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INTRODUCTION

General background

The landscape morphology of the Earth’s surface is greatly diversified. It results from
complex interactions between climate, weathering and tectonic processes. Over the last
decades, one of the major societal challenges has been the comprehension of these inter-
actions, with the aim to investigate the impact they may have on the global carbon cycle
and atmospheric CO2 concentrations, which is a significant concern in the context of the
current global warming. Briefly, the process of chemical weathering of silicate rocks uses
carbonic acid resulting in the formation of secondary clay minerals in soils and releasing
dissolved carbonate ions (HCO3) that act as a net sink for atmospheric CO2 (Holland 1978,
Berner 1990). Some researchers consider that the main control on weathering is tectonics
(Koppes & Montgomery 2009, Willenbring & Jerolmack 2016) and that the long-term
Cenozoic global cooling is the result of weathering-driven enhanced atmospheric CO2

storage in response to the uplift of the Himalaya-Tibetan plateau (Walker et al. 1981,
Molnar & England 1990, Raymo & Ruddiman 1992). In contrast, other researchers have
argued that climate represents the main driver of continental weathering (Peizhen et al.
2001, Herman & Champagnac 2016). To date, this “chicken-and-egg theory” still remains
debated (Molnar & England 1990).

Additional questions relate to the control of climate, weathering and tectonic on land-
scape morphology. The complex interactions between both internal (e.g. tectonic, weath-
ering) and external (e.g. climate, biological activity) processes shape the morphology of
continental surfaces, resulting in a thin soil interface also referred to as Critical Zone (van
Breemen & Buurman 2002, Chorover et al. 2007, Brantley et al. 2007, Amundson et al.
2007). While tectonics generate reliefs at the Earth surface, through mountain uplift for
example, the combination of erosion and weathering processes result in their progressive
destruction over time. The climate may accentuate or not these processes. Over geological
timescale, the presence of glaciers acting as efficient erosional agents in mountain ranges
increases denudation rates (Hallet et al. 1996, Hinderer 2001, Herman & Champagnac
2016). At shorter time scale, precipitation also enhances the denudation of the relief for
example, which is attenuated by the development of vegetation (e.g. temperate forest)
that stabilize soils (Löbmann et al. 2020). All these processes affect the formation of the
soil cover at the surface of the continents, and its subsequent export via the source to
sink sedimentary system.
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While the global inter-correlations between weathering, climate, and tectonics are nowa-
days accepted and relatively well understood, some issues are yet to be settled. One of
them is the nature of the variability of erosion and weathering processes over glacial-
interglacial timescales (Foster & Vance 2006, Vance et al. 2009, Lupker et al. 2012, von
Blanckenburg et al. 2015, Cogez et al. 2015). Another one is the timescale of the sedi-
mentary cycle: from the soil production to its erosion and transportation until its final
deposition. This latter point is particularly important because the duration of these pro-
cesses strongly influence the emergence of a sedimentary signal, i.e. the landscape response
to perturbations of environmental variables, such as climate and tectonic, and its trans-
mission until its deposition and preservation in the depositional environment (Romans
et al. 2016). While erosive processes can be efficiently measured at present, it still re-
mains challenging to determine the time elapsed from the formation of the sediment until
its final storage in the deposition area of the sedimentary basin.

Objectives of this thesis
The temporal evolution of the Earth surface and landscape morphology is complex. In

order to unravel it, it is important to clearly understand which parameters (e.g. climate,
weathering, tectonic) are involved in the formation of land surfaces and how these various
factors may interact with each other. This issue is important since our humanity is directly
dependent on this Critical Zone., which represents the interface between the atmosphere
and the upper continental crust, including the bedrock, the soil, and the vegetation. Soil
thickness is a fundamental variable in many Earth science disciplines due to its critical
role in many hydrological (e.g. runoff, water residence) and ecological processes, but it is
difficult to predict. Soil thickness is highly variable spatially and difficult to practically
measure even for a small watershed Dietrich et al. (1995). Inside the soil profile, sedi-
ments are formed and can be stored depending on the sedimentary system, before being
exported until they reach their final deposition site. The time spent by the sediment from
its formation until its final deposition can be estimated using U-series and one of their
characteristics: i.e. the so-called recoil effect. This method is very efficient and can provide
estimates of sediment residence time but requires various assumptions and careful sample
preparation in order to analyse selectively the pure detrital fraction of the fine (<63 µm)
fraction sediment.

The focus of this PhD thesis is the timescale of sedimentary processes on
the continents, investigated here using geochemical tools that aim at deter-
mining the sediment residence time in river catchments. The sediment residence
time is the time elapsed since the formation of the sediment as part of the regolith, and
its transfer until its final deposit (Fig. 1). The sediment residence time - by indicating the
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time spent by the sediment inside the basin, can 1. give information about denudation
processes (e.g. potential storage of sediments, soil stability); 2. help to understand the
timing of the response of sedimentary systems to any environmental variations.

Figure 1 – Conceptual representation of the regolith (red polygone) transport from source to sink
Dosseto & Schaller (2016).

The manuscript is divided into 6 chapters, as defined hereafter:

Chapter 1 provide a brief literature review of what is currently known to measure the
transport and storage time of sediment from source to site of deposition, divided in three
parts.
The first one describes the source-to-sink concept and associated sedimentary processes,
which are the main object of this study. Particular attention is given to the formation of
soils and their evolution as major sediment storage, and to the transmission of the envi-
ronmental signals; a subject that remains highly debated mainly because of the difficulties
to have quantitative constraints about it.
The second part is dedicated to the general description of the uranium-series; the geo-
chemical tracers that have been used in this work. The properties of thorium isotopes are
also briefly presented as they have been also investigated during the course of this thesis,
despite of various limitations which led us to focus exclusively on uranium (U) isotopes
(see method chapter). The second part ends with a description of the ‘comminution age’
dating technique, which is used here to calculate sediment residence time. The third part
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is a summary of the previous applications of U-series for investigating weathering pro-
cesses or providing constraints on the timescale of sediment transport.

In chapter 2, the methodology used during this thesis is detailed, from the sieving of the
bulk sediment to the analysis of uranium isotope ratios. A particular attention is given
to the leaching protocols used at both Ifremer and UOW laboratory and their careful
evaluation for U isotope studies.

In chapter 3, we focused on the uranium fractionation inside sediments. For this purpose,
the influence of external parameters, such as climate, lithology, weathering, and internal
parameters, such as grain size, on the degree of fractionation of uranium isotopes in river
sediments are discussed. This discussion is based on the measurement of (234U/238U) in
two grain-size fractions from various world river sediments. This large data set allowed
us to draw general conclusions about the main factors influencing the distribution of
(234U/238U) ratios in river sediments.

In chapter 4, we present the result of a spatial investigation of sediment residence times
inside a small mountainous river system (Var, S-E France) and compare the observed
(234U/238U) intra-basin variability with the morphology of each sub-basins. On the ba-
sis of these results, we further assess the potential of using sediment residence time to
constrain erosion processes. Conjointly, we also discuss about the validity of U-based sed-
iment residence time by comparing them with regolith residence time, which we calculate
using denudation rates and soil thickness estimates.

In chapter 5 we finally investigate past variations in sediment residence time in the
Var River basin, over the last 75 kyr, on the basis of the results presented in chapter 4.
We discuss on the obtained (234U/238U) cyclicity and inferred changes in sediment resi-
dence time, through comparison with various parameters including climate, denudation
rate, sediment source, vegetation, to further understand which factors control long-term
changes of erosion.

