes géologiques d'études remplissent souvent de maniere satisfaisante les conditions
requises a cette méthode, mais jamais parfaitement.
Des le début de cette these, il fut clair qu'une partie de mon travail devrait étre mené sur les
bassins versant actuels des zones cibles, afin de tester la sensibilité des taux de dénudation
dérivés des isotopes cosmogéniques a plusieurs complexités locales. Plus prosaiquement, ces
études débuteérent au tout début de ma these, a l'occasion des premicres expéditions sur le
terrain, une période d'encore prospection quand a la face par laquelle attaquer le coeur de mon
sujet. Aussi, ces deux études, que 'on peut qualifier de techniques, peuvent de prime abord
sembler secondaires a l'économie de ce manuscrit. Il est méme a craindre qu'elles paraissent
rébarbative pour les non-spécialistes des isotopes cosmogéniques. Néanmoins, elles proposent
des avancées et des points de prudence a respecter pour leur utilisation, dans deux contextes tres
différents : I'Himalaya central et les plateaux basaltiques Ethiopiens. Elles auront, du reste,
permis de me familiariser avec ces zones et la "cuisine" cosmogénique.

Le premier article présenté traite de la dépendance de la concentration en “Be a la
granulométrie étudiée, dans le cas d'un bassin versant Himalayen dominé par d'actifs glissements
de terrain. II fut motivé par un certain nombre d'articles de la littérature ayant alors montré
l'influence potentiellement importante des mouvements de masses épisodiques sur le signal
cosmogéniques (Brown e a/ 1995; Niemi er al 2005; Yanites et a/ 2009), voir méme de
l'utilisation de leur signal particulier pour quantifier les provenance de sédiments (Belmont ez a/.,
2007).

Le second traite de l'influence de I'hélium magmatique dans la mesure de I'hélium
cosmogénique, en fonction de la granulométrie étudiée, dans deux rivieres éthiopiennes. Cette
étude est le prolongement d'un travail débuté lors de mon master. Il fut motivé par l'apparente
variabilité inter-aliquots du 3He cosmogénique mesurée dans des rivieres éthiopiennes (Pik ez a/,
en préparation), et alors que cet isotope stable et les dépots sédimentaires de I'Afar semblaient

des cibles de choix pout l'étude de paléo-taux de dénudation.
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S1ZE-DEPENDENT CONCENTRATION IN A LANDSLIDE-DOMINATED WATERSHED

Abstract

To document recent or Late Quaternary erosion rates at the scale of a small
watershed, as well as of a whole range, the use of in-situ terrestrial cosmogenic nuclides
(TCN) in river sediments, such as Be, has been generalized during the past decades.
In mountainous settings, however, landslides have been recognized to potentially
induce a twofold complication on the cosmogenic nuclides budget. First, they may
episodically deliver large amounts of sediments with low TCN concentration to the river
channel. Second, they may generate a grain-size-concentration dependence in said
sediments. However, studies exploring such grain-size dependences in landslide-
dominated areas have led to various conclusions and the underlying mechanisms are
still poorly understood. We focused the present study on the Khudi Khola river basin, a
small drainage basin of the central Himalayas. This area has steep slopes, heavy rainfall,
and high sediment production rates. Importantly, the watershed displays a large active
landsliding area.

We analyzed in-situ °Be in various grain sizes, ranging from 75 pm up to ~ 4cm in
sediments from five locations: upstream, downstream, and in the small tributaries
draining the landslides. In all sampling locations, including upstream of the landslides,
the finest grains (75-250 pm) are between 2 and 4 times more concentrated in “Be than
the biggest clasts (>4.7 mm).

We develop a numerical model of a slope including a low background soil erosion and
episodic large mass-wasting denudation. We then implement in this model an average
grain-size coarsening with soil depth. This simulation shows that a scenario where
landslides deliver to the channel coarse grains, less concentrated in TCN, from deeper
provenance, is compatible with the data available for this valley. Best-fit estimates of the
model parameters suggest a recurrence times for a major landslide on the same slope of
3000 up to 9000 years, and a long-term average landslide denudation rates of 1.7-4.7
mm.yrl,

The fact that the TCN concentration anti-correlation to the grain-size is also observed
directly upstream and 5 km downstream of the landsliding area suggests that almost all
of the sediment carried by the river derives from ancient landslides while almost no
erosion occurs from soil-mantled slopes.

Despite these complications, denudation rates directly derived from the TCN

concentrations, from our model and from previously published data are in the same
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order of magnitude, around ~ 2mm.yr!. On the other hand, a variability of a factor 3
remains between these various surveys, depending on the location and the year of
sampling. Thus, although TCN-derived average denudation rates appear to somehow
remain robust, even in fast-eroding terrains dominated by landslides, great caution is

required for the application of quantitative studies in such settings.

1 Introduction

To document recent or Late Quaternary denudation rates at the scale of a small
watershed, as well as of a whole mountain range, the use of terrestrial cosmogenic nuclides
(TCN), such as 1“Be in fluvial sediments, has been generalized during the past decade.

TCN are produced by the secondary cosmic flux in the top uppermost meters of the Earth’s
surface, at a rate decreasing exponentially with depth. When a surface undergoes a steady and
continuous denudation by physical and chemical weathering, the concentration of a given
cosmogenic nuclide in this surface can be directly linked to its denudation rate (Lal, 1991).

A river-sand, sampled at the outlet point of a watershed integrates sediments from the entire
watershed. Under the assumptions of fast denudation relative to the radioactive decay of the
considered nuclide, steady denudation for a long period of time, homogeneous lithology with
respect to the analyzed mineralogy, proper mixing and fast transfer of the sediments through
the catchment, the average concentration of cosmogenic nuclides in the river sand is directly
linked to the average denudation rate of the whole upstream watershed (Brown e a/, 1995;
Granger ez al., 19906). Thus, one can theoretically calculate a basin-averaged denudation rate from
a single analysis of cosmogenic nuclide concentration in river sediments. An interesting property
of cosmogenic nuclides is that so-derived denudation rates are averaged on the time scale
needed for the analyzed mineral grain to travel thought the uppermost ~Im of the surface
(~102 years, for very fast denudation rates in the order of mm/yt, up to 10° years for very slow
denudation rates in the order of m/Myr), thus avoiding daily and seasonal fluctuations, ot even
the influence of short Milankovitch climatic cycles in the case of low denudation rates (von
Blanckenburg, 2005; Schaller and Ehlers, 2000).

Although all of these geological limitations are rarely totally fulfilled in natural settings, this
method at least provides an order of magnitude estimate of denudation rates on time scales,
and with a precision, inaccessible to other complementary techniques such as sediment gauging

and budgeting, or low temperature termochronometry.
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In steep mountainous settings, additional complexity arises: one of the major limitation
to the technique is coming from mass wasting and landsliding erosional processes, that usually
represent a significant part, or even the totality, of the material delivered to the channels
(Hovius e al, 1997). In the absence of major landslide activations, slowly weathering and
eroding hillslopes provide a TCN-enriched material to the fluvial network. Conversely, periods
of deep-seated landslide activation, either storm- or earthquake-triggered, deliver large amounts
of sediments from depths below the attenuation length of cosmogenic nuclides production (> 1
- 10 m) and therefore devoid of TCN, in other words with low average TCN concentration. As
a consequence, fluvial sediments at the outlet of a small watershed are presumed to present large
temporal variations of their cosmogenic nuclide content. These effects can preclude the use of
the method in areas dominated by landslides or could on average lead to significant
underestimation of the "long term" denudation rates because of the rareness of the large

landslides events, unless the catchment area is large enough to produce river sands averaging

these stochastic events (Niemi e a/, 2005; Reinhardt e a/., 2007; Yanites ez al., 2009).

Moreover, in these landslide-dominated settings, another complexity need to be considered: it
has been indeed proposed that the deeper material produced by landslides, which is less
concentrated in TCN, is on average coarser than that of the shallow material, because it is
derived from fresher and less weathered or fragmented bedrock or saprock (Brown et al., 1995).
If so, landslides can produce sediments with variable TCN concentration depending on the
analyzed grain size (Brown ez /., 1995; Belmont ¢ al.,, 2007; Aguilar ef al., 2013). This TCN size-
dependent concentration in clasts of landslide-dominated watersheds, while preventing accurate
estimation of average denudation rates if not accounted for, could on the other hand be used to
constrain sediment mixing or erosion dynamics in the drainage area (Belmont ¢f a/., 2007). While
TCN concentrations have been observed to depend on grain size in a small hilly watershed of
Puerto Rico and interpreted in terms of landslide and clast size increase with depth below
surface (Brown ez al, 1995), this relationship has however not been observed in all landslide-

dominated landscapes (Clapp ¢f a/., 2002; Safran ez al., 2005; Kober ¢ al., 2012) .

Nevertheless, in most papers, the influence of grain size on the TCN concentration has
been tested on only a few grain size fractions, usually, a generic coarse sand (200-1000 pm,
which is the most frequently used fraction for deriving basin average denudation rates) and
pebbles (> several centimeters). To our knowledge, only Brown ez a/ (1995) and Clapp e 4l
(2002) have explored a larger spectrum of grain sizes. Yet, systematic differences in

concentration between grain sizes routinely used in TCN studies could be an important issue.
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Most studies consider the same size ranges, by habit or for their abundance and ease of
preparation.

In this study, we analyzed 6 to 7 fractions of sediments (ranging from 150 pm up to >4.7 mm)
from various locations of a small watershed of the central Himalayas. This approach is partly
similar to the one tested by Clapp e a/ (2002). However, this previous study was carried in an
arid, low erosional environment. The present study is focused on a zone with steep slopes,
heavy monsoon rainfall, high denudation rates, and importantly affected by active landslides. It
offers the opportunity to directly test their role on TCN concentration by sampling several
locations: upstream, just below an active major landsliding area, or further downstream.

By this approach, we intend to constrain both the influence of this active landslide on the
average cosmogenic signal and its dependence on the grain size. After a qualitative discussion of
the results, we present a model of erosion by landslide stripping and explore the possibility to
use TCN size dependency to understand sediment dynamics on hillslope and during transport,
as previously pioneered by Belmont ez a/. (2007) or Aguilar ef al. (2013). We finally compare our
results with previously published denudation rates in this area obtained by various methods and
discuss the validity of TCN-derived average denudation rates in such humid, active, steep slope

environments.
2 Setting

2.1  Geological and geomorphologic setting

The Khudi Khola valley is located southeast to the Annapurna massif, in central Nepal
(Fig 1) along the southern front of the High Himalaya. The Khudi Khola is an affluent of the
Marsyandi River (Fig 1), which itself drains into the Narayani river.
The Himalayan Main Central Thrust (MCT) crosses the southern part of the Khudi Valley. It
separates schists, black shales and marbles of the upper sequence of the Lesser Himalaya series
in the south, from quartzo-pelitic gneisses of the high Himalayas series in the North (Colchen

M., 1986).
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B4°25E

Sl gy

Fig. 1 - Geographic setting. a) Relief map and Location of the study area. b) Zoom
on the Khudi basin, based on a shaded SRTM digital elevation model. The Khudi watershed
is delimited in green. The approximate trace of the Main Central Thrust, represented in red,
separates black shales of the lesser Himalaya series in the south, from quartzo-pelitic gneisses
of the high Himalayas series in the North. The two landslides areas are shaded in light

brown.
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This region is marked by a gradient of heavy precipitation, increasing from south to north with
intense monsoon rainfalls peaking at >3 m.yr! (Putkonen, 2004), by steep slopes, active micro-
seismic activity all along the High Himalaya southern front (Ni and Barazangi, 1984; Pandey ez
al., 1995), and by strong ground shaking by major earthquakes (Mw > 8) probably every
hundred to thousand years (Lave and Avouac, 2000; Lave ¢z al, 2005). As a consequence,
denudation rates of this region are ones of the highest of the Himalayas. The whole Narayani
basin erodes at an average rate of 1.7 £ 0.4 mm.yr! (Lupker ¢z a/, 2012). Moreover, in this basin,
the southern front of the High Himalayas, where the Khudi valley is located, is expected to
erode at rates roughly two times higher than that average (Lave and Avouac, 2001). TCN-
derived denudation rates (Niemi e a/, 2005; Godard ef al., 2012) as well as suspended load flux
measurements over a period of 4 yrs (Gabet ¢f al., 2008) at the outlet of the Khudi watershed
confirm the high erosional activity at rates between 2 and 3.5 mm.yr!. This erosional activity
seems to have been prevalent during the Quaternary with mean denudation rate of the Khudi
basin of 2 to 4 mm.yr! (Blythe ez al,, 2007; Whipp e al., 2007).

Along with this sustained denudation, the Khudi valley is particularly well suited to document
erosional dynamics of the southern front of the High Himalaya: the impact of anthropogenic
activity has remained limited to the southern and lowest part of the catchment, its upper crests
are presently not glaciated, and older glacial morphology and sediments cover a very limited

surface of the basin, at its extreme north and north-west (Pratt-Sitaula e/ a/., 2011).

2.2  Recent landslide and erosional dynamic

In this part of the Himalayas, physical erosion is presumably dominated by episodic
mass wasting processes such as landslides and debris flows (Gabet ¢z 4/, 2004). The Khudi valley
features a major active landsliding area composed of two active landslides covering ~0.2 km? for
the northern one (Fig. 2a and b) and ~0.5 km? for the southern one, and located between 2500
and 2900m a.s.l. Recent activity of the southern one (i.e. since the beginning of this survey in
2009) is expressed by upward and lateral recession of the landslide rims through collapse of 5 to
50 m wide slices towards the bottom of the landslide talweg (Fig. 2a, ¢ and d). This observation
is confirmed by satellite images and automatic cameras monitoring the daily evolution of the
southern landslide. This monitoring indicates that, during the monsoon months, the landslides
rims collapse and progressively creep toward the talweg and that, during heavy rainfall events,

an ephemeral stream washes out and transfers those loose sediments further downstream

toward the Khudi River.
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Fig. 2 - Western Khudi landslides. a) Evolution of the southern landsliding area

Srom satellite images between 2008 and 2011, including sampling points (circles) and
viewpoints (pink skice of pie) for pictures of the major scar of the northern landslide zone (b),
and of the southern landslide, as seen toward its top (c) or its bottom (d). On the pictures of
the southern landslide, white arrows indicate slices, still vegetated at their summit, that were
detached from the landslide rims and progressively slide and migrate toward the landslide

talweg bottom.
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Such transport in Khudi River is not instantaneous but potentially delayed by temporary
sediment storage since, as observed on Fig.2a, the channel just downstream the confluence of
the Khudi with the landslide (i.e. below sample CA-950) suddenly enlarges due to sediment
accumulation..

This deposition zone, which corresponds from field observations to a deposit of mostly metric
boulders, displays variable channel width from 10m in narrow gorge sections up to 100m in
more open valley reaches. Satellite image observation indicates that this storage has been present
and stable for at least a decade. We suspect this zone to presently buffer the transport of metric
or sub-metric boulders, whereas it would almost act as a bypass for the finest load (silt, sand,
and gravels).

Finally, camera monitoring and direct observations during pre- or monsoon storm events
indicate that the small streams draining the landslide, as well as the Khudi River in its
downstream part, carry very frequently large load of suspended sediments, while tributaries
draining sub-basins devoid of major landslide carry almost only clear water. We therefore
strongly suspect that most of the fine sediments carried by the Khudi River come from the two
landslides area. Observation of the present channel enlargement just downstream the landslides
area, as described above, as well as the overwhelming dominance of gneissic pebbles relative to
the Lesser Himalayas ones, in the downstream part of the Khudi, indicate that our inference of

a dominant landslide source could also be applied for bedload.

2.3  Sampling

In order to document the TCN signal from these two active landslides and to compare
it with the signal of wider and more integrative reaches, we sampled sands and gravels from 5
locations (Fig 2a):
- in the river bed 100 m upstream from the northern landslide (CA-950),
- in the small tributary draining the northern landslide (Fig. 2b), at its outlet point, ~50 m from
its confluence with the Khudi river (CA-948),
- in the small tributary draining the southern landslide (Fig. 2c and d), at its outlet point, ~20 m
from its confluence with the Khudi river (CA-953),
- in the river bed, 300 m downstream the southern landslide (CA-957),
- 5 km downstream the landsliding area, also downstream the confluence with the northeastern
main tributary of the Khudi, near the Probi village (CA-964).

Each bulk sample consists of ~2 kg of unsorted sands, with maximum clasts size of ~4 cm.
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All of our sampling points are associated to sub-basins that drain north of the MCT, i.e. only in
the HH gneissic zone (sampling point of CA-964 drains however ~1% of upper LH units),

which ensures a relatively uniform quartz content of the source bed rocks.
3  Methods and results

3.1 Samples treatment and "Be measurements

River and landslide bulk sands and pebbles were first sieved under water flux and
vibrations into 6 granulometric fractions: 75-250 pm, 250-500 pm, 500-1000 pm, 1-2 mm, 2-4.7
mm and >4.7mm. One sample (CA-964) was further sieved into a 75-150 um and a 150-250 pm
fraction. Fractions >1 mm in size had to be crushed to release individual quartz minerals. The
crushing products were sieved in two fractions (100-250 um and 250-1000pum) in order to
facilitate minerals separations and purification for further Be ion exchange chemistry (see
bellow). Minerals with a low magnetic susceptibility (essentially quartz, feldspar, kyanite and
muscovite) were isolated with a magnetic separator.

Then, quartz and kyanite were isolated from most feldspar and muscovite by froth flotation.
Remaining feldspar and muscovite in the quartz-enriched fraction were dissolved sequentially in
hexafluorosilicic and hydrochloric acid (H2SiFs + HCI). After this step, samples were composed
of almost pure quartz, except a few kyanite minerals (<1% mass.). Any remaining atmospheric
1Be was removed by three sequential leachings in concentrated hydrofluoric (HF) acid in
stoichiometric amount so as to remove ~10% of the total quartz weight at each of the three
steps (Brown ez al, 1991).

Purified quartz was dissolved in concentrated HF, after addition of 101 mg of an in-house 3.025
103 g/g Be cartier solution (Metchel e al, 2008). It has to be noted that, while quartz
dissolutions were completed, kyanite minerals were not dissolved in the concentrated HF, and
removed after decantation. Beryllium was then separated by anion and cation exchange
chromatographic columns, and alkaline precipitations.

Purified BeO targets were analyzed at the French national Accelerator Mass Spectrometer
(AMS) facility ASTER, located at CEREGE (Aix-en-Provence, France). 19Be/%Be ratios were
normalized to the NIST SRM 4325 standard, which "Be/?Be value is (2.79 + 0.03) x10-!
(Nishiizumi ez al., 2007)

Analytical blank ratios were (2.5 £ 0.7) x10-15 for the first analysis session (granulometric

fractions <lmm) and (5.7 £ 1.2) x10-5 for the second one.
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3.2 “Be Results

For all five samples (Table 1 and Fig 3a), there is a clear dependency of the '"Be
concentration on the clasts size. Small fractions (>0.5 mm) are systematically between two and
three times more concentrated than the coarser ones (>2 mm), except for sample CA-948 from
the northern landslide, for which the 2-4.7 mm fraction displays a surprisingly high 1“Be
concentration compared to the adjacent size fraction 1-2 mm. For this aliquot, we presumably
suspect a chemical contamination in the lab, a procedure mistake, or a "nugget effect”" from one
or several extremely concentrated grains in this sample. Unfortunately there was not sufficient
material left to duplicate the analysis in this size fraction, and to try to confirm or not this
seemingly abnormal value. In the following, we will not take into account this sample in the
discussions even if we kept it for calculation of Section 4.2.

Besides the grain-size-concentration negative relationship, a striking result is that the river sand
displays the same size-concentration relationship wherever they are sampled just downstream
active landslides (CA-948, CA-953 or CA-957), from sub-basin a priori exempt of deep-seated
landslide (CA-950) or from further downstream (CA-964). 19Be concentration results confirm
also a clear dominance in Khudi sediments of the landslides material at least just downstream
the landslide area (CA-957): using the raw "Be concentrations as a classical geochemical mixing
tracer between the 3 contributing end-members represented by CA-950, CA-948 and CA-953
(Fig. 2a), the mass balance indicates that almost all the sand sampled in CA-957 is coming from
the landslides sources. In the following section, we will assume such a close landslide

provenance for CA-957 sediments.
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3 QUESTIONS(S) DE GRANULOMETRIE.

Location Drainage Average 10Be Analyzed Theoretical
Sample . X Production Grain Size Quartz 10Be 1o | Denudation 1o
coordinate Basin Area
Rate Mass rate
(decimal deg.) (km2) (at.g-1.yr-1) (mm) (9) (1073 at.g-1) (mm.yr-1)
Upstream N  28.37559 27.6 37.7 0.072-0.25 32.2 26.1 2.2 4 0.1
Landslide E 84.28865 0.25-0.5 132.3 26.5 21 1.3 0.1
0.5-1 355.3 9.2 0.6 3.8 0.3
CA-950 1-2 54.3 14.2 1.5 2.5 0.3
2-4.7 43.4 14.4 3.1 2.4 0.5
>4.7 62.6 6.6 1.1 5.4 0.9
Northern N  28.37474 2.9 24.8 0.075-250 26.7 8.9 0.9 2.6 0.3
Landslide E 84.2887 0.25-0.5 63.8 8.4 0.7 2.8 0.3
0.5-1 87.7 5.6 0.5 4.2 0.5
CA-948 1-2 32.3 2.7 0.7 8.5 1.9
2-4.7 26.1 19.7 5.1 1.2 0.2
Southern N 28.37177 1.8 23.8 0.075-250 48.6 13.6 1.2 1.6 0.2
Lansdlide E 84.29403 0.25-0.5 44.2 17.0 1.4 1.3 0.1
1-2 245 8.0 1.8 2.8 0.5
CA-953 2-4.7 443 10.1 3.4 21 0.5
>4.7 134.4 8.9 1.2 2.5 0.4
Downstream N 28.3713 33.2 35.3 0.075-250 29.2 14.4 1.5 2.3 0.3
Landslides E 84.29591 0.25-0.5 67.7 7.9 0.6 4.2 0.4
0.5-1 62.2 8.4 0.8 3.9 0.4
CA-957 1-2 33.7 7.0 1.0 4.8 0.8
2-4.7 34.3 4.6 1.4 7.0 1.5
>4.7 146.6 5.3 1.4 6.1 1.3
Downstream N  28.33483 83.6 28.7 0.075-0.15 11.2 19.0 1.8 1.4 0.2
Probi E 84.3448 0.15-0.25 50.1 21.6 2.6 1.3 0.2
0.25-0.5 105.4 22.5 1.7 1.2 0.1
CA-964 1-2 28.0 11.3 2.5 2.4 0.5
2-4.7 224 19.7 34 1.4 0.2
>4.7 73.2 9.6 2.0 2.8 0.5

Table 1 - Analytical results and sample info. The sample locations can be spotted

on the figure 4¢. All the uncertainties are at 16

* The 2-4.7mm sample of the southern landslide displays an abnormally high 10Be

concentration. This can be due to a chemical pollution of the sample or the "nugget effect” of

one or several very highly concentrated grains in this sample.
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4 Regolith stripping model and sediment size-dependent

TCN concentration

The dependence of the 1"Be concentration on the clasts size, observed below the two
small basins affected by the active landslides (CA-948, CA-953 and CA-957), lines up with
previous observations made by Brown ¢z 2/ (1995) in similar, but less steep, terrain.

(Brown ez al., 1995) suggested a role of the landslides and of the vertical size grading in the
regolith to explain their data: the deeper material carried to the river by landslides would have a
low concentration in TCN because of the exponential decrease of their production rate with
depth, and would be on average coarser because it comes from less weathered and disaggregated
rocks. With such a mechanism, the ~3 ratio observed between the 75-250 um and the 1-2 mm
fractions in the northern landslide would represent an apparent depth provenance difference of
~0.7 m, if all the medium size sand (75-250 pm) and the gravel size (>2 pm) would be
exclusively coming from the top soil and this deeper level, respectively. This depth difference
would fall to ~0.3 m for the Southern landslide.

Field observations indicate that the slices that detached during the past 4 years from the
southern landslide rim are at least 10 m-deep. To explore more quantitatively size segregation
effect, we consider in the following a simplified model that accounts for mixing of the whole

column of material that slides down the bottom of the landslides area.

4.1 Landslide and grain size vertical grading model

4.1.1 Landslide depth and recurrence time model

Because most of our observations have been made on the southern landslide, in the
following we consider it as our reference to build our model. During the last 4 years, erosion
was carried on by the progressive upward retreat of the margins of the landslide lips, through
collapses of slices of a z thickness from the top or lateral rims (Fig. 2¢, 2d and 4a). After
collapse on the flanks of the landslide, either rapid or progressive during monsoon, the
sediments are transported during the major precipitation events of the monsoon season by
ephemeral streams in the talweg of the landslide, and then further downstream by the Khudi

River.
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During this latter process, the sediments are presumed to be well homogenized and the mean

concentration in cosmogenic nuclide reflects the average concentration over the slice thickness

Zc.

For a homogeneous particle size distribution with depth in the soil, regolith and shallow

Fig. 4 (previous page) - Landslide evolution, landslide material
characteristics, and model.

a) Schematic cross-section of the landsliding hillslope with thickness 3,

b) Picture of the upper rim of the southern landslide that exposed the change of texcture with
depth. The foliation and structure of the lower bedrock seems preserved but the bedrock is
densely fractured and already partly weathered so that it collapse produces significant fraction
of medium and small particles..

c) Particle size cummnlated distribution of the landslide deposits material from landslide
occurring in Himalayan gneisses (left) and of the soil material (O = textural layer O in a soil
profile along the western Khudi crest; A = textural layers A or B in soil profile exposed at
the rim of the southern landslide) .

d) Typical profiles in the model of the evolution with depth of the median size material once
collapsed from the rim (i.e. ready to be exported into the landslide talweg), of the size fraction

250-500um proportion, and the cosmogenic concentration (Note that in the particular case of

a uniform o, the median size, Dso, of the fragments follows the same variation with depth as

A).

bedrock, this average concentration writes:

ie.

Zc

+ )¢,

y .
Clz..4) = Zijz e e g
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Where P are the surface local production rates by spallation, slow muons capture and fast
muon radiations (at.gl.yr?), p the density of the bedrock (2.65 g.cm?3), Ay are the typical
attenuation mass for neutrons, fast and slow muons (Ax ~ 160, Asm ~ 1500, Afm ~ 4500 g.cm
2)(Braucher ¢ al., 2003; Braucher ¢ al., 2011), A is the 19Be decay constant (4.997 x 107 yr)
(Chmeleft ef al., 2010; Korschinek 7 a/, 2010), and where & represents the mean background
denudation rate of the hillslope surface in absence of landslide, e.g. due to weathering, biological
activity and soil entrainment by surface runoff, and where % is the time since the last major
landslide event which would be supposed having removed a large thickness of rock and reset
the concentration on that hillslope surface. In the Khudi valley, measurements on material from
crests surface, hillslope and low order channels suggest that this background denudation rate
ranges between & = 0.03 mm/yr (bedrock outcrops on crests) and & = 0.15 £ 0.10 mm/yr
(low order channels) (Niemi ¢z @/, 2005). The lowest value would in particular line up with
average chemical weathering rate at the scale of the whole Khudi valley (France Lanord ef al.,
2013).

As observed on Fig. 5a displaying the solutions of equation (1) for & ranging between 0 and
0.25 mm.yr!, there are infinite pairs of solutions (to, zc) that permit to account for an average
concentration of 6.1x103 atoms.gr! below the landslide area (CA-957). For very low
background denudation rates, i.e. when denudation rate & and/or # are low enough to prevent
attainment of a TCN steady state, the solutions family displays a nearly linear relationship

according to :

)

— AP |t
C(Zcﬂt )z L _0
" ; p )z,

If we consider, from field observations, that the average slices thickness ranges between 10 and
30 m, we can estimate an average time lag of 15 to 30 ka between two major landslide events,
for low background denudation rates. In contrast, large stripping depth are incompatible with
background denudation rates larger than 0.2-0.3 mm.yr! or require unrealistically long period

without landslide of several hundreds of thousands years (Fig. 5a).
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Fig. 5 - a) Curves of possible solutions (3,tp) that can account for the '°Be cosmogenic mean
concentration (average of the different grain sige) of sample CA-957 for different values of the
background billslope erosion rate, &y (numbers between 0 and 0.25 mm/yr). b) same as a),

but represented in the (3,81) space, with &1 the equivalent long term denudation rate.

On the other hand, if the exposure duration tp is assumed as a first order proxy of the return
time between two landslides of same magnitude, we can define a mean denudation rate since the

last local surface-resetting event:

3

ZC
& R—+¢
ly '

For very low background denudation rates, and a given measured concentration in the mixed

sediment, this long-term denudation rate is independent of the stripping depth z. (Fig. 5b).

However, for & > 0.01 mm.yr!, the higher the background denudation rate, the lower the
concentration at surface and at depth, and the longer the required exposure time to account for
the depth-averaged concentration. Consequently, the equivalent long-term denudation rate &,
calculated from a given concentration will significantly decrease for large background

denudation rate.
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4.1.2  Grain-size distribution model
If we now consider a vertical gradient of particle size distribution in the regolith and shallow

bedrock, equation (1) can be re-casted for each grain size range according to :

@
— 1 % Pk —f}{z (& £k+l)t0
Cio o, (Zeroi) = = J(ED, )~ D)t e )z
[(ED.)~ED)iz g+ A
0 k

with D the grain diameters, I, the cumulative distribution of fragment size in the regolith profile
at a depth z.
In absence of any detailed study on the grain size evolution in a vertical profile, we adopted a
simplified model. Tollowing previous studies on landslide deposits (e.g. McSaveney, 2002;
Strom and Pernik, 20006), we first assume that the size distribution follows a Weibull distribution
(Weibull, 1951):

©)

F,y(D)=1-¢®"""

Based on the grain-size of the landslide deposits in the IKKhudi southern landslide and in other
parts of Nepal (Attal and Lavé, 20006), the empirical parameters o and A are observed to range
in between 0.3 to 0.6 and 60 to 120 mm, respectively (Fig 4c). Sieving in upper soil sequences

along Khudi crests or hillslopes show size distributions that can be also roughly approximated
by a Weibull distribution with Olsueface = 0.85 and Agusface = 0.3-0.4 mm. To keep a parsimonious
model, we consider in the following that the shape parameter o remains uniform with depth,
with an intermediate value of 0.5, and that only the scale parameter A varies with depth

following the relationship:

©)
—(z/z%)
+ ¢Alandslia’ (1 —¢€ )

e

a(2)=q,

surface

where @ corresponds to a grain size expressed in @-scale such that A = 272 and with Agustace =

0.3 mm and Apngside = 80 mm.
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The choice of an exponential relationship permits to define a single free parameter, the critical
distance z* for bedrock fragments to be converted in the regolith in sandy material by
weathering. This relationship is however likely to be a simplification, and could be viewed as the
expression of the exponential decay in weathering efficiency with depth.

Combining equations (4), (5) and (6), we compute the mean '"Be concentrations as a function of
the grain size fractions for variable (to, z*) values and test the best fitting solutions that permit to

reproduce the data below the landslide areas (Fig. 6 and 7).

4.2 Application of the model to TCN measurements downstream
the landslide areas.

Based on our observations of the southern landslide, on Niemi ef a/s (2005) results on
crest denudation rate, and on our dissolved flux estimate (France-Lanord ef a/, 2013), we
assume at first that ze = 15 m and g0 = 0.025 mm.yr-1.

The critical distance of grain size reduction z* varies, however, between the samples: it is
maximum for the northern landslide with z* = 3-4 m (but any value larger than 0.7 m and lower
than 50m would almost equally fit), minimum for the southern landslide with z* = 0.17 +017/ 8
m, and intermediate for the downstream sample (CA-957), which receives the contribution of
both landslide areas, with z* = 0.45 1.5/ 455 m.

Those values are obviously linearly linked to the depth attenuation of TCN production, in
particular the spallogenic component. Consequently, decreasing the soil and regolith density will
increase this optimum critical distance z*.