The chapter 6 concludes with the work conducted during the course of this PhD thesis,
and outlines a few perspectives of research for future work.
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Généralités

La morphologie des paysages à la surface de la Terre est très diversifiée. Elle résulte
d’interactions complexes entre le climat, l’altération et les processus tectoniques. Au cours
des dernières décennies, l’un des principaux défis scientifiques a été la compréhension de
ces interactions, afin de connaître l’impact qu’elles peuvent avoir sur le cycle global du
carbone et les concentrations atmosphériques de CO2. Il s’agit d’une préoccupation im-
portante dans le contexte du réchauffement climatique actuel. Succinctement, le processus
d’altération chimique des roches silicatées utilise l’acide carbonique, ce qui engendre la
formation de minéraux argileux secondaires dans les sols et libère des ions carbonate
dissous (HCO3). Ceux-ci agissent comme un piège pour le CO2 atmosphérique (Holland
1978, Berner 1990). Certains scientifiques considèrent que l’altération est principalement
contrôlée par les processus tectoniques (Koppes & Montgomery 2009, Willenbring & Jerol-
mack 2016) et que le refroidissement global sur le long terme depuis le Pléistocène est
le résultat de la capture du CO2 atmosphérique (Walker et al. 1981, Molnar & England
1990, Raymo & Ruddiman 1992). En opposition, d’autres estiment que le climat a une
influence plus prédominante (Peizhen et al. 2001, Herman & Champagnac 2016). C’est la
"théorie de l’œuf et de la poule" qui reste débattue (Molnar & England 1990).

D’autres préoccupations concernent l’impact du climat, de l’altération et de la tectonique
sur la morphologie du paysage. Les interactions complexes entre les processus internes
(e.g. tectonique, altération) et externes (e.g. climat, activité biologique) façonnent la mor-
phologie des surfaces continentales, ce qui se traduit par une interface sol mince également
appelée zone critique (van Breemen & Buurman 2002, Chorover et al. 2007, Brantley et al.
2007, Amundson et al. 2007). Alors que la tectonique génère les reliefs à la surface de la
Terre, à travers le soulèvement des montagnes par exemple, la combinaison des processus
d’érosion et d’altération entraîne leur destruction progressive au fil du temps. Le climat
peut accentuer ou non ces processus. Sur une échelle de temps géologique, la présence
de glaciers, connue pour être un agent d’érosion efficace lors de la déglaciation, dans les
chaînes de montagnes augmente les taux de dénudation (Hallet et al. 1996, Hinderer 2001,
Herman & Champagnac 2016). À plus petite échelle de temps, les précipitations favorisent
la dénudation du relief, atténuée par le développement de la végétation (comme la forêt
tempérée) qui stabilise les sols (Löbmann et al. 2020). Tous ces processus affectent la for-
mation de la couverture du sol à la surface des continents, et son exportation ultérieure
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pour former le système sédimentaire.

L’intercorrélation globale entre l’altération, le climat et la tectonique est aujourd’hui ac-
ceptée et relativement bien comprise, mais certaines questions restent encore en suspens.
L’une d’elles est la nature de la variabilité des processus d’érosion et d’altération sur
l’échelle de temps glaciaire-interglaciaire (Foster & Vance 2006, Vance et al. 2009, Lup-
ker et al. 2012, von Blanckenburg et al. 2015, Cogez et al. 2015). Une autre est l’échelle
de temps du cycle sédimentaire : de la production du sol à son érosion et son transport
jusqu’à son dépôt final. Ce dernier point est particulièrement important car la durée de ces
processus influence fortement l’émergence d’un signal sédimentaire, c’est-à-dire la réponse
du paysage aux perturbations des variables environnementales, telles que le climat et la
tectonique, et sa transmission jusqu’à son dépôt et sa préservation dans le dépôt (Romans
et al. 2016). Si les processus érosifs peuvent être efficacement mesurés à l’heure actuelle,
il reste encore difficile de déterminer le temps écoulé entre la formation du sédiment et
son stockage final dans la zone de dépôt du bassin sédimentaire.

Cette thèse porte sur les temps des processus sédimentaires sur les continents, étudiés
ici à l’aide d’outils géochimiques dans le but d’estimer le temps de résidence sédimentaire
dans différents bassins versants. Celui-ci peut donner des informations sur l’efficacité des
processus de dénudation (par exemple la possibilité de stockage temporaire des sédiments,
la stabilité du sol, etc.) et aider à déterminer le temps de réaction du système sédimentaire
à s’adapter aux variations environnementales.

Objectifs de la thèse
L’évolution de la surface terrestre et ainsi de la morphologie du paysage est com-

plexe. Afin de mieux l’appréhender, il est important de saisir clairement quels paramètres
(par exemple, le climat, l’altération atmosphérique, la tectonique) sont impliqués dans
le modelage des surfaces terrestres et comment ces différents facteurs peuvent interagir.
Cette question est importante car l’humanité dépend directement de cette zone critique,
avec l’utilisation des surfaces terrestres, notamment pour l’agriculture. Cette zone, qui
représente l’interface entre l’atmosphère et la croûte continentale supérieure, comprend
le substratum rocheux, le sol au-dessus de celui-ci et la végétation. L’épaisseur du sol
est une variable fondamentale dans de nombreuses disciplines des sciences de la Terre en
raison de son rôle critique dans de nombreux processus hydrologiques (par exemple, le
ruissellement, l’adsorption de l’eau) et écologiques. Elle est très variable dans l’espace et
difficile à mesurer dans la pratique, même pour un petit bassin hydrographique Dietrich
et al. (1995). À l’intérieur du profil du sol, les sédiments sont formés et peuvent être
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stockés en fonction du système sédimentaire, avant d’être exportés jusqu’à leur site de
dépôt final. Le temps passé par les sédiments depuis leur formation jusqu’à leur dépôt
final peut être estimé à l’aide de séries isotopiques de l’uranium grâce à l’une de l’une de
leurs caractéristiques : l’effet dit de recul. Cette méthode est très efficace et peut fournir
des estimations de temps de résidence sédimentaires. Cependant elle nécessite divers pos-
tulats et une préparation minutieuse des échantillons afin d’analyser seulement la fraction
détritique de la fraction fine (<63 µm) des sediments.

L’intérêt de cette thèse porte sur l’échelle des temps des processus sédimen-
taires à la surface de la Terre. Pour cela, des outils géochimiques sont utilisés
dans l’objectif de déterminer les temps de résidences sédimentaires. Ce temps
de résidence sédimentaire est le temps passé entre la formation des sédiments dans le
régolite jusqu’à son dépôt final (Fig. 1). Le temps de résidence sédimentaire en indiquant
le temps passé par le sédiment au sein du bassin peut 1. donner des informations sur les
processus de dénudations et le stockage sédimentaire temporaire); 2. aider à comprendre
le temps de réponse des systèmes sédimentaires face aux variations environmentales.

Figure 1 – Représentation conceptuel du transport du regolithe depuis sa source jusqu’à son dépôt
final. Dosseto & Schaller (2016).

Le manuscript de thèse est divisé en 6 chapitres, comme défini ici:
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Le chapitre 1 est consacré à une brève revue de la littérature concernant les connais-
sances actuelles pour mesurer les temps de transport des sédiment et de leurs stockages
temporaires entre leur source et leur zone de dépôt finale. Le chapitre est divisé en trois
parties.
La première décrit le concept de source-au-puit et les processus sédimentaires qui s’y
déroulent. Ceux-ci sont l’objet principal de cette étude. Une attention particulière est
accordée à la formation des sols et à leur évolution en tant que stockage majeur de
sédiments, ainsi qu’à la transmission des signaux environnementaux. Ce sujet reste très
débattu, principalement en raison des difficultés à avoir des contraintes quantitatives.
La deuxième partie est consacrée à la description générale des isotopes des séries d’uranium,
traceurs géochimiques utilisés dans ce travail. Les propriétés des isotopes du thorium sont
également présentées, car elles ont aussi été étudiées au cours de cette thèse, malgré di-
verses limitations qui nous ont amenés à nous concentrer exclusivement sur les isotopes
U (voir le chapitre sur la méthode). Cette partie se termine par une explication sur la
technique de datation de « l’âge de comminution », utilisée dans le calcul du temps de
résidence sédimentaire.
La troisième partie est un résumé des applications antérieures de la série U soit pour
l’étude des processus d’altération soit pour fournir des contraintes sur l’échelle de temps
du transport des sédiments.

Le chapitre 2 détaille la méthodologie utilisée au cours de cette thèse. Du tamisage
des sédiments en vrac aux analyses des isotopes de l’uranium, l’ensemble du processus
est présenté. Une attention particulière est portée sur les protocoles de lessivage utilisés
à l’Ifremer et au laboratoire WIGL et sur les tests réalisés pour les valider, en raison de
l’importance d’étudier seulement la fraction détritique des sédiments.

Dans le chapitre 3 est examinée l’influence des paramètres externes, tels que le climat,
la lithologie, l’altération et les paramètres internes (par exemple la taille des grains) sur le
fractionnement des isotopes d’uranium dans les sédiments fluviaux. Cette étude est basée
sur la mesure de (234U/238U) dans deux fractions granulométriques de sédiments fluviaux
du monde (par exemple Amazone, Nil, Fraser, Lule). Ce vaste ensemble de données nous
a permis d’obtenir une bonne représentativité de la variabilité de (234U/238U) dans les
systèmes sédimentaires à la surface de la Terre.

Dans le chapitre 4, nous présentons les résultats portant sur les variations spatiales
et actuelles du temps de résidence des sédiments à l’intérieur d’un petit système sédimen-
taire (Var, S-E France) et nous comparons la variation avec la morphologie du bassin.
Sur la base de ces résultats, nous évaluons la possibilité d’utiliser le temps de résidence
des sédiments pour déduire les processus d’érosion. Conjointement, nous discutons de la
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précision du temps de résidence des sédiments en les comparant avec le temps de résidence
au sein du régolite, que nous estimons avec le taux de dénudation et une prédiction de
l’épaisseur du sol provenant d’une base de données.

Sur la base des résultats présentés au chapitre 4, nous avons étudié la variation du temps
de résidence sédimentaire au cours des 75 derniers ka. Dans le chapitre 5, nous abordons
la cyclicité observée du temps de résidence sédimentaire et nous l’étudions en fonction
parallèle à divers paramètres tels que les variations climatiques, les taux de dénudation,
un traceur de source, etc. pour comprendre ce qui contrôle les processus d’érosion et, ce
qui contraint les périodes de stockage des sédiments.

Le chapitre 6 conclut sur les travaux réalisés dans le cadre de cette thèse et définit
des perspectives de recherche intéressantes qui en découlent.
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1.1 From source to sink: the sediment’s life
The framework of this thesis is to better understand the timescale of the processes

occurring inside a sedimentary basin through the study of sediments. In this regard, it is
important first to describe the conceptual nature of the source-to-sink principle, and to
introduce the various processes that can affect the sediment’s life.

1.1.1 Concept

A sedimentary system, also called sediment-routing system (Allen 1997) is defined as a
“integrated dynamical system connecting erosion in mountain catchments to downstream
deposition” (see Romans et al. 2016 for a thorough review). It is the combination of various
topographic units (and bathymetric units if the system is connected to the ocean) where
sediments are formed, transported, and deposited. In order to simplify natural sediment-
routing systems, Schumm (1977) idealized the system by identifying three distinct zones
(Fig. 1.1) at the lithosphere-atmosphere interface (Castelltort & Van Den Driessche 2003).
These 3 zones (i.e. the source area, the transfer pathways, and the depositional area) are
connected to each other and are characterized by a distinctive behavior of the sediment
fluxes (Schumm 1977, Allen 1997, Castelltort & Van Den Driessche 2003):

— The source area: the elevated part of the basin is the location of erosional pro-
cesses principally dominated by the denudation of hillslopes and to a lesser extent
by fluvial incision (Hovius 1998, Castelltort & Van Den Driessche 2003).

— The transfer pathways: a sector predominantly dominated by sediment trans-
port processes. This zone can be absent depending on the sediment-routing system
being considered, in particular in those watersheds where the source region is di-
rectly connected to the depositional basin, such as in small mountain basins for
example. Alternatively, this region can extend over several thousand of kilometers
in the case of the largest river systems (Castelltort & Van Den Driessche 2003).

— Deposition zone: the ultimate location of sediment deposition, which can be
continental and/or marine and can include deep turbiditic system (e.g. Amazon,
Congo, Indus).

Several processes occur at different temporal and spatial scales in sediment-routing
systems. For example, the variability of climate can be expressed over relatively short,
seasonal, timescales to much longer geological periods (e.g. Swift et al. 2002, Holmgren
et al. 2003, Mayewski et al. 2004, Covault & Graham 2010). Additionally, tectonics can
also influence sediment-routing systems over drastically different timescales: from daily
(earthquakes; e.g. Lin et al. 2008, West et al. 2014, Marc et al. 2015) to million-year peri-
ods (mountain uplifts; e.g. Allen 2008a, Sømme et al. 2009, Whitchurch et al. 2011, Allen
& Heller 2012). For this reason, the study of each of the three sub-systems is necessary,
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taking into account all their distinctive morphological, sedimentary, geochemical and hy-
drological characteristics in order to fully comprehend the nature of the interactions that
are at play.

Figure 1.1 – Schematic representation of the three units (from left to right: source represented as
Erosional engine, the trajectory is the transfer pathways, and deposition zone delimited by the sinks
area) of a sedimentary routing system with the main external forcing (e.g. climate, tectonic) (from

Caracciolo 2020).

Below, each part of the sediment-routing system is described to introduce the various
processes occurred within it and to explain how each of these three parts are correlated
to each other.

Source: weathering processes

Sediments are formed in the source area of the sediment-routing system. In this area,
two main processes are involved in the disintegration of the bedrock into fine-grained
sediments: weathering and denudation.
The alteration of rock-forming minerals combines various chemical, physical and biologi-
cal processes. Chemical weathering achieves partial dissolution of bulk rocks by modifying
their initial mineralogical and chemical characteristics, resulting in products such as sec-
ondary clays and iron oxides that are more stable at the Earth’s surface. In soils, the
intensity of chemical weathering depends on various physico-chemical characteristics such
as pH and CO2, which represents the main weathering agent (Drever 1994). In parallel
to chemical weathering, physical weathering also strongly affects the physical properties
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of the initial rocks (e.g. shape of the grains, size, etc.) through the effect of freeze thaw
action or grinding for example. The combination of both chemical and physical weather-
ing operates to transform the pristine bedrock into saprolite (i.e. the immobile part of the
weathering profile; Fig. 1.2). The evolution of bedrock into soil by weathering is enhanced
by biological action caused by the vegetation (e.g. which promotes efficient rock fracturing
with roots) or by any living organisms that interact with the soil profile.