One of the striking results when introducing grain size reduction toward the surface is for the
optimal solution to provide exposure times reduced by a factor 2 up to 3, when compared to the
solution without size reduction (Fig. 5 and red dot on Fig. 6). Increasing the proportion of sand
coming from the enriched surface layers, thus reducing the dilution by TCN-depleted deep
layers, permits indeed to account for measured TCN concentration with lower exposure
durations. The exposure duration to for the best-fitting solution reaches 3200, 4100 and 9200 yrs

for CA-948, CA-957 and CA-953, respectively. As another consequence, the equivalent
landslide denudation rate &. (Eq. 3) will increase by a similar factor of 2 up to 3, reaching 4.7,

3.7 and 1.7 mm.yr!, respectively (blue diamonds on Fig. §).
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exposure time since last reseting landslide event (yr)

0 0.5 1 15 2 25 3 3.5 4
Z*(m)

Fig. 6 - Misfit value (sum of the square differences between model and data weighted by data
uncertainties, log scale) between the 1"Be cosmogenic concentrations for different grain size
intervals of sample CA-957 (downstream the two landslide) and the simplified model as a
Sunction of the characteristic depth of grain sige increase, 3%, and of the hillslope exposure
duration, to, since the previous surface resetting landslide event. The red dot corresponds to best
fitting excposure time ty in absence of depth-dependent size grading: introduction of depth

heterogeneity in grain size distribution decreases by a factor >2 this exposure duration.

4.3 Model sensitivity

Because the choice of the different parameters is difficult to constrain, we explored the
sensitivity of the model to these parameters.

As for the vertically uniform case study, the slide depth, z., and the background denudation
rate, €, have a direct impact on the exposure time to, and the equivalent landslide denudation
rate &, but in contrast they have almost no effect on z* estimate. In fact, the variable z* is only
sensitive to the chosen value of the o parameter in Weibull's law, that directly impacts the

relative proportions of fine and coarse sediments: a lower value of @, i.e. a more spread-out size

distribution, increases the best-fitting value of z*.
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Fig. 7 - 19Be concentrations sorted by clasts size and best fitting models. The continnous line
correspond to a model for which parameter & is hold constant and equals to 0.5, whereas the
gray line corresponds to a model in which o decreases exponentially from 0.85 close to the
surface down to 0.45 at depth, following relation (6), i.e. evolving with the same parameter 3*
as log(A). Note that the apparently anomalous value for 2-4.7 mm of the sample CA-950
bhas been used during inversion but due to its large error bar its influence on the best fitting

curve is rather limited.

In all cases, the same general features of the 2 map (Fig. 6) are observed, namely the banana
shape of the optimal solutions, and the rapid decrease of ty compared to the case without grain
size vertical grading.

In our last test, we also relaxed the hypothesis on o uniform and permitted it to vary between

0.85 close to the surface and 0.45 at depth using the same function as for ¢ (Eq. 6). Again, no

significant change in the inversion results on z* was observed. It tends, however, to converge

_84 .



3 QUESTIONS(S) DE GRANULOMETRIE.

toward lower exposure time, because a larger proportion of medium to coarse sand is in this
case provided by the upper TCN-enriched soil layers. It concomitantly predicts a roll over of the
concentration for the finest sand and silt fractions (gray lines on Fig. 7).

We did not test a different size-grading curve than Eq. 6. Although preliminary results on the
grain-size measured into the soil sequence exposed at the landslide rim (Fig 4c) might suggest a
roughly uniform size reduction in the first meter rather than a linear decrease with depth, we
preferred keeping the model as parsimonious as possible and did not explore more complex
undefined function depending on two or more parameters.

For similar reasons, in the model above, we also have implicitly assumed that quartz content
was uniform, i.e. that quartz concentration was not enriched or depleted in a layer or/and in a
size fraction compared to the initial bedrock content (Riebe ef @/, 2001). We acknowledge,
however, that future quantitative models will probably have to account for more realistic and

elaborated grain size and quartz content vertical grading functions.

4.4 Model parameters and real world

Natural outcrops and auger sampling in several parts of the Khudi hillslopes generally
show that the soil saprock interface is very deep (>3m), i.e. larger than our best-fitting z*
estimates. More importantly, they show that in many places the soil/regolith is largely perturbed
by mixing with coarse colluvium or mass movements deposits. If reworking on the hillslopes is
a common process, then upper soil regolith could be enriched in large clasts and consequently
the coarse sediment fraction could be more enriched in TCN than in our simplified end-
member model.
Therefore, our model is not intended to give an exact reproduction of a natural setting but
rather a simplified scheme to explain our data and a guide for future studies on this issue. The
critical distance z* has not only to be considered as a quantitative estimate associated to an end-
member model, but better as a minimum upward distance to weather >4.7 mm grains into
<0.25 mm particles in the regolith and the soil, because of potential soil mixing and reworking

on hillslopes.
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5 Discussion

5.1 TCN size-dependency away from the active landslide areas

A striking result in the TCN measurements is that the river sediments upstream of the
active landslides (CA-950) displays the same size-concentration relationship as the sub-basins
affected by the deep seated landslides, although no major landslide (>1000 m?) affects this
upstream watershed. Similar observation can be done for the most downstream sample (CA-
964) that integrates sediment coming from the whole upper half Khudi catchment.

To explain the size-concentration dependency, the landslide model described in Section 4 can be
similarly applied to derive apparent (to, z*) values using their basin-average production rate
(Table 1): best fitting couple of values (3500 yr, 1 m) and (8500 yr, 0.25 m) are obtained for
upstream (CA-950) and downstream (CA-964) samples, respectively.

Although such values have to be considered with caution because we expect at the scale of a
large watershed variable sources of sediments and mass wasting, they surprisingly fall within the
range of values obtained below the landslides areas. The fact that size-concentration relationship
in sediments is weakly sensitive to the slide depth z. and does not depend on production rate
could explain the coherence of z* all over the Khudi basin. In contrast, because of variable local
production rates and surface concentration in a large watershed, the exposure time to would

have to be considered as only indicative.

If the landslide model applies also for the upper Khudi (CA-950), despite no major
active landslide can be mapped, we propose that the material carried by the river might actually
derive from ancient and currently un-active landslides. This implies that the input of sediments
from background denudation is almost negligible, for example due to stabilizing vegetation
cover. That implication would be consistent with our observation that stream water is clear even

during monsoon along tributaries that do not drain landslides.

As regards the most downstream sample (CA-964), according to field observations, it is
tempting to consider that most sediments come from the active landslides areas, and, in that
case, it is straightforward to attribute the size-concentration dependency to the same process
presumably occurring just downstream of the landslides. Adjunction of material derived from
ancient and currently un-active landslides in the North-East sub-basin of the upper Khudi (Fig
1), and presenting similar signature as the upper North-West Khudi (CA-950) cannot however
be excluded.
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5.2 Alternative size-dependency and models

As discussed in the introduction, several previous studies have explored the TCN
concentration as a function of the analyzed sediment size, with apparently no systematics
(Codilean ez al., 2012). In a few settings with steep landscapes, no clear dependency or even a
positive one has emerged (Clapp ez al., 2002; Safran et al, 2005; Kober e al, 2012). In other
settings, a negative trend, as observed in Khudi basin, has been identified (Brown ez a/., 1995;
Belmont ez al., 2007; Aguilar et al, 2013). The occurrence of this trend in landscapes a priori
devoid of landslide like in the Appalachian Mountains (Matmon e al, 2007) has fostered
alternative models to explain clasts size-concentration relationship instead of the landslide-
involving scenatio as described in Section 4. We can therefore ask if alternative scenarios could

also apply for the samples taken in Khudi away from the active landslides areas.

5.2.1 Sediment provenance and sediment attrition

Most of scenarios proposed in the literature suggest that sands and gravels could have
distinct geographical provenances or could be associated to distinct processes acting at variable
rates.
In the case of a negative concentration relation with grain size, as observed in Khudi, sand could
come on average from higher elevation areas with higher productions rates whereas gravels
could come from low elevation areas. As regards the northern sub-basin (CA-950), the average
surface production rate of the drainage area is ~37 atyrlg! (Table 1), while the extreme
production rates along the northern crests at ~4500 m and near the basin outlet at 2400 m are
~55 and ~17 atyrlg!, respectively. The difference in production rates of the two basin
"extremities" reach a factor ~3 and, in theory, could explain ratios of 2 to 4 between TCN
concentration of fine and coarse fractions if they would come each one from the two
extremities of the basin.
Scenarios where the coarser grains could only come from the most downstream part of the
watershed invoke attrition processes during fluvial transport, which would reduce most clasts
coming from upstream (Carretier ef al., 2009; Carretier and Regard, 2011). Volumetric attrition
rates for Himalayan gneisses are of the order of £ = 1.4 £ 0.6 %.km'!, with £ the empirical
pebble abrasion coefficient (Attal and Lave, 20006): over an average transport distance of L =
5km, the grain size reduction by attrition (k/3).L is of the order of ~2.5%. The transporting
distances are therefore far insufficient to convert pebbles or gravels into sand size. In addition, it
would remain unclear in this scenario why all the intermediate parts (with intermediate TCN

production rates) of the basin would not contribute to the sand or gravel budget.
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5.2.2  Glacial deposits

Alternatively (or concomitantly), the fine grains could also mostly come from glacial
deposits (moraines) at high altitude. However, the cumulative granulometric distributions of
morainic material in the Himalayas (Figure 5b in Attal and Lavé, 2006) display a gap in the
sediment sizes between 0.05 and 1mm (¢ = -4 to 0), i.e. just the measured fine fractions in our
study, in contrast with landslide derived material. In absence of further measurements on

morainic material in the upper Khudi, such explanation does not seem therefore appropriate.

5.2.3 Geomorphologic processes

Another mechanism, based on a scenario proposed by Aguilar e 4/ (2013), would be
that most of the coarse clasts come from the landslides, and the finer ones from all of the basin,
but without a depth provenance influence. Instead, it simply suggests that the landslides
represent the part of the basin with the highest steepness, and hence the highest denudation
rates and lower TCN concentrations.
Such scenatio, proposed in a landscape eroding much more slowly, is hardly compatible with
Himalayan denudation processes: it would require indeed that some specific points of the
landscape would be eroded by several hundred meters in 100 kyrs while vast adjacent zones
would be much less eroded: marked disequilibrium features would therefore appear in the

watershed in contradiction with presently observed topography and slope map.

Finally, without fully discarding the above alternative models, we conclude from poor
support to alternative scenario, and from the close similarity of the grain size-concentration
patterns both upstream, near the landslides and downstream, that almost all of the sediments in
the river derive from active or ancient landslide material, and probably very little from
background soil erosion. As a matter of example, if we try to explain the apparent over-
concentration in TCN of the two finest sandy fractions in CA-950 compared to the average
size-concentration trend (Fig. 3) by adjunction of sand issued from background erosion at 0.025
mm.yr, such contribution would be limited to ~1 % of the medium size (75 to 250 um) sand

budget.
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5.3 Effect of the landslides on the apparent TCN-derived

denudation rate

TCN measured in river sand are classically used to derive average denudation rates in
the upper contributing area. For a surface undergoing a steady denudation € since a time tegr >>
1/(A + pe), the 19Be concentration is :

)
C=2

kel o4

Ak

(see Eq. 1 for the definition of the parameters)
In actively eroding settings like the Himalayas, ep/Ax < 1.73x103 << A and the equation (7) can

be generalized for a whole catchment (Brown ez al, 1995; Granger ¢t al, 1996), so that a

sediment exported from this catchment, of area .4, has an average concentration C given by :

)
c_1 R.(x)
¢= & .[\j Zklng(X)P/Akgl (I
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With ems(x) the average local denudation rate at millennial scale, €i(x) the instantaneous local
denudation rate, & the average denudation rate of the catchment and Pk the average

production rates of neutrons, slow muons and fast muons. Note that the second simplified term
of equation (2) is true only in case of steady denudation, i.e. &ms(x) = €1(x) in any point of the
landscape. In any case, apparent average denudation rates from TCN results using equation (2)
can be derived (Table 1 and Fig.3; see details of calculation in Appendix) and we discuss their
validity and interest in the following.

In the Khudi case, equation (8) is not applicable and would have to be replaced by Eq. (1) or (3)
defined for a finite thickness of eroded material. The paradox in assuming ems(x) = €1(x) behind

equation (8) is well illustrated by our watersheds affected by landslides. First, in the hillslope
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affected by the active regressive erosion of the landslides, the instantaneous erosion rate €
reaches several meters per year, i.e 5 to 6 orders faster than the mean erosion rate at millennial
scale ens. Consequently, as mentioned in section 3.2., if we use TCN concentration as a mixing
tracer for the sample CA-957 (downstream the two landslides area), and considering the
different sediment end-members given by CA-950, 048 and 953, we would end up for the
sediment CA-957 with a minimal proportion of material coming from the upper Khudi (CA-

950), i.e close to 0 and in any case <30%. If we now derive the theoretical average sediment

fluxes from the TCN results and equation (8), writing F = Ag with F the sediment volumetric
flux, considering for example the 0.25-0.5 mm size fraction (using another grain size would not
change the first order picture), we end up both with a theoretical flux from the upper Khudi 4
times higher than the flux coming from the landslides and a sum of these two contributions 3
times too low to account for the theoretical flux computed for the downstream sample CA-957.
TCN-derived sediment fluxes derived from Eq. (8) are irreconcilable with mass budget.

In those setting dominated by landslides, it has been proposed that only long temporal
volumetric averages or large spatial volumetric averages as provided by large watershed permit
to converge toward relation (8) between TCN concentration in sand and mean denudation rate
in the watershed (Niemi ¢7 a/., 2005; Yanites e# al., 2009).

However, this affirmation holds if there is no grain-size dependency. For each Khudi sample,
the use of Eq. (8) leads to a denudation rate which depends on the analyzed grain-size in a
inverse relation to the one for TCN concentration: gravel size fractions present higher
denudation rates than medium sand fractions. There is no rationale to decide which size fraction
is more representative of the mean denudation rate and we end up with a large indetermination
of the problem.

In active landslide areas, as an alternative, we could use Eq. (2). However, large uncertainties
would remain on the exact stripping depth in landslides (z.), the background denudation rate
(€0) and on how representative is the last cycle of landsliding of the long term landslide size and
return period. It prevents to consider &1, as a precise estimate, even if the size-dependent TCN

concentration can be fully accounted by the use of a model like the one presented in Section 4,

in contrast with Eq. (8).
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5.4 Are TCN-derived denudation rates relevant in active

mountainous settings?

5.4.1 Comparison with denudation rates at different time scales

Despite aforementioned difficulties for using Eq. (8) or Eq. (3) in actively eroding
setting, we can compare apparent denudation rates derived from our samples with previous
estimates. In order to compare with previous TCN-derived denudation rates from 250-1000 pm
fraction (Niemi e /. 2005; Arjun Heimsath, personnal communication; Godard e7 a/., 2012), we
will consider only our results for 250-500 and 500-1000 um fractions, and these previously
published results will be recalculated using the same method and TCN production rate as the
one we have used (Appendix).
Surprisingly, our denudations rates & range between 1.3 and 4.2 mm/yr, and bracket previous
10Be derived denudation rate estimate of ~2.5 mm/yr (Niemi ¢ a/. 2005; Godatd e¢# al., 2012), as
well as very short term (Gabet e a/, 2008) or Quaternary rates (Fig. 8) (Blythe ef al, 2007,
Whipp ez al., 2007). They under- or over-estimate those rates by only a factor 1.50 or less.
Moreover, the calculation of the equivalent landslide denudation rates &. derived from our best-
fitting models also provide estimate in relatively good agreement with above TCN or

independent values, despite being slightly higher.

5.4.2 Spatial and temporal variability at the scale of a small basin

By contrast, moving downstream, integrating over a larger watershed, a theoretical
smoothing of stochastic inputs of sediments as proposed by Niemi ¢z a/. (2005); Binnie ez al.
(2006); Yanites e al. (2009); Kober et al. (2012) is not reflected by our data. Discrepancies with
supposed basin average around 2-3 mm.yr! are as high for our downstream sample (CA-964)
than for the upstream ones. For this later sample, we need to invoke either a significant input, in
all grain sizes, from the North-East branch of the upper Khudi (despite most of this sub basin
seems from satellite image exempt of major mass wasting source) or a rapid temporal variations
(in between years or even large storms during the monsoon) of the TCN concentration in
landslide-derived material, due to variable slices thickness and TCN signature along the rims of

the landslides. This later explanation would suggest that the fluvial system across steep
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Denudation rate (mm/yr)

Altitude (km)

mountains has a limited storage buffering capacity for sand and fine gravels: CA-964 was
sampled in 2009, while Niemi et al.'s and Godard et al.'s sediments were sampled in 2003 and
1997, respectively. Such temporal variations, by a factor up to 3, has been observed in other

places (e.g. Kober ez al, 2012), even for very large watersheds (~60,000 km2) (Lupker e# al.,
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Fig. 8 - Downstream evolution of the TCN-derived denudation rates (in

250-1000 mm size fraction) as compared geologic and short term

denudation rates. I addition, we rescaled their results to new Sea Level High Latitude
(SLHL) production rate of 3.9 atom/gr/yr instead of a value of 5.3 used by Niewmi et al.
(2005), 4.5 used by Godard et al. (2012). Note that no methodology (in particular abont

the analyzed grain size) is provided by Niewi et al's (2005) (reported from Arjun

Heimsath's unpublished data), but probably correspond to 200-500 pim interval.

2012), and could be a general propriety of mountainous fluvial/landscape systems.
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5.4.3 Implication for the sediment dynamics in the Khudi valley

One of the most striking results, in sharp contrast with stochastic models predictions
(Niemi ez al., 2005; Yanites et al., 2009), is the similarity of the apparent denudation rates and
long term denudation rate, both for the area actively eroded by the receding landslide, and for
the upper Khudi which is in contrast not affected by active landslides.
In the landslide-affected areas, stochastic models would predict abnormally low TCN
concentration in mixed landslide material in particular if the background denudation rate is
higher than 0.1 mm/yr. We make the inverse obsetvation, which requites very abnormal
quiescence time since the previous sutface resetting event (Fig. 5a) or/and very low background
denudation rates (g9 < 0.05 mm/yr), in coherence with denudation rates reported by Niemi ez a/.
(2005) along the Khudi basin ridge tops. We can also add that the vertical size grading in the
regolith has a positive effect since the overrepresentation of the surface layers in the sandy
fractions (i.e. the usually 250-1000 pm analyzed fraction for '"Be) makes the analyzed TCN
concentrations higher than the whole material depth average.
For the upper Khudi, devoid of active landslides, stochastic models would predict abnormally
high TCN concentrations in river sands. As mentioned earlier in Section 5.2, the opposite
observation requires that this input is dwarfed by sediments remobilized along the channels
from ancient landslide deposits. The absence of sand with high 1“Be concentration coming from
the background surface erosion could therefore suggest that such background erosion is mostly
related to weathering and chemical denudation, and does not produce significant input of sandy
material into the river system. As a consequence, in channels starved of fresh landslide input,
minimal storage along the channels of sediment issued from older landslides (i.e. that were
active few 10's to 100 yrs ago) would be sufficient to leave a low 1°Be concentration signature in

the sandy material decades later.

To conclude these empirical considerations about the TCN-derived denudation rates in
the Khudi basin, let us emphasize a good news and two bad ones.
For the good news, it seems that a series of factors (presumably a size grading in the regolith, very
low sand input from background erosion in vegetated landscapes and channel sediment storage
in channels) make the denudation rates closer to the average long term value than expected in
such a landslide-dominated landscape. This would particularity maintain the use of TCN as a
reliable tool to estimate long term denudation rates compared to the measurements of
suspended load fluxes, since these estimates are quite sensitive for small watersheds to the

occurrence or not of landslides. Such assertion seems confirmed in the High Himalayas since
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TCN-derived denudation rates (Godard ez al., 2012) are of the same order of magnitude as long-
term denudation rates of 2-4 mm.yr! (Lave and Avouac, 2001; Burbank e# 4/, 2003) while most
suspended load flux estimates (except for the Khudi basin) provide rates <1 mm/yr in the
Marsyandi basin (Gabet ez a/., 2008) or in central and West Nepal (Andermann ez a/,, 2012).

The bad news are twofold. First, stochasticity of the sediment inputs has still a probable impact
and result in significant spatial and temporal variability. As a result, the TCN-derived
denudation rates, based on medium to coarse sand size fractions, must be handled with caution
and considered as first order estimates. In our case, they cannot provide long-term estimates
with a precision better than a factor of ca. 2. Second, Niemi e a/. (2005) have reported in Khudi
basin very low TCN-derived denudation rate values in the low order drainage basins, so that a
critical basin size exists under which the TCN averaging propriety of the fluvial system stops to
be valid (Niemi ez 4/, 2005; Binnie ez a/., 2006; Yanites e¢# al., 2009; Kobet ¢ al., 2012). From CA-
950 draining the upper Khudi, this critical size would be lower than 25 km?, but a considerable
work would be required to document this value, how it depends on the geomorphic and

vegetation setting, and if this threshold is constant through time.

6 Conclusion

We sampled river sands from five locations of the small upper Khudi watershed, central
Nepal: upstream, at the outlet of two major active landslides, directly downstream the landslides
area, and 5 km downstream.
As reported in some other areas (Brown e a/., 1998; Belmont ez /., 2007; Aguilar ¢t al., 2013), the
sand from the two landslides displays a negative correlation between clasts size and cosmogenic
10Be concentration. Such a trend is well explained by size grading within the regolith and erosion
by landslide (Brown e7 /., 1995) and quantitatively corroborated by a simplified model.
In the future, more systematic TCN studies for various grain size studies below landslides areas,
complemented by TCN signature of the hillslopes around these landslides confronted to more
elaborated models, could help document the average grain size distribution and concentration
content in soil/regolith profiles.
Surprisingly, TCN concentration anti-correlation to the grain-size is also observed directly
upstream and 5 km downstream of the landsliding area. The most probable explanation is that
almost all of the sediment carried by the river actually derives from ancient landslides, and

almost no erosion occurs from soil-mantled slopes. This hypothesis is supported by “Be data
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reported by Niemi e al (2005), with very slow denudation rates reported on the crestal
hillslopes compared to the basin-average denudation rate.

The data show that an uncompleted and probably seasonally-varying mixing occurs between the
active landslides material and the river sediments. Thus, in our case of a small watershed
controlled by stochastic mass wasting events, sediment budgeting attempts based on the size-
concentration dependence, such as the ones developed by Belmont (2007) or Matmon (2003) ,

are precluded.

In light of our detailed review of grain size fractions commonly used in cosmogenic
studies, comparison with other reported denudation rates in this area must be performed
carefully. While the reported orders of magnitude are all coherent (around ~2 mm.yr!), even at
very different time scales and with very different methods, a scatter of a factor up to 3 remains
between cosmogenic studies depending on the chosen grain size, the location and the sampling
date. Cosmogenic nuclides provide unique information and are an increasingly applied tool, but

their use in such mountainous small basins must be done with caution.
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Appendix: Mean apparent TCN-derived denudation rates

calculation:

For all cosmogenic nuclide average production rates calculation we used a ASTER Digital
Elevation Model (DEM) of a 15m hotizontal resolution.

The reference production rate at sea level and high latitudes (SLHL) used is 3.9 £ 0.1 at.glLyr!
(Balco e# al., 2009).

In each cell of the DEM, we calculated the altitude and latitude correction factor for spallogenic,
slow-muonic and fast-muonic productions following the scaling scheme of Stone (2000). We
also corrected the production rate from local slope and topographic shielding by relief in a
15km radius following Dunne e a/ (1999). We included in this topographic shielding a
correction for grid resolution smoothing of the local topography following Norton and
Vanacker (2009).

Equation (7) cannot be solved analytically. For the best precision and to avoid analytical
simplifications, we solved equation (7) numerically, even if in this case of a very-high denudation
setting, it could theoretically be simplified into equation (8) with very limited error.

To propagate uncertainties from the multiple input parameters of this equation, we used a

Monte-Carlo simulation, with 10k draws in a normal distribution of each parameter.
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Abstract

In-situ cosmogenic 3He is a robust tool for determining denudation rates or
exposure ages of lavas bearing mafic phenocrysts. However, analyses are often
complicated by the presence of several helium sources. In particular, in old magmatic
rocks with high radiogenic “He contents, discriminating cosmogenic 3He from
magmatic 3He is not straighforward since both these quantities may largely vary from
one aliquot to another.

We sampled sands from the Tekeze and Mile rivers, both draining the Ethiopian
highlands, an area where erosion patterns are intimately linked to the tectonics of the
East-African rift and to heterogeneous monsoon precipitation. From each river we
analysed ~15 pyroxene aliquots of various grain sizes (0.3 mm up to >1 mm). We
observed that the total 3He is both higher and more scattered in the bigger grains.
Crushing of these biggest grains and subsequent melting of the powder tends to cluster
the 3He value, suggesting that magmatic 3He is responsible for most of the inter-aliquot
variability. We also performed a Monte Carlo simulation based on a numerical
denudation model of the two watersheds. The simulation confirms that cosmogenic He
variability cannot be responsible for the observed scatter. A compilation of previously
published data also indicates that magmatic helium can be significantly variable even
between pre-crushed aliquots. Hence, magmatic helium, unlike cosmogenic 3He, is
highly variable, even in the case of aliquots of >300 grains. We suggest this is due to
their higher probability to bear large melt-inclusion.

Besides, the fact that small and big grains have comparable radiogenic “He
concentrations suggests that grain attrition during the river transport is responsible for
the lower magmatic helium content in the smallest grains.

Therefore, one should preferably use small grains (<0.5mm) and homogenous
granulometry for in-situ cosmogenic 3He analysis in mafic phenocrysts.

Using the measured cosmogenic 3He, we calculate basin-average denudation rates of
73%18 mm.kyr! and 575 mm.kyr!, for the Mile and for the Tekeze river, respectively.
These values are coherent with long term denudation rates previously proposed from

low-temperature thermochronology.
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1 Introduction

In-situ cosmogenic nuclides are produced by the flux of secondatry cosmic particles in
the top few meters of the Earth surface. They represent a useful tool with which to quantify
many key Earth-surface processes (see Gosse and Phillips, 2001, for history and review). Along
with other cosmogenic isotopes (e.g. '"Be, 26Al, 3¢Cl, 2'Ne), 3He has been widely used for the
past 25 years to date lava flows (Kurz e a/, 1990; Ammon et al, 2009), to reconstruct
continental paleoclimates (e.g. Licciardi e a/, 2001; Blard ef @/, 2007) or to measure in-situ
(Sarda et al., 1993) or basin-averaged (Gayer ef al, 2008) denudation rates. 3He presents several
advantages compared to more commonly used isotopes like 19Be or 2Al. It does not require a
complex chemical preparation, nor the use of an Accelerator Mass Spectrometer (AMS).
Besides, many rocks - especially basalts - do not contain significant amounts of quartz, the
mineral in which 1°Be and 2°Al are preferentially analyzed.

However, 3He is not retained in many minerals (Trull ez a/, 1995). Most studies using 3He have
hence been carried out on mafic phenocrysts such as olivine and pyroxene (e.g. Kurz, 1986a),
which are known to have a high helium retentivity (Trull ez a/, 1991; Shuster ez al., 2004; Blard
and Pik, 2008); In these minerals, the helium budget is a four-component system (Farley e al.,
2000; Blard and Farley, 2008) consisting of:

- Cosmogenic *He (*He.), matrix-sited

- Magmatic inherited 3He and “He (Hemag), fluid inclusion-sited

- Radiogenic “He (*He;), produced by the decay of 238U, 235U and 232Th, matrix-sited

- Nucleogenic 3He (*Henu), produced by neutron capture on Li nuclei and subsequent

disintegration, matrix-sited.

For most young mafic rocks with low U-Th and Li content the radiogenic and nucleogenic
components can be neglected or corrected (Blard and Farley, 2008). In this case, the
cosmogenic component can be determined by a standard two-step procedure (Kurz, 1986b):

1 — In vacuo mineral crushing to preferentially release and analyse inclusion-sited magmatic
helium, allowing the magmatic 3He/*He ratio to be measured and also reduces the Hemg,
concentration.

2 - Fusion of the same aliquot as for the crush analysis or a different aliquot of the same sample,
in order to measure the bulk 3He/*He) melt ratio and the total “He.

Then, assuming *Her ~0 at.g"! we can write:
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3I“Iec = 4Hemclt * [(3He/4He)melt - (3He/4He)mag] (1)

Under certain conditions, one can also construct isochrons in the 3He/*He »s 1/[*He] space
(Cerling and Craig, 1994b; Blard and Pik, 2008), thereby avoiding the first crushing step, which
can trigger possible loss of matrix sited helium (Hilton e a/, 1993; Scarsi, 2000; Yokochi ez al.,
2005; Blard ez al., 20006).

However, given the concentrations of U and Th in olivine and pyroxene, the radiogenic
‘He component can rarely be neglected (Blard and Farley, 2008). Consequently, in many
situations, the amount of magmatic >He cannot be corrected by measuring the bulk 3He /4He
ratio. 3He. determinations thus require a crushing step which needs to be sufficiently long and
intense to release most of the trapped magmatic helium, but not too intense in order to avoid
releasing the matrix sited cosmogenic 3He (Scarsi, 2000; Yokochi e a/., 2005; Blard ez a/., 20006;
Blatd ef al., 2008). Alternatively, a previous study (Williams e a/., 2005) conducted on pyroxene
microphenocrysts of Pliocene basalts of Gran Canaria (Canary Islands) has shown that the
magmatic component may be negligible in the smallest grains (i.e. 125-250 (m) In the case of
moderate to high (> 0.5 mm.yr!) erosion rates, the cosmogenic *He concentration in river sands
is low ( <1017 mol.g!), implying that the resulting magmatic 3He correction could represent a
significant source of uncertainty. Consequently, it is particularly important to overcome this
methodological limitation for old phenocrysts having significant amounts of radiogenic “He.
In the present study, we test the possibility to yield reliable cosmogenic 3He-based denudation
rates in basins dominated by old lavas. We observed that coarse-grained aliquots display very
variable 3He concentrations. However, fine-grained aliquots exhibit *He concentrations
homogeneous enough to allow correction of the magmatic component with a reasonable
precision and confidence. We then looked for the main source of this variability of the coarse
aliquots.
Our experiments were carried on river-borne pyroxenes from two Ethiopian rivers draining two
different watersheds of the Ethiopian plateau. This work represents an important step for the
study of the geomorphologic processes involved in this region, and, more generally, for

estimating erosion rates in old volcanic provinces.
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2 Geomorphological setting of the Ethiopian plateau and
sampling

The Northwestern Ethiopian plateau is a major feature of the Ethiopian traps, a 1.5
km-thick continental flood basalts (CFB) sequence (Fig. 1) (Mohr, 1983). This imposing
volcanic pile was erupted 30 Ma ago, and the entire volume of basalt was emplaced in less than
2 Myr (Hofmann ez al., 1997; Rochette ¢ al., 1998). On its eastern margin, along the major Afar
escarpment, most of this volcanic sequence consists of ankaramitic porphyritic basalts, with
local presence of ignimbrites at the top of the eruptive sequence (Pik ¢z al, 1998; Pik ez al., 1999;
Ayalew ef al., 2002). These geological characteristics are particularly well suited for 3He analyses
because rivers draining the Ethiopian plateau bear large amounts of pyroxene and olivine
phenocrysts.

Determining patterns in the denudation rate in this region is of great interest for understanding
climate-tectonic-erosion interactions. First, erosion has a major long term influence on the
global atmospheric CO> budget (Berner et al.,, 1983; Galy et al., 2007), even in the case of
spatially and temporally discrete large volcanic provinces emplaced on continents (Dessert et al.,
2001). Second, the development of the centrifuge drainage network in this region is key to
understanding the uplift and tectonic evolution of the plateau and its margins (McDougall ez al.,
1975; Cox, 1989; Pik ef al., 2003; Pik, 2011). In this study, we focused on the comparison of two
river catchments, located on both sides of the main plateau drainage divide (Fig. 1).

On the eastern side of the divide, the topographic scatp undergoes both an active
morphological evolution linked to the development of its marginal graben system and moderate
monsoon precipitations (700-1000 mm.yr?!) (Conway, 2000). The Mile river, whose watershed
covers <1600 km? with a mean slope of 13°, flows toward the Afar depression through this
major topographic feature (Fig. 1). A ~2 kg sample of Mile river sand was collected on the 25th
of February, 2009, at the outlet of the basin catchment (11.62696 °N ; 39.97236 °E) where it
enters the Afar plain.