Regolith

Rock

Saprolite

Soil

Figure 1.2 – Weathering profile identifying soil (mobile) and saprolite (immobile) fractions which
represent the regolith, i.e. the unconsolidated layer above the bedrock (Adapted from Juilleret et al.

2014.

Chemical and physical weathering are intertwined with erosional processes which alto-
gether result in the formation and regulation of soil (Stallard & Edmond 1983, Gaillardet
et al. 1999, Millot et al. 2002, Riebe et al. 2001, Riotte et al. 2003, Ferrier & Kirchner 2008,
West 2012). On one hand, chemical weathering, by modifying the initial mineralogy of
pristine rocks, also change its strength, increasing its vulnerability to further erosion. On
the other hand,the removal of regolith by erosion results in the exposition of fresh rock
and mineral surfaces available to chemical and physical weathering. This interrelation-
ship regulates the development of soils and ultimately shapes the land surfaces. However,
the balance between each of these two processes, while being of upmost importance for
land use management and landscape evolution (Anderson & Humphrey 1989, Riebe et al.
2001), remains difficult to quantify and can vary spatially depending on the system.
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Figure 1.3 – Representation of the soil profile formed by weathering (W) of the parent material with
Tsoil corresponding to the formation rate; the evolution of the interface bedrock - soil (e) get deeper as
soils increased (h). Atmospheric (A) input can be involved in the process, such as erosional processes

(E) (from Egli et al. 2014).

The export of sediments formed by weathering from their source region results in
the levelling of the continental surfaces (Ahnert 1967). The rate of sediments removed
from the soil is referred as denudation rate. It represents the sum of chemical weathering
rates and physical erosion rates without taking into account any possible sediment storage
along the system. Thus, in river systems having a large storage capacity (e.g. Amazon;
Gaillardet et al. 1997), temporary trapping of sediments is important and reduces de-
nudation rates (Slaymaker 2003). The estimation of the volume of sediment deposited in
sedimentary basins is used instead (e.g. Hinderer 2001, Kuhlemann et al. 2002, Calvès
et al. 2013): an approach that was subsequently improved through the development of
quantitative geomorphologic methods (e.g. Anderson & Anderson 2010). Recently, vari-
ous geochronological techniques such as cosmogenic nuclides (e.g. 10Be, 26Al) have been
developed to improve the quality of measured denudation rates (e.g. Brown et al. 2009,
Wittmann et al. 2009, Hippe et al. 2012, Lupker et al. 2012).

Sediment transfer

Once the sediments have been exported from the catchment source region, they are
transported to the deposition site by fluvial fluxes or, alternatively, by aeolian trans-
port. The transfer zone directly connects the source region, dominated by weathering and
erosion processes, to the sink, which corresponds to the deposition zone. The sediment
connectivity is a concept used to study the processes across multiple scales involved in
the transfer of sediments from the source to the sink (Bracken et al. 2015). It combines
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the influence of the structure of the catchment (i.e. morphology) and the action of the
sediment (i.e. flow, transport of materials), which conjointly impact the long-term behav-
ior of the sediment flux (Preston & Schmidt 2003, Turnbull et al. 2008, Bracken et al.
2015). Therefore, the sediment connectivity concept includes all the aspects (e.g. spatial
and temporal scale, frequency and magnitude of the processes; Bracken et al. 2015) of any
source-to-sink system (Preston & Schmidt 2003, Sandercock & Hooke 2011). In systems
with an efficient connectivity, which leads to rapid landscape response to any environ-
mental change, the basin is referred as reactive routing system (Allen 2008b, Covault &
Graham 2010, Covault et al. 2013). Conversely, when the connectivity is less efficient,
because of sediment storage for example, the system is referred to as a buffered routing
system as a significant lag is created between the disturbance and the system’s response
(Allen 2008b).

For any given sediment-routing system, reactive or buffered, the principle of mass conser-
vation applies. from a basic perspective, the amount of sediment input is balanced by the
sum of storage and output. Slaymaker (2003) expressed this using the following equation:

Is = ∆Ss +Os (1.1)

where I represents the input, S the storage, O the output and the subscripts letters refer
to the type of transported matter, i.e. sediments.
The principle of mass conservation implies that the amount of sediment being produced
in the source region should be equal to the amount of sediment that is deposited along
or at the end of the sediment-routing system. Exceptions are the case of marine sediment
deposits, which can be subject to intense winnowing effects (e.g. Mozambican channel;
Miramontes et al. 2019, Fierens et al. 2019). In these systems, the amount of sediments
produce is higher than the amount of sediment reaching the final marine deposit. When
the sedimentary contribution from the source is higher than the capacity of transport
of the fluvial system, a temporary storage operates in the river channel (Kirkby 1971).
Conversely, when the sedimentary supply is lower than the transport capacity, the river
channel is eroded (Whipple & Tucker 1999, Blum & Törnqvist 2000). Hence, this process
of sediments regulation can result in an increase or a decrease of the time spent by the
sediment to reach the ultimate sink, causing a dephasing between the source and the sink.

Previous studies have aimed at quantifying sedimentary fluxes (which represent the quan-
tity of sediment exported from the transfer zone by units of time; Slaymaker 2003) to
investigate their variability in river systems. The sedimentary flux is usually expressed
in tons per years (t/y) or cubic meters per years (m3/y). To compare sediment-routing
systems amongst each other, the specific sediment yield is generally used, which normal-
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izes measured sedimentary fluxes to the catchment area (e.g. Milliman & Syvitski 1992,
Syvitski et al. 2005, de Vente et al. 2007). Milliman & Syvitski (1992) pointed out that
the river systems displaying extensive sedimentary transfer zones typically exhibit lower
specific sedimentary fluxes (e.g. Amur River, Russia: 28 t/km2/years) than smaller rivers
(e.g. Lamone River, Italy: 2400 t/km2/years). In other words, small mountainous rivers
are expected to be reactive by adapting themselves rapidly to any environmental change,
which affect the sediment flux and the quantity of sediments reaching the deposition zone
(Covault & Graham 2010, Bonneau et al. 2014).

Deposition and storage

The depositional zone is where the sediment is stored. It can be either continental or
marine (Schumm 1977). All sediments formed in the catchment source area do not reach
the ocean, especially in the case of endorheic basins. During the transport, sediment
grains can transit via lakes or other inland water bodies, where deposition can occur.
Along the river paths, sediments can also be trapped in alluvial fans, channel deposits
etc., or, for the sediments that ultimately reach the ocean, within estuaries or subaerial
deltas. Once the sediments have reached the depositional zone, some disturbance can occur
(e.g. displacement or destruction; Milliman et al. 2007), which affect the conservation of
sediments stored. These processes are detailed thereafter, as part of the environmental
signal preservation.

1.1.2 Environmental signal propagation in sedimentary systems

Any environmental disturbance (e.g. climate, morphology, anthropogenic presence) re-
sults in a modification of the sediment routing system. This adaptation induces a change
into the sediment cycle (sediments production, transport or deposition) and the vari-
ation of the sedimentary flux is then referred to as an environmental signal (Romans
et al. 2016). The signal can then propagate within the sediment routing system until it
reaches the depositional zone (Allen 2008a). However, the signal can also be trapped or
destroyed depending on the characteristic of the signal and the catchment(Castelltort &
Van Den Driessche 2003, Jerolmack & Paola 2010). This section aims to present the pa-
rameters that can create signals when they are subject to a change, but also the elements
to take into consideration for a good signal propagation and preservation.
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Figure 1.4 – Schematic representation of a sediment routing system with the summary of the internal
and external forcing parameters (from Caracciolo 2020 after Johnsson & Basu 1993, Weltje & von

Eynatten 2004).

Factors involved in the sediment’s life cycle

In natural conditions, drastic modifications of sedimentary systems can occur as a
result of environmental perturbations related to climate, vegetation, weathering, or non-
natural conditions changes. These factors can be separated into two groups: 1. intrinsic
characteristics including lithology (e.g. Johnsson & Basu 1993, Caracciolo et al. 2012),
morphology (Montgomery & Brandon 2002, Riebe et al. 2015) and the size of the basin
(e.g. Milliman & Syvitski 1992); 2. external parameters: the climate (e.g. Syvitski et al.
2003, Burbank & Anderson 2011), the anthropogenic influence (Wilkinson & McElroy
2007, Milliman & Farnsworth 2013) on the sedimentary system. This section details these
two groups and how all these different parameters may affect the sediment life from their
formation to their transport and deposition.

The influence of intrinsic properties of the system
The characteristics intrinsic to the sedimentary routing system (e.g. lithology, morphol-
ogy) are presented here. This section also introduces the influence internal parameters
have on the formation, transfer, and deposition of the sediment grains.

The lithology of the catchment area exerts a strong influence on sedimentary processes,
depending on the cohesion of the bedrock. The bedrock can be composed of loose material
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such as loess or unconsolidated clastic sediments, which are more prone to generate high
amount of sediments.

Table 1.1 – Relative abundance (% Area) of outcropping rocks in Central Europe
(Geo-LiM) and associated mean and standard elevation and slope (from Donnini et al.

2020).

Elevation (m. asl) Slope (°)
Rock type % Area mean sd mean sd
Sandstone 30.57 246.6 329.4 3.7 5.9
Mixed carbonate 26.73 441.1 457.7 7.5 8.6
Claystone 15.55 449.5 621.6 7.3 9.8
Pure carbonate 14.04 572.1 581.1 10.5 11.8
Acid rocks 7.93 735.3 645.7 10.9 10.9
Mafic rocks 1.65 889.9 693.8 12.2 11.4
Metamorphic rocks 1.42 807.3 638.0 10.9 10.8
Peat 1.18 90.2 169.1 1.1 1.4
Water (lakes and glaciers) 0.52 1448.4 1330.6 10.7 14.1
Intermediate rocks 0.39 649.3 736.3 10.1 11.2
Gypsum evaporite 0.02 437.3 506.3 10.0 7.6

The lithology also influence the relief of the landscape due to the variation of strength
and resistance of the rocks. For example in central Europe, igneous and metamorphic
rocks mostly outcrops in high the relief (Table 1.1), which indicate their low weathering
susceptibility. In basins draining these crystalline hard rocks, erosion is typically reduced
so that less detrital grains are generated, resulting in relatively low sedimentary fluxes
(Syvitski & Milliman 2007). Sedimentary rocks (siliclastic sedimentary rocks, limestones
and dolostones) and volcanic rocks are generally more prone to weathering than plutonic
and metamorphic rocks (e.g Arribas & Tortosa 2003, Caracciolo et al. 2012, von Eynatten
& Dunkl 2012).
The susceptibility of the rock to weathering is also determined by rock-forming minerals
(Fig. 1.5). The stability of the silicate minerals is generally considered as being the inverse
of the so-called Bowen sequence: that is that the minerals crystallized at the highest
temperature and pressure conditions (e.g. olivine, pyroxene) are altered more rapidly
than those forming in the later stages of magmatic crystallization (e.g. muscovite, quartz;
Jackson & Sherman 1953, Rai & Lindsay 1975, Stallard 1988, Nesbitt et al. 1997).
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Figure 1.5 – Weathering series of both silicate and non silicate minerals (from Donnini et al. 2020.

The morphology of the basin also strongly impacts the sediment cycle in river systems.
First, the morphology of the source region (i.e. slope, curvature, relief) plays a role in
controlling the soil thickness and thus the sediment storage capacity, but also the transport
of the sediment to the depositional areas. Culling (1960) conceptualized the relationship
between sediment fluxes and hillslope gradients; which was further supported by several
field studies (McKean et al. 1993, Small et al. 1999). The nonlinear relationship between
the hillslope and sediment fluxes has also been used in landscape evolution models (Fig.
1.6; e.g Ahnert 1970, Dietrich et al. 1995, Howard 1997, Willgoose et al. 2008).

Figure 1.6 – Modelisation of the relation between sediment flux and the slope gradient in an
experimental hillslope (from Roering et al. 2001).

Montgomery & Brandon (2002) highlighted the different geomorphological control on
erosion rates between low- and high-topography reliefs. In landscapes with low hillslope
gradient, the mean slopes or the local relief can be linearly correlated with the denuda-
tion rate (Fig. 1.7). In contrast, in high hillslope gradient landscapes, this relationship is
nonlinear (Roering et al. 2001, Montgomery & Brandon 2002, Binnie et al. 2007, Dixon
et al. 2016), as the result of the transition between diffusive to non-diffusive transport
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dynamics above a threshold slope angle (Fig. 1.6; Roering et al. 2001, Montgomery &
Brandon 2002, Binnie et al. 2007).

Figure 1.7 – Denudation rate as function of the hillslope curvature (from Godard et al. 2016).

The relief of the source region also determines the type of weathering regime (i.e.
transport- or weathering-limited), and thus the sediment supply of the system. Under
weathering-limited conditions, such as in areas of high-topography, the sediment is ex-
ported rapidly at a rate faster than the dissolution rate of silicate minerals (Stallard 1985,
West et al. 2005). In contrast, in floodplains and other areas characterized by transport-
limited weathering regimes, the increase of soil residence times is typically accompanied
by more intense weathering reactions (West et al. 2005, Lupker et al. 2012), which results
in the formation of thicker soil sequences. In addition elevation can also play a role in the
sediment storage capacity. In high-elevation areas, soil production and sediment storage
capacity are both limited, due to efficient sediment export (i.e. short sediment residence
time). In contrast, in low-elevation regions, thicker soil sequences go in pair with enhanced
storage capacity and longer sediment residence times.
Furthermore, the size of the draining area also greatly impacts the sediment residence
time, in particular in those basins where the presence of extensive alluvial plains con-
tributes to a large sediment storage capacity (Phillips 2003, Parsons et al. 2007), as this
is the case for the Po basin (Italia; Amorosi et al. 2016). As a result, any increase in the
size of the catchment area generally results in the decrease of the sediment connectivity.

These intrinsic properties of the basin (e.g. lithology, morphology) influence the trans-
fer of sediments. Moreover, they can also be inter-correlated with the external properties
of the system (e.g. climate, anthropogenic influence), which are presented below.
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The influence of the external parameters

Here are presented the external conditions (e.g. climate, anthropogenic influence) to the
sediment routing system that can impact the cycle of the sediments. The section also
details the ways in which these external factors influence the formation and transfer of
the sediment.

The influence of climate on weathering, erosion and sediment transfer in basins is mostly
dependent on two variables: temperature and precipitation. Temperature impacts the ki-
netics and intensity of chemical weathering reactions, but also the vegetation patterns
and on the development of glacier. Rainfall, on another side, can induce alluvial aggra-
dation, incisions and controls the run-off (Romans et al. 2016, Covault et al. 2011). In
addition, long-term climate change over glacial-interglacial timescales also results in sea-
level variations, hence indirectly influencing sediment transport processes by modifying
the morphology of the lower river course (e.g. river incision when the sea level lowered;
Blum & Törnqvist 2000).