By contrast, the northern part of the plateau is generally lower in elevation because most of the
original highland morphology has already been eroded by propagation of the Tekeze river. (Fig.
1b). The upper part of the actively propagating Tekeze river catchment has a total surface of
<750 km? and a mean slope of 16°. As for the Mile river sand sample, a ~2 kg sample of Tekeze
river sand was collected at 11.91338 °N ; 38.97681 °E) in February 2009. In each river, the

sampled stream-bed sands are mainly composed of lava gravels (essentially basaltic with minor
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occurrence of rhyoltic clasts) up to <2 cm in size, single mineral grains (pyroxene, olivine and
quartz), and organic debris.

It must be noted that despite their similar mean slopes, these two watersheds display very
different morphologies. While the upper part of the Tekeze river is mainly a high plateau incised
by deep valleys, the Mile river hillslopes range from steep at its headwater to gentle slopes along

several large North-South oriented valleys (Fig 1b).

Cosmogenic nuclide measurement in river sands has proven to be a particularly robust
method to constrain basin-averaged denudation rate at timescales of several hundred to
thousand years (e.g. (Brown ef a/, 1995) (von Blanckenburg, 2005), while thermochronology
methods quantify denudation over million year timescales (e.g. (Pik e# a/, 2003). The two
watersheds presented here are theoretically particularly suited to this method because they are
characterized by an homogenous lithology, sparse vegetal cover, no ice or snow cover, limited
influence of catastrophic erosive events such as landslides and no significant storage of

sediments.
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3 Methods

3.1 Mineral separation

Bulk sands were sieved under flowing water into two granulometric fractions: 0.3-0.5
mm and >0.5 mm.
Concerning the 0.3-0.5 mm fraction, pyroxene grains were first concentrated from the bulk sand
using two magnetic separations using a Frantz device. Almost pure pyroxene and olivine grains
were then obtained by gravimetric separation in di-lodomethane (density ~3.3 g.cm). After
washing in diethyl ether and drying, the grains were cleaned from any dust impurity in an
ultrasonic bath of deionized water and acetone for 15 minutes.
After drying, all grains with attached lava fragments were removed and discarded by
handpicking under a binoculatr microscope. Olivine grains (<5 % of the phenocrysts) were also
separated and set aside. We chose to work on pyroxenes because they were more abundant in
our samples and thus easier to separate. We interpret these higher modal pyroxene abundances
with respect to the basaltic source rocks as due to more rapid abrasion and weathering of the
olivines on the slopes and the river stream.
For the >0.5 mm fraction, pyroxene phenocrysts were directly hand picked under a binocular
microscope from the bulk sieved sand. They were then cleaned in a deionized water and acetone
bath for 15 minutes.
For the Tekeze River, the >0.5 mm bulk sand remaining after the first handpicking was finally
sieved again at 1 mm, and phenocrysts from this >1 mm bulk sand were handpicked and

cleaned following the same procedure.

3.2  Analytical procedures

In-vacuo crushing extractions were performed with a soft iron slug activated by external
solenoids, for 5 minutes at 100 strokes/minute, except for one sample (Tekeze 15 ; 10 minutes).
Aliquot weights range between 130 and 360 mg, representing < 100-300 grains for the >0.5 mm
fraction and < 800-2200 grains for the 0.3-0.5 mm fraction. Typical *He and 3He blanks for the

crushing experiments were 3.1 = 0.4 - 10-1¢ mol and 6.0 = 1.4 - 10-*" mol respectively.
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The resulting powders were then sieved to remove the <70 [m fraction, and hence minimized
any loss of matrix-sited helium that could have occurred during the crushing procedure (Blard ez
al., 2008). The remaining powders and uncrushed pyroxene aliquots were subsequently wrapped
in copper foils and fused at high temperature.

High temperature extractions were performed in a new high temperature furnace designed at
CRPG (Nancy, France) (Zimmermann ef al, 2012). After a 20-minute temperature ramp,
samples were maintained at 1350°C for 20 minutes. Typical He and 3He blanks for this
procedure were 3.0 + 0.5 -10-18 mol and 1.1 + 0.8 -10-20 mol respectively. Re-extractions were
always in the blank range, indicating that the extraction was complete after the first heating step.
After extraction, the gas was purified using activated charcoal at -196°C and with hot (400°C
and 600°C) and ambient temperatute (21°C) Titanium sponge getters. A complete description
of the furnace and the purification line can be found in (Zimmermann e# al., 2012).

Helium was analyzed on the GV HELIX Split Flight Tube dual collection mass spectrometer.
The instrument sensitivity was determined using the HES] standard (Matsuda e7 a/., 2002) whose
certified 3He/*He ratio is 20.63 + 0.10 Ra (Ra = 1.384 x 10 being the atmospheric *He /4He
ratio). Most of the Mile river samples were analyzed first. During a 2 months period, external
reproducibility was 2.7% and 3.9% (1 r) for “He and 3He, respectively.

The remaining Mile samples (the crushed Mile 5, 11, 12 and 14) and the Tekeze samples were
analyzed with different ionization source settings. Over this one-month period, external

reproducibility was always less than 0.4% for 4He and 0.5% for 3He.
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4 Results

All helium results are reported in Table 1 and 3He results plotted on Fig 2.

4.1 Crushing analyzes

For the Mile river, crushing of the >0.5 mm grains yielded 3He concentrations ranging
between 2.08 + 0.27 x10-18 mol.g-1 and 5.25 + 0.63 x10-18 mol.g-1. 3He/4He ratios ranged
between 2.67 £ 0.45 and 5.20 + 0.83 Ra.

For the Tekeze river, crushing of the coarser grains (>0.5 mm and >1 mm) yielded 3He
concentrations between 4.20 * 0.12 x10-18 mol.g-1 and 1.92 £ 0.04 x10-17mol.g-1, which is
significantly higher than the Mile river. This discrepancy is probably due to differences in the
petrography of the outcropping basalts in the two basins and to a longer sediment transport in
the Mile river (see discussion in section 5.2 and 5.3). One 0.3-0.5 mm sample was also crushed
and gave a 3He concentration (2.97 £ 0.17 x 1018 mol.g!), lower than the range of the larger
grains. *He /4He ratios ranged between 3.3910.19 - 13.6+0.7 Ra.

For both rivers 3He/4He ratios are in good agreement with the high He mantle plume values
reported by Marty ez al. (1996) from crushing similar high-Ti lava phenocrysts (Pik ez a/, 1999).
It must be noted that the sample crushed for 1000 strokes instead of only 500 is within the
range of the other samples, for both *He concentrations and 3He /4He ratios. A five minute
crushing in our apparatus seems therefore sufficient to release at least 90% of the trapped

magmatic helium, as shown by Scarsi (2000) with a similar apparatus.

4.2 Heating analyzes

For the Mile river (Fig. 2a), either direct melting of intact >0.5 mm pyroxenes, or
addition of the concentrations from crushing and melting steps when applied, yielded high and
variable values (7.35 * 0.31 x 10-18 to 15.4 £ 2.2 x 1018 mol.g'!). Conversely, fusion of the bulk
0.3-0.5 mm grains and fusion of the powder obtained from the >0.5 mm crushed grains, yielded

homogenous and lower 3He concentrations (4.62 = 0.39 x 10-18 to 6.83 £ 1.41 x10-'® mol.g™!).

The Tekeze river samples display comparable results (Fig. 2b): small and crushed
phenocrysts have lower and clustered 3He concentrations (10.5 + 0.2 x10-'8 mol.g! to 14.0 *

0.3 x 10-'8 mol.g!"), while the bigger phenoctysts contain higher and more variable 3He (7.18 *
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0.18 x10-8 mol.g! to 24.7 £ 0.8 x10-18 mol.g"!). However, 4 out of the 12 aliquots for the >0.5
mm fraction contained less He than the 0.3-0.5 mm ones. Additionally, for 6 aliquots, melting
of the crushed grains of the > 0.5 and > 1 mm fraction yielded less 3He than the direct melting
of 0.3-0.5 mm grains, unlike the Mile River.

For all heating experiments, the 3He/4He ratios were low (between 0.29 £ 0.04. and 1.57 *
0.08 Ra) for both the bulk samples and for the powders (between 0.36 + 0.02 and 0.76 = 0.04
Ra). These very radiogenic values were expected, given the age of the Oligocene traps and their
U-Th concentrations (Marty ¢f a/., 1996): “He concentrations were always >6.69 - 10-'2 mol.g! in

the powders.

For both river sands, crushing and heating experiments hence show that:
- The total 3He content is on average higher in the >0.5 mm fraction (10.2 £ 2.6 x 10-'® mol.g"!
for Mile and 15.5 * 6.3 x 10-'8 mol.g"! for the Tekeze) than in the 0.3-0.5 mm fraction (5.48 £
0.4 x 10-18 mol.g™! for the Mile and 11.5 * 1.5 x 10-'8 mol.g"! for Tekeze).

- The coarse grains (> 0.5 mm) have more variable helium contents. While crushing of the
bigger grains released variable amounts of 3He, melting of the resulting powders yield similar
and low 3He concentrations (Fig 2).

- The similar concentrations obtained by melting the powdered grains indicate that the crushing
was able to release a significant proportion of the total fluid-inclusion-sited 3He content.

In the following section we discuss these results taking into account the various helium sources

and propose several hypotheses to explain such a grain size-dependent behavior.
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Sample Sample mass *He * ‘He * ‘HeHe *
provenance and n; Treatment
grain size (mg) (10"* mol.g™) (10" mol.g™) R,)
Mile River
0.3-0.5 mm 1 direct melt. 239 5.55 0.36 11.769  0.005 0.34 0.02
2 d. m. 250.6 520 0.73 12.817  0.001 0.29 0.04
3 d.m. 251.5 5.40 0.23 12.108  0.004 0.32 0.01
4 d. m. 242.9 5.79 0.69 13.20 1.38 0.32 0.05
5 crushing 181.2 2.08 0.27 0.56 0.06 2.67 0.45
melting 120.8 4.15 0.32 8.261 0.003 0.36 0.03
> 0.5 mm 6 d. m. 302 12.41 0.38 - - - -
7 d.m. 141.8 8.03 0.93 9.16 0.96 0.63 0.10
8 d.m. 158.9 9.5 1.1 8.69 0.91 0.79 0.13
9 d. m. 171.2 15.4 22 9.71 1.02 1.1 0.20
10 d.m. 260 7.35 0.31 8.670 0.001 0.61 0.17
11 cr. 266.4 2.51 0.33 0.665 0.070 2.7 0.5
m. 6.21 0.40 6.930 0.002 0.65 0.04
12 cr. 237.6 5.00 0.59 0.828 0.087 4.4 0.7
m. 101.5 4.62 0.39 6.694 0.003 0.50 0.04
13 cr. 268.5 5.25 0.63 0.729 0.076 5.2 0.8
m. 166.4 6.83 1.41 6.784 0.711 0.7 0.2
14 cr. 162.2 4.07 0.54 0.600 0.063 49 0.8
m. 113.9 4.03 0.22 8.046 0.002 0.36 0.02
Tekeze River
0.3-0.5 mm 1 d.m. 267.1 11.58 0.17 10.767  0.042 0.78 0.04
2 d. m. 2325 10.51 0.18 12916  0.051 0.59 0.03
3 d. m. 186.6 10.77 0.26 10.962  0.044 0.71 0.04
4 d. m. 189.5 14.02 0.28 11.173  0.044 0.91 0.05
5 d.m. 174.9 10.48 0.25 10.634  0.043 0.71 0.04
6 cr. 129 297 0.17 0.540 0.004 4.0 0.3
m. 95.1 - - - - - -
> 0.5 mm 7 d.m 185.5 9.73 0.21 10.047  0.040 0.70 0.04
8 d. m. 185.2 7.18 0.18 9.00 0.37 0.58 0.04
9 d.m. 214 10.62 0.20 9.760 0.039 0.78 0.04
10 d.m 167.9 8.20 0.21 10.768  0.043 0.55 0.03
11 d.m 213.1 24.14 0.33 11.106  0.077 1.57 0.08
12 cr. 330 5.61 0.10 0.378 0.002 10.71  0.58
m. 256.5 8.69 0.17 8.303 0.033 0.76 0.04
13 cr. 302.8 5.29 0.11 1.127 0.005 3.39 0.19
m. 2134 17.20 0.30 17.207  0.068 0.72 0.04
14 cr. 380 6.54 0.14 0.853 0.004 5.5 0.3
m. 306.8 8.98 0.19 11.556  0.046 0.56 0.03
15 cr.* 317.1 4.20 0.12 0.494 0.006 6.1 0.2
m. 108.8 7.62 0.29 8.439 0.085 0.65 0.03
16 cr. 2124 16.26 0.24 0.861 0.004 13.6 0.7
17 m. 248.7 7.82 0.18 8.839 0.035 0.64 0.04
>1 mm 18 cr. 358.5 8.60 0.20 0.695 0.008 8.9 0.2
m. 65.1 6.13 0.23 9.106 0.091 0.49 0.02
19 cr. 306.2 19.20 0.41 1.206 0.013 115 0.3
m. 65.1 5.54 0.34 7.292 0.083 0.55 0.03

Table 1: Helium data
Treatments: d. m. stands for direct melting of the phenocrysts, cr. for crushing and m. for the

melting of the powder obtained by crushing.
* Tekege 15 was crushed with ~1000 strokes, instead of ~500.

*He/*He ratios are normalized to the atmospheric ratio R, = 1.384 x 106. Errors are + 10
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Fig 2 - Compilation of the measured 3He concentrations.

a) results for the Mile River b) results for the Tekeze River.

Concentrations are plotted in 1078 mol.g! . The sample numbers correspond to the ones used
in the result table. The 0.3-0.5mm aliquots are plotted on a blue background, the >0.5mm
ones on a red background and the >1mm ones on a green background. For some samples the
10 error bars are smaller than the size of the dots. Due to analytical problems, we do not
have measurements for the melting of the Tekeze alignots n°6 and 16, and for the crushing of

alignot n°17
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5 Discussion

5.1 Influence of nucleogenic *He

The theoretical long-term nucleogenic He production (see section 1) in the studied
samples was calculated following Andrews and Kay (1982). We used the chemical contents
reported by Pik ez al. (1998, 1999), and a Li concentration of 2 ppm in olivine and pyroxene, as
measured by the Service d'Analyse des Roches et des Minéraux (S.A.R.M.) of CRPG (Nancy,
France). The implantation and ejection correction (Farley ez a/., 2006) was negligible because the
phenocryst-lava partition coefficient for Li is very close to 1 for these basalts. The so-calculated
3Hen production rate is 1.1 - 10-20 mol.g-l.yr"!, which yields a theoretical concentration of 3.3 -
101 mol.g! on average over 30 Myr. This value represents <6% of the total 3He measured in
the sample bearing the lowest amount of matrix-sited He. Thus, nucleogenic 3He has only a
minor influence in the studied samples compared to the large inter-aliquots He variability, and

it cannot itself explain it, nor the grain size dependency.

5.2 Influence of the spatial variability of denudation rates

Several studies have suggested that heterogeneous denudation rates within a drainage
basin could induce a measurable inter-aliquot variability of the cosmogenic nuclides
concentration (Codilean e a/, 2008; Gayer e al., 2008). Indeed, average denudation rates can
vary up to several orders of magnitude within the same drainage basin. Furthermore, steep
drainage basins are characterized by quite variable cosmogenic production rates, as a result of
their scaling with the altitude (e.g. Lal, 1991; Stone, 2000; Dunai, 2001).

For the two studied watersheds (Mile and Tekeze rivers), we have developed a simplified Monte
Carlo model to simulate the stochastic effects associated with the sampling of small aliquots of
river sands. We first applied to a Shuttle Radar Topographic Mission (SRTM) Digital Elevation
Model (DEM) a simple fluvial shear stress (Lave and Avouac, 2001; Lave and Burbank, 2004)
incision law from slopes gradient and runoff to produce a theoretical denudation map of our
watershed (Lave, 2005). The goal here was not to produce a precise model of denudation but a
realistic and first order estimate of the denudation variability within the basin. From these
denudation maps, we then derived the theoretical cosmogenic concentration at each point of the

basin.
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Fig 3 - Modeling of a river sand sampling at the outlet of the Mile (a) and
Tekeze (b). Left: repartition of sediment proportion in each cosmogenic concentration
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aliguots as a function of the number of grains (500 draws were performed here for each

aliquot)

Production rates were calculated at each point of the DEM grid, using the time-independent
scaling of Stone (2000) and the topographic shielding of Dunne ez a/ (1999). We used a Sea
Level High Latitude production rate of 1.99 = 0.16 - 102 mol.glyr! (120 = 9 atglyr?)
(Goehring ¢t al., 2010). Then we simulated the concentration distribution in a well-mixed sand at
the basin outlet. Finally we performed a random picking of aliquots with sizes ranging from 1 to

150 grains (500 draws for each number of grains).
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For aliquots of only <80 grains, the standard deviation between aliquots falls below 10%, for
both watersheds (Fig 3). Given that the aliquots we analyzed are composed of more than 200
grains (standard deviation <5%), this modeling confirms that the observed 3He inter-aliquots
variability cannot be due to a stochastic sampling of grains having recorded variable denudation
rates.

In our case, "Nugget effects" (i.e. the case where one or some grains have such an high
concentration that they may influence the concentration of the whole aliquot) that would be due
to poor sorting in the coarsest samples, could only account for the limited post-crushing
variability.

Consequently, the remaining most plausible cause for the observed bulk 3He variability seems to
be the heterogeneity of the magmatic 3He amount between the different aliquots. This

hypothesis is discussed in the following section.

5.3 Interaliquot variability: impact of the magmatic helium
component

As summarized at the end of §4.2, crushing of the coarser aliquots released variable
amount of magmatic He, while melting of the resulting powders released much more similar
quantities of remaining 3He (Fig. 2 and table 1), most probably represented by the sole matrix-
sited cosmogenic component. This suggests that most of the variability of the total 3He is due
to the fluid inclusion-sited magmatic helium.

As discussed at the end of §5.2, merging hundreds of grains in each aliquot should be enough to
homogenize the cosmogenic He concentration. Our data prove that it is not necessarily the
case for magmatic *He. Actually, as shown in Fig. 4, numerous published data display a
significant variability in magmatic helium. These helium data were obtained in olivine and
pyroxene phenocrysts from basalts of different geological settings (Kurz e a/, 1990; Licciardi ez
al., 1999; Dunai and Wijbrans, 2000; Ackert ef al, 2003; Blard et al, 2005; Blard et al., 20006;
Licciardi e al., 2006; Goehring et al., 2010). In these studies, lavas are usually young (< 200 ka)

so that the radiogenic *He correction does not represent a significant source of uncertainty.
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Fig. 4 (previous page) - Magmatic “He concentrations, compiled from
various cosmogenic 3He production rate calibration studies. .4/ ordinates
axes are scaled in (10" at.g?). Olivine and pyroxene data are represented by circles and
triangles, respectively. In all these studies, typical alignot sige was between 100 and 300 g,
ensuring the presence of more than 100 grains. This compilation thus clearly shows that, even
between aliquots of several hundreds of grains, the magmatic belium component is commonly
higly variable. These concentrations were determined by subtracting the radiogenic *He from the
total *He concentrations reported in the following references: a- (Ackert et al., 2003) (0.5-1
mm phenoerysts.); b- (Dunai and Wigbrans, 2000); ¢- (Licciardi et al., 1999); d- (Cerling
and Craig, 1994a) and (Goebring et al., 2010)(0.5-1 mm phenocrysts); e- (Licciards et al.,
2006) (0.3-1 mm phenocrysts); f~ (Blard et al., 2005) (0.6-1 mm); g- (Kurz et al., 1990)
(1-2 mm) and (Blard et al., 2006) (0.6 -1 nm)

This compilation clearly shows that a large variability in magmatic helium is common
between aliquots of hundreds of grains, even when the measured aliquots originate from the
same sample of a lava flow surface. Therefore, in the case of aliquots resulting from the mixing
of heterogeneous detrital material, such as in our study, it is not surprising to observe a
significant variability in magmatic helium concentrations. This effect is larger for aliquots

bearing large phenocrysts (> 0.5 mm), as discussed in the following section.

5.4 Magmatic content dependence on the grain size: insights from
the radiogenic ‘He

Given the age of the basaltic sequence (30 Myr) (Hofmann et al., 1997), the grain’s
lattice contains large amounts of radiogenic “He. Most of the 3He/*He variability reported in
section 4.1 can be explained by the loss of a small fraction of this radiogenic *He during the
crushing, as discussed by Marty e a/ (1996). The matrix-sited “He is furthermore known to be
more prone to loss during the crushing procedure than the matrix-sited cosmogenic 3He (Scarsi,
2000).

Assuming: (i) U and Th concentrations in the surrounding lava of 1.5 and 4 ppm, respectively
(Pik ez al, 1999), (i) U and Th concentrations in the phenocrysts of 0.060 and 0.100 ppm,

respectively, measured by ICP-MS; (iii) an initial grain diameter of 3mm, which is the size of the
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Fig. 5 - Theoretical and measured implantation of radiogenic ‘He as a
function of grain size. For the theoretical curve, we used the model of Dunai and
Wijbrans (2000). The radiogenic component (*He,) is measured by melting powders of grains
previously crushed to remove the magmatic *He (table 1). For the 300-500 um grains from
the Tekeze river, we had no analyze of this type, and thus calculated *He, by subtracting the
*He extracted by crushing of an alignot from the total *He in other bulk aliguots.
Concentrations are similar in all granulometric fractions and lower than the theoretical value,
which suggests a crushing in the river from an originally larger sige. Alternatively, a loss of a

small fraction of *He, during in-vacuo crushing is possible (see §5.4).

biggest grains found in the samples, the theoretical 4He radiogenic concentration is 15 x 10-12
mol.g’!, using the calculation of Dunai and Wijbrans (2000) (fig. 5). This theoretical value is
close to the analytical values we obtained (9.4 * 1.8 x 1012 mol.g! for the Mile river and 11 £ 2
x 1012 mol.g-1 for the Tekeze), and is ~10 times higher than the average magmatic “He
concentrations determined by crushing.

The fact that the radiogenic contents are very similar in the small and big grains strongly
suggests that all phenocrysts had similar initial size. This is because the smaller phenoctysts
would theoretically have more radiogenic 4He values due to higher 4Her implantation (fig. 5).
According to the same calculation, a 0.3 mm grain would for instance contain 2.7 x 10-'! mol.g'!
of “Her, and a 1 mm grain 1.9 x 10-1! mol.g"!, both being significantly higher than what we really

measured in the pyroxene grains.
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Consequently, grain fragmentation during the sediment transport is probably responsible of the

grain size distribution observed today in the river bedload.

Besides, we observe that the crushing of the coarser grains released significantly higher
amounts of He than the smaller grains. This observation indicates that the bigger minerals tend
to contain more magmatic helium than the smaller ones, in line with the conclusions of Williams
et al. (2005). These authors proposed that the higher magmatic content of the bigger grains is a
consequence of magmatic processes. The microphenocrysts would have crystallized later than
the bigger ones, in a more degassed magma, and hence would have trapped lower amounts of
magmatic helium.

Our results also show a larger variability of the magmatic helium concentration in larger grains
(§5.3), which supports a complementary hypothesis in the case of the Ethiopian plateau
ankaramitic, high-Ti province: bigger grains have a higher probability to bear several very large
melt inclusions. This observation also supports the idea that the smaller river grains result from
the crushing of bigger grains during the riverbed transportation and the hillslope processes. This
natural crushing of the phenocrysts may have released an important amount of the fluid
inclusion-sited helium, explaining the lower magmatic 3He content and the lower variability in

smaller grains.

5.5 Denudation rates and geographic repartition over the margin
and the Ethiopian plateau

Because it is not possible to simply use the magmatic *He /*He ratio to correct such
radiogenic *He polluted old Oligocene pyroxenes (equation 1), the only way to calculate and
derive a reasonable value for the cosmogenic concentration is to use the most precise estimation
of the magmatic concentration in order to subtract it from the total 3He. The complete
investigation of the He budget we have done in this study has shown that the magmatic
concentration of a sample can be significantly scattered for coarse grain size, whereas it is lower
and more homogeneous for the the smallest granulometric fraction (0.3-0.5 mm) (Table 1).
Therefore, in such a complex system, we propose to measure by crushing the magmatic
concentration on an aliquot of this granulometric fraction and subtract it to any other melted
aliquots of the same granulometric fraction. We stress that this can only be done in the case of
these smaller grains because in that case the inter-aliquot variability is minimum (Fig. 2) and

does not induce a prohibitive error on the estimated magmatic 3He value.
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Following this approach, we derived mass-weighted average 3Hec concentrations of 3.5 * 0.6 x
1018 mol.g? (2.1 = 0.4 x 10¢ at.g!) for the Mile river and 8.5 = 1.5 x 10-'8 mol.g! (5.1 £ 0.8 x
106 at.g-1) for the Tekeze river. In both cases, this magmatic 3He correction represents about

30% of the total He extracted by fusing the 0.3-0.5 mm aliquots.

The basin-averaged denudation can thus be calculated applying (Lal, 1991; Brown et al,
1995):
2=P-A/(p-He) 2
Where P is the basin-averaged surface He. production rate (see §5.2), A the typical attenuation

length (160 g.cm2, Lal, 1991), and p the density of the rock (2.7 g.cm3).

The calculated average denudation rate for the Mile river is 73 + 18 mm.kyr! and 57 *
11 mm.kyr! for the Tekeze basin. These similar values are consistent with the fact that both
watersheds have comparable geology, steepness and pluviometry (Conway, 2000; Pik ez af,
2003). Such denudation rates are also consistent with long term (the last 5-10 Myr) denudation
rates (90-180 mm.kyr!) proposed for a similar geomorphologic and climatic setting in this
region by Pik et 4 (2003), based on low temperature (U-Th)/4He thermochronology. The very
long term (last 25-29 Myr) denudation rate of the central plateau is however significantly lower
(30 mm.kyr1) than our values (Pik e a/, 2003). However in this area, the denudation is
concentrated in the upper parts of the drainage system were the headwaters are quickly
retreating into the plateau (Pik ez a/, 2003). Hence, small and upstream catchments such as those

of the Tekeze and Mile rivers are expected to display such higher modern denudation rate.

6 Conclusions

Crushing and heating experiments conducted on the detrital sands of two Ethiopian
rivers indicate that the coarser phenocrysts (>0.5 mm) have higher and more variable
concentrations in 3He than the smaller ones (0.3-0.5 mm). In the case of the coarse grains,
preliminary crushing reduces most of the discrepancies in bulk 3He concentrations obtained by
subsequent melting. This suggests that the magmatic 3He, located in fluid inclusions, is
responsible for most of this variability. Also, crushing experiments show that smaller
phenocrysts tend to be less concentrated in magmatic 3He. Moreover, Monte-Carlo simulations
of a sand sampling in these basins showed that, for an homogenous granulometry and a well-

mixed sand, spatial variation of erosion should induce only negligible variations in cosmogenic
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3He for aliquots of several hundreds of grains. Our interpretation is that large phenocrysts
would be more likely to contain large fluid inclusions. Even several hundreds of grains are not
enough to homogenize these heterogeneities and avoid "nugget effects”. This may challenge
accurate determination of cosmogenic 3He.

Consequently, the more suited small fraction (0.3-0.5 mm) should be used to measure the
magmatic concentration by crushing, and then to derive accurate cosmogenic 3He
concentrations.

In our case, these smaller grains are probably former bigger grains that have been broken during
the transport in the rivers and consequently lost a significant proportion of their magmatic
helium. This hypothesis is supported by the homogenous radiogenic *“He implantation found in

all grain sizes.

Average cosmogenic 3He concentrations measured in the 0.3-0.5 mm aliquots allows
calculation of average denudation rates of 73 * 18 mm.kyr! for the Mile river basin and 57 + 11
mm.kyr! for the Tekeze river basin. These rates are in good agreement with long-term
denudation rates of the Ethiopian plateau as estimated by low temperature thermochronology

(Pik et al, 2003).
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Dans la recherche de la connaissance, ce n’est encore que la joie de
la volonté, la joie d'engendrer et de devenir que je sens en moi ; et s'il y a
de linnocence dans ma connaissance, c’est parce qu’il y a en elle de la
volonté d'engendrer.
Cette volonté m’a attiré loin de Dien et des Dienxy qun’y aurait-il done a
eréer, s'il y avait des Dieux ?

Mais mon ardente volonté de créer me pousse sans cesse vers les
hommes ; ainsi le martean est poussé vers la pierre.
Hélas ! O hommes, une statne sommeille ponr moi dans la pierre, la
statue de mes statues | Hélas | Pourquoi faut-il qu’elle dorme dans la
pierre la plus affreuse et la plus dure !

Maintenant mon martean frappe cruellement contre cette prison. La pierre
se morcelle : que m’'importe ¢

F. Nietzsche,
Ainsi parlait Zarathonstra.
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Chapitre 4
Paléo-taux de dénudation en Asie

Centrale.

Comme on I'a vu dans le chapitre introductif (§1.2.2), I'Asie centrale est une zone clef
pour la compréhension des interactions climat-érosion-tectonique de ces 10 derniers millions
d'années. Le Tian-Shan siege comme la plus grande chaine de montagne au coeur de cette zone.
Cependant, notre étude de cette région n'a débutée que courant 2010, lorsque nous primes

conscience de son trés bon potentiel pour I'application des isotopes cosmogéniques.

De fait, depuis 2010, c'est dans cette zone que nous avons pu accumuler le plus de
données, avec notamment un premier article publié en 2011 dans Earth and Planetary Science
Letters, et présenté en annexe de ce manuscrit. Ce premier article, focalisé sur une seule coupe
sédimentaire, soulevait toutefois beaucoup de questions. Notamment, si le méme signal serait
observé régionalement sur toute la chaine, et si les larges variations de taux de dénudation
constatées pouvaient étre simplement dues a des processus stochastiques de dépots
sédimentaires. Afin de compléter cette étude préliminaire, cette méme coupe et deux nouvelles
sédimentaires furent rééchantillonnées a l'automne 2010, ainsi qu'une carotte sédimentaire
fournie gracieusement par 'Institut des Sciences de la Terre d'Otléans. Un échantillonnage a trés
haute résolution fut également effectué dans une séquence sédimentaire afin de tester l'influence

des processus de dépots sur le signal cosmogénique.

Les résultats de ces travaux sont présentés dans ce chapitre, sous la forme d'un article
soumis prochainement a Nature Geoscience. Le format des articles de cette revue étant trés
court, des informations détaillées sur le contexte géologique et les méthodes employées sont

fournies a sa suite.
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Main Body

Because of its essential role coupling climate and tectonics, denudation (i.e. the sum of
chemical weathering and physical erosion) is a key parameter to constrain all
throughout the Earth's surface History. In particular, the impact of both the global
climate cooling and the onset of Quaternary glacial cycles since ~5 Ma on worldwide
denudation rates is a matter of intense debate (7-5).

However, means to derive direct, high resolution denudation rates on time scales >1 Ma
are still lacking. Traditional erosion rates estimations from sediment budgets have
indeed proved to suffer from severe flaws and potential drawbacks (4, 6). On the other
hand, the analyze of in situ cosmogenic nuclides, in present-day river sands, has proved
to provide, quite straightforwardly, reliable estimations of recent denudation rates from
whole drainage basins (7-9).

Here, we extend this method to continuous sections of ancient sediments,
independently dated by magnetostratigraphy. We focused this study on four
sedimentary basins of the northern and southern Tian-Shan range (central Asia). This
area is both particularly suited for this method (70) and of primary interest as regards
climate/erosion interactions during the late Neogene (2). The four records, although
likely influenced by local particularities, strikingly display a common trend of increasing
denudation since at least ~8 Ma, and a period of relatively high and variable denudation
since ~4 Ma. We thus do not observe a dramatic increase in denudation rates that would

be linked to a Quaternary increased climatic variability.