The vegetation and land cover patterns, which are directly dependent on the type of
climate, also exert an important role in weathering (e.g. Egli et al. 2008) and other sed-
imentary processes within watersheds (Drever 1994, Ivory et al. 2014). For instance, in
areas dominated by humid forests associated with extensive root systems, soils are gener-
ally stable, reducing the denudation capacity (e.g. Molina et al. 2009). Additionally, the
presence of biological activity can increase weathering (Lucas 2001), promoting the sedi-
ment formation. In contrast, bare soils and other areas with limited vegetation cover will
be more prone to considerable denudation rate as the newly formed soil will immediately
be exported. Hence the increase in vegetation cover lead to a diminution of the erosion
rate as represented in the Figure 1.8.
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Figure 1.8 – Evolution of the erosion rate (Etot depending on the vegetation cover in two different
sites (from Vanacker et al. 2014).

Finally, anthropogenic activities also play a major role in the sedimentary cycle on
continents. On one hand, they have a direct impact on the soil cover with agriculture and
deforestation typically resulting in an increase of denudation rates and reduced sediment
storage within the alluvial plain (Syvitski et al. 2003, Bayon et al. 2012, Costa et al.
2018). Proxy investigations of sedimentary records suggested links between erosion and
the presence of agriculture back to 3000 yr ago in Central Africa (Bayon et al. 2012) and
3 500 yr ago in Greece (Rothacker et al. 2018). On the other hand, the urbanisation of
river systems, in particular the presence of dams can severely reduce sedimentary fluxes
and enhance sediment storage, thereby increasing sediment residence time within the
watershed (Yang et al. 2018). Furthermore, human interventions in deltas steadily increase
(Syvitski & Saito 2007, Syvitski & Kettner 2011) through trajectory controls (e.g. Po,
Colorado), stabilization (Rhone, Fraser) or to attenuate the variations in sediment supply
due to seasonal flooding (Mekong, Indus). As a consequence of the combined effects of
human activities on river systems, in Oceania and Indonesia, where less dams have been
constructed over the last decades, there has been an increase of 80 and 100 % of the
sediment flux during the Anthropocene period (i.e. human dominated geological epoch;
Lewis & Maslin 2015) respectively. Conversely, in Europe, Africa, and North America,
sediment fluxes have decreased since the beginning of anthropization and the advent of
agriculture during the course of the Holocene (Syvitski et al. 2005).
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Signal propagation

When a change in environmental conditions occurs, causing a sediment disturbance, a
particular ‘sedimentary signal’ induced will be transferred and subsequently archived in
the depositional record (Fig. 1.9). The generation of sedimentary signal depends of the
capacity of the sedimentary routing system to produce sediments (Caracciolo 2020) that
can record the signal. Some studies have shown that the transmission of ‘sedimentary sig-
nals’ can be buffered or delayed along the river system depending on various parameters
such as the size of the basin (Bull 1991, Dearing & Jones 2003, Lane et al. 2011). Such
river systems are considered being out of equilibrium (i.e. the sediment input is not equal
to the sediment output at the river mouth; Ahnert 1994, Phillips 2003) or in a transient
state (i.e. the relaxation time is larger than the recurrence time of events ; Brunsden &
Thornes 1979) characterized by continuous aggradation or degradation. In addition, once
the sediment has reached the depositional zone, it can be subject to further erosional
processes, as for example sediments mixing, that can disturb the original environmental
signal (e.g. Tofelde et al. 2019). All the above illustrates the potential limitations of sed-
iment records for investigating past environmental changes (Jerolmack & Paola 2010).

Figure 1.9 – Representation of the sediment supply signal propagation inside a basin (from Romans
et al. 2016).

Romans et al. (2016) produced an overview of the environmental signal and its prop-
agation along a sediment routing system (Fig. 1.10). They investigated the response of
both uplift and climatic disturbances occurring in the erosion zone of a given watershed,
and their transformation and propagation as sediment supply (Qs) signals in both the
transfer and accumulation zones. In only a few cases environmental signals are faithfully
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transmitted into the depositional zone and well preserved (gray shaded circles, Fig. 1.10).
According to Simpson & Castelltort (2012) it mainly depends on the source of the exter-
nal perturbation: climatic variations are more likely to be transmitted when it induces
water discharge (Qw) variations rather than only sediment flux variations. The frequency
and amplitude of the environmental disturbance are important in regard of the inherent
sediment transfer cyclicity (Jerolmack & Paola 2010). Indeed, long alluvial rivers (>300
km) buffer high-frequency (≤100 kyr) disturbances in sediment input coming from the
erosion subsystem (Castelltort & Van Den Driessche 2003). Finally, stratigraphic cyclicity
and sediment supply rates may result from both changes in climate and erosions rates as
well as from glacio-eustatic sea-level variations and up-system signal propagation driven
by base level change (see Blum & Törnqvist 2000 for a thorough review).

Despite the significant progress achieved over the last decades in the comprehension of
paleo-weathering processes (Lerman 1988, Muto & Steel 1992, Tucker & Slingerland 1997,
Syvitski & Milliman 2007, Jerolmack & Paola 2010, Phillips & Jerolmack 2016, Romans
et al. 2016), it remains difficult to directly link proxy records in sedimentary archives to
corresponding environmental perturbations within any sediment routing system. Conse-
quently, some experts are concerned about the accuracy of using landscape or sedimentary
data to detect past environmental change (Wiel & Coulthard 2010, Phillips & Jerolmack
2016). However, marine stratigraphic record has shown evidence of sediment inputs corre-
lated with long-term (e.g. Milankovitch-type) and short-term (e.g. Dansgaard-Oeschger)
climate cycles (Vail et al. 1977, Van der Zwan 2002, Bonneau 2014). Some recent works
have also shown evidence of efficient long-term (glacial-interglacial) signal propagation
(Simpson & Castelltort 2012, Macklin et al. 2012, Blum et al. 2018, Watkins et al. 2019).
Nevertheless, Watkins et al. (2019) suggested that signals are modified by sediment remo-
bilization (see, e.g. Clift et al. 2008 and Clift et al. 2014 for the case of the Indus delta),
which can delay, attenuate or emphasize the signals from the landscape adjustment. This
emphasizes the necessity to quantify (i.e. measure) the transport and storage time of the
sediment from source to sink (DePaolo et al. 2006) to be able to detect and quantify this
signal phase shifts.
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Figure 1.10 – Summary of the sedimentary signal propagation from source to sink at intermediate
timescales (102-106 yr) (from Romans et al. 2016). Sedimentary signal initiated by tectonics variations
are only transmitted when the period of these variations are >50 kyr. When variation originate from
climatic change, the signal is generally amplified. In addition, the internal dynamic of the sedimentary

basin can greatly perturbed the signal.
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1.1.3 Soil: the origin of the sediment

Sediments are the products of bedrock weathering and are part of the soil profile be-
fore their export down the system. The soil profile acts as an efficient sediment storage,
representing in reactive systems a non-negligible part of the sediment residence time. As
soils represent the main interface between atmosphere and bedrock, shaping the land sur-
faces, they have become of great interest to study the links between climate, weathering
and White & Blum 1995, Riebe et al. 2001, Millot et al. 2002, von Blanckenburg 2006).
Additionally, sediment residence times in small and reactive systems mainly represent the
time spent by the sediments within the weathering profile, i.e. the soil. For these reasons,
a particular attention is given to the soil in the following section to detail its structure
and the factors that can control its thickness.

Structure of the Critical Zone

The Critical Zone (CZ ; National Reaserch Council Committee on Basic Reaserch Op-
portunities in the Earth Sciences 2001) refers to that layer at the Earth surface, which
connects the deep zone (formed by rocks) and the atmosphere (providing the gas and me-
teoric waters required for weathering to proceed). The CZ is particularly important as it
is where life occurs, supporting biodiversity and sustaining Humanity (Fig. 1.11; Chorover
et al. 2007, Anderson et al. 2007). The evolution of the CZ depends on the interaction
between physical, chemical, and biological processes (Brantley et al. 2007).

Figure 1.11 – Schematic representation of the Critical Zone and the major forcings influencing the
weathering (from Anderson et al. 2004).

The soil is a complex structure above the bedrock, which can be defined differently
depending on the discipline. For an engineering point of view, the soil gathers all uncon-
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solidated material above bedrock (Bates & Jackson 1987) leaving no distinction between
soil and unconsolidated sediments. To differentiate between these two components, Retal-
lack (1984) defined the soil as the immobile part that forms in place, whereas sediments
represent the mobile component that is transported beyond the place of its formation.
The geomorphologists considered instead the soil as corresponding to the mobile particles
within the weathering profile that are no longer binded to the parent rocks (Yoo & Mudd
2008). On the other hand, pedologists and geochemists define the soil as the entire vertical
weathering sequence, including both the loose material available for erosion but also that
portion of the bedrock that can be highly chemically weathered but still maintains its
structural integrity (Yoo & Mudd 2008).

Soil thickness: balance between soil production and erosion

On continents, the thickness of the mobile section of the weathering sequence strongly
dependent on soil production and erosion processes. In a system in which soil production
rates equals erosion rates, the soil thickness is considered as being at steady state (Carson
& Kirkby 1972, Dietrich et al. 1995, Heimsath et al. 1997).
Catchment areas can be categorized into two weathering regimes: weathering- or transported-
limited (Carson & Kirkby 1972). Under limited erosional rates, the soil thickens, and the
system is referred to as being transport limited. In contrast, whenever soil erosion dom-
inates over soil production, the thickness of the mobile soil sequence is reduced causing
ultimately bedrock exposure. In such cases, the absence of soil cover profoundly modifies
the landscape dynamics, impacting the hydrology, ecology, and even its anthropic use
(Anderson et al. 2007). For this reason, it is important to be able to predict the evolution
of the soil.
Over the years, various models have been designed to estimate soil production rates (e.g.
Carson & Kirkby 1972, Dietrich et al. 1995, Pelletier & Rasmussen 2009, Catani et al.
2010, Patton et al. 2018).Humphreys & Wilkinson (2007) made an overview of the history
on the soil production rate studies with the pioneered work of Gilbert (1877). His general
idea later on revisited by Carson & Kirkby (1972) was that soil results from weathering
and thus needs weathering agents such as water and frost. The water required for chemical
weathering reactions and subsequent soil production need to be temporally stored in soils.
Therefore, the soil thickness is important as soil itself is being essential to produce soil.
However, when the soil profile is already thick, the weathering agents have difficulties to
reach the bedrock, thereby limiting the weathering processes. This results in a soil pro-
duction law defined as a "humped” function (Fig. 1.12; Cox 1980). However, this model
shows limitation for hillslope profiles Davis (1892).
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Figure 1.12 – Schematic representation the soil production models: (a) the humped function and (b)
the exponential decline function (from Humphreys & Wilkinson 2007).

Davis (1899) presented early the idea that the soil production was inversely correlated
to soil depth. Then, it is only during the 1960s that studies focusing on soil produc-
tion truly emerged with the concept of mass balance (e.g. Ahnert 1967, 1976, Armstrong
1976, Kirkby 1976. It led to the development of a different soil production law from the
"humped” function (Culling 1960) with the introduction of the exponential function (Fig
1.12, model b) (Dietrich et al. 1995). This model presented a better correlation with reel-
situation occurring on hillslope.
In parallel, the advent of several major geochronological tools (e.g. 14C, 10Be) progres-
sively increased the possibility of providing quantitative constraints on soil production
rates, using colluvial fills (Reneau et al. 1989, Reneau & Dietrich 1991, Monaghan et al.
1992, McKean et al. 1993). With the improvement of these analytical tools that subse-
quently allowed the use of smaller amounts of material, the measurement of in-situ pro-
duced cosmogenic nuclides resulted in significant advances in the field. The more recent
studies have given arguments for using each of the two soil production laws: “humped”
and exponential model without promoting one to the detriment of the other (Dietrich
et al. 1995, Heimsath et al. 1997, 1999, Small et al. 1999, Heimsath et al. 2000, 2001a,b,
Anderson et al. 2002, Wilkinson et al. 2005, Minasny & McBratney 2006).

During the process of developing soil production laws, the importance of other param-
eters have emerged: 1.the degree of the comminution of the weathering particles (Davis
1899), 2. transport law of sediment inside the soil (e.g. creep; Anderson et al. 2002), 3.
morphology of the hillslope (e.g. slope), 4. climatic and lithologic variability inside the
basin. Depending on the thickness of the soils on hillslopes, creep and bioturbation can
lead to higher rates of sediment flux compared to thin soil (e.g. Gabet 2000, Heimsath
et al. 2005. Therefore, biotic processes and appropriate transport models also need to be
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considered (Corenblit & Steiger 2009, Reinhardt et al. 2010, Roering et al. 2010, Richter
et al. 2020). Pelletier & Rasmussen (2009) determined a model based on nonlinear depth
with slope dependent transport model to predict soil thicknesses in landscapes dominated
by creep, bioturbation, and mass movements. The remaining limitation of all these mod-
els is the absence of consideration of the variation of weathering rate according to the
lithology (Pelletier & Rasmussen 2009) and the vegetation cover, which influence the soil
stabilization.

The quantification of the soil production rate is important to understand and predict
its evolution through time. However, the quantification of the soil production rate re-
mains challenging over large spatial scale (i.e. large sediment-routing system) because
of the internal and external variability along the system (e.g. lithology, climate). In this
context, the determination of sediment residence time can bring new perspectives in the
soil production studies by quantifying the time spent by sediments inside the soil profile.
This is precisely the aim of this thesis: the quantification of the sediment residence time,
using the uranium series isotopes, to better understand erosive processes.
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1.2 Uranium isotopes

Uranium isotope series are the central point of this thesis, as they are used as a tool to
estimate sediment residence times in sediment routing systems. Consequently, after a brief
history of the uranium isotopes application, the concept required to understand the ap-
plication of U-series to sedimentary systems are detailed. Finally, this section presents the
comminution age theory, applied to determine sediment residence time, and the method
required to be able to use this model.

1.2.1 Background

The first investigations of the uranium-series began with the initial discovery of the
radioactivity in 1896 by Becquerel and the first published version of the radioactive decay
scheme by Marie Curie in 1903. The invention of mass spectrometry in 1918 then led to
further development of isotope studies. At first, the domain of applications of the ura-
nium (U) series mostly concerned geochronological studies dealing with deep magmatic
processes (Newman et al. 1984, McKenzie 1985, Williams & Gill 1989, Hawkesworth et al.
1997, Bourdon & Sims 2003, Condomines et al. 2003), in parallel with investigations re-
lated to regolith formation (Rosholt et al. 1966, Megumi & Mamuro 1977) or the dating of
carbonate (carbonate terraces: Sharp et al. 2003; marine carbonate: Edwards et al. 2003;
corals: Broecker et al. 1968, Mesolella et al. 1969, Edwards et al. 1986, Muhs et al. 1994,
Cheng et al. 2000).