Important global climate changes occurred during the late Neogene, notably the onset
of Quaternary glaciations characterized by a significant global cooling since 2.5 Ma and the
appearance of 40 and 100 kyrs, large amplitude climatic cycles(77). Those changes are suspected
to have strongly impacted the continental denudation, which by feedback mechanisms would
have impacted tectonics, high range uplift, as well as climate. In particular, denudation has been
held responsible for inducing, or over-amplifying (72), a global cooling throughout the
Cenozoic, influencing atmospheric CO» budget via silicate weathering (73), and mechanical
burial of organic carbon (74). Such complex feedback loops are still largely debated, and solving

this question partly necessitate reliable and detailed records of past denudation rates.
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Wortldwide accumulation rates in both continental and marine basin records have displayed an
apparent dramatic increase for the last 3-4 Myrs (7, 2). Since this increase is observed in various
tectonic settings, and both in glaciated and non-glaciated region, these authors proposed that
erosion was enhanced by the Plio-Quaternary increased climate wvariability. However,
interpretation of these records has since been challenged, on the ground of new and more
accurate sedimentary volume budget in other basins, flaws inherent to sediment volume
reconstruction derived from 1D accumulation rates records (4-6) and the demonstration of
erroneous sediment dating in Central Asia (3). This region holds several large and active
mountain ranges, among which the Tian-Shan, where the glacial extent on the reliefs has been
limited (75). The large, endorheic basins of central Asia store sediments shed from these
uplifting reliefs and are insensitive to eustatic variations. Therefore, they are the field of among

the most crucial records for the hypothesis of a Quaternaty increase in erosion rates.

In-situ cosmogenic nuclides represent a robust quantitative method for measuring
denudation rates at the scale of a watershed from small aliquots of river sands (7, &, 76).
Although this method has nowadays been extensively used in modern rivers (77), only a limited
number of studies has extended it to ancient river sediments (i.e. > 1Ma) (76, 79). Only one of
them being from a continuous high resolution record from 9 to 0 Ma, in the northern Tian-
Shan piedmont, in Central Asia (Kuitun river)(70). This study showed a transient increase in
denudation rates around 2 Ma, possibly linked to the onset of glaciations in this region.
However, this study remained limited to a single watershed, and generalization of its conclusion
to the whole region remained questionable.

To pursue this work, we present here 3 new records of paleo-denudation rates of the Tianshan
mountains over the last 9 Myr: two new sections (Yaha and Jingu-He) and one core drill into
sediments of Ebi Lake (see Fig. 2 for localization and Supplementary Info §1 for detailed

description of each sampling zone).

Applying cosmogenic nuclides to ancient river sediments is not straightforward. One
needs to apply specific corrections, such as nuclide build up during sediment deposition (see
Fig. 1 for a concise description of these corrections and supp info §3 for the complete method
and calculation).

First, independent dating by magnetostratigraphy is of primary importance. Beside providing a
robust, precise, and high-resolution dating, it enables estimation of sediment accumulation rates
and correction for the post-deposition "Be accumulation (Fig. 1 and supp info §3.3). Also,

comparison of magnetostratigraphic ages with 26A1/19Be burial ages offers a robust critetia to
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discard the samples either having been significantly re-exposed since their deposition or
presenting a component of recycled older sediments (Supp. Info §3.6).

Second, target sediments must have only suffered a negligible reexposure since their deposition.
Well-dated and rapidly exhumed sedimentary section, or drilled cores, are hence well suited for
such approach.

In this perspective, the Tianshan piedmonts are not only a key region regarding the debate
about the long term variability of denudation rates, but moreover are particularly suited to apply
this method. They hold successive parallel fold-and-thrust belts of an ongoing active tectonic
wedge into Mesozoic to Quaternary sediments (20). Many of these sections have been
successfully dated by magnetostratigraphy (3, 27-23) up to 10 Ma. Besides, independent terrace
datings (24) show that Holocene incisions by rivers in these folding sediments are particulatly
rapid (up to >1 cm.yr!). This ensures negligible modern exposure since the Holocene (see sup.
info for calculation).

A total of 33 samples were collected along two magnetostratgraphically dated sections (27, 23)
located in both sides of the range (Fig. 2) and 16 samples in a magnetostratigraphically dated
core drilled in the Ebi Nor lake sediments, located in the southwestern part of the Junggar
basin. At last, we collected 10 new samples from the Kuitun section (22)

Along with samples from these sedimentary sections, we also included samples from the present
day river beds (triangles in fig. 3) and samples from Holocene to Upper Pleistocene terraces

(diamonds in fig. 3).

Results are displayed in fig 3 and in supp info table 1.

At the first order, 3 records (Kuitun, Jingou and Yaha) show comparable long-term denudation
rates, with averages ranging from ~200 to 550 m.Myr!. The Ebi Nor lake core yielded lower
values, with an average around ~90 m.Myr!. The lower denudation rates displayed by the Ebi
core, are coherent with its drainage basin integrating a flatter and less active relief in its northern
part (fig 2). The Kuitun section, conversely, displays denudation rates slightly higher than the
nearby Jingu. Its main striking feature is the large pike between 1.7-1.8 Ma. In 2011(70), we
interpreted this pike in term of a transient increase due to the onset of Quaternary glaciations.
The fact that we do not observe this feature in the other sections, especially in the nearby Jingu
section (barely distant from 50km), forces us to reevaluate this interpretation and suggests that a
very local geologic or tectonic feature may have play a significant role.

Despite strong climatic differences between the north and south Tianshan, the southern Yaha

paleo-denudation records share similar characteristics with the northern records.
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One critical uncertainty here is the fact that production rate was estimated using the
present hypsometry of the watershed. The paleo-draining basin hypsometry at the time of
deposition remains difficult to constrain. Stable isotopes-based paleoaltimetry suggests that the
hypsometry of the draining basins (Kuitun and Jingu) remained stable over the 10-5 Ma
period(25). Since 5 Ma, a significant change in paleo-hypsometry would be inconsistent with the
apparently stable long term averages on this period. In any case, we propagated an uncertainty
of 150 m to the altitude of the basin, derived from the stable-isotope records (Supplementary
info §3.2).

A second important source of uncertainty is the correction for post depositional cosmogenic
accumulation. This later was done using the average sedimentary accumulation rates above each
sample. Nevertheless, fluvial sediment deposition are likely to be episodic, with period of quick
deposition followed by periods of exposure or re-erosion.

To test the influence of such potential high frequency sedimentary processes, we sampled in
~5.3 Myr old Kuitun sediments a high resolution section (6 samples in 3 m) containing various
fluvial facies. Given the average accumulation rate at this stratigraphic position, the 3 meters
between the two extreme samples represent a ~13 kyr time span.

1Be concentrations fall all in the same range at 1.50, except for one sample that falls ~40%
above the median, value. Importantly, we do not see any link between the deposition facies and
the concentration. We conclude that sediment deposition dynamics did not have a significant
impact on the calculated denudation rates at a broader scale, and cannot explain all of the

observed fluctuations.

It is fair to wonder whether the observed noisiness of these records could be due to
random sampling of sediments produced either during interglacial or glacial periods. Given the
observed denudation rates, the cosmogenic nuclides record denudation rates on time scales
ranging from ~0.6 (1000 m/Myr) to 6 kyr (100 km/Myr). This is insufficient to totally damper a
possible glacial/interglacial variability (26). However, several arguments suggest that denudation
variations due to orbital cycles are not sufficient to explain either all of the observed variability,
ot the global augmentation since 8 Ma:

First, comparison between present day river and terraces material dated between 20 kyr and 100
kyr (hence at the core of the last glacial period) show very similar concentrations. Second, to our
knowledge, no published paper have reported significant variations in cosmogenic denudation
rates signals tighten to orbital cycles (76, 27, 28), except (29), with much smaller amplitudes, in a

more humid and less continental setting, and only since the onset of 100 kyr cycles 0.9 Ma.
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To disregard local variation potentially due to local particularity (lithology, altitude of
the drainage basin, tectonics), we normalized the paleo-denudation records to their respective
present day values in order to compare their relative evolutions (Fig. 4a)

Although the different records exhibit some large discrepancies and short term fluctuations,
after smoothing over 1 Myr bins, they together show a long term common trend (Fig. 4): First, a
continuous increase (~ X5) in denudation rate between 9-4 Ma. Second, despite large shorter-
term fluctuations, a relatively high, sustained denudation average since ~4 Ma.

Sedimentation records (27, 22) and extrapolation of modern GPS speeds (30) suggest a major
activation of the Tian-Shan convergence and uplift since 11 Ma. The progressive increase in
denudation rates displayed by our records could be interpreted as the response to a transient
uplift associated with the range re-activation. In this case, however, the drainage basin altimetry,
and hence the cosmogenic production rates, would have progressively increased since the
beginning of the records. We would consequently overestimate denudation rates, and the
records, especially for oldest samples, would have to be seen as maxima. The pace of the
progressive increase in denudation of the region would thus be all the more quick. However, as
aforementioned, paleo-altimetry proxies suggest a stable hypsometry, at least until 5 Ma (25).
The potential increase in topography, in this scenario, would have therefore been limited and
partially accounted in the large uncertainties of our records.

Importantly and whatever the underlying mechanism of the progressive increase since 9 Ma, we
do not observe a major increase in denudation that would be related with the intensification of
northern hemisphere glaciations, or increased climate variability since 3-4 Ma. Strikingly, the
long-term-averaged regional denudation seems to have increased the most as the global climate
remained stable, and to have remained more stable as the global climate shifted significantly
(albeit, again, large fluctuations around this average). Our records suggest that the onset of
northern hemisphere glaciations, since ~3-4 Ma, had a limited impact on denudation rates, at
least in this type of continental, relatively arid setting. This result, if valid in other regions, would
be in partial agreement with studies suggesting that the global chemical weathering rates have
remained constant over the last 10 Ma (), although a partial decoupling between weathering

and bulk denudation is possible.
At last, we show that generalization of cosmogenic nuclides analyses to ancient,

independently dated sediments is a powerful method to derive high-resolution denudation rates

records. It is a simple and direct mean, that avoids to rely on difficult and imprecise
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reconstructions of 3D accumulation rates that, moreover, cannot include chemical weathering,
As intuited in other studies (9, 718, 29), they represent a unique tool to record
tectonic/climate/erosion interplay at the scale of the last ~10Myr, and potentially even further

in the past if using stable cosmogenic nuclides such as 3He and ?'Ne
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Fig. 1 - Theoretical evolution
x of the “Be signal before and
q”% after sediment deposition.
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proportional to the average production rate

Priwsany Covesan, : .
0.5-10 Ma "TFM Pran and inversely proportional to the average

denndation rate Ea,
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magnetostratigrapy

The detailed complete method, parameters and corrections calculations are provided as supplementary

material.
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Fig. 2 - Setting

The Tian-Shan range is one of the major relief in central Asia, with a 2500km length and
summits reaching up to 7000m. This range had a double history: The main substratum,
mostly Island-Arc magmatic rocks and meta-sediment, created throughont a long and complex
subduction, accretion and collisions during the Paleozoic. Then, the range was reactivated
~16Ma under the influence of the Indo-Asia collision. The range is active and accommodates
at the present ~40% of the Indo-Asia convergence. Successive parallels fold-and-thrust belts
constitute a ongoing tectonic wedge into Mesozoic to Quaternary sediments. These systems are
currently rapidly incised by rivers, exposing spectacular continuons sections.

The three basins (Yaha, Kuitun, and Jingu rivers) were chosen based on structural simplicity,
good excposure conditions, accessibility, and existence of independent magnetostratigraphy
dating. We also analyzed samples from a core drilled a few kilometers from the present) day
Ebi Lake. The basin both drain the Tian Shan range and a northern part with a lesser
relief. For denndation calenlations, we excluded the flattest part of the watershed within the

Junggar Basin (i.e. <300m in altitude), because this area is not eroding but is in subsidence.
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Fig. 3 - Basin-average denudation rates and high resolution sequence.

a) Calculated denndations rates (i.e. physical erosion + chemical weathering), in m.Myr? (i.e. 10° mm.yr?). The
10 envelop is represented in shaded grey. Sediment from the magnetostratigraphic section and Ebi Lake drill are
represented by circles, terraces samples by squares, modern rivers by triangles. For Yaha sections, we also analyzed
sample from the Qilitage anticlines, dated from 26A1/1°Be burial ages, represented by diamonds (see supp info.)

b) 19Be Concentrations (104 at.g') measnured in a high-resolution fluvial stratigraphic sequence from the Kuitun
section, in order to test the influence of fluvial deposition processes on the paleo-cosmogenic signal. Error bars are

10. Given the average accummnlation rate at this point of the sequence, the 3 meters between the two extreme

samples represent a ~13kyr time span.
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Fig. 4 - Compilation of denudation rates, normalized to the modern
values. a) Denudation records, each one normalized to their respective modern denndation
value (present day rivers), or average modern denudation if several value available. For Ebi
we used the youngest sample. For the sake of comparison, we also plot the global benthic 55O
record as a proxy for global temperatures (gray curve) (Zacchos 2001) b) Mean normalized

denndations of the 4 basins, averaged over 1 Myr bins.
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Supplementary information

1 Setting

1.1 General setting

General Tian-Shan history

The Tian-Shan ("the celestial mountains" in Chinese) stretch over 2500 km in length
200-400 km in width and dominate the topography of Central Asia with summits higher than
7000 m. It is bounded by two major endorheic sedimentary basins, the Tarim, to the South, and
the Junggar, to the North.
The geology of the range inherits from a complex seties of subduction/collision during the
Paleozoic. The range was originally built up throughout the Ordovician to the Silurian from the
convergence along two zones of subduction of three main continental blocs that collided later
probably during the Silurian to the Devonian. Although different models of timing and
geometry of these events have been proposed (Windley ez al, 1990; Gao e al., 1998; Charvet ez
al., 2007), all agree that the accretion of the southern and northern blocs were completed by the
beginning of Permian.
After these first tectonics phases, during the end of Paleozoic the Tarim, the Junggar, and other
intra-mountainous basins underwent a massive sediment filling, together with episodes of arc
magmatism,. During the Mesozoic, as evidenced by recent thermochronogical studies (Dumitru
et al., 2001; Jolivet ez al, 2010) carried out in the high range, the Tian-Shan underwent several
episodes of relatively rapid uplift. These episodes were interpreted as far-field effects of either
the accretion of blocks such as the Kohistan-Dras arc to the southwest, or of the extensional
processes that affected the lithosphere in the Siberia-Mongolia-North China zone. As a
consequence, the Tarim and Junggar basins underwent a new major accumulation of sediment.
At this point the geology of the Tianshan range is mainly composed of granite, Paleozoic and
Mesozoic detrital sediments and arc magmatism rocks.
Latter, during the Cenozoic, the India-Asia collision reactivated the pre-existent Paleozoic and
Mesozoic structures of the range. This second main tectonic phase probably started between
25Ma and 10Ma though the exact timing remains unknown (Tapponnier and Molnar, 1979;

Avouac ¢ al., 1993; Hendrix ef al., 1994; Abdrakhmatov ez 4/, 1996; Bullen ¢f 4/, 2001; Dumitru
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et al., 2001; Charreau ¢/ al., 2005; Charreau e al., 2006; Heermance ¢ al., 2007; Charreau e/ al.,
2009a). Associated to this tectonic reactivation, the sediment accumulation has seemingly
undergone a major increase in the basins surrounding the range. But, though many
magnetostratigraphic studies were carried out in some remarkable section of the Junggar and
Tarim basin, the overall sediment dating remain loose and avoid a good and accurate
reconstruction of the basins dynamic that is critical to better constrain the timing of the
reactivation.

During this time, the deformation also progressively propagated toward the basins and several
tectonic wedges developed in both side of the range. Today, the Tian-Shan is actively deformed
as attested by an intense seismicity. The shortening rates derived from GPS measurement can
reach 20 mm.yr! in the western part of the range which represents, in this particular region, up
to ~40% of the total India-Asia collision (Abdrakhmatov e a/., 1996; Reigber ez al., 2001). If the
total shortening progressively decrease from West to East, the detailed repartition of this

deformation within the range remains pootly constrained (Burchfiel ez a/, 1999).

The Eastern Tian-Shan piedmonts

In the eastern part of the Tian-Shan range, the northern and southern piedmonts are
relatively similar and display series of parallel fold-and-thrust belts that progressively encroach
the foreland basins (FIG. A). If the timing of deformation of each individual structure is often
unknown, except for some well documented structures (e.g Daeron ez al, 2007; Hubert-Ferrari ez
al., 2007; Charreau ef al, 2008), the oldest folds were likely formed closer to the Paleozoic
basement where Mesozoic sediments are exhumed. The youngest structures are probably sited
more distally into the basins, where folding and thrusting exhume mainly Pliocene to
Pleistocene sediments (Avouac ¢# a/., 1993; Molnar ¢ al., 1994; Brown et al., 1998; Burchfiel e/ a/.,
1999).
In both piedmonts, several large rivers flow perpendicularly to these foreland structures and
have deeply and quickly entrenched the uplifting folds and faults since the Holocene (Poisson ez
al., 2004), yielding to deep gorges (sometimes >200 m), exposing continuous sections of tilted
sediments. The incision by the rivers have left numerous strath terraces, that may represent
passive morphological markers of the tectonic deformation (Molnar e¢# al., 1994; Brown ef al.,
1998; Poisson and Avouac, 2004), and more importantly that enable the quantification of the
incisions rates, which is critical to estimate the potential contribution of recent exposure to

cosmic ray (§3.4).
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FIG. A - General setting and location of the Eastern Tian-Shan piedmonts. 1) Composite
relief map of the region; 2) Shuttle Radar Topographic Mission (SRTM) Digital Elevation
Model (DEM) of the, northern piedmont. Black double arrows indicate major anticlines folds
in the piedmonts. Red lines indicate major thrusting. Boxes indicate the position of the Kuitun
section (F1G. C) and Jingu section (FIG. E); 3) Same as 2) for the southern piedmont, with
the position of Yaha section (FI1G. 1). Major cities are located by the black and green dots
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FIG. B - Simplified lithology map and shaded DEM of the Kuitun (west) and Jingon (east)
watersheds (from translation of the Xinjiang BGMRX geological map, 1993). Left Bottom:

hypsometric curves of the two watersheds.
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FIG. C - a) Stratigraphic profile of the Kuitun section, with Paleomagnetism data from
Charreau et al. (2005), and their correlation to the reference scale of Lourens et al. 2004.
Stars indicate the position of the samples. b) Shaded SRITM (spatial resolution: 90m)
Digital Elevation Model (D.E.M.) and cross section of the Kuitun section (top box), with
locations of terrace samples. Bilue line: limits of the watershed; White double arrow: Dushanzi
anticline. In the cross section sketch, the blue dashed line represents the current level of the

river.

1.2 The Kuitun section

The Kuitun section is located in the Northern Tianshan piedmont where the Kuitun
river ("Kuitun-He") has entrenched the active Dushanzi anticline (as named by Burchfiel ¢7 a/.,
1999), exposing a continuous section of the south Junggar foreland sediments. The upper part
of the section is composed of a thick conglomeratic unit named the Xiyu formation and

coresponds to a fan-shaped braided fluvial system (Charreau e a/., 2009b).
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The series becomes progressively fine grained toward the base, being composed predominantly
of dark red to yellow sandstone and siltstone which correspond to the underlying Dushanzi
formation which has been interpreted as a fluvial system with a coarse-grained flood plain
(Charreau ef al, 2009b). In the Kuitun section these two formations were described in the
Chinese literature as Quaternary and Neogene in age, respectively. However, these age
assignments were loose as only based on litho-facies correlations. Hence, the section has since
been dated by magnetostratigraphy between 10.5 and 1.5 Ma (Charreau ¢ af., 2005).

17 samples of sediment from this well dated section were collected for in situ cosmogenic
analyses. We also analyzed sand samples from the modern river bed in three locations, and a 15
kyr old terrace. These data have been published in a previous study (Charreau ez a/, 2011) but
were recalculated here (see §3). We additionally refined the sediment sampling between 1.7-2.4
Ma (4 samples), a high resolution profile in a fluvial sequence (5 samples), and sampled the
highest and likely oldest alluvial terraces enveloping the main fold. This terrace was dated at ~60

kyr by other studies (Molnar ¢f al., 1994; Poisson, 2002) and preliminary O.S.L. analyses.

The present drainage basin was extracted from the SRTM (Shuttle Radar Topographic
Mission) D.E.M using a GIS treatment. It has a mean, minimum and maximum elevation of
3030, 756, and 4920 m, respectively. The geology of the basin is dominated by Devonian to
Carboniferous arc-volcanism rocks (tuff, andesite, basalt and breccia), and granite in its extreme
south-west part (FIG. B) (Bureau of Geological and Mineral Ressources of the Xinjiang Uygur
1993).
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FIG. D - Pictures from the Kuitun section. Top: The core of the Dushangi anticline, incised

by the Kuitun river. Bottom: the top terrace covering the envelop surface of the Dushanzi
anticline, with sampling point of KIN-Ty (see also FIG. C)
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FIG. E - a) Stratigraphic profile of the Jingou section, with Paleomagnetism data from
Charreau et al. (2009a), and their correlation to the reference scale of Lourens et al. (2004).
Stars indicate the position of the samples. b) Shaded SKTM (spatial resolution: 90m)
Digital Elevation Model (D.E.M.) and cross section of the Jingu section (top box), with
locations of ferrace samples. Blue line: limits of the watershed; White double arrows:
anticlines. In the cross section sketeh, the blue dashed line represents the current level of the

river.
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1.3 Jingou section

The Jingou section (named after the Jingou-He river which means "the river of gold") is
located ~50 km to the east of the Kuitun section. In this remarkable section, Oligocene to
Quaternary Junggar foreland sediments are folded by the Huo'erguosi anticline (FIG. E and F)
and outcrops in the southern limb of the fold where a spectacular and continuous section is
accessible (FIG. F). This section exhibits five lithostratigrahic formations described in the
Chinese literature (e.g. BGMRX, 1993) as, from bottom to top, the Anjihaihe, Shawan, Taxihe,
Dushanzi and Xiyu formations. Based on analysis of lithology and sedimentary structures these
formations were interpreted in term of depostional environments (Chatreau e a/, 2009b) which
evolve from lacustrine to fluvial and, later, alluvial fan system (i.e the Xiyu formation). The
section has also been dated by a magnetostratigraphic analyze (Charreau ez a/., 2009a), which
constrains the depositional ages from 1 to 25 Ma. Because of analytical limitation induced by the
10Be decay (see §2), we limited our sampling to the last 7.5 Myr. 13 samples were therefore
collected in the Jingou section plus three samples of the modern river bed. We also carried out
one depth profile in one of the numerous strath terraces present in the Jingou valley. The
analyses of this depth profile using the method described in Braucher ef a/.. (2009) yielded an
abandon age of the terrace of ~12 kyr (Dimitri Saint-Carlier, Personal Communication). From
this profile we also derived the inherited concentration of in-situ cosmogenic nuclides that will
be used to constrain the denudation rates at the time of deposition of the terrace. Furthermore,
we also sampled the highest terrace that dominates the Jingou river (Fig. F). This terrace was
uplifted in the southern limb of the Hu'erguosi anticline and lies now at ~100 m above the
present river. From uplift rates across the fold (Charreau er al, 2008) together with the
extrapolation of the incision rates derived from the 12 kyr old terrace we estimate the age of this
higher terrace to a ~66 kyr age.,

The drainage basin topography was also extracted from SRTM DEM and is roughly similar to
the Kuitun river watershed (Charreau e a/, 2012). Its main, minimum and maximum elevations
are 3092, 880 and 5250 m respectively, and the geology similatly exhibits arc-volcanic and
granite lithologies plus the presence, here, of Permian sandstone and conglomerates located

between the foreland basin and the Carboniferous volcanic units aforementioned (FIG. B)
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FIG. F - Pictures from the Jingon section. Top: The Huo'ergnosi anticline, with the

sampling location of [GH-Qo. Bottom: sediments of the so called Xiyu formation, exposed by
the river incision (spot located between samples |GH-13 and JGH-14)
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1.4  Ebi Lake

The Ebi Lake ("Ebi Not"), is located in the extreme western part of the Junggar basin.
It represents the main outlet of several large rivers draining the northern Tian-Shan (Bohoro-
Shan), the southern Dzungarskiy Alatau, and the Western Alatau (FIG. G). The most eastern
rivers of the Northern Tian-Shan and Alatau drains towards the Manas lake.
The present lake is very shallow (~1 m) and hypersaline (100 g.L-1), but has lost about half of its
volume because of intense irrigation since the 50's. As revealed by paleo-shoreline ridges, the
lake level has however fluctuated during the Holocene, with a maximum elevation about 50 m
above the present day lake elevation (a study of the recent level evolutions of the Ebi lake can
be found, in English language, in B. Poisson, 2002, chapter IV, available at http://tel.archives-

ouvertes.ft/).

In 2004, a core was drilled by the Xinjiang Geological Survey in the northwestern part
of the Ebi Lake. The drilled sediments mainly comprise fluvial and lacustrine deposits that were
dated by magnetostratigraphy from 5 to 0 Ma (see chapter V, in English, in A. Gallaud, 2008,
for detailed description of the paleo-environmental reconstruction and the magnetostratigraphic
analyses, available at: http://tel.archives-ouvertes.fr)

At the drilling site location, the flowing water, and hence the transported sediments, are
presently drained from a large area which comprise the southern Alatau, but more importantly
the northern Tian-Shan (FIG. G). From these uplifting reliefs to their final destination in the
Ebi lake, the rivers wander on a large floodplain where deposition probably dominates. Yet, to
calculate denudation rates from in situ cosmogenic nuclids in river sediments only the eroding

part must be considered (Wittmann and von Blanckenburg, 2009; Wittmann ez a/, 2009; Lupker
et al., 2012). Therefore, for later computations of cosmogenic production rate and hence
denudation rates(see §3), were considered only the areas of the watershed located above the
altitude of 390 m which represents a clear rupture in the hypsometry of the drainage basins and
probably corresponds to the limit between the depositional zone in the subsiding Junggar

foreland basin and the eroding, uplifting parts of the Tian-Shan and Alatau.
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Therefore, the drainage basin is subdivided into two distinct areas: the southern one, bringing
most of the water discharge (including the Kuitun-He and Jingu-He), draining higher relief, and
the dryer, northern one, marked by a smoother relief (FIG. G). It is not straightforward to
evaluate how the sediment provenance have evolved throughout the ~5 Myr of the studied
record. Nevertheless, paleo-environmental proxies suggest that the water depth and
hydrodynamics have, in average, not varied significantly at the core location during this period
(Gallaud, 2008). Furthermore, given the geometry of the considered drainage basin and their
very large area, potential changes in river network and sediment soutrces probably did not
significantly affect the overall cosmogenic production rates (see §3.2)

31 samples were collected in the drilled core and consist mainly of fine to coarse sandstone.
Given the small size of each samples, and to ensure enough material after the sample treatment
and Quartz enrichment, only coarser samples were selected and several stratigraphically

contiguous samples were often amalgamated.

1.5 Yaha section

The Yaha section is located in the southern piedmont of the Hastern Tian-Shan, ~30
km from the Kuche (or "Kuqa") city (FIG. A) where the south-flowing Yaha River entrench the
impressive Qilitage anticline (Fig. I and J) defined by Hubert Ferrari ez a/. (2007) as a 225-km-
long active ramp anticline. In the northern limb of this fold a remarkable continuous section can
be observed. In this section, as in many others around the Tian-Shan, the sediments
progressively coarsened up starting from dark red, muddy sandstone intercalated with siltstone
and green-gray sandstone at the base of the section, which corresponds to the Kuche formation,

toward a thick gray conglomerate unit, described as the Xiyu Formation.

The depositional ages were also constrained by a magnetostratigraphic analyses which
date the section between 12.5 and 1.7 Ma. The corresponding watershed was also derived from
the SRTM DEM and has a mean, maximum and minimum elevations of 2050, 3900 and 1390
m, respectively. The geology of the drainage basin includes Cretaceous to Triassic detrital
sediments, folded into the Kaiyileiaikeng anticline (Fig. H) (Burchfiel ez 4/, 1999), and
Permian/Carboniferous silicic shale, sandstones and conglomerates. It must be noted that,
unlike the sections studied in the Northern Tian-Shan, the current watershed mainly drains a

limited part of the high range.
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|:| Quaternary :’ Neogene - Paleogene
- Jurassic - Triassic
- Permian - Carboniferaus

Elevation distribution
(arbitrary)

t 2 3 4
Elevation (km)

FIG. H - Simplified geologic map of the Y aha watershed. All units are composed of detrital
shales, sandstones and conglomerates. The Carboniferous also contains levels of volcanic

breccias (BGMRX, 1993). Left Bottom: bhypsometric curve of the present-day watershed
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FIG. I - a) Stratigraphic profile of the Yaba section, with Paleomagnetism data from
Charreau et al. (2006, 2009b), and their correlation to the reference scale of Lourens et al.
(2004). Stars indicate the position of the paleo-denudation samples. b) Shaded SRTM
(spatial resolution: 90m) Digital Elevation Model (D.E.M.) and cross section (top box) of
the Yaha section. Blue line: limits of the watershed; White double arrows: major anticlines;

Red lines: major thrusts.

This is mainly because the Kaiyileiaikeng anticline, in the north-western part of the watershed,
has uplifted Mesozoic sediments that isolated the streams from the higher Paleozoic relief
(unlike, for instance, the nearby Kuche river) (Burchtiel ez a/, 1999; Hubert-Ferrari ef al., 2007).
So, one may wonder when the folding and uplift of the Kaiyileiaikeng anticline started and
whether or not it has changed the drainage basins especially during the time which corresponds
to our sediments samples (i.e 0-8 Ma). The onset of deformation across the Quilitage and

Yakeng folds probably started at least 5 Ma (Hubert-Ferrari e al, 2007). Because the
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Kaiyileiaikeng anticline is located further to the North in the inner part of the Kuche foreland
piedmont, the onset of deformation across this structure likely predates the deformation across

the Quilitage and Yakeng anticlines.

In the northern limb of the Quilitage anticline, we collected 14 samples of medium to
coarse sandstone. To reach younger sediments we also picked up 4 samples in the core of the
Qilitage syncline (FIG. I). Since a magnetostratigraphic analysis was not amenable in this
conglomeratic formation, the depositional ages are constrained from 26Al/1'Be burial dating (see
§3.6 and e.g. Granger and Muzikar, 2001, for a description of this method).

At last, 20 km to the south, across the Yakeng anticline, the rivers have left several well
preserved strath terraces. In one of them we also carried out a depth profile for cosmogenic
analyses, which constrain both the age of the surface abandon to ~120 kyr, and the inherited

concentration at the time of the terrace deposition.
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2 '“Be and *°Al analysis

2.1  Sampling

In the river sections, the sampling site were carefully selected to ensure low exposure to
recent cosmic ray,. To limit to the minimum recent muonic production, we systematically
favored samples located at the bottom of the highest available cliffs, in small caves when
possible. We also took care to refresh the first ~50 cm of the surfaces to avoid contamination
by sands washed from above.

The "Be and 20Al decays are one of the main challenging limitations to extend the use of
cosmogenic nuclides to ancient sediments. In rapidly eroding region, the initial concentration
might be low and, therefore, the final concentrations measured after radioactive decay might be
close to the detection limits of modern Accelerator Mass Spectrometers (AMS), yielding to large
analytical uncertainties in old sediment.

Thus, to lower those uncertainties the total mass of material analyzed on the AMS must be
relatively high. The mass of sediments collected and processed to enrich the quartz is therefore
much larger than the one usually used, for instance, in modern rivers. Typically, for the oldest
samples, between ~2 and 5 kg of sandstone were sampled and processed, yielding ~150 g of
purified 200-800 um quartz grains (see §2.2 bellow).

In the Ebi lake core, because the processing of silty and clay samples is tricky and leads to a
lesser yield, we focused our sampling to the most sandy part. However, the available material
remained often low, and we amalgamated several tens of centimeters (which corresponds, given
the accumulation rates in this case, to an average on 2 up to 6 kyr periods) to obtain the

minimum sample mass required to and ensure low analytical uncertainties.

2.2  Sediment processing

All samples were crushed and sieved to isolate the 200-800 um fraction. Ebi samples,

usually finer, were sieved into 60-500 um fractions in order to keep as much material as
possible. Quartz was first enriched through successive magnetic separations, and flotation.

To eliminate all mineral phases but quartz the enriched fraction underwent successive leachings
in pure 4/5 HzSiFs + 1/5 HCl, in order. This method, unlike the most commonly used of (Kohl
and Nishiizumi, 1992) has the triple advantage to (i) not involve the very hazardous HF, (i) use
the most cheaper hexafluorosilicic acid, (iii) be adequate for the large sample masses required in

this study (see above). Typically, the processing of 300 g quartz-enriched sand to obtain pure
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quartz requires ~6 leaching steps in 700 mL of HSiF6 + HCI, while leaching in a diluate
HF+HNO3 (Brown ef al., 1991) would involve ~40 liters.

The pure quartz underwent 3 leachings in concentrated HF in order to eliminate atmospheric
10Be (Nishiizumi ez al., 2007)

In all of these steps, the Ebi samples were filtered through 60 um nylon filters to avoid loss of

the suspended particles and maximize the yield.

2.3 “Be and *°Al chemical extraction and analysis

The purified quartz was then completely dissolved in HF. We added 100 pL of a 3.025
103 g/g “Be carrier solution, and 150 pL of another 2.020 103 g/g “Be catrier for the Ebi
samples. These carriers were made in-house from phenakite minerals and have extremely low
10Be/9Be ratios (< 4x10-16), which is particulatly important to accurately analyze old samples
with very low 1“Be concentrations.
In the samples where insufficient natural 27Al was presumed, we added adapted amounts of a
commercial Al 1mg/mlL standatd (typically between 700 and 1000 pL).
Following subsequent purification on chromatography columns by anion exchange, cation
exchange, alkaline precipitations and oxidation, purified beryllium and aluminum oxides were
analyzed at the French national AMS (Accelerator Mass Spectrometer) facility ASTER
(Accelerator for Earth Sciences, Environment and Risks) located at the CEREGE laboratory
(Aix en Provence, France).
10Be concentrations measured at ASTER are normalized to 1°Be/°Be SRM 4325 NIST reference
material with an assigned value of (2.79+0.03)x10-11. This standardization is equivalent to
07KNSTD within rounding error. Two samples of the present Kuitun river bed were collected
in 1997 (KT97-1 and KT97-4) were actually normalized to KNSTD3770 when measured in
1997. Therefore we re-normalized those two samples to 07KINSTD to take account of the
KNSTD renormalization (Nishiizumi e a/, 2007). Analytical 19Be/“Be blank ratios have been in
average 1.570.8X10-15 for these series.
26Al concentrations were normalized to ASTER's in-house standard SM-Al-11, with a 26Al/27Al
value of (7.4020.06)x10-12 . Analytical 26A1/27Al blank ratios have been in average 3.0£4.3x10-15
for these series.
Natural 27Al concentration were measured by ICP-OES spectrometry in the dissolved samples,
after evaporation and substitution of fluorides by HNOj3, at the Service National d'Analyse des

Roches et Minéraux (SARM, CRPG, Vandoeuvres, France). In the Ebi and some of the Yaha
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samples, we also tested the presence of natural “Be in the quartz. The measured amounts were

always equal within uncertainties to the amounts introduce by spiking.

3  From analysis to paleo-denudation rates

3.1 Theoretical background

At a single location i, in surficial rocks undergoing continuous thin-layers removal by
erosion, the concentration (atom.g!') of cosmogenic isotopes N; (e.g. 1'Be), is expressed by the

following equation (Lal, 1991):

81-:; ﬁ )

where P; (atom g a) is the surface production rate, A (g.cm?) the attenuation length, A (a-!)
the radioactive decay constant of the nuclide, & (cm.yr!) the erosion rate and p: (g.cm) the
density of the bedrock. It must be noted that this equation is valid only if the surface exposure
time is sufficiently long (i.e. t >> 1/(A+ep/A) to have reached steady state and if the inherited
cosmogenic concentration can be neglected. Importantly, but under certain conditions discussed
bellow, the cosmogenic nuclide concentration measured in river sands has the remarkable
property of averaging the concentration of all surficial rocks outcropping in the drainage basin

(Brown ¢t al., 1995; Granger ez al., 19906). It is thus possible to determine the average erosion rate
& for a whole drainage basin by measuring the mean cosmogenic nuclide concentration ﬁ in

river bed sand (circle X in FIG. K).

However, as soon the sediment is deposited in the basin the concentration will evolve
significantly. Two simultaneous processes will change the original concentration. First, during its
bruial the sediment is partly exposed to the cosmic flux. This process may last for thousand of

years since fast and slow muons can penetrate deeply in the sediments up up to several tens of

meters depth continuing to produce some cosmogenic nuclides (circle J in FIG. K). Second,
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FIG. K - Theoretical evolution of the 19Be concentration from the billslopes until sampling.

10Be as a radioactive isotopes will decay through time with a half-life t;,> of 1.39 * 0.01 x 10°
years (Chmeleft ez a/., 2010; Korschinek ez a/., 2010)
During this post-depositional period, the overall produced concentration Ngniea Which include

both burial processes and radiaoctive decay can be estimated as follow:

B Ry
N gieia =Z Tp ‘
T Rt

L J .

—e ©)

with Pj the surface production rates by spallation, by fast muons and by slow muon captures (in
at.glyt!), A the radioactive decay constant, ps the ovetlying sediment density, A the sediment
accumulation rate (cm.yr!) , Aj the typical attenuation lengths of the different production
mechanisms (g.cm ) and t (yr) the time during which the sediment is getting buried.

At last, the sediment may be again exposed during modern times, prior to the sampling, and can
accumulate a supplementary Niecene signal (citcle R in FIG. K)

Thus, combining all of this history, the total concentration in a sample will be described as

Ntotal — Ndenud + Nshield +Nrecent
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recent

Ntotal :Z — : e—/11+—] e / —e_ﬂt +N (3)
J

With P] the overall paleo-production rates averaged over the basin at the time of erosion

which account for all cosmogenic production mechanism (spallation, slow and fast muons).
Iin the following section, we discuss the different parameters requested to solve this equation

and their respective uncertainties on the final result.

3.2 Basin averaged production rate

Present-day average cosmogenic production rate calculation

A scaling factor, multiplying the fictive Sea Level High Latitude (SLHL) production
rate, is associated to each basin. We used the scaling scheme of Lal/Stone (Lal, 1991; Stone,
2000) for spallation processes, and the parameters recommended in Braucher ez a/., (2003) and
Braucher e al. (2011) for muons. This scaling factor depends on the altitude and the latitude of
each point in the basin. We used to this purpose the Shuttle Radar Topographic Mission
(SRTM) Digital Elevation Model (DEM), with a spatial resolution of 90m.
The topographic shielding induce by the hillslopes was also considered using the S.RT.M
D.E.M and following Dunne et al. (Dunne ¢ a/, 1999). All scaling factors, basin averaged, and

at the deposition location, are reported in table 1.

Paleo-elevation of the basin

To estimate past denudation rates from in situ cosmogenic concentration in sediment,
the cosmogenic production rate must be known at the time of deposition. Yet, cosmogenic
production rate strongly relies on the elevation of the drainage basin and therefore, this later
should be known throughout time.. In the Northern Tianshan recent analyses of pedogenetic
carbonate in the same Kuitun and Jingou-He section yielded relatively constant values of 880

for the last 10 Ma, which suggests that the hypsometry of the drainage basins was relatively
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steady during this time (Charreau ¢f a/, 2012). We do not have similar data for the Yaha section
but we will assume a similar history. To take into account the weight of these assumptions, we
propagated to the calculated erosion rates an uncertainty of 150 m attached to the catchment

average elevation. This elevation uncertainty results from the standard deviation of the 8180

record (Chatreau ¢ al, 2012) considering that the §'8O-altitude dependence is -2.8 %o/km
(Chamberlain and Poage, 2000).

Basin lithology

If the cosmogenic nuclide concentration measured in a given river sand has the
remarkable property of averaging the concentration of all surficial rocks outcropping in the
drainage basin, it relies on the assumption that the quartz content of all eroded rocks is similar.
The geology of the drainage basin is therefore critical. However, it is almost impossible to
constraint the quartz content of all rocks for such large watershed, especially in the Tianshan
range, where roads are scarce and because the Chinese authorities restrain the access to several
areas. Nevertheless, a good knowledge of the drainage basin geology may enable to, at least,
disregard possible zones without quartz. 1:100000 Chinese geological (BGMRX, 1993) maps
corresponding to all three studied drainage basins suggest that quartz is fully present over the
entire watershed area (FIG. B and H). Although the ignorance of the Quartz content could
induce a bias in the absolute denudation values, it does not have an influence on the relative

variations throughout or records.

Magnetic field variability
Given the relatively high latitude of the Kuitun watershed (45°N), time variations of the
geomagnetic field (Biggin ef a/, 2009) induced cosmogenic production variations of less than

5% over the considered time period (i.e. the last 10 Myr) (Dunai, 2001).

3.3 Post depositional accumulation

Sediment accumulation rate (A) is a critical parameter in equations (2) and (3) to
calculate the contribution of post depositional cosmogenic accumulation in the measured signal
and to correct accordingly. Thanks to the detailed magnetostratigraphic analyses (Charreau e7 al.,
2005; Charreau ef al., 2006; Gallaud, 2008; Charreau ef al, 20092), the accumulation rate was
calculated for each polarity chrons of the correlation and then the overall sediment
accumulation above each sample was estimated. These accumulation rates were also corrected

for compaction following (Métivier ¢ al., 1999).
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However, the cosmogenic accumulation during burial is relatively limited by the fact that it
occurs at much lower altitude that the sediment production in the basin even for low
accumulation rates (see table 1). Thus, the cosmogenic production rate at this point is much
lower than in average in the whole watershed (see table 1).

Moreover, as discussed in the main body of the paper, since accumulation may be episodic one
may question the grounds of this correction. As described therein, we tested the potential bias
of this correction (see also fig 3b), due to episodic sediment burial, by sampling a high
resolution fluvial sedimentary sequence, in which we did not observed significant variations in
10Be concentrations or correlation with sedimentary facies. We also propagated a conservative

error of 50 % for the accumulation rates.

3.4 Correction for recent exposure

Except for the Ebi drill, the samples have been exposed during the Holocene incision
in the sediment section. In the Kuitun and Jingu-He sections, Holocene terraces have been
dated by Optically Stimulated Luminescence (OSL) and cosmogenic profiles (Molnar ez al.,
1994; Poisson and Avouac, 2004). It is thus possible to evaluate the vertical incision of the river
during this period at ~1 cm.yr.

From this erosion rate, it is then possible to calculate Nrecenr from equation (1) and shielding
correction from (Dunne e al., 1999).

Due to this rapid incision, the topographic shielding of the cliff, the low latitude of the sampling
point, and the sampling strategy described above designed to ensure minimal exposure, the
contribution of the recent component can be considered as negligible, i.e. 15 atg! for the
Kuitun and Yaha section, 7 at.g! for the Jingu section. These values account for in any case <

0.5 % of the total measured signal.

3.5 Numerical solving and error propagation

Equation (3) is not solvable analytically. Hence, we instead used a numerical regression
approach (we used the software Matlab). This is the most accurate way to proceed since it
avoids having to neglect terms like the muonic production or the A parameter in denominators,
which are not taken into many studies.

Given the number of different parameters in equation (3), errors were not propagated
numerically but with a Monte Carlo simulation (10 000 draws for each samples). First, this is the

more handy approach since partial derivation of such an equation would be outstandingly
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laborious. Second, this is also the more realistic one in this case where uncertainties on some of
the parameters can attain several tens of percents.

All the constant and parameter used are reported in table 2 .
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FIG. L - Comparison of ages determined from magnetostratigraphy and from 2641/ 1°Be
burial dating. On the Yaba section, the three samples older than 6 Ma were discarded

becanse they most probably underwent a recent episode of exposure.

3.6 Comparison between *’Al/"Be ages and magnetostratigraphy

It is possible to date the theoretical burial age of a given sediment by using its 20A1/19Be
ratio. In surficial rocks these two cosmogenic isotopes are produced at a fixed ratio which for
the 26A1/19Be couple equals to 6.75. However, each individual cosmogenic nuclide have different
decay constants : 4.997 x 107 yr! for 1'Be and 9.79 x 107 yr! for 20Al (Nishiizumi, 2004). So,
as soon the sediment is buried at sufficient depth to ensure a complete shielding from the
cosmic rays, the concentration of each cosmogenic isotopes will decay at different rate and the

20A1/19Be ratio will change accordingly.

A comparison of the cosmogenic burial ages to the depositional ages derived from
magnetostratigraphy can be quite useful:
- if the 26Al/19Be burial age is significantly younger than the magnetostratigraphic age, it means
that the sediment has probably been significantly reexposed between the first deposition and
today (not necessarily at the surface, but for example for a long time at low depth).
- if the 26Al/19Be burial age is significantly older, it might suggest that part of the analyzed

sediment has been reworked from older sediments.
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We performed these analysis in the Jingu, and Yaha sections and in Ebi lake drilled core. Results
are reported in table 1 and FIG. L. For some of the samples (see table 1), it was not possible to
analyze the 2°Al because it fell under the detection limits of the AMS. For the older samples, this
is actually reassuring: if the sediment had not been reexposed, we would expect extremely low
concentrations in aluminum (as it radioactive decay is faster than '9Be). Unfortunately, all 20Al
concentrations measured in the Ebi samples, albeit not being very old, fell under blank levels
and were therefore not relevant. This is likely due to the very small size and poor chemical yield

of the Ebi lake samples.

In the Jingou section, all "cosmogenic" and magnetostratigraphic ages are in very good
agreement. This suggests these sediments did not underwent complex re-exposure histories
since their first deposition. This is also reassuring for the Kuitun section: we did not analyze 2°Al
in this section, but its sedimentary setting, river dynamics and tectonic context are quite similar
to the nearby Jingou section.

In the Yaha section, some of the samples display 20Al/1"Be much higher than their theoretical
depositional ages, which suggests important episodes of re-exposure. It is almost impossible to
constrain the duration and number of these possible re-exposures. These samples were
therefore not considered to calculate paleo-denudation rates at the time of deposition. In both
sections, any sample displayed "cosmogenic" ages older than their theoretical depositional age,
suggesting that sediment reworking of ancient terraces or older sediments are limited in these

basins.
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Tables

Table 1a - Yaha section data

Accum 26Al/10Be Paleo
Sample Age rate ) 10Be io 26Al 1o | theoretical 1o |Denudation +1o -1o
age rate
(Ma) mm.yr-1 (1023 at.g-1) (10/3 at.g-1) (Ma) (m.Myr-1)
Magnetostratigraphic section
Ya1l 8.54 0.75 21.0 13.9 - - - 9 4 3
Ya 2 8.24 0.82 4.4 0.8 - - - 64 16 12
Ya 3 7.96 0.68 3.1 0.5 12.1 8.4 1.1% 1.5 - - -
Ya 4 7.70 0.37 4.5 1.2 - - - 87 27 21
Ya 5 6.97 0.65 9.6 1.6 29.0 18.6 1.7* 1.4 - - -
Ya 6 6.52 0.65 3.3 0.6 6.7 8.0 2.5% 2.5 - - -
Ya7 5.94 0.60 3.6 0.8 - - - 307 91 72
Ya 8 5.51 0.60 6.2 1.1 - - - 207 57 44
Ya 9 4.88 0.91 15.7 1.2 25.2 16.9 3.0 1.4 97 18 14
Ya 10 4.51 0.58 8.9 1.0 4.8 2.9 5.3 1.3 249 61 47
Ya 11 3.96 0.57 16.5 3.2 16.4 6.5 4.0 0.9 163 45 34
Ya 12 3.53 0.57 13.2 1.1 7.6 6.8 5.2 1.9 283 68 50
Ya 13 2.71 0.57 21.3 1.4 35.6 10.0 2.9 0.6 259 60 43
Ya 14 2.42 0.64 21.8 1.5 26.4 8.3 3.6 0.7 294 67 49
Quilitage syncline (age from 26Al/10Be burial dating)
Ya 15 - 0.57 20.1 2.2 59.4 19.3 1.7 0.6 342 104 87
Ya 16 - 0.57 24.8 3.9 94.9 25.1 1.2 0.6 360 116 98
Ya 17 - 0.57 19.5 2.9 33.2 14.4 2.9 0.7 195 67 57
Ya 18 - 0.57 13.9 0.8 23.0 5.5 2.9 0.4 272 71 58
Yakeng Anticline (age from depth profile)
Age (ka) 1o initial Be 1o
KU1 0.136 0.048 30.4 58.5 - - - - 286 234 122
River Bed
TS10-10 - - 81.5 2.8 - - - - 196 26 23
SCALING
FACTORS Neutrons Muons
Basin average 5.54 2.18
Deposit location 3.09 1.82

* Ya 3, Ya 5 and Ya 6 were not considered in the discussion because their 26Al/19Be burial

dating indicates an important re-exposure episodes (see supplementary info 3.6)
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Table 1b - Jingu section data

Accum. 26Al1/10Be Paleo
Sample Age rate 10Be 1o 26Al 10 [theoretical 1o | Denudation +10 -1l0
age rate
(Ma) (mm.yr-1) (1073 at.g-1) (1073 at.g-1) (Ma) (m.Myr-1)
Section
JGH 01 7.47 0.599 18.7 1.1 1.6 1.1 9.0 1.5 33 5 4
JGH 02 6.70 0.392 7.4 1.3 3.0 1.7 5.8 1.3 139 35 27
JGH 03 5.98 0.354 9.1 1.0 6.7 3.9 4.6 1.3 167 37 28
JGH 04 5.30 0.345 16.8 1.5 8.1 3.1 5.5 0.9 122 25 18
JGH 05 4.62 0.502 18.4 2.8 16.5 5.5 4.2 0.8 157 38 29
JGH 06 3.74 0.089 26.3 6.0 22.5 7.7 4.3 0.9 239 79 65
JGH 07 3.33 0.833 13.6 1.0 - - - - 420 84 63
JGH 08 3.10 - - 24.6 16.0 - -
JGH 10 2.59 0.292 33.1 3.2 - - - - 271 62 47
JGH 11.5 2.42 0.225 45.9 3.8 - - - - 215 49 37
JGH 12 1.85 0.24 47.4 2.2 107.5 13.7 2.3 0.3 290 64 47
JGH 13 1.50 0.227 43.5 7.1 94.8 34.8 2.3 0.8 406 115 90
JGH 14 1.07 0.221 101.8 18.2 99.5 74.1 4.0 1.6 185 50 39
Terraces
Age (ka) 1o
JGH-QO 100* 20 100.2 3.1 - - - - 257 33 29
JGH T2 11.9%* 7.2 105.3 18.5 - - - - 251 60 45
River Bed
TS-10-20 - - 89.0 12.5 - - - - 297 63 48
JTS09_jinl - = 76.2 5.8 = = - - 343 53 44
JTS09_jin2 - - 68.3 4.5 - - - - 382 55 48
SCALING
FACTORS Neutrons Muons
Basin average 9.04 3.91
Deposit location 2.02 1.5

Magnetostratigraphic ages from Charreau ef al., (2009)
*Age estimated from the Huo'erguosi anticlineuplifting speed and terrace altitude (Poisson and Avouac,
2004)

**Age determined from cosmogenic depth-profile in terraces (D. Saint-Catlier, personal communication)
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Table 1c - Kuitun section data

Accum. Paleo_
Sample Age 10Be 1o |Denudation +10 -1o
rate
rate
(Ma) (mm.yr-1) (1073 at.g-1) (m.Myr-1)
Mag. Section
TF500 8.8 0.27 3.5 0.9 105 32 25
TF400 7.7 0.30 4.8 0.8 132 32 26
KBel 5.9 0.23 3.2 0.8 695 255 196
TF200 5.6 0.23 7.3 1.2 292 84 62
KBe3 5.3 0.23 13.2 1.8 169 43 32
KBe4 5.0 0.15 7.2 0.8 526 164 123
KBe5 4.6 0.20 9.2 1.3 426 120 96
KBe6 4.2 0.19 13.4 1.8 349 95 74
KBe7 3.7 0.19 15.4 1.6 397 109 79
KBe8 3.4 0.21 11.6 1.3 712 216 161
KBe9 3.3 0.42 21.5 1.8 287 65 47
KBell 2.7 0.11 18.2 1.8 1056 464 330
KTN 01 2.4 0.10 46.6 14.6 249 92 71
KTN 02 2.2 0.54 10.3 1.3 1365 382 294
KTN 03 2.1 0.53 6.9 2.6 2328 1061 786
KBel2 2.1 0.53 12.5 1.9 1104 312 248
KBel3 2.0 0.53 15.8 2.0 873 238 180
KBel4 1.7 0.23 20.9 1.8 1038 312 243
KTN 04 1.7 0.23 33.7 6.4 495 156 115
KBel5 1.6 0.23 39.5 4.6 449 114 91
High definition sequence
P1 5.3 0.22 16.53 3.16 132 37 28
P2 5.3 0.22 8.72 1.77 281 85 66
P3 5.3 0.22 16.45 2.23 134 32 24
P4 5.3 0.22 16.75 2.56 132 34 25
P5 5.3 0.22 11.68 3.97 190 65 51
Terraces (kya)
KTN TO 60* 40.9 2.8 629 89 78
KT97-4 15%* 3 110.0 6.2 240 32 29
River Bed
KT97-1 - - 48.4 21.4 532 195 148
RBKTN1 - - 51.5 11.5 531 150 106
KUITUNDAM - - 41.2 6.1 661 137 109
SCALING
FACTORS Neutrons Muons
Basin average 9.47 2.94
Deposit location 1.94 1.46

Magnetostratigraphic ages fromCharreau ef 4/ (2005). All raw 1"Be data, except for samples beginning
with "KTN" and "P", have been previously published in Chatteau e a/. (2011), but paleo-denudation rates
have been re-calculated.

* Age determined from OSL dating (Molnar e7 al., 1994; Poisson and Avouac, 2004)

**Age determined from cosmogenic depth profile dating.

- 182 -



4 PAIEO-TAUX DE DENUDATION EN ASIE CENTRALE.

Table 1d - Ebi Lake core data

Paleo
Sample Age Accum. rate 10Be 1o Denudation +1c -10
rate
(Ma) (mm.yr-1) (10~3 at.g-1) (m.Myr-1)
Sample reference
7 0.09 0.09 129.2 7.6 149 40 31
37 0.31 0.09 167.5 7.4 94 23 18
122 0.79 0.18 245.6 7.9 40 8 7
270 1.13 0.28 294.8 9.8 27 5 4
382 1.52 0.12 79.5 5.9 105 25 20
439 1.72 0.12 57.8 5.9 138 36 29
466 1.82 0.10 71.0 13.4 102 29 25
543 2.62 0.08 85.7 18.6 53 15 13
588 2.88 0.08 54.3 7.4 81 22 18
665 3.27 0.11 47.9 10.9 66 19 16
678 3.42 0.01 59.9 6.0 132 34 36
756 4.10 0.07 52.2 7.8 45 28 11
SCALING
FACTORS Neutrons Muons
Basin average 4.68 1.17
Deposit location 2.23 1.11

All the 26Al analysis were under the analytical blank.

Ages published in A. Gallaud PhD Thesis (2008)
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Table 2 - Parameters used for paleo-denudation calculations

Parameter and symbol value 1o Reference /
unit comments
10Be decay constant (Chmeleff et al.,
(yr'h) A 4.997x107 | 0.043x1077 |2010; Korschinek et
al., 2010)
Sea Level High (Balco et al., 2009;
Latitude 10Be Balco et al., 2008)
production rate - recalculated to
neutrons (at.g.yr?!) include the new
- 3.9 0.3 STD-ICN values
(Nishiizumi et al.,
2007)
Sea Level High (Braucher et al.,
Latitude 10Be ) 2011), corrected
production rates - fast 0.026 0.006 from (Braucher et
muons (at.gl.yr?) al., 2003)
Sea Level High (Braucher et al.,
Latitude 10Be } 2011), corrected
production rates - slow 0.029 0.012 from (Braucher et
muons (at.g.yr’?) al., 2003)
Attenuation length - (Lal, 1991)
neutrons (g.cm?) A 160 10
Attenuation length - (Braucher et al.,
fast muons (g.cm?) 2003; Braucher et
Asinuons 4320 250 al., 2011; Heisinger
et al., 2002b)
Attenuation length - (Braucher et al.,
slow muons (g.cm?) 2003; Braucher et
Asmuons 1510 100 al., 2011; Heisinger
et al., 2002a)
sediment volumic mass From seismic speeds
(g.cm?) Ps 2.4 0.13 (Yan Chen; personal
communication)
bedrock volumic mass From seismic speeds
(g.cm?) P: 2.4 0.13 (Yan Chen; personal

communication)
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Dorénavant, si j'avais encore la manie de faire parler de mot, je ne

sais oil_je pourrais courir, afin d'attirer l'attention du public : peut-étre
reprendrais-je mon ancien projet de la découverte du passage an pole nord ;
peut-étre remonterais-je le Gange. La, je verrais la longue ligne noire et

droite des bois qui défendent 'acces de I'Himalaya.

Frangois-René de Chateaubriand,

Mémoires d'outre-tombe.
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Chapitre 5
Paléo-taux de dénudation en

Himalaya.

Chaine des extrémes par son relief (passage de 0 a plus de 8000 m d'altitude en a peine
150 km de largeur), I'Himalaya est aussi, depuis le début de son orogenese, il y a ~50 millions
d'années, le plus gros pourvoyeur de sédiments du globe. Capable d'affecter, suite a l'uplift du
plateau tibétain, tout le systéme climatique de I'hémisphére Notd (e.g. Ruddiman & Kutzbach,
1989), l'orogeneése Himalayenne a également affecté le climat global au cour du Cénozoique, de
par son action sur le cycle du carbone atmosphérique (voir §1.1).
Marquées par d'intenses précipitations lors des mois de mousson, des sommets englacés, et une
érosion extréme (voir Chapitre 3), les relations entre climat et tectonique Himalayenne sont au
coeur d'actifs débats. D'une part, quand a la corrélation des taux d'exhumation avec les taux de
précipitation (e.g. Burbank e a/, 2003; Wobus e# /., 2003; Thiede ez al., 2004; Vannay ¢t al., 2004;
Blythe e al., 2007), et d'autre part quand a une hypothétique accélération de cette dénudation
lors du développement des glaciations quaternaires a partir de ~2.5 Ma (Huntington e# a/., 20006;
Blythe ez al, 2007; Thiede ez al., 2009). Ces études reposent cependant, pour la plupart, sur des
thermochronomeétres basse température in-situ, qui enregistrent une exhumation localisée et
non intégrée sur des bassins versant. Peu d'études avaient été jusqu'a présent menées sur des
minéraux détritiques (Bernet ez a/,, 2000; van der Beek ez a/., 2006), plus intégrateurs.

Forts de nos premiers résultats encourageants au Tian-Shan, nous débutames fin 2010
I'étude de sections des monts Siwaliks, avant garde de I'Himalaya batie dans ses propres
sédiments. En particulier, la priorité fut donnée a la section "Surai" qui, comme on le verra dans
ce chapitre, réunissait de nombreux atouts pout 'emploi des isotopes cosmogéniques.
J'ai décidé de présenter ce chapitre en anglais. Toutefois, il ne s'agit pas encore véritablement
d'un article, car plusieurs points nécessiteront certainement, d'ici soumission, de plus amples

analyses et une maturation de ma réflexion.

194 -



A high resolution, 6 Myr record of paleo-
denudation rates in Central Himalayas, as

inferred from cosmogenic nuclides

(In preparation)
Nicolas Puchol, Julien Charrean, Jérome Lavé', Pierre-Henri Blard , Raphaél Pik!, ASTER

2
Teans"

'Université de Lorraine - CNRS, CRPG, 15 rue Notre-Dame des pauvres, 54500 Vandoeuvre-les-Nancy,

France
2Université Aix-Marseille, CNRS-IRD-College de France, UM 34 CEREGE, Technopole de
IPEnvironnement Arbois-Méditerranée, BP80, 13545 Aix-en-Provence, France

*Maurice Arnold, Georges Aumaitre, Didier L. Bourles, Karim Keddadouche.

- 195 -



SUPPLEMENTARY INFORMATION

Contents of this paper

1 INtrodUCHiON....iiceieeieccteeeeee et 197
2 SEHNG . ceurrveeeeeresesssssssesssssssssssssssassssesssssssssssasssssssssessassessssaassssees s ense s sees 200
2.1 Structural back@round .........coeeeiieiiiiiiiiniieeeeeeeee e s sa s sae s 200
2.2 The Siwaliks HIIIS ....ccccereererrerreetentenreeieeiteteteeteeeeteseteeseeseesesssesessessessssssessesessessassasns 200
2.3 The SUrai SECtION...icuuiiiiiiiiiiiricie et cssr s s e s s ss e s sbs e s baessssesssnessness 202

3  Sampling strategy and methods.........ccccuvvuniiiieiiiiiiiiniiiiieeieeen. 203
3.1 MagnetostratiGraphy .....ccceeeeiereniiieniiiniiinientenie e a e san s 203
3.2 Cosmogenic samples for paleo-denudation rates ........cceeevueerirenierenieeniiensnennnenneennne 205
3.3  20A1/10Be dating SAMPIES....coveriiruiiniiiiiniiiiiiiiniesicstesstesst e e se s sessasssaesaes 205

I ] LN 206
4.1 Magnetostratigraphy ...c.cccueiiiuiiiiiiniiiiniiiniiene e s 206
4.2  Paleo-denudation FALES .....ccceeeeriiieeisiiinecniiieeniiiieeesiiseesiissessisseesssseesssssssssssssessssssessssses 208
4.2 ZAI/10BE dAtiNg ..cueeveririrreiiiireieiesinsetesresestetesee et et b e b s b e b s e s b nens 209

5 DiISCUSSION ceetiiiiiinttitiieeieiiitiiieee ettt eesssssss s e e s e e s ssssssseeeesssssnsssnnns 212
5.1 Comparison with previously published denudation data. ........cccueeeeviuvreennrieeiniieecnnneen. 212
5.2 Siwaliks r€CYCHNG cc.uverruiiiitiiiiieiiieeieiiecte ettt an e s an e sas e snesannenes 212
5.3 Paleo-denudation rates and morpho-tectonic evolutions of the central Nepal............... 214
5.3.1 Has the catchment topography remained the same for the last 6.5 Myf? .....cccvvvivirvievcennnen 214

5.3.2 Insights on the tectonic evolution of central Nepal ........cccccvviiiiiiiniiiiiicici 216

5.4 Influence of the global CHMALE?P........cccuirruiiiiieiiiiiiiiiieiie e esseees 218
5.5 Comparison with the Tianshan paleo-denudation rates........cccevueereeiisirisineinieensnnennneen 218

6 CONCIUSION....iitiiittrriiiiiiiiiiitrrreeee et eeessssree e e e e ssssssssssssseeeesssssssnnns 219
References for this PAPer ....ccuiiiiiiiiiiiiiiitiiieeereeec e 221

- 196 -



5B5  PAILEO-TAUX DE DENUDATION EN HIMAILAYA.

1 Introduction

Like Central Asia, the Himalayas stands out as a key area to address the general question
of how the Quaternary glaciations may have impacted denudation rates. This mountain range is
by far the highest producer of detrital sediments in the wotld. The range indeed stretches on
~2500 km in length, associated to extreme reliefs and intense climatic conditions due to heavy
monsoon precipitations focused on its southern flank. This setting implies high erosion and,
hence, high sediment flux to the surrounding basins. Since the onset of the India-Asia collision,
this material transfer has been suspected to have impacted the world's global climate through its
control on the atmospheric CO; by silicate weathering and organic carbon burial (e.g. Raymo
and Ruddiman, 1992; FranceLanord and Derry, 1997).

While the recent and modern denudation rates of the range have been extensively documented
by various techniques for the last decades (e.g. Bernet ez a/,, 2001; Thiede ¢z al., 2004; Gabet ¢f al.,
2008; Andermann et al., 2012; Godard ef al,, 2012; Lupker ez al., 2012), few is known about the
past, large-scale integrated, denudation rates, and their evolution in space and time. In the
Himalayas, sediment budgets reconstructions in surrounding basins are very difficult because
the depositional areas which store these sediments shed are very large, including the Ganga
basin, the Indus fan, and the Bengal fan. It is moreover not straightforward to accurately assess
both the complex geometry of the sediment infilling and its chronology. Consequently, the
compilation of the Cenozoic Himalayan sedimentary budgets published in the literature yielded
contradictory results (e.g. Burbank e a/, 1993; Metivier ¢f al., 1999; Clift, 2000).

More recently, several authors carried out low-temperature thermochronometers in molasses
deposits in the Himalayan piedmonts (Betnet ez al., 2006; Szulc et al., 2006b; van der Beek e# al.,
2000), surprisingly displaying quite stable basin-averaged denudation rates over the last few
million years. If these methods do not share the flaws of sediment budgets reconstructions (see
Chapter 1), they average denudation rates on scales of few million-years and could possibly
buffer rapid changes related to the onset of the Quaternary glaciations. Cosmogenic nuclides
and the approach we have developed in the Tianshan piedmonts could better reveal the shorter
time scale denudation evolutions of the range and are, therefore, probably more relevant to
study the potential impact of glaciations in the Himalayas. The characteristic time window
recorded by Terrestrial Cosmogenic Nuclides (TCN) is indeed <5 kyr for erosion rates larger

than 0.1 mm.yr.
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7 INTRODUCTION

On the other hand, because of intense tectonics and climate, the averaged denudation rates in
this range are usually extremely high(> 1 mm.yr?), which implies very low initial cosmogenic
isotopes concentrations in shed sediments. One could therefore fear potential technical
limitation to measure several Myr old, low concentrated sediments. Moreover, it is also
necessaty to ensure that the correction for recent exposure remains negligible compated to the
fossil 1YBe signal.

To develop this approach in such framework, we therefore focused on a very well documented,
dated, continuous and freshly exposed section of the Himalayas piedmont: the Surai Khola
section. We show that, not only our approach was feasible at least until the oldest sample we
picked (6.5 Myr old), but, importantly, that it might bring new insights on the recent tectonic
evolutions of central Himalayas, as well as on the response of erosion to Cenozoic climatic

changes.
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[ Quaternary
Siwaliks

E] Hagher Himalaya L4
[T Thetysian saries 0 VI Rapti Basin

ml # Bl Miccens Granites * Sural Saction

Thnust tzults

FIG. 1 - General setting.
a) Blended satelite image and shaded digital elevation model of Nepal (vellow frontier), with
localisation of the Surai section and the Rapti river basin (red line).

b) Simplified geologic map of Nepal (thick grey bounday). MET = Main Frontal Thrust,
MBT = Main Boundary Thrust; MCT = Main Central Thrust
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2 SETTING

2 Setting

2.1  Structural background

The Himalayan arc in Nepal can be traditionally divided in four main units (FIG. 1b)
including from North to South the Thethysian sediments, the Higher Himalaya, the Lesser
Himalaya and the Siwaliks. These units are bounded by thrust faults that propagated southward
since the Early Miocene. To the South of the Tibetan plateau, the Thethysian series are
composed of Mesozoic and Paleozoic marine sediments and low-grade metamorphic rocks.
They are separated from the Higher Himalaya (HH) seties by the Southern Tibetan Detachment
(STD). The HH is constituted by high-grade crystalline metamorphic units. Both series are
intruded by Miocene leucogranites, and form the highest relief of the Nepalese Himalaya.

To the South, on the Main Central Thrust (MCT) the HH overthrusts the Lesser Himalaya
series which are composed of low-grade Precambrian detrital continental meta-sediments and
Cretaceous to Eocene marine sediments. Topographically, the LH form most of the Midland,
which represent an intermediate relief between the higher relief of the HH to the north and the
Stwaliks Hills to the south. In the western Midland, LH series are still thrusted by two major
klippes of HH. The south of the Midland is bonded by the Mahabharat, which form the first
important relief of the range. Southward, the LH overthrusts the Neogene foreland molasses by
the Main Boundary Thrust (MBT). These foreland molasses result from several million years of

Himalayas erosion. They represent the Sub-Himalayan group, also named the Siwaliks series.

2.2 The Siwaliks Hills

North of the Ganga basin the Siwaliks Hills represent the first significant relief at the
front of the Himalayas (FIG 1la and 2a). This range is bounded, to the South, by the Main
Frontal Thrust (MFT) (FIG 1b and 2b), which, according to deformed fluvial terraces, is
currently accommodating almost all of the Himalayan convergence, with a slip rate of about 20
mm.yr! (Lave and Avouac, 2000). The Siwaliks range is organized in successive fold and thrust
belts oriented WNW-ESE along the Himalayas. According to deformed fluvial terraces, the
Stwaliks frontal fold are currently uplifted very rapidly (~10 mm.yr') (Lave and Avouac, 2001).
While the maximum altitudes do not exceed 1000 meters above sea level, the relief in the range
can be quite abrupt. Large Himalayan rivers, as well as small tributaries, incise deeply in the

rapidly uplifting folds, exposing continuous sections.
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20

Kilometres

FIG. 2 - Setting of the study area.

a) Blended satellite image and shaded digital elevation model of the midland and Siwaliks
hills in western-central Nepal, with localisation of the two modern river samples (yellow stars),
the Surai section (vellow bar), and modern Rapti river drainage catchment (red line).

b) Simplified geologic map and description of the main lithologies outcropping in the present

and potential past Rapti river catchment.
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As aforementioned, the Siwaliks are constituted by a thick (> 6 km) pile of Neogene molasses,
produced by the intense erosion of the Himalayas for several million years. While facies may
vary considerably along the >2000 km-long Siwaliks range, molasses are usually divided in three
main sedimentary formations (DeCelles et al, 1998): The Lower Siwaliks (fine-grained
sandstone, mudstone and clays), Middle Siwaliks (medium to coarse sandstone alternating with
occasional clay and mudstone layers) and Upper Siwaliks (conglomeratic alluvial fans and
gravely braided rivers deposits). However, these sedimentary distinctions remain rough, as only
based on the overall lithology and should not be considered as chronostratigraphic unit but
rather traduce lithostratigraphical variations related to the propagation front of the Himalayan

thrust wedge (e.g. Tokuoka ¢z al., 1986; DeCelles ¢z al., 1998; Corvinus and Rimal, 2001).

2.3 The Surai section

The Surai section is located in the southern part of the western-central Nepal, ~5 km to
the south-east of the Bhalubang town. In this region, Siwaliks sediments are folded into a ~750
m high, >100 km ridge developed on the hanging wall of the Main Frontal Thrust (MFT): the
so-called Dundwa ridge, which is progressively propagating to the west (Champel ez 4/, 2002).
On the north of the relief, a piggy-back basin has developed, in which the "West" Rapti River
(not to be confused with the "East" Rapt river, which is a tributary of the Narayani river) is
deviated to the West (FIG. 1 and 2). The Surai Khola (&bo/a means river in Nepalese), which
drains the most southern segment of the Siwaliks (Dundwa ridge, FIG. 2) into the Ganga plain,
has deeply incised this uplifting relief. Thanks to the construction of the RHO1 road (between
Butwal and Lamahi) between 1983 and 1986 in this valley, continuous and fresh outcrops of the
Siwaliks sediments are now available. Because the outcrops are continuous, and since the
depositional ages of the sediments were constrained by magnetostratigraphy (Appel e al, 1991;
Rosler and Appel, 1998; Gautam and Rosler, 1999; Ojha ez a/, 2009), this section has probably
been the most extensively studied in the Nepalese Siwaliks. For example biostratigraphical
(Corvinus and Rimal, 2001), geochemical (Huyghe ez a/, 2001; Huyghe e7 al., 2005; Szulc ez al.,
2006b), mineralogical (Sanyal ¢f al, 2005; Szulc ez al, 2006b) or thermochronological surveys
(DeCelles ef al., 1998; Bernet et al., 2006; Szulc et al., 2006b; van der Beek e al., 2006) have been
carried out during the last decades. Most importantly, the fresh exposure of these old sediments
should avoid "contamination" of the paleo-cosmogenic signal by recently produced cosmogenic

isotopes (see Chapter 2 and Chapter 4 Supp. Info).
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3  Sampling strategy and methods

3.1 Magnetostratigraphy

In Nepal, in the absence of volcanic tuffs in the sub-Himalayan groups, unlike for
instance in India or Pakistan, dating of Siwalik sediments have been mainly based on
magnetostratigraphy since the 1980's (e.g. Tokuoka ¢# a/, 1986). The Surai section, in patticular,
has been targeted by several surveys since the 1990's. The first published study was from Appel
et al. (1991) which was later revised bv Gautam and Rosler (1999), using the new reference
polarity-time scale of Cande and Kent (1995). Then, the section were completed by co-workers
Rosler and Appel (1998) and Corvinus and Rimal (2001), who refined the correlation adding
biostratigraphical markers. Recently, arguing that previous studies had focused their sampling on
sandstone and cemented paleo-soils believed to produce inconsistent paleomagnetic results,
Ojha et al. (2009) resampled the whole section but finally proposed an overall similar dating, at
least for the middle and lower Siwaliks groups (ranging respectively in age from ~4 Ma up to 10
Ma and 10 up to 14 Ma). Despite these several studies, the dating of the upper part of the
section remained pootly constrained, the age of this upper group being bracketed between 4 and
1.5 Ma. Indeed, this part almost exclusively contains very coarse conglomerates, and classic
drilled sampling of adequate sediments is quite difficult. In order to better constrain the dating
of the upper sequence, we sampled soft silty beds inserting by hand quartz cylinders. A total of
38 new hand oriented samples were collected from the finer horizons in the upper part of the
Surai section, where drilling was not amenable. Bedding attitude was measured at each sampling
layer and sampling location was determined using GPS, and stratigraphically replaced according
to the previous stratigraphic studies carried out along this section.

To isolate the characteristic and primary magnetic remanence directions, the 38 samples
were demagnetized using alternating field and 10 to 12 steps, in the paleomagnetism laboratory
of the Ludwig-Maximilians University of Munich. The remanences at each steps were measured
using a three-axis DC Squid in the same laboratory. For 18 samples this treatment was
successful to isolate a relatively stable direction with declination and inclination coherent to the
previously published data. For 11 samples the remanence trajectories are spread out about a
great circle while never reaching a stable endpoint. In these cases the polarity was estimated
using the great circle approach. At last, 9 samples show unstable or intermediate directions

useless to establish the polarity column
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3 SAMPLING STRATEGY AND METHODS

FIG 3 - Pictures from the Surai section.

Up: In the middle Siwaliks group (between samples SU-COS 6 and 7). Bottom, in the

upper Siwaliks group, north to Dobbata village, between samples SU-COS 21 and 22.
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3.2 Cosmogenic samples for paleo-denudation rates

17 samples were collected for paleo-denudation rates analyses along the road-cut.
Sampling locations were selected in order to minimize possible recent exposure. According to
our new magnetostratigraphic correlation (see below), the sampled section covers a time range
between 6.5 and ~0.4 Ma. We thus aimed for an age span of ~300 kyr. Samples were typically
medium to coarse grained sands. Since we expected high denudation rates (> 1 mm.yr!) in the
paleo-draining area, we also expected low 1"Be concentrations (< 10* at.g!), especially in the
oldest samples. Therefore, we sampled unusually large masses of sands (sometimes > 5 kg) in

order to ensure sufficient extraction of pure quartz and then measurable amounts of 1'Be.

At last, we also sampled sands from two river bank deposits in the present-day West
Rapti river: First, upstream from the Siwaliks group ~5 km north to the MBT (sample RAP-1),
and second, in the piggy back basin at the north of the Surai section (Bahlubang bridge, sample
RAP-2) where the river is deviated to the west (FIG. 2). The purpose of this sampling was, first,
to compare the present day denudation of this drainage area to the paleo-denudation record,
and, second, to test the potential influence of the Siwaliks sediments reworking into the river on

the cosmogenic signal (RAP-2 being located in the middle of the Siwaliks group).

3.3 *Al/"Be dating samples

In the upper part of the section, we also sampled at several points quartzite pebbles to
analyze their 20Al/1'Be content. These two cosmogenic isotopes are produced at the Farth
surface by cosmogenic particles at a given ratio (6.75, Nishiizumi e /., 2007; Balco and Rovey,
2008). As 20Al and '“Be have different radioactive decay (0.71 and 1.39 Ma, respectively), this
ratio will change as soon as the sediments are buried at a sufficient depth (> 10 m) to be
shielded from the cosmogenic production flux. The measured ratio in a given sediment may
therefore record the theoretical time of sediment deposition (Granger and Muzikar, 2001) (see
also Chapter 2). We analyzed the 20Al/19Be ratio in 3 sand samples, in 2 quartzite pebbles and in
2 modern river sands (cf Table x). This experiment had two goals : first, in the upper part of the
section, additional dating may provide useful constraints to better correlate the
magnetostratigraphic section to the reference scale. Second, 20A1/19Be ages incoherent with their
supposed magnetostratigraphic ages can provide valuable insights on the sedimentary dynamics
before or after the actual depositing time (see Chapter 2). A 26Al/1'Be age significantly older
might indicate sediment recycling within the foreland basin, whereas a much younger age might

indicate a recent re-exposure to the cosmic flux.

- 205 -



4 RESULTS

The analytical, computation, and correction methods we used are the same as described in Chapters 2 and 4

(supplementary information), we invite the reader to refer to these sections.

4 Results

4.1 Magnetostratigraphy

From the new measured directions, together with already published data, we established
an updated magnetostratigraphic column of the Surai section (Fig. 4b). However, despite our
new sampling in the upper section, we must notice that the magnetostratigraphic column in this
part, hence its correlation to the reference scale, remain loose. To better address the possible
related ambiguities we correlated the Surai column using a numerical method based on the
Dynamic Time Warping algorithm (Lallier ¢# 4/, 2013). This new method automatically provides
a large number of likely correlations which can be scrutinized for further interpretation. Figure
4b show a density plot made from the compilation of 10,000 possible correlations calculated
using this numerical approach. In the lower part of the section, the results show a good
consistency with previous proposed correlations in the literature. In the upper part, albeit some
loose sampling, the correlation remains relatively well constrained with few different solutions.

Our results yield accumulation rates ranging from 0.07 up to 1 mm.yr-.

FIG. 4 - (next page)

a) Lithologic log of the Surai section, with the position of analyzed paleo-denudation samples,
and position of small rivers tributaries (Khola means river in Nepalese). After Corvinus &
Rimal PALAEO 2001)

b) (Figure by Julien Charrean) Compilation of paleomagnetic data from Appel et al (1991)
(blue dots) and our new analyses (red dots). Correlation to the reference time scale has been
computed by Julien Charrean with the Cupidon software (Lallier et al. 2013). The color

white represent the most likely correlation, and bine the least likely.
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FIG. 5 - Paleo-denudation rates derived from Be.
Green dots: using the present day Rapti river catchment for computation; blue dots: using the

Karnali viver catchment, for samples >4Ma. Grey and blue envelops are the 10 envelops.

4.2 Paleo-denudation rates

Results are presented in table 5.1 and derived paleo-denudation rates are presented on
FIG. 5.
Two gaps in the sampling interval must be noted between 1 and 1.6 Ma, and then between 2.8-4
Ma. Both gaps are due to the absence of suitable outcrops along the road and unexpected
sediment accumulation rates variations that degraded the temporal regularity of our sampling.
While we initially performed a spatially regular sampling, our new dating of the upper section
revealed deposition rates sometimes quite different from what we expected based on previous
dating and stratigraphic logs.
In term of absolute denudation values, the record displays three main periods. First, a relatively
low-denudation period between 6.5 and 4 Ma, with paleo-denudation rates around ~0.4
mm.yrl. Second, between 3 and 0.5 Ma, a period of stable and high denudation from 1 up to
1.2 mm.yr!. Third, the two present-day rivers samples are characterized by a quite low
denudation rate of ~0.25 mm.yr!. Importantly, all of these denudation rates have been
calculated taking into account the present production rates derived from the present day river

basin, which may be disputable, as discussed later in §5.1.
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FIG. 6 - Theoretical 26A1/19Be burial ages as a function of paleomagnetic

ages

It must also be noted that relative uncertainties are higher than those of the Tian-Shan records.
This is mainly due to very low "Be concentrations in the samples (< 5.103 at.g™!), and therefore

lower counting statistics during Accelerator Mass Spectrometry analysis.

4.3 *Al1/"Be dating

Results are reported in table 5.1, and theoretical burial ages are plotted in FIG. 6.
26Al analyses were successful on only 5 samples out of 10 analyzed. Four out of the five
unsuccessful samples in which the 2°Al was not measurable were actually the oldest of the
record. This is reassuring, because if we presume high denudation rates in the drainage basin as
expected for the Himalayas, the 26Al concentrations in these old sands was probably low before
burial, even lower after million years of shielding and radioactive decay, and therefore barely
measurable. High measured concentrations in those samples would have been suspect, as

probably due to a re-exposure episode (see §5.2).
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Because of both high analytical uncertainties on '°Be and 2°Al measurements, derived theoretical
burial ages are burdened by large error bars that can reach 100%. Nevertheless, they are all in
agreement with the proposed magnetostratigraphic ages, except for a one-pebble sample (SU-
COS 20). However, burial ages determined from unique or agglomerated pebbles are usually to
be taken with caution because of the risk of agglomerating one outlier affecting the whole
isotopic ratio (Balco and Rovey, 2008). Given these large uncertainties, and possible
complexities in the sediment history (see §5.2), these burial ages cannot, by themselves,
constrain potential magnetostratigraphy ambiguities.

The Rapti River samples both display similar burial ages (~1.5 Ma). These ages are very
surprisingly old, especially in the case of RAP-1 samples, wich was collected upstream from the

Siwaliks group (§5.2).
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5 Discussion

5.1 Comparison with previously published denudation data.

Before discussing further interpretations of our record, and to make sure it is not based
on a totally erroneous data set, let us take a brief look to previously proposed denudation or
erosion rates, past or present, in this area.

Van der Beek ef a/. (2006) and Bernet ef a/. (2006) published in two companion papers low-
temperature tehrmochronology data of fission tracks in detrital zircon (ZFT) and apatite (AFT)
from the Surai section. They report, for the whole section, consistent exhumation rates of
1.5£0.4 mm.yr! (ZFT, averaged on ~5 Myr) and 3.5%£2.1 mm.yr! (AFT, averaged on ~1 Myr).
Since their computation was always based on the youngest peak of the mineral population, the
detived exhumation rates must be considered as a "maximum" and not a stricto sensu "basin-
averaged" rate. However, these values are very coherent with our own paleo-denudation rates
ranging from 1 up to 1.2 mm.yr?! between 3 and 0.7 Ma. Szulc ¢ a/, (20006), based on ¥Ar-40Ar
dating in micas also reports similar exhumation rate of ~ 1.5 mm.yr! but associated to longer
time scales (~10 Myr). We must keep in mind, however, that all of these low-temperature
thermochronoly data represent exhumation rates averaged on much longer time scales than our
cosmogenic data (~0.3-1 kyr), and that they are blind to some episodic or recent denudation
changes. Modern and recent denudation rates in the lesser Himalayas remain relatively coherent
withreported erosion rates based from sediment discharge/runoff models (therefore not taking
into account the chemical denudation) between 0.2+04/ ;1 and 1.9 59/.0s mm.yr! (Andermann ez
al., 2012). Thus, at least, our data seem coherent with previously reported denudation rates in

the same area.

5.2  Siwaliks recycling

One limitation of cosmogenic nuclides to determine past denudation rates is the
potential impact of sediment reworking. Before erosion, the bedrock within the drainage basin
must be initially free of cosmogenic nuclides. This is true if the geology of the basin is
constituted by old metamorphic and/or igenous rocks as for example those of the LH and HH.
It is however disputable if part of the basin includes relatively young (<6 Ma) sediments that
may have undergone a previous cycle of erosion and exposure. If so, denudation rates will be
under-estimated, because of artificially higher cosmogenic 1'Be concentrations. This concern is

particularly true in the case of the Siwaliks deposits.
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Indeed, since denudation rates of the small-order drainage basins within the Siwaliks are
relatively high (Lave and Avouac, 2001), their associated sediment flux delivered to the main
trans-himalayan rivers is probably important and may contaminate the overall signal shed from
the Higher Himalayas, especially for the reworking of the youngest upper-Siwaliks sediment that

potentially still contained significant amounts of 1"Be and 20Al.

The Surai section is located on the north flank of the Dundwa ridge (FIG. 2). Paleo-current
direction measurements nevertheless indicate a consistent southward drainage all along the Surai
section (DeCelles e# al., 1998; Szulc ef al, 2006b). Therefore, all of the sediments of the Surai
section should derive primarily from rivers draining from the North, and not from local
reworking driven by the Dundwa ridge uplift. This probably began concomitantly to the MFT
activation ~2 Ma (van der Beek ez al., 2000).

However, the Surai section is located ~30 km south of the MBT (FIG. 2b). Trans-Himalayan
tivers sediment could have been "contaminated" by some inputs of the Siwaliks sediments
uplifted between the sampling location and the MBT. Van der Beck e 4/ (2006) found
surprisingly old detritic Apatite Fission Tracks (AFT) ages in one single sample of the upper
Surai section with an average AFT mean ages ~7 Myr older than the stratigraphical age (1 Myr),
whereas in the rest of the section this lag-time remained around ~1 Myr. These authors explain
this large lag time by Siwalik sediment reworking. However, this potential important recycling
has not been observed by other thermochronometers such as Zircon Fission Tracks (SFT)
(Bernet e al., 2006) or ¥ Ar-40Ar in micas (Szulc e al., 2006a).

Our 26A1/19Be burial dating neither support any major Siwaliks reworking since 2 Ma (FIG. 06).
Even with large uncertainties, the cosmogenic burial ages are never significantly older than their
magnetostratigraphic ages (FIG. 6). This suggests that either the sediment input from
Himalayan areas has always largely dominated the Sub-Himalayan (Siwaliks) input and/or that
most of the Siwaliks recycled sediments were old enough to have lost all of their original

cosmogenic radionuclides, by simple decay since their deposition.

To better address the potential impact of Siwaliks reworking, the 2 modern sand samples can
bring useful information. Indeed, RAP-1 is located in the modern Rapti river bed upstream
from the Siwaliks group, while RAP-2 is north of the Dundwa ridge, in the piggy-back basin.
On one hand, they both display equal “Be and 2°Al concentrations within uncertainties (table
5.1), confirming limited influence of the Siwaliks input on the cosmogenic signal of the river at
this point. On the other hand, their 26A1/19Be ratios are ~3, much lower than the theoretical

steady-state exposure production rates ratio (6.75, Nishiizumi ¢ @/, 2007; Balco and Rovey,
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2008) These ratios should theoretically corresponds to burial duration of ~1.4-1.8 Myr. While
these value could be explained by recycling of old sediments in the case of RAP-2, it is very
puzzling in the case of RAP-1, because there is no long-term sediment storage in the Rapti basin
upstream to this point and the sand transfer time should be extremely short given the basin

relief and water discharges.

To conclude, and to our current state of knowledge, paleo-current directions, most of low
temperature thermochronology data and 26Al/1Be ratios suggest that the recycling of the
Stwaliks has been limited in the upper Surai section (and a fortiori before the activation of the

MFT <1 Ma).

5.3 Paleo-denudation rates and morpho-tectonic evolutions of the
central Nepal.

As mentioned above, we distinguish three distinct periods of paleo-denudation rates

resent day: e ~ 0.2 mm.yr!; 0.5-2.8 Ma: e = 1 up to 1.3 mm.yr!; 4-6.5 Ma e = 0.2 up to 0.6
y Y p y p

mm.yr1). Several scenatii may explain these changes and below we will present and discuss the

different hypotheses that can be proposed.

5.3.1 Has the catchment topography remained the same for the last 6.5 Myr?

As mentioned in Chapter 2, §2.3 and Chapter 4 (supp. info.), the calculation of the
denudation rates from cosmogenic concentrations in river sediments requests the knowledge of
the average cosmogenic production rates, which relies primarily on the drainage basin
topography. In the absence of available paleo-elevation data, we here assumed that the
topography of the drainage basin had remained unchanged and is similar to present. This
hypothesis may be considered quite crude, especially in such active and dynamic morpho-
tectonic settings. Indeed, temporal variations of the in situ cosmogenic concentrations may
result from unrecognized changes in the paleotopography of the drainage basin rather than

variations of the denudation rates.

At the very front of the Himalaya, in the Ganga plain, the sediments are deposited
through series of very large alluvial fans. These deposits represent sediments coming from the
whole Himalayas and alternate with smaller interfans that originate only from the midlands.
Nowadays, the Rapti river, which represents the main source of sediments in the studied area,

drains only up to the Lesser Himalayas. But, because of the Himalayan tectonic wedge
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progradation, the depositional environment in the Surai area may have evolved during the past
from large alluvial fan to interfan deposits (Fig. 7). The present relief and topography in Rapti
river drainage basin has a maximum elevation of ~3000 m a.s.l, which remains low in
comparison with the highest Himalayan zones. Hence, the basin-averaged cosmogenic
production rate of the present Rapti river is much lower (~7.7 at.gl.yr! for the spallogenic
production) than basin draining the whole Himalayan sequence (e.g. ~32.8 at.glyr! for the
Karnali River basin). Such scenario of a tectonic wedge propagation with a change from large
fans to small inter-fans would therefore have a strong impact on the derived denudation rates.
In particular, it may explain the lower calculated denudation rates between 4 and 6.5 Ma and
their increase above 1 mm.yr! around 4 Ma.

Let us assume higher average cosmogenic production rate linked to a higher average topography
of the drainage basin for the 4 to 6.5 Ma period (i.e. related to large fan). This would increase
the derived apparent denudation rate. With an average production rate of ~33 atgl.yr!, this
would imply denudation rates around ~1.7 mm.yr! (blue curve in FIG. 5). While remaining a
crude estimate, this value is coherent with detrital low-temperature thermochrology such as
AFT and ZFT (Bernet ¢ al., 2006; van der Beek ¢z al., 2006). Furthermore, based on zircon ages,
(DeCelles ef al., 1998) suggested a wide uplift and unroofing of the northern Lesser-Himalaya
zone after ~5 Ma. Thus, the apparent increase in denudation rates observed between 3 and 4
Ma could actually be an artifact due to the isolation of the catchment from the higher-Himalaya
areas and its limitation to the midland (FIG. 5), as proposed in the tectonic wedge scenario. In
this case, our record would actually display a slight decrease in denudation rate after 4 Ma (blue
curve in FIG. 5), which would be also coherent with a fluvial system draining, in average, lower
relief (§5.4). If this scenario is true, it would imply that denudation rates in west-central Nepal
have remained quite stable between 6.5 and 0.5 Ma with an average value of ~1.4 mm.yr
1 despite possible major morpho-tectonic evolutions and global climate changes throughout this
period.

Unfortunately, we lack paleo-elevation data, and only potential modifications in rocks sources
may be deciphered from the sediment record through mineralogical, isotopical data and
geochemical data. If such data may enable to distinguish between the Lesser and Higher
Himalayan sequences, in the studied area the geology is complicated by the presence an
overthrusting crystalline klippe of HH over the midland (FIG. 2b). This may compromise
reliable reconstruction of the paleo drainage basin in the sedimentary records. Reassuringly,
based on sedimentological paleo-environment studies, DeCelles ¢f a/. (1998) suggested that the

rivers that deposited the upper and middle Surai sections were similar to the present day major
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trans-Himalayan rivers (DeCelles ez a/, 1998), and has followed the same monsoon hydrologic

regime for the last ~7 Ma (Quade ez a/,, 1995).

We can apply a similar reasoning for the 0-2.8 Ma period, which is characterized by
denudation rates higher than 1 mm.yr!. In the Surai section, mineralogical and geochemical
tracers do not shown any systematic source change since 5 Ma (Huyghe ¢z 4/, 2001; Szulc ez al.,
20006) and suggest that the exhumation of Lesser-Himalaya has rather begun ~11 Ma ago.
Hence, for this period, and since we can rule out a pure Siwaliks reworking (§5.2), the paleo-
Rapti has continuously eroded a proportion of rocks from the higher-Himalaya group.
Therefore, the paleo-drainage basin has always, at least, reached the higher-Himalaya klippe
thrusting over the mid-land (Fig. 2b). Thus, the relatively low initial ’Be concentrations, and so-
derived high denudation rates, observed between 0.5 and 2.8 Ma, cannot be due to a change of
the catchment to lower elevation. Conversely, it is very unlikely that these sediments were
derived from catchment reaching altitudes much higher than nowadays. This would not be
coherent with the general propagation of the Himalayas tectonic wedge and, moreover, if we
supposed a drainage basin comparable to the one of the present-day Karnali river, so-calculated
denudation rates would reach ~5 mm.yr!, a value unreasonably higher than any denudation rate

reported in this area (e.g. Lupker 2012).

5.3.2 Insights on the tectonic evolution of central Nepal

In the scenario assuming a constant basin topography for the last 6.5 Myr, our
denudation record can also be interpreted has a marker of the tectonic evolution of the
Himalayan thrusting wedge. The increase in denudation rates at 3-4 Ma may, in this case,
indicates enhanced uplift of the lesser Himalayan, due for example to an acceleration of the
MBT.
The denudation rates recorded in the present day Rapti river are particularly low in comparison
with the rest of the record. These values are nonetheless similar to other found in midland-
draining basins of central Nepal (Andermann, 2011; Andermann ez a/, 2012), but smaller than
averaged rates on longer time scale from detrital ZFT and AFT (Bernet e7 a/., 2006; van der Beek
¢t al., 2006). Such a drop in denudation could be explained by the activation of the MFT to the
south of the Dundwa ridge, and a transfer of most of the Himalayan convergence, and active
uplift in this area, downstream to the present position of the Surai section. We therefore suggest
that the onset of the uplift of the Dundwa ridge and slip transfer to the present-day MFT

occurred between 0.5 Ma (age of our younger Surai sample) and today.
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5.4 Influence of the global climate?

The apparent increase in denudation 3-4 Ma is synchronous to the major intensification
of northern hemisphere glaciations, and global climate cooling. However, it remains limited to a
factor of ~2, and is real only if we consider that the elevation of the basin has never changed. In
that case, the drainage basin drained only the midlands and has never been glaciated. Thus, the
potential onset of glaciers on the Himalayan summits, by themselves, cannot explain the
apparent 3-4 Ma increase. In the other scenario discussed above, this apparent increase may be a
simple artifact. The denudation rates before 4 Ma could have been higher (between 1-1.7
mm.yt!) if the basin included the higher reliefs of the HH. Therefore, if this scenatio is true, the
onset of large glaciers in the drainage area would have had a negligible effect, or even would
have decreased the average denudation rates. However, the evolution of the global climate that
occurred about 3 Ma was not limited to the onset of glaciers (Zhang ez al., 2001). For example,
changes in both precipitations rates and climate cyclicity may have significantly disturbed the
overall equilibrium between denudation and rock uplift. This may yield to important
repercussions on denudation dynamics in such extreme mountainous environment, favoring for
example stochastic event as landslide. However, stable isotopes in paleo-soils, along with paleo-
botanical studies, have not reported major changes in the local climate since at least 7 Ma
(Quade ez al., 1995).
Morteover, if the acceleration between 3 and 4 Ma is real, we must therefore consider that the
denudation rates has remained stable between 3 and 0.5 Ma. Yet, paradoxically, during this
period, the global climate underwent an intensified cooling and the onset of the 100 kyr glacial
cycles since ~1 Ma (Zachos et al., 2001).
Therefore, even if denudation rates had increased between 3-4 Ma, and if this is not only an
effect of a catchment area shift, such increase remained very limited. This suggests that the
intense Quaternary cooling only had a limited impact on the paleo-denudation of the Himalayas.
Finally, the spectacular decrease in denudation, observed between 0.5 Ma and nowadays, is not

synchronous with any global climatic event of our knowledge.

5.5 Comparison with the Tianshan paleo-denudation rates.

If some discrepancies exist between the denudation rates calculated in the Surai and the
Tianshan sections, none of these records exhibit any dramatic acceleration of denudation rates
at the Plio-Pleistocene transition.

Moreover, if the decrease in initial 1"Be concentrations observed between 3-4 Ma is really an

indicator of enhanced denudation rates, this enhancement can also result from the tectonic
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evolutions of the Himalayan thrust wedge. Furthermore, this increase in denudation has
different magnitude and timing than the one observed in Tian-Shan. Interestingly, for the
densely sampled 0.5-2.7 Ma period, we do not observe the large variations displayed, during the
same period of time, in the Tian-Shan denudation rates records. The very different climatic
settings of both studied regions may explain this difference. First, the Tian-Shan is located at a
higher latitude, in a very continental setting where the climate since the beginning of the
Pliocene has probably been more variable than in the warm and wet Himalayas (Quade ez a/.,
1995; Sun e al, 2007; Gallaud, 2008). Second, the Tian-Shan basins have been, although in a
limited extent, more glaciated than the Surai basin. Glaciers could have amplified denudation
rates variations between glacial and interglacial periods. Third, the climate in both south and
north Tian-Shan has been consistently much arid than in the Himalayas during this period
(Quade ez al., 1995; Sun ef al., 2007; Gallaud, 2008). We can therefore expect some sediment
transport dynamics marked by important millennial cyclicity in Tian-Shan, which can let
imprints in cosmogenic nuclides record, while in Nepal the yeatly transport cyclicity, induce by

the monsoon, would have been averaged by cosmogenic nuclides on large scale basins.

6 Conclusion

The Surai section in the central Siwaliks is well suited for a cosmogenic-based paleo-
denudation study. It exposes fresh, continuous outcrops of medium-grained sandstone and
conglomerates where we picked up 20 paleo-denudation samples and analyzed 14 so far. We
also refined the magneto-stratigraphic dating of the upper section, and tried to analyzed
206A1/19Be ratio in order to constrain burial ages and test potential sediment recycling. At last, we
sampled the present larger nearby river, the Rapti, in two locations, upstream and in the middle

of the Siwaliks to also better address a potential reworking issue.

The record displays three distinct periods: one period of relatively high pre-depositional
10Be concentrations 6.5-4 Ma, a period of lower and stable initial concentrations 2.7-0.5 Ma, and
again higher concentrations in the modern river. To derive basin-average denudation rates, if we
consider the present-day Rapti river catchment at this point, these concentrations correspond to
average denudation rates of ~0.4, ~1.1 and 0.2 mm.yr! respectively. Despite large uncertainties
due to low cosmogenic concentrations, 20Al/1"Be ages do not suggest any dominant Siwaliks
reworking since 2 Ma. This is also supported by detrital thermochronology (Bernet ez a/, 2006;
Szulc ez al., 2006) and paleo-currents directions (DeCelles ez a/, 1998; Szulc ef al., 2006b).
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Provenance studies (Szulc e al., 20006), and the very low concentrations between 2.7-0.5
Ma, suggest that the catchment topography has remained relatively stable for this period and
equivalent to the present day Rapti system, draining only the mid-land (essentially Lesser
Himalaya but also a Klipp of High-Himalaya thrust sheet). However the higher cosmogenic
concentrations for the 6.5-4 Ma period may traduce a river catchment reaching higher reliefs,
potentially north to the MCT, which is consistent with previously proposed tectonic history of
central/western Nepal (DeCelles ¢f al. 1998, Huyghe ez al, 2001, Szulc ¢ al., 2006). In such case,
we propose two scenarios to explain this drainage system change: First, an accelerated uplift and
unroofing of the northern Lesser-Himalaya, as proposed by DeCelles e a/. (1998); Second, and
more simply, a progradation of a shift from large fan to interfan depositional environment
related to the general progradation of the Himalayan thrust-wedge system. We suggest that the
decrease in denudation rate observed between 0.5 Ma and present is due to a transfer of almost
all of the Himalayan convergence and hence uplift and deformation to the most southern

frontal MFT, which is located downstream from the Rapti samples and the Surai section.

These denudation rates variations can hardly be linked to global climate evolutions. If
there was an increase in denudation rates about 4 Ma, the mechanism by which it would have
been caused by the concomitant global climate cooling would be unclear, since this basin has
never been glaciated, and its hydrologic regime seems to have remained stable since at least ~7
Ma in this region (Quade ef al, 1995). Furthermore, and contrarily to the Tian-Shan paleo-
denudation records, erosion seems to have remained stable within uncertainties for the 2.7-0.5
Ma period, confirming that the onset of northern hemisphere glaciations and then

glacial/interglacial cycle seems to have had a limited impact on this wet, warm-latitude relief.

In any case, cosmogenic isotopes, thanks to their shorter time resolution, have here
proved their ability to enlighten denudation rates variations or absence of variation, that were
otherwise invisible to low-temperature thermochronology or sediment budget (e.g. Burbank ez

al., 1993; Metivier e/ al., 1999).
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Conclusion et perspectives

Une meilleur compréhension des interactions complexes entre climat, tectonique,
altération et érosion requiert une quantification de ces facteurs au cours de l'histoire de la Terre.
En particulier, la fin du Cénozoique (depuis ~10 Ma) fut indubitablement une période de
bouleversements climatiques majeurs (e.g. Zachos ez a/. 2001). En revanche, un intense débat sur
les interactions réciproques entre ces changements climatiques et les taux d'érosion et
d'altération a l'échelle globale anime la communauté scientifique, en grande partic a cause de
l'équivocité des méthodes employées pour remonter a ces grandeurs.

Durant cette these, nous avons exploré le potentiel des isotopes cosmogéniques zz-situ A
remonter a des enregistrements continus de paléo-taux de dénudation, cette méthode ayant déja
fait ses preuves dans la quantification de taux de dénudation actuels. Nous avons tout d'abord
exploré des points méthodologiques spécifiques de certaines des zones ciblées, au Tianshan, en
Himalaya et en Ethiopie, en testant l'influence de plusieurs facteurs géologiques et géochimiques
sur le signal cosmogénique contenu dans des sédiments actuels. Ensuite, nous avons appliqué
cette méthode dans des sédiments datés par magnétostratigraphie entre 0 et ~10 Ma, au
Tianshan et en Himalaya. Nous nous sommes attachés a circonscrire les limites théoriques et
pratiques de cette méthode. Les zones d'études cibles furent choisies pour leur importance vis a
vis des débats susmentionnés, et pout leur compatibilité a priori avec l'utilisation des isotopes

cosmogéniques.

Nos études dans 'actuel confirment la relative fiabilité des isotopes cosmogénique, y

compris dans des contextes défavorables :

®  En Himalaya, nous avons travaillé sur un petit bassin versant (riviere Khudi, ~100 km?2)
ou l'érosion est dominée pat les glissements de terrain. Nous avons montré que les glissements
influencent tant le signal cosmogénique moyen que la distribution granulométrique des sables de
riviere. Cependant, les taux de dénudation dérivés de l'analyse du '"Be dans la fraction sableuse
(0.5-1 mm) sont dans les mémes ordres de grandeur que ceux reportés par d'autres études et

avec d'autres méthodes(1-2.5 mm.yr-1)

® En Ethiopie, nous avons testé l'analyse de 1"He cosmogénique dans des olivines et
pyroxeénes détritiques. La difficulté de cette analyse réside dans la correction de la composante

magmatique de 3He. Etant donné 1'dge des trapps éthiopiens (30 Ma), I'écrasante majorité du
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“He est d'origine radiogénique, ce qui empéche d'utiliser cet isotope comme un traceut fiable du
3He magmatique. Cependant, nos tests ont montré qu'il était possible de surmonter ce probléme
en sélectionnant les tailles de grains adéquats (<500 pm dans ce cas), permetant de s'affranchir

de la composante magmatique de I'hélium.

Cing séries sédimentaires anciennes (jusqu'a ~10 Ma) ont été analysées : quatre des

piedmonts de la chaine du Tianshan, et une de I'Himalaya.

®  Au Tianshan, les cinq enregistrements montrent des paléo taux de dénudation variés
(moyennes entre ~80 et 500 m.Ma), y compris entre bassins géographiquement proches (<50
km), et marqués par des fluctuations a haute fréquence (typiquement facteurs 1.5 a 2 sur
quelques centaines de milliers d'années). Ces fluctuations peuvent trouver leur sourc dans les
nombreux facteurs d'incertitudes pesant sur cette méthode, une variabilité climatique marquée
dans ce contexte aride et tres continental (Sun ez a/, 2007; Gallaud, 2008), ou des particularités
tectoniques locales. En revanche, un profil sédimentaire haute résolution (deux échantillons/m)
semble montrer que l'influence du caractere épisodique des processus de dépot reste limitée.
La moyenne de ces quatre enregistrements normalisés, intégrée sur des périodes de 1 Ma afin de
lisser ces fluctuations, montre une augmentation progressive (facteur 3) des taux de dénudation
entre 9 Ma, début de l'enregistrement, et 4 Ma. Entre 4 Ma et l'actuel, cette moyenne semble se
stabiliser autour de 4-5 fois la valeur déterminée vers 9 Ma. Ces enregistrements montrent donc
que :
- S'il y a bien une augmentation régionale de la dénudation, celle-ci a débuté depuis au moins 9
Ma, c'est a dire largement avant le développement des glaciations quaternaires.
- Sl y a bien une légere accélération a ~4 Ma, qui serait concomitante avec l'accélération du
refroidissement du climat global, celle ci est tres limitée par rapport a celle proposée par des
études précédemment basées sut les taux d'accumulation sédimentaires (Metivier & Gaudemet,

1997; Metivier et al., 1999; Zhang et al., 2001).

®  En Himalaya, l'unique section sédimentaire analysée révele un tableau assez différent.
Trois périodes distinctes se dégagent dans cet entegistrement : des hautes concentrations en
10Be initial entre 6.5-4 Ma, des basses concentrations entre 2.7-0.5 Ma, et 2 nouveau une haute
concentration dans les sédiments de la riviere actuelle. Contrairement au Tianshan, sur chacune
de ces périodes, les palo-taux de dénudations restent stables, et non caractérisés par la méme
variabilité haute fréquence que les données du Tianshan. Par ailleurs, les changements apparents
de taux de dénudation entre ces trois périodes (~0.4, ~1.1 et ~0.2 mm.a-1 respectivement) sont

probablement explicables par des réorganisations du systtme de drainage et, donc, des
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changements de taux de production cosmogéniques. Ces changements seraient liés a la
progradation tectonique du front Himalayen, soit pat le transfert successif de la convergence
himalayenne sur ses grandes failles structurales (MCT, MBT, MFT), soit par le passage de la
zone de dépot sédimentaire d'un cone alluvial a un autre. Ainsi, il est probable que les taux de
dénudation moyen des bassins versant approvisionneurs soient restés stables entre 0.5 et 5.5 Ma,
autours de 1.2 mm.a-1.

Nous n'observons aucune variation de taux de dénudation explicable par des changements
climatiques globaux. Cependant, cette zone tropicale trés humide fut vraisemblablement peu

affectée pat ces changements (Quade et al., 1995).

Ces études confirment le potentiel des isotopes cosmogéniques, mais aussi leurs limites :
- Nos résultats confirment en effet la nécessité de travailler sur des séries indépendamment
datées, afin de pourvoir corriger de la production cosmogénique syn-dépot et des éventuels
réexpositions post-dépot.
- 11 serait idéal de pouvoir estimer les évolutions passées du bassin versant (hypsométrie et
provenances des sédiments). Les progres méthodologiques en paléo-altimétrie seraient
déterminant pour améliorer ces aspects.
- Le cas échéant, nous avons montré qu'il était possible de repousser les limites analytiques
imposées par la décroissance radioactive du 1°Be, en combinant l'analyse de grandes quantités de

quattz (>100 g) avec des blancs particulierement bas (1'Be/?Be <10-15).

Malgré ces limites, et les incertitudes associées, les isotopes cosmogéniques s'avérent
capables d'apporter des informations uniques sur les paléo-dénudations, notamment sur des
échelles de temps inaccessibles a d'autres méthodes, et avec une relative facilité
d'échantillonnage et d'analyse.

Sur l'ensemble des deux zones étudiées, les changement climatiques du Plio-Pleistocéne ne
semblent pas avoir eu un impact important sur les taux de dénudation. Ces résultats participent
donc a une sérieuse remise en cause du paradigme d'une augmentation majeur (x 5 a 10) des
taux de dénudation mondiaux, liée a la variabilité climatique du Quaternaire (Zhang ez al., 2001;
Molnar, 2004). Cependant, nos résultats ne concernent que deux chaines de montagnes
(Himalaya et Tianshan) qui sont particuli¢rement actives sur le plan tectonique.ll est ainsi
possible, et méme probable, que d'autres chaines (Alpes par exemple) marquées par des
contextes tectoniques et des géométries orogéniques différentes, aient répondu de maniére plus

marqué a ces changements climatiques (Whipple and Meade, 2006; Whipple, 2009).

- 230 -



6 CONCLUSION ET PERSPECTIVES

Suite a ces résultats prometteurs, on peut envisager deux pistes dans le développement

de cette méthode :

®  D'une part, son application a plusieurs régions, dominées par des contextes climatiques
et tectoniques treés divers. Cependant, il faut noter que les bassins versants englacés sur une forte
proportion de leur surface (>30%) ne seront pas 2 méme de fournir des taux de dénudation
fiables par les isotopes cosmogéniques, a cause de l'écrantage par la glace et les granulométries

particulieres des sédiments glaciaires (Wittmann et al., 2007; Godard et al., 2013).

® D'autre patt, le développement des isotopes cosmogéniques stables, dans des zones
faborables ou sur de nouvelles phases minérales, qui permettrait de remonter a de trés anciens

paléo-taux de dénudation (plusieurs dizaines de Ma).
Cette méthode permettra alors, sans doute, d'apporter des informations importantes et

de raffiner encote nos connaissances des interactions de surface a 'échelle du millier a plusieuts

millions d'années.
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Et ce fut tout.

G. Flaubert,
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Annexe A

Code Matlab® de calcul des paléo-taux

de dénudation









1 s = solve_paleoero(ero, Nmes, Accun, Accuml, Accum2, t,...
Z24U 2 tnmean, fmlmean, fm2mean, fn, fml, fm2,...
241 ==0 3 lamb, ...
242 ero=99999; 4 ro, rosed,
243 5 Pn, Ln, Pml, Lml, Pm2,Lm2)
244 [3
245 ero = led.*ero; 7
24¢ 8
247 9
248 e=size(ero); 10
249 M=mean (ero); 11
250 12
251 + - 13
252 14
253 15
254 1€
255 p=1; 17
256 m=1: 18
257 1=1:e; 19
258 20
259 ==0 21
260 plus=0; 22
261 moins=0; 23
262 24
263 1)>M 25
264 pius(p,l)=(ero(l,1)-M)*2; 2¢
265 ov=p+1; 27
26€ moins (m, 1l)=(M-ero(l,1))"2; 28
267 m=m+1; 28
268 30
268 31
270 32
271 33
272 34 N = (((fnmean*Pn/ (ro*ero/In))...
273 35 + (fmlmean*Pml/ (ro*ero/Iml))...
274 Paleocero(i,l) = M; 36 + (fm2mean*Pm2/ (ro*ero/Lm2))) *exp (-lamb*t))...
275 Paleoero(i,2)=sqrt (mean(plus)); 37 + (...
276 Paleoero(i,3)=sqrt (mean(moins)); 38 (fn*Pn/ (lamb-Accun*rosed/Ln) * (exp (-t *Accun*rosed/Ln) -exp (-lamb*t)) ) ...
2717 39 +(fml1*Pml/ (lamb-Accuml*rosed/Lml) * (exp (-t*Accuml*rosed/Lml) —exp (-lamb*t)}) ...
278 : 40 +(fm2*Pm2/ (lamb-Accum2*rosed/Lm2) * (exp (-t*Accum2*rosed/Lm2) —exp (-lamb*t})));
279 riygure 41
280 histfero, 100); 42 s = N - Nmes;
281 43
282 44
283 45
284 ro})
285
286
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Annexe B

Article paru dans la revue Géochronique

(Société géologique de France, 2012)



La thermochronologie comporte
des méthodes mises au point depuis
une trentaine d’années et en constan-
te évolution. La combinaison de ces
méthodes avec des outils de modéli-
sation numérique et le développement
de nouvelles méthodes comme le
3He/4He (ou la thermochronologie
OSL) permettent maintenant de les uti-
liser d'une facon beaucoup plus
quantitative, de tester des hypothéses
et scénarios tectoniques et morpholo-
giques et de fracer |'évolution du
relief au cours du temps géologique.

P. VAN DER BEEK et J. BRAUN
Les nucléides

cosmogéniques : traceurs
a haute résolution

des taux d'érosion
av cours du temps

Lla dénudation (somme de ['éro-
sion physique et de I'altération chi-
mique) des reliefs joue un réle majeur
dans I'amplification ou la régulation
des inferactions entre tectonique et cli-
mat. Ainsi, la dénudation contréle a
la fois I'isostasie et la structure ther-
mique d'un orogéne, et, de fait, la
réponse tectonique associée. De plus,
'érosion physique et |'altération chi-
mique des silicates calciques, sont
présentées par plusieurs auteurs
comme des acteurs prépondérants du
cycle du carbone & I'échelle des
temps géologiques, contribuant ainsi
a refroidir le climat (France-Lanord et
Derry, 1997 ; Raymo et Ruddiman,
1992). A l'inverse, le climat joue
aussi un réle prépondérant sur ces
mécanismes de destruction des oro-
génes. Pour mieux comprendre |'am-
plitude et le sens des rétroactions
reliant tectonique, érosion et climat, il
est fondamental d'établir une meilleu-
re quantification des flux de dénuda-
tion régionaux et globaux au cours
de milliers voire de millions d'année.
En effet, ce sont sur ces échelles de

Géochronique n°124, 2012

Dossier

a) Present-day
Relief

Elevation (m)

* [(ws-03 @100m)]

80

Tirne (Ma BP)

b) Pre-glacial
Relief

Fig. 16. — Evolution de lar vallée dy Rhéne Valais suisse] confraint par des données 3He,/4He sur

apatite (fig. modifiée de Volla ef al, 2011). En bas, les chemins de refroidissement permis por les

données 3He,/4He sont indiqués en vert pour un échantilon (VISO3) provenant d'une dllitude &levée ef

un autre (VISO7] du fond de vallée (voir la topographie actuelle avec les lieux d'échantillonnage en haut

a gauche). En noir, les chemins prédits par des modélisations Pecube : en poinillé pour une vitesse

d'exhumation constante sous un relief fixe ; en firefs pour une histoire impliquant deux phases

d'exhumation séparées par une période siable sous un relief fixe ; en confinu pour une phase

d'exhumation rapide entre 4 ef 5 Ma suivie par un creusement de la vallée depuis 1 Ma ; seul ce

demier scénario permet d'expliquer d la fois les données de haute alitude et du fond de la vallée. En

haut & doite : lo topographie pré-glaciaire prédite par le modgle.

femps que se sont produits les chan-
gements climatiques majeurs (appari-
tion des glaciations & la transition
Plio-Pléistocéne il y a environ 2,5 Ma,
cycles glaciaire-interglaciaire  de
Milankovitch, variabilité rapide de la
circulation océanique, phénoménes
de mousson) ou fectoniques (accélé-
ration ou ralentissement d'une colli-
sion entre continents, élévation d'une
montagne offrant une barriére aux
masses d'air). Méme si les sédiments,
produits de la dénudation, recouvrent
une grande partie des surfaces conti-
nentales et des fonds marins, il reste
paradoxalement trés difficile de quan-
tifier les taux de dénudation & I'échel-
le des temps géologiques.

Plusieurs auteurs ont ainsi essayé
de déterminer les taux de dénudation
en calculant les volumes de sédiments
accumulés dans les bassins. Par cette
approche, Zhang et al. (2001) sont

par exemple arrivés & la conclusion
que les taux de dénudation ont signi-
ficativement augmenté & |'échelle glo-
bale depuis 2,5 Ma, au moment de
I'apparition des glaciations du
Quaternaire.

Cependant, si I'accélération est
réelle dans de nombreux bassins, elle
peut aussi étre expliquée par une
simple baisse du niveau marin, qui
aurait engendré une re-mobilisation
du matériel détritique meuble stocké
sur les marges continentales nouvelle-
ment émergées. les enregistrements
sédimentaires en domaine continental
ne sont pas sensibles & cet arfefact.
Mais, dans ce cas, du fait de I'ab-
sence de marqueurs biostratigra-
phiques, la chronologie est souvent
plus difficile & établir. Ainsi, la com-
pilation des volumes sédimentaires
réalisée par Zhang et al. (2001)
repose en grande partie sur des
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séries d'Asie centrale dont les data-
tions ont longtemps été incertaines, et
qui ont largement été remises en
cause depuis Charreau et al. (2009).
De plus, il est trés difficile d'estimer
de facon fiable les volumes de sédi-
ments dans les bassins car la géomé-
trie en trois dimensions des dépéts
sédimentaires est souvent difficile &
déterminer (Métivier, 2002). Ceci
nécessite des forages et des coupes
sismiques sériées frés colteux a pro-
duire.

Plusieurs chercheurs ont donc
essayé de développer des méthodes
alternatives plus intégratives. Par
exemple, l'analyse du rapport
Be/'Be dans les sédiments océa-
niques représente d'aprés
(Willenbring et von Blanckenburg,
2010), un traceur géochimique de
'altération continentale. Leurs résultats
vont & |'encontre des conclusions de
Zhang et al. (2001), puisqu'ils suggé-
rent une stabilité de ['altération au
cours du Cénozoique. Cependant,
cefte approche se limite & ['altération
chimique et ne permet pas de quanti-
fier dans son ensemble la dénudation.

C'est pourquoi une méthode
beaucoup plus directe commence &
étre développée avec des résultats
préliminaires trés prometteurs. Il s'agit
d'appliquer & des séries sédimen-
taires anciennes un des outils les plus
fiables pour quantifier les processus
de surface : les nucléides cosmogé-
niques in situ (cf Godard ef al., dans
ce dossier). Ces isotopes créés par
'interaction des rayons cosmiques
avec les roches de la surface terrestre
permettent en effet de quantifier le
taux de dénudation moyen d'un bas-
sin versant. Ainsi, plus une roche est
exposée longtemps a la surface, plus
sa concentration en isotopes cosmo-
géniques est élevée. La quantité d'iso-
fopes cosmogéniques présents dans
les sédiments est donc fonction du
taux d'érosion. Cette méthode est
déja utilisée en routine dans les sédi-
ments modernes de riviére. En étant
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appliquée & des sédiments anciens,
celleci permet théoriquement de
quantifier les paléotaux de dénuda-
tion au moment du dépét (fig. 1-7).
Cependant, il n'est pas inferdit
d'étendre cette méthode & I'étude de
sables agés de plusieurs milliers ou
millions d'années. Les deux isotopes
les plus couramment utilisés sont le
"Be et le 2°Al. En effet, ils ont I'avan-
tage d'étre complétement refenus
dans le quartz — un minéral résistant
a l'altération et ubiquiste & la surface
de la Terre - et, d'autre part, leur pro-
duction étant uniquement d'origine
cosmogénique, leur concentration ne
dépend pas d'autres sources, comme
dans le cas des gaz rares cosmogé-
niques (*He et ?'Ne). En revanche,
contrairement & ces deux derniers iso-
topes, '°Be et “Al sont radioactifs et
décroissent avec des demivies de

~1,4 Ma et ~0,72 Ma, respective-
ment. On ne peut donc pas les utiliser
pour des sédiments plus &gés que
~10 Ma, et ce seulement pour des
taux d'érosion faible (< 0,5 mm.a™),
sans quoi les concentrations sont en
dessous des limites de détection ins-
frumentales.

A cette limite purement analytique
s'ajoutent d'autres complications
d'ordre géologique. Tout d'abord, la
concentration en isotopes cosmogé-
niques d'un sable est fonction du taux
de production de ces isotopes sur le
bassin versant étudié, taux qui
dépend de son dltitude. Il faut donc
s'assurer que celleci n'a pas changé
significativement sur la période de
temps considérée. Ensuite, contraire-
ment aux sables de riviéres actuelles,
les sédiments continentaux anciens
ont pu avoir été réexposés au rayon-

Concentration 10Be

Ecrantage progressif
erdecrolssance rodioactive

Erasion
it bassin
warsant

B
[P

magnetostratigraphie

4 e e ,.: ? lamps
— \ PYRTITA
s \

. temps

DEterming par

Analyse
du 'UBe

Fig. 1-7. = Schéma de 'évolution de la concentration en isofopes cosmogéniques dans une série

sédimentaire.

1] - Erosion des versants. Chaque roche de surface est exposée au rayonnement cosmique et se charge

dlune concentration C en isolopes cosmogéniques a un aux P dépendont de [allitude. Des grains de

ces roches provenant de fout le bassin versant sont ensuite mélangés por la riviére puis déposés dans un

bassin sédimentaire.

2] - le sable est enfoui progressivement sous d'autres sédiments, accumulant encore un peu d'isofopes

cosmogéniques, et simullanément la concentration décroit avec la désintégration radioactive de ceuxi,

3] - les séries sédimentaires sont fectonisées et incisées rapidement par les riviéres ou les constructions

humaines. On peut ainsi échantillonner un enregistrement continu de paléosables, ef remonter aprés

corrections & la concentration moyenne au moment du dépét, ef donc au paléofaux de dénudation.
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nement cosmique postérieurement a
leur érosion sur le bassin versant, soit
au moment de leur dépdt, avant qu'ils
ne soient tofalement enfouis sous
d'autres sédiments, soit lors de I'ex-
humation & la surface par I'effet com-
biné de l'incision des riviéres et du
soulévement tectonique. Toutes ces
complications liées & un “réenrichis-
sement” potentiel en isofopes cosmo-
géniques sont donc sources d'incerti-
tude. Il faut par conséquent pouvoir
les minimiser et dans tous les cas les
quantifier.

Pour cela, il faut privilégier les
échantillons les plus récemment expo-
sés & l'affleurement ou les mieux
“écrantés” (enfouis). Les sédiments
marins obtenus & partir des forages
océaniques ne souffrent pas de ces
inconvénients, ['écrantage total est
immédiat et il n'y pas de réexposition
postérieure au dépdt. Cependant, il
est plus difficile d'obtenir des carottes
marines dans des faciés ayant une
granulométrie adéquate. Lles séries
continentales, dont la granulométrie
est souvent plus grossiére, sont en
cela plus adaptées & la mesure des
isofopes cosmogéniques. De plus,
elles constituent des enregistrements
indépendants des variations eusta-
tiques. Les séries a fort taux de sédi-
mentation sont les plus prometteuses,
non seulement parce qu'elles permet-
tent un échantillonnage & haute réso-
lution temporelle, mais aussi parce
que, dans ce cas, |'exposition syn-
dépét est la plus faible.

Les études pionniéres ont porté sur
'évolution des taux de dénudation au
cours des derniers cycles glaciaires-
interglaciaires. Cependant, ces fro-
vaux ont été menés sur des terrasses
alluviales, qui représentent des enre-
gistrements discrets au cours du temps
(Schaller et al., 2004). La méthode
donnera des résultats plus complets si
elle est appliquée & des séries plus
anciennes, continues dans le temps,
qu'il s'agisse de sédiments exhumés &
lo faveur de la fectonique, ou de
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carottage dans les bassins sédimen-
faires et les cdnes alluviaux.

Ainsi, nous poursuivons actuelle-
ment |'analyse de sédiments prove-
nant des piémonts de la chaine du
Tianshan, en Asie centrale. Ces
séries, dont |'dge de dépét est déter-
miné par magnétostratigraphie entre
0,5 et 20 Ma (Charreau et al.,
2005), sont situées dans une zone
intracontinentale clé pour I'étude des
couplages entre tectonique, climat et
érosion au cours de la fin du
Néogéne. Si les premiers résultats
issus du Tianshan suggéraient une
augmentation transitoire de la dénu-
dation au moment de la transition cli-
matique du Plio-Pleistocéne (Charreau
et al, 2011), I'étude de nouveaux
bassins versants de la région ne
montre, au contraire, pas d'ougmen-
fation synchrone (Puchol et al., in
prep). les isofopes cosmogéniques
semblent donc mettre & mal un para-
digme vieux de 10 ans, faisant ainsi
la preuve qu'ils peuvent apporter
beaucoup d'informations de premier
ordre & la compréhension des paléo-
processus de surface. Reste & les
appliquer sur d'autres sites dans le
monde, soumis & d'autres conditions
climatiques ou fectoniques.

N. PUCHOL, P-H. BLARD,
J. CHARREAU, R. PIK

Mesvure de la dénudation
des bassins versants

par les nucléides
cosmogéniques

Problématique

la surface topographique ter-
restre est |'interface oU se fait la ren-
contre et l'inferaction entre les pro-
cessus internes (tectonique) et externe
(climat) par le biais de la dénudation
(érosion). Comprendre les modalités
de cette dénudation nécessite des
outils permettant d'en quantifier préci-
sément la vitesse dans différents types

Dossier

d’environnements  géomorpholo-

giques.

Plusieurs types d'outils sont dispo-
nibles pour permettre cette quantifica-
tion, depuis le trés court terme avec,
par exemple, les mesures de flux de
sédiments charriés par les riviéres a
I'échelle de quelques années, jus-
qu'au trés long terme avec, par
exemple, la thermochronologie qui
quantifie les vitesses de refroidisse-
ment des roches pendant leur exhu-
mation vers la surface & I'échelle de
plusieurs millions d'années. Entre ces
gammes de temps se trouve |'interval-
le 1000-100000 ans qui a une
importance particuliére, car il corres-
pond & l'échelle de temps de nom-
breux processus climatiques (oscillo-
tions quaternaires,...) et tectoniques
(cycle sismique, croissance de la
topographie,...). Il est donc crucial de
disposer d'outils spécifiques permet-
fant de mesurer les vitesses de dénu-
dation intégrées sur ces échelles de
femps.

Méthode

Les nucléides cosmogéniques, tels
que le 'Be, sont des isofopes rares,
produits en permanence dans la cro-
fe ferrestre et |'atmosphére par ['inter-
action du rayonnement cosmique
avec la matiére. Au sein des roches
cefte production, qui est infime (de
I'ordre de quelques atomes a
quelques centaines d'atomes par an
et par gramme de matiére), se fait
principalement dans les 2-3 premiers
métres sous la surface. Ainsi, plus une
roche présentera une concentration
élevée en “Be et plus elle aura résidé
longtemps dans cette portion superfi-
cielle. La mesure de cette concentra-
tion dans un échantillon collecté sur le
terrain va donc fournir des informa-
tions sur la durée d'exposition de
cefte roche d la surface ou sur la vites-
se des processus de dénudation qui
ont permis de I'y amener.

Les taux de dénudation ainsi obte-
nus n'ont toutefois qu'une valeur loca-
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Erosion is a fundamental player of the interactions existing between internal geodynamics and climate, in
particular through its influence on the carbon dioxide budget. However, long term (>1 Ma) erosion rates,
estimated indirectly from sediment budget, remain poorly constrained. While some studies suggest that
worldwide erosion rates increased at the Plio-Pleistocene climatic transition (~4-2 Ma), the validity of this
observation and its significance is a matter of debate due to potential biases of the sedimentary record and to
the influence of sea level fall on the global sedimentary flux to marginal basins. In the present study, we
estimate erosion rates over the last ~9 Ma using in situ produced cosmogenic '°Be concentrations measured
in magnetostratigraphically dated continental sediments. We focus on an intracontinental endorheic
watershed draining the northern Tianshan in Central Asia, a key region regarding the ongoing debate. While
erosion rates between 0.1 and 1 mm-yr~ ! are derived from most of our record, they reach values as high as
~2.5 mm-yrfl from 2.5 to 1.7 Ma. Then, after 1.7 Ma, recent and modern erosion rates fell below 1 mm-yr”.
This temporary increase is correlated with the onset of Quaternary ice ages and suggests that global climate
had a significant and transient impact on erosion.
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1. Introduction

Erosion is a key factor governing the evolution of the Earth's
surface evolution and provides a source of multiple feedback
mechanisms linking climate and tectonics (France-Lanord and
Derry, 1997; Molnar, 2004; Raymo and Ruddiman, 1992). First,
erosion controls mass transfer from uplifting highlands. The ensuing
redistribution of mass influences isostatic compensation in a way that
induces tectonic deformation (Dahlen and Suppe, 1988; Whipple and
Meade, 2006; Willett and Brandon, 2002). The resulting vertical
movement of mass affects the thermal structure of the crust and

* Corresponding author. Tel.: +33 383594227; fax: +33 383511798.

E-mail addresses: charreau@crpg.cnrs-nancy.fr (J. Charreau),
blard@crpg.cnrs-nancy.fr (P.-H. Blard), puchol@crpg.cnrs-nancy.fr (N. Puchol),
avouac@gps.caltech.edu (J.-P. Avouac), elisabeth.verges@univ-orleans.fr
(E. Lallier-Verges), bourles@cerege.fr (D. Bourlés), braucher@cerege.fr (R. Braucher),
audrey.gallaud@gmail.com (A. Gallaud), finkel@cerege.fr (R. Finkel),
marc.jolivet@univ-rennes1.fr (M. Jolivet), Yan.Chen@univ-orleans.fr (Y. Chen),
Pierre.Roy@etudiant.ensg.inpl-nancy.fr (P. Roy).

! These authors contributed equally to this work.
2 Tel.: +1 626 395 4239; fax: +1 626 395 1740.
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hence its rheology (Avouac and Burov, 1996; Zeitler et al., 2001).
Second, erosion is considered as a first order driving mechanism of the
Earth's climate at the geological time scales because of its potential
impact on atmospheric CO, through the creation of new surfaces
enabling silicate weathering (Berner et al., 1983) but also because of
its influence on the mechanical burial of organic carbon (Galy et al.,
2007). Quantitative records of past erosion rates over geological time
scales are thus of major importance to untangle the complex
interactions between tectonics, climate and surface processes.
Importantly, records of erosion rate over the last 10 Ma are crucial
for addressing the respective causes and effects of glacial cycles that
were initiated at the Cenozoic-Quaternary boundary.

Some authors (Molnar, 2004; Zhang et al., 2001) have reported a
worldwide acceleration in accumulation rates at the Plio-Pleistocene
transition (2-4 Ma) (Fig. 1) that they link to enhanced erosion. This
finding, which suggests a major influence of Quaternary glaciation on
global erosion rates, has recently been questioned on the ground of a
new global °Be/°Be record (Willenbring and von Blanckenburg, 2010).
Interpreted as a proxy of continental weathering, this ratio has remained
nearly constant over the last 12 Ma which led Willenbring and von
Blanckenburg (2010) to conclude that the global Quaternary cooling
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Fig. 1. Sediment flux and accumulation rates in Central Asia basins over the last 25 Myr. Topographic map of Central Asia with locations of all accumulation rate records derived from
magnetostratigraphy in this region (see references in Charreau et al., 2009b). The basal age of the conglomeratic ‘Xiyu’ formation found at each of these locations is indicated in
bracket (see references in Charreau et al., 2009b). At the bottom, from left to right, the evolution of sediment flux to basins for the world (Zhang et al., 2001), and Central Asia
(Métivier and Gaudemer, 1997) and the accumulation rate records derived from magnetostatigraphy around the Tianshan (see references in Charreau et al., 2009b). The red box

shows the location of Figure 2.

had no profound effect on global weathering rates. Moreover, erosion
rates derived from sediment budgets suffer from drawbacks and
potential flaws due to uncertainties on depositional ages in intraconti-
nental areas (Charreau et al., 2009b), poor constraints on basin
geometry (Clift, 2006) and inaccurate volume reconstruction methods
(Métivier, 2002). Furthermore, the global sediment budget might
actually be biased by the effect of the sea level drop during glacial
times that remobilized loose sediments previously stored on the
continental margins (Hay et al., 1988). Finally, the Quaternary increase
of local accumulation rates could reflect an observational artifact, due to
the increasing likelihood that sedimentary deposits will have been lost
with the increasing age of the deposit (Sadler, 1999).

Central Asia stands out as a key area with regard to this debate.
Indeed, because of its intracontinental endorheic setting, the
sediment budget in this region is insensitive to global sea-level
variations and can be constrained reasonably well from the closed
basins systems (Fig. 1). The large Pleistocene increase of sediment flux
to the basins reported in previous studies (Métivier and Gaudemer,
1997; Zhang et al., 2001) is therefore a key observation. However,
these observations are also prone to hiatus artifacts and they relied
heavily on the assumption that the widely distributed conglomeratic
units, often referred to the Xiyu Formation, were regionally
synchronous. Several magnetostratigraphic studies (Charreau et al.,
2009b; Heermance et al., 2007) have however shown that the onset of
formation of the Xiyu conglomerates is, in fact, diachronous, with ages
ranging between 1 and 15 Ma (Fig. 1). Moreover, accumulation rates
derived from these studies (Fig. 1) yield widely varying results for the
0-5 Ma period, probably because of tectonics modulation on the
available space in the piedmont (Charreau et al., 2008).

In situ produced cosmogenic nuclide concentration in river
sediments allow the derivation of average erosion rates within a
given watershed (Brown et al., 1995, 1998), because at steady state,
the nuclide concentration is inversely proportional to the denudation
rate and because the river sediments have moreover the remarkable
property to provide a spatially averaged erosion rate for the whole
drainage basin (von Blanckenburg, 2005). This method has been
successfully applied to determine erosion rates in a broad range of
modern (von Blanckenburg, 2005) and relatively recent (less than
~1 Ma old) environments (Blard et al., 2006; Schaller et al., 2002). So
far, only Refsnider (2010) using cosmogenic analysis of cave
sediments has provided an estimate of erosion rate since 5 Ma, in
the Rocky Mountains.

Here, we expand the method to longer geological records to infer
erosion rates by measuring the fossil in situ produced cosmogenic
signal in buried sediments along a magnetostratigraphically dated
section (Charreau, 2005) from the North Tianshan Piedmont in
Central Asia (Figs. 1 and 2). This record spans from 9 Ma to the
present, a time period that is particularly relevant to address the
feedbacks between long-term global climate, tectonics and erosion.
This study moreover demonstrates the possibility of estimating past
erosion rates combining cosmogenic analyses with magnetostrati-
graphic dating of sediments.

2. Geological settings and sampling
We analyze sediments from the Kuitun river watershed which

drains the northern Tianshan shedding sediments to the Junggar
foreland basin (Figs. 1 and 2). The Tianshan is a 2500-km-long
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Fig. 2. Geographic and stratigraphic setting of the samples. Map of the Kuitun river's
watershed area with location of the river sands (RS) and terrace profile (TP)
cosmogenic samples. Red line AA' shows location of the magnetostratigraphic section
where samples were also collected for cosmogenic analysis. Top: structural cross
section of the Dushanzi anticline and extent of the magnetostratigraphic section. Right:
magnetostratigraphic column of the Kuitun section and its correlation to the polarity
reference scale with red stars indicating the stratigraphic position of the samples
collected for cosmogenic analysis.

tectonically active mountain range that dominates Central Asia with
an average altitude of 2500 m and summits reaching up to 7000 m.
While its geology consists of mainly island arc rocks linked to a
long-lived Paleozoic history of subduction/collision (Burtman, 1975;
Charvet et al,, 2007; Gao et al., 1998; Lin et al,, 2008; Wang et al.,
2008; Windley et al., 1990), the present high topography attests to
a more recent and intense deformation. This later owes its origin to
the Cenozoic reactivation of the range during the Oligocene to early
Miocene (>16 Ma) (Avouac et al., 1993; Bullen et al., 2001, 2003;
Charreau et al., 2005, 2006, 2009a; Dumitru et al., 2001; Sobel and
Dumitru, 1997; Sobel et al., 2006; Windley et al., 1990; Yin et al.,
1998), under the influence of the ongoing India-Asia collision. The
Tianshan range indeed plays a major role in the India-Asia collision
since it presently accommodates up to 40% of the total convergence
between those two continents (Abdrakhmatov et al., 1996; Reigber
et al, 2001). It is sandwiched between two large intracontinental
basins (Fig. 1) filled by the eroded materials shed from the uplifting
range. In the piedmonts, tectonic wedges constituted of numerous
fold and thrust belts have overthrusted Lower Mesozoic to
Quaternary sediments that were initially deposited in the foreland
basin. Thanks to strong Holocene river entrenchment (Poisson and
Avouac, 2004) into these piedmont fold-and-thrust belts, several
exceptional sections are well exposed and now enable high

resolution analysis of this thick and continuous sedimentary
records.

Our study focuses on the 1.8-km-thick Kuitun section that is
located near the Dushanzi city, 300 km west of Urumgqi (Fig. 2). This
location is very suitable because cosmogenic production due to recent
exposure can be accurately quantified (Poisson and Avouac, 2004)
and because depositional ages are independently well constrained by
a magnetostratigraphic analysis (Charreau et al., 2005) that yielded
ages from ~10.5 to ~1.5 Ma (Fig. 3). Magnetostratigraphic dating also
permitted these authors to constrain the sediment accumulation rates
between 0.12 and 0.46 mm/yr. This constraint is fundamental to
estimate the cosmogenic production during sediment burial (see
below).

Seventeen sandstone samples were collected along the freshly
exposed outcrop of this Cenozoic section(Fig. 2), as well as three
modern sands from the Kuitun river bed and a 150-cm-thick profile
from a 154-3 ka terrace (Molnar et al., 1994; Poisson and Avouac,
2004) (Fig. 2).

3. Methods and measurements
3.1. Cosmogenic isotopes in modern river sediments

At a single location i, in surficial rocks undergoing continuous thin-
layers removal by erosion, the concentration (atom-g~!) of cosmo-
genic isotopes N; (e.g. '°Be), is expressed by the following equation
(Lal, 1991):

= 36)

where P; (atom g~ ' a= 1) is the surface production rate, A (g-cm™2)
the attenuation length, N\ (a~!) the radioactive decay constant of the
nuclide, € (cm-yr~!) the erosion rate and p (g-cm~?3) the density. It
must be noted that this equation is valid only if the surface exposure
time is sufficiently long (i.e. t>>1/(\ + &p/A) to have reached steady
state and if the inherited cosmogenic concentration can be neglected.

Importantly, the cosmogenic nuclide concentration measured in
river sands has the remarkable property of averaging the concentra-
tion of all surficial rocks outcropping in the drainage basin (Brown
et al., 1995; von Blanckenburg, 2005). It is thus possible to determine
the average erosion rate € for a whole drainage basin by measuring
the mean cosmogenic nuclide concentration N in river sand. Eq. (1)
requires calculation of the average production rate P at the surface in
the drainage basin. The modern production rate was calculated
here using the present day watershed hypsometry by combining the
S.R.T.M. (Shuttle Radar Topography Mission) D.E.M. (Digital Elevation
Model) of the Kuitun watershed (Fig. 2) along with the geological map
to precisely identify the altitude of quartz rock sources. A scaling
factor multiplying the sea level production rate is associated to each
altitude. The arithmetic mean of these scaling factors is 9.540.7 for
the whole drainage. The scaling factor is 1.9 4- 0.2 at the location of the
sediment deposition. These values are obtained using the scaling
scheme of Lal/Stone (Lal, 1991; Stone, 2000). The topographic
shielding was also considered using the S.R.T.M D.E.M and following
Dunne et al. (1999).

3.2. Cosmogenic isotopes in buried sediments

Deriving erosion rates from cosmogenic isotopes in an old
sedimentary sequence requires knowledge of: i) the age of deposition
of the studied sedimentary archive, ii) the cosmogenic paleo-
production rate of the whole drainage basin at the time of deposition
and iii) the build-up of cosmogenic nuclides between the times of
sediment deposition and sample collection (Fig. 4).
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Fig. 3. Magnetostratigraphic analysis of the Kuitun section (after Charreau et al, 2005). (a) Magnetic declination and inclination measured in the Kuitun section.
(b) Magnetostratigraphic column of the Kuitun section. Each normal (black) and reverse (white) polarity chron is defined by at least two samples from two different sedimentary
horizons. Reversals found in a single bed are shown in gray. (c) Reference polarity time scale after Lourens et al. (2004); (d) age versus depth plot of the Kuitun section, using the data
and correlation from 3b and 3c.

3.2.1. Estimation of the cosmogenic paleo-production rate this time (Kent-Corson et al., 2008). Moreover, given the relatively
Recent analyses of pedogenetic carbonate in the same Kuitun high latitude of the Kuitun watershed (45°N), time variations of the
section yielded constant 6'80 over the last 10 Ma, which suggests the geomagnetic field (Biggin et al., 2009) induced cosmogenic produc-
hypsometry of the Kuitun drainage basin was relatively steady during tion variations of less than 5% over the considered time period (last

Concentration .
Erosion X Accumulation

in 1 OBe on the and progressive shielding
hillslope

Determined by magnetostratigraphy Analysis

Fig. 4. Theoretical evolution of the '°Be concentration in a quartz grain from its erosion on the hillslope to its deposition and burial in the foreland basin. The possible later phase of
accumulation related to exhumation of the sample is not represented here. to: time of the analysis; tq: time of deposition; Nanaysis: concentration measured at a time t, in a given
sediment sample (in at-g~'-yr—1!); Ny(to): concentration acquired during sediment burying minus the loss due to radioactive decay (in at-g~'-yr~1); Ne(to): concentration
acquired during the erosion minus the loss due to radioactive decay (inat-g~'-yr~'); N (tq): concentration acquired during the erosion on the drainage basin (inat-g~'-yr—); A;:
accumulation rate (in cm-yr~'); P;: the surface production rates by spallation, fast muons and slow muons captures (in at-g~'-yr~ ') at the deposition location; \: the radioactive
decay constant (in yr—!); p: the overlying sediment density (in g-cm™~3); A;: attenuation lengths (g-cm™2) of spallogenic and muogenic productions; P, (t): the average spallation
production rate for the whole drainage basin (in at-g~!-yr—!); &(t4): the erosion rates on the drainage basin at the time of deposition (in cm-yr—1).
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10 Myr) (Dunai, 2001). Therefore, we assume that the paleo-
production rate of '°Be was similar to the modern rate. To take into
account the weight of this assumption, we also propagated to the
calculated erosion rates an uncertainty of 150 m attached to the
catchment average elevation. This elevation uncertainty results from
the standard deviation of the §'®0 record (Kent-Corson et al,
2008) considering that the §'80-altitude dependence is — 2.8%./km
(Chamberlain and Poage, 2000).

3.2.2. Corrections of the post-depositional '°Be accumulation

The '°Be concentration analyzed in a given sample is the sum of
the concentration inherited during the erosion on the hillslope plus
that due to the post-depositional accumulation during burial and the
accumulation during the modern exposure at the surface (Fig. 4).
Therefore, to retrieve the true paleo-erosion rates one must correct
the measured concentration from both the post-depositional and
modern exposure accumulation.

When buried at a sufficient depth (~4 m), sediments are almost
totally shielded from cosmic rays and, the radioactive cosmogenic
nuclides consequently decay with time. In continental environments,
the process of fluvial sediment deposition is in many cases too slow to
provide an immediate shielding from cosmic rays. The °Be build-up
during the progressive sediment burial can however be described by
the following equation (Braucher et al., 2000):

Nohietd = 2 [ i (e_[’kfp—e_“)}v (2)

- __Ap
])\ALJ

with P; the surface production rates by spallation, by fast muons and by
slow muon captures (in at.g™ ".yr~ !, see below), \ the radioactive decay
constant (4.997x10~7 yr=!) (Chmeleff et al, 2010), p the overlying
sediment density (2.44-0.13 g-cm™ 3, determined from seismic speeds),
A, the accumulation rate (cm-yr~ 1), A; the typical attenuation lengths
(g-cm~2, see below) and t (yr) the time during which the sediment is
getting buried.

To calculate the '°Be production during the burial accumulation,
the crucial parameter A, was determined by using the high-resolution
paleomagnetic record of Charreau et al. (2005). This magnetostrati-
graphic study constraints the accumulation rate at the time of
deposition between 0.115+0.006 and 0.418+0.021 cm-yr~'. The
use of an ‘instantaneous’ accumulation rate (i.e. calculated for each
magnetic chron) is justified for the spallation reactions from rapid
neutrons because production by spallation is characterized by a short
attenuation length (~160 g-cm™2) (Lal, 1991), and becomes negligi-
ble below ~3 m. However, accumulation rate derived from magnetos-
tratigraphy represent a long term (>20Ka) average. Yet, in such
continental and fluvial settings, rapid and short time scale variations
in accumulation rate probably exist. Their potential impact on the
cosmogenic building remains difficult to constrain and will be
assumed negligible in this study. In future studies, complementary
cosmogenic analysis will be required to test this assumption.

In contrast, the production by slow muon capture and fast muon
reactions has a long attenuation length (respectively 5300 4950 g-cm ™2
and 1500 - 100 g-cm™2) (Braucher et al., 2003) and remains significant
for a long period of time even under several tens of meters of sediments.
We therefore used an average accumulation rate of the whole
sedimentary pile overlying each sample to correct for the post burial
muonic production.

We used a sea level, high latitude surface production rate of 4.5+
03 at-g~'-yr~ ' (Amidon and Farley (2011) recalculated after Balco et
al. (2008)). Both fast and slow muonic production were taken as 0.8 4+
0.25% (Braucher et al., 2003) of the total production rate at sea level,
then scaled with the altitude following Stone (2000). Figure 4 shows the
theoretical evolution of the cosmogenic concentration in a sedimentary
material that has been successively eroded, transported and deposited.

The present-day cosmogenic concentration Napayysis(to) measured in a
given sediment sample is the sum of Ne(to), which represents the
concentrations acquired during erosion and Ns(to), which represents
the concentration acquired during sediment burial (Fig. 4). Given the
considered time-scales, both Ne(tp) and Ng(tg) may have undergone a
significant radioactive decay since the initial '°Be production (Blard et
al., 2006). The possible later phase of accumulation during the recent
exposure of the sample is not represented on Figure 4. Knowing
independently the depositional age tqy and the accumulation rates A,
Eq. (2) allows calculation of Ny(to) and therefore Ne(to). Then, knowing
ta, Ne(to) can be directly corrected for the radioactive decay to calculate
Ne(tq). Finally, Ne(tq) is converted into erosion rate €(ty) at the time of
deposition using Eq. (1).

It is important to note that the correction for production during
sediment deposition is the major source of uncertainty of the paleo-
erosion rates determined here. Indeed, when the ratio of erosion/
accumulation is high (>>1), then the measured paleo-erosion rate is
close to the detection limit of the method.

The sampled sediments were exposed during the Holocene incision
of the Kuitun River at a rate constrained to 1 cm-yr~!, by Optically
Simulated Luminescence dating of terraces (Poisson and Avouac,
2004). Considering the present geometry of the Kuitun canyon at this
location, this rate corresponds to a lateral cliff retreat of 3.5 cm-yr— 1.
Due to this rapid incision, along with the topographic shielding of the
cliff and a sampling strategy designed to ensure a current burial
thickness of at least 1 m, the contribution of the modern exposure can
be considered as negligible (i.e. 15 at.g~!). It indeed ranges between
less than 0.1% and 0.3% of the total present-day cosmogenic signal.

3.3. Samples treatment and measurement of '°Be concentrations

Cosmogenic '°Be concentration measurements were mainly
performed at the French national AMS (Accelerator Mass Spectrom-
eter) facility ASTER (Accelerator for Earth Sciences, Environment and
Risks) located at the CEREGE laboratory (Aix en Provence, France)
except for two samples, RS1 and TP, which were analyzed at the
Center for Accelerator Mass Spectrometry at Lawrence Livermore
National Laboratory in California (USA). All samples were crushed and
the 200-500 um fraction was treated as follows. Quartz was first
enriched through successive magnetic separation, and flotation. Then,
the enriched fraction was leached in H,SiF6, HCl and HF to eliminate
all remaining mineral phases but quartz and quartz surfaces were
decontaminated from atmospheric °Be following the chemical
procedures developed earlier (Brown et al., 1991). TP and RS1 were
treated similarly but did not undergo flotation or H,SiFs treatment.
The purified quartz was then completely dissolved in HF after addition
of 100 ul of an in-house 3.025107 3 g/g °Be carrier solution (in the
case of TP and RS1 about 0.45 mg of a °Be carrier with a !°Be blank of
10Be/°Be = 6.7x 10~ '° was used). Following subsequent purification
by anion exchange, cation exchange and alkaline precipitations,
purified beryllium oxide samples were analyzed on the AMS. '°Be
concentrations measured at ASTER are normalized to °Be/’Be
SRM 4325 NIST reference material with an assigned value of (2.79 +
0.03)x 10~ !, This standardization is equivalent to 07KNSTD within
rounding error. TP and RS1 were normalized to KNSTD3770 when
they were measured in 1997 and were renormalized to 07KNSTD to
take account of the KNSTD renormalization (Nishiizumi et al., 2007).
The '°Be half-life of (1.394£0.01)x10%yr used is that recently
recommended by Chmeleff et al. (2010) and Korschinek et al.
(2010) according to their two independent measurements. Measured
10Be/Be blank ratios were 2.5+ 0.7 x 107 15,

4. Results

All °Be results are presented in Table 1. In situ produced
cosmogenic '°Be concentrations measured in these samples range
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between (3.2340.78)x 10> and (1.1040.67) x 10° at-g~ !. Erosion
rates were calculated after correcting for the '°Be radioactive decay
and for the build-up of °Be during sediment accumulation following
the methods presented above. Figure 5 shows the erosion rates
plotted against the depositional ages along with the global deep-sea
oxygen isotope records as a proxy for global climate (Zachos et al.,
2001). Between 9 Ma and 3.5 Ma, erosion rates remained within 0.1
and 1 mm-yr~!, with little fluctuations around an average value of
0.4mm-yr— ' over that period of time. A significant sediment pulse
characterized by erosion rates larger than 1 mm-yr~' is evidenced
between 3.5 Ma and 1.7 Ma, with a peak of 2.5 mm-yr~! at 2 Ma. One
additional sample (KBe12) from this time period (with age estimated
to 2.1 Ma) is characterized by a low '°Be concentration. Due to the
supposed post-depositional correction, this precludes a precise
estimation of erosion rates (see larges uncertainties in Table 1) for
this sample. This is nevertheless consistent with the occurrence of
very high (>2 mm-yr—') erosion rates over that period of time. After
1.5 Ma, the erosion rates dropped back to ~0.5 mm-yr~!, a value
consistent with the modern erosion rates of ~0.6 mm-yr— ! derived
from the river sands and not significantly different from the value of
0.3 mm-yr~ ! inferred from the Holocene (~15 ka) terrace material
(Table 1).

5. Discussion and conclusion

This record shows a clear erosion pulse (from 3 to 1.7 Ma) that
coincides with the onset of Quaternary glaciations as recorded by the
global deep-sea oxygen isotope records (Zachos et al., 2001) (Fig. 5).
Our data support the hypothesis that Quaternary glaciations were
accompanied by a significant (>2 fold) increase of physical erosion
rates in Central Asia, thereby confirming previous inferences that
global climate influenced erosion rates (Shuster et al., 2005; Zhang

Table 1

et al., 2001). The apparent invariance of global weathering rates over
the last 10 Ma (Willenbring and von Blanckenburg, 2010) might then
indicate that physical erosion fluctuations during glacial times can be
decoupled from weathering changes.

In addition, our record suggests a decrease of erosion rates after
1.7 Ma possibly suggesting that the erosional response to the onset of
glaciations in the Quaternary would have been transient. This
transient impact of climate on erosion is questionable at this point
because there is only a limited number of data over the last 2 Ma. The
large amplitude of the 100 ka glacial cycles, which appeared after
1.8 Ma, could in particular have produced a high frequency variability
of the erosion signal. Therefore, we cannot exclude that the 3 younger
samples of our record (at 1.58 Ma, 15 ka and present-day river sands)
might fortuitously coincide with periods of low erosion. If true, this
reduction in erosion observed after 1.7 Ma would only reflect a
sampling bias. However, the probability of such a systematic
observational artifact is low considering that interglacial periods
have a short duration (<20 ka). In addition Shuster et al. (2005) have
presented a thermochronometric record from the Coast Mountains
suggesting a similar transient increase in erosion. Such a transient
augmentation of erosion could make sense at a global scale. Indeed,
under constant tectonic forcing and climate, the topography of an
uplifting range is supposed to reach a steady state in which the
sediment flux balances crustal shortening (Whipple and Meade,
2006). If the shortening rate across the orogeny is assumed constant
while climate changes, it may cause enhanced physical erosion,
leading to a transient disequilibrium until the balance between
erosion and tectonic is restored back. Whipple and Meade (2006)
provide simulations showing such a transient adjustment within the
framework of the critical wedge theory. The time needed for this
adjustment is probably scale dependent and must depend on the
factors which govern isostatic rebound (i.e., the mechanical properties

10Be data. Abbreviations are: tq, depositional age; Atq, the minimum and maximum ages of the reference polarity chron in which the sample falls; A;, the accumulation rate at the
time of deposition; N, (10), the '°Be concentration measured in the sample and its 1o analytical uncertainty, respectively; Ng(10), the post-accumulation correction and its 10

uncertainty, respectively; € and Ag, paleo-erosion rate and its uncertainty, respectively.

Sample ta Aty Ar Na 10 N ) 1o N./Ng € Ag

(Ma) (atg™) (N2) (atg™)" (Ns) (m/Myr) (mm/yr)

+ - + - + -

Kuitun section
TF500 8.80 0.298 0.03 0.027 3.46E+03 9.1E+402 353 55 53 9.80 112 61 68
TF400 7.72 0.390 0.02 0.030 4.82E+03 7.6E+02 553 116 109 8.72 140 52 27
KBel 5.88 0.154 0.64 0.023 3.23E+03 7.8E+02 1702 246 238 1.90 985 1059 417
TF200 5.60 0.430 0.37 0.023 7.29E+03 1.2E+03 1955 282 273 3.73 324 113 76
KBe3 534 0.696 0.10 0.023 1.32E4-04 1.8E+03 2234 353 338 593 179 50 34
KBe4 497 0.262 0.17 0.015 7.19E+03 8.4E 402 3722 523 508 1.93 682 281 208
KBe5 4.63 0.007 0.13 0.020 9.22E+03 1.3E+03 3579 528 509 2.58 500 173 129
KBe6 418 0.01 0.60 0.019 1.34E404 1.8E+03 4594 674 651 291 399 128 96
KBe7 3.73 0.453 0.14 0.019 1.54E 404 1.6E+03 5767 812 788 2.68 455 121 103
KBe8 343 0.161 0.10 0.021 1.16E + 04 1.3E+03 5682 811 785 2.03 868 309 254
KBe9 3.28 0.051 0.07 0.042 2.15E+04 1.8E+03 6141 879 864 35 360 67 67
KBe10 3.09 0.028 0.06 0.023™* 1.07E 404 1.1E+03 6755 982 949 1.59 1544 810 612
KBel1 2.72 0.316 0.13 0.023™* 1.82E+ 04 1.8E+03 8135 1218 1198 223 729 210 188
KBe12 2.07 0.508 0.13 0.023** 1.25E+ 04 1.9E+03 11213 1591 1540 1.12 7660 38498 13537
KBe13 1.99 N/A N/A 0.023** 1.58E 404 2.0E+03 11697 1691 1634 135 2535 2836 1483
KBe14 1.68 N/A N/A 0.023™* 2.09E + 04 1.8E+03 13655 1940 1878 1.53 1701 896 700
KBel5 1.57 N/A N/A 0.023™* 3.95E + 04 4.6E+03 14401 1880 1842 2.74 516 143 122
Terrace
TP 0.015 N/A N/A N/A 1.10E 405 6.62E + 03 N/A N/A N/A N/A 255 30 31
River bed
RS1 0.00 N/A N/A N/A 4.84E + 04 2.14E+04 N/A N/A N/A N/A 587 469 190
RS2 0.00 N/A N/A N/A 5.15E+04 1.15E+ 04 N/A N/A N/A N/A 552 169 116
RS3 0.00 N/A N/A N/A 4.12E+04 6.06E + 03 N/A N/A N/A N/A 689 140 114

In the Xiyu conglomeratic formation (above ~500 m in thickness) the paleomagnetic sampling density was lower which yielded large uncertainties on the accumulation rates at the
time of deposition. Therefore, for samples KBe10 to KBe15, we estimated their ages and erosion rates based on average accumulation rates found in the lower part of the section.

* Includes 15 at/gr due to the recent exposure at surface, N/A: non-applicable.
** Average accumulation rates.
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Fig. 5. Erosion rates as function of depositional age (Charreau et al., 2005) and global deep-sea oxygen isotope record (Zachos et al., 2001) over the last 10 Myr. The 1 o uncertainty
envelop is shown in gray. Sample KeBe12 is not shown because it presents very large uncertainties, but its low '°Be concentration nevertheless suggests high erosion rates.

of the crust, lithosphere an asthenosphere), as well as on the
erodability of exhumed rocks under fluvial and hillslope processes.
Our study suggests that in the case of North Tianshan, the erosional
response to the onset of Quaternary glaciations (at about 3 Ma) might
thus have lasted less than 2 Ma only.

However, this scenario could also be criticized because if tectonic is
constant while erosion increases, this would actually imply a reduction of
the watershed altitude. This might affect the accuracy of the erosion rates
that we compute here under the assumption of a constant hypsometry.
However, given that the eroded material is partially balanced by isostatic
and tectonic inflows, the total net altitudinal change due to enhanced
erosion is probably already accounted in our uncertainties. Moreover, if
true, a decreasing altitude should have lowered the production rate and
yield lower cosmogenic °Be concentrations while since ~2Ma we
observe higher concentrations (Table 1). As Shuster et al. (2005), we
suggest that the onset of glaciations implied a shift from fluvial to glacial
erosion processes (typically V-shape to U-shape valleys) which yield to
enhanced erosion. After ~2 Ma, most of the surplus material has been
removed, leading to more stable U-shape glaciated valley and, then, a new
equilibrium with lower erosion rates.

Finally, as this record is only focused on one single drainage basin,
a limitation of this study is that the Kuitun river watershed could have
been impacted by local tectonic particularities. It must also be
considered that the erosion rates of Central Asia could also be
partially decoupled from the global erosion rates, because of super-
imposed regional tectonic or local climatic particularities. Conse-
quently, we acknowledge that the debate remains open and that this
apparent transient response of erosion to climate must be tested in
the future by applying this method to other localities of Central Asia
and other regions of the world.

In any case our study presents a new and quite powerful approach
to obtain quantitative estimates of paleo-erosion rates. It moreover
provides the first record of long term erosion in a region where, as
pointed out by Molnar (2004), the mass transfer is only driven by the
competition between tectonics and climate and not altered by sea
level changes and exposure of continental platforms.
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Détermination des paléo-taux d'érosion par l'utilisation des
isotopes cosmogéniques.

Paleo-erosion rates from cosmogenic nuclides

Mot clefs : érosion, dénndation, pliocene, pleistocene, cosmogénique, '°Be, Himalaya, Tianshan.
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Résumé

L'analyse dans des dépots anciens des isotopes cosmogéniques in-situ, déja largement employés dans
les sédiments de rivieres actuelles, a le potentiel de fournir des enregistrements haute résolution, sur des
échelles de temps de 10 Ma, de taux de dénudations intégrés sur des bassins versant entiers.

Nous avons étendu avec succes cette méthode a des sédiments des piedmonts du Tian-Shan (Chine) et
de I'Himalaya (collines Siwaliks, Népal). Ces deux zones sont au coeur de débats sur l'évolution des
relations climat/érosion/tectonique depuis ~10 Ma.

Quatre sections au Tian-Shan, couvrant ~9 Ma, et une large étendue spatiale autour de cette chaine, ne
montrent pas de brusque accélération de 1'érosion il y a ~3-5 Ma. Au contraire, nous observons a I'échelle
régionale une augmentation progressive (X 4 entre 9 et 4 Ma) puis une stabilisation entre 4 Ma et l'actuel.
Ces résultats suggerent une influence limitée des cycles glaciaires quaternaires sur les taux d'érosion dans
cette zone.

Un enregistrement dans les sédiments himalayens ne montre également pas d'augmentation significative de
l'érosion depuis ~6.5 Ma. Il est en revanche probablement le témoin de réorganisation des systemes de
drainages et d'évolutions tectoniques dans cette région.

Avec ces études, nous avons ainsi pu produire pour la premicre fois des enregistrements haute
résolution de taux d'érosion depuis ~10 Ma, grace aux isotopes cosmogéniques. Cette méthode étant
potentiellement applicable dans de nombreux contextes géologiques et climatiques, elle permettra
indubitablement des avancées importantes dans la compréhension des processus de surface actuels et
passés.

Abstract

In-situ cosmogenic nuclides analysis in ancient sediment could potentially provide high-resolution
records of denudation rates, integrated over whole drainage basins, and on several million-year time scales.
We successfully extended this method to sediments from the Tianshan (China), and the Himalayas
(Nepal) piedmonts. These two areas are at the core of ongoing debates on climate-erosion-tectonics
relationships since ~10 Ma.
Four sections in the Tianshan, covering ~9 Myr and a broad spatial extent around this range, do not
display a brutal increase in denudation at 3-5 Ma. On the other hand, they show at the regional scale a
progressive increase (x4 between 4-9 Ma) and a subsequent stabilization since ~4 Ma. These results
suggest a limited influence of Quaternary glaciations on erosion in this region.
One section in the Himalayan piedmont (Siwaliks hills), neither display any significant increase since ~6.5
Ma that would be link to a major climatic shift. It has nevertheless probably recorded reorganizations of
the drainage system and tectonics evolutions in this region.

With these studies, we were able to produce the first cosmogenic nuclides-based high resolution
records of denudation rates over 10 Myr. This method being potentially applicable in many geological and
climatic settings, it will indubitably allow further advances in our understanding of past and present
surface processes
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