The U geochemistry and isotopic composition of marine sediments have been investi-
gated since several decades (Anderson 1982, Anderson & Humphrey 1989, Cochran 1992,
Henderson & Anderson 2003). Over the last decades, significant improvements in analyt-
ical techniques such as the advent of thermal ionization mass spectrometry (TIMS) and,
more recently, since the late 1990s, of multi-collector inductively coupled plasma mass
spectrometry (MC-ICP-MS) have enabled the determination of U-series isotopic ratios
with much improved precision and the analysis of samples with low U concentration.
These analytical advances have made possible the use of U isotopic ratios for the investi-
gation sedimentary processes in source to sink systems (e.g. DePaolo et al. 2006, Dosseto
et al. 2008a).

1.2.2 Radioactive disequilibrium

In the natural environment, there are three series of radioactive decays that include
uranium and thorium isotopes (Fig. 1.13), as a parent nuclide: 238U;235U, and 232Th.
These three decay schemes end with a final stable isotope of lead: 206Pb; 207Pb; 208Pb,
respectively. Uranium has three natural isotopes, with different abundance: 238U (99.27%),
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235U (0.7%) and 234U (0.03%).

Figure 1.13 – Uranium and thorium natural decays (adapted from Bourdon et al. 2003).

Bateman (1910) was the first to mathematically describe the decay of a given number
of atoms (N), with the following formula, where N0 is the initial number of atoms of the
nuclide; λ is the decay constant measured in yr−1:

dN1

dt
= −λN1 (1.2)

The period of radioactivity T, or the half-life time t1/2 is the time elapsed until the
half of the radioactive nuclei initially present have decayed:

t1/2 = ln2
λ

(1.3)

This parameter does not depend on the environment but is linked to the considered
radioactive nuclei. For intermediate nuclides of the decay chain Ni the corresponding
equation is:

dNi

dt
= λi−1Ni−1 − λiNi (1.4)

with Ni−1 represents the number of atoms of parent nuclide of Ni.
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For the case of open systems where the input and output of nuclides are not only
controlled by the radioactive decay, such as for a given rock submitted to leaching, Latham
& Schwarcz (1987) proposed the following equation:

dNi

dt
= λi−1Ni−1 − (λi + ki)Ni (1.5)

with ki being the leaching coefficient of the daughter nuclide (i.e. the portion of the nuclide
put in solution by units of time).

1.2.3 Secular equilibrium

In a closed system, following an event that resulted in the fractionation of U and
Th isotopes in the natural environment (e.g. precipitation of carbonate mineral phases,
partial dissolution of silicate rocks), the ratio between the daughter and parent isotopes in
the resulting material (e.g. carbonate, weathered sediment) will tend to naturally return
to the secular equilibrium due to the radioactive decay (Fig. 1.14).

Figure 1.14 – Representation of the evolution of activity ratio of daughter-parents isotopes to return
to secular equilibrium in a close system (adapted from Latham & Schwarcz 1987 ).

For the U-series investigations focused on sedimentary processes and associated timescales,
the commonly used isotopes are 238U, 234U, 232Th and 230Th. Their half life are respec-
tively 4.47 × 109; 2.45 × 105 14.01 × 109 and 7.5 × 104 years (Jaffey et al. 1971, Steiger &
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Jager 1978, Cheng et al. 2000). In a closed system, which considers that there has been no
interaction of U and Th isotopes with the surrounding environment, the time required for
the activity ratio between two isotopes to reach the secular equilibrium is equivalent to five
times of t1/2 of the daughter nuclide. For instance, for the case of the (234U/238U) activity
ratio, the time needed to reach the secular equilibrium, i.e. meaning (234U/238U) being
equal to 1, is five times t1/2 of 234U, hence approximately 1.2 Ma. For the (230Th/234U) ra-
tio, the time required to return to secular equilibrium will be approximately 300 kyr. The
quantification of the U-series disequilibrium provides unique information on the timing
of the initial U-Th fractionation and of the processes that initially disturbed the secular
equilibrium. This approach is particularly useful for investigating processes that occurred
at the timescale of the Quaternary period, especially using the following isotopes 234U,
230Th, 226Ra.

For clarity, the measurements of U-series isotopes are conventionally reported as ratios of
their respective activity, which corresponds to the number of disintegrations per units of
time (Bq), calculated as following:

(Ni) = λiNi (1.6)

The parent-daughter activity ratio is also commonly used to study two isotopes:

N2

N1
= λ2N2

λ1N1
(1.7)

The delta notation (δ234U) can also be used and is expressed as:

δ234U = (λ2N2

λ1N1
− 1) × 1000 (1.8)

but it is generally not used in the studies that focused on the timescales of sedimentary
processes. For this thesis, the activity ratio notation is used.

1.2.4 Uranium abundances in rock forming minerals and the
fractionation of (234U/238U) in sedimentary systems

Despite the relatively low abundance of uranium in most rocks outcropping at the
Earth surface (Dahlkamp 1993), some rock-forming minerals do display higher concentra-
tions than others (Taylor & McLennan 1995). For instance, this is the case for uraninite,
which represents the main uranium ore on Earth, but also, to a lesser degree, for minerals
such xenotime, monazite and allanite, which are also typically enriched in other trace
elements (e.g. rare earth elements). Titanium-enriched minerals are also likely to display
high relatively U concentrations, due to the similar ionic radii of Ti and U.
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In sedimentary systems, disequilibrium between 234U - 238U mostly occurs during water-
rock interactions associated with weathering and erosion processes, mostly caused by: 1)
the preferential natural leaching of 234U within the minerals (DePaolo et al. 2006) en-
hances by the the preferential oxidation of 234U over 238U; and 2) the recoil effect induced
by nuclear decay reactions. As a result, all soils, sediments, and fresh waters exhibit ura-
nium activity ratios (234U/238U) that differ from 1. In the application of the comminution
age theory to fine-grained sediments, the assumption is generally made that the recoil frac-
tion is the only responsible for the fractionation of the U-isotopes and natural leaching is
then not considered. However, some studies have considered that 234U leaching can occur
and that this process could explain some of the high sediment residence times inferred in
particular river basins (Dosseto et al. 2015, Dosseto & Schaller 2016, Martin et al. 2019).
Therefore, both processes are briefly described in the section below.

Chemical fractionation

The behavior of U and Th isotopes results from their own respective chemical prop-
erties. U-Th fractionation is controlled by environmental parameters and thermodynamic
conditions such as temperature or the composition of the weathering solution (pH, redox
potential, ionic strength). Here, a brief overview of the chemical properties of both U and
Th is presented to understand their importance in low temperature U-Th fractionation
(more detailed reviews of the U and Th characteristics can be found in: Murphy & Shock
1999, Bourdon et al. 2003, Chabaux et al. 2003b).

Uranium
In earth surface environments, U has two stable oxidation states, which are U(IV) and
U(VI) (Fig. 1.15; Langmuir 1978). Under oxidizing conditions, most of the uranium in the
natural environment is under its most mobile and stable state: the U(VI) state. In solu-
tion, U(VI) produces uranyl ions (UO2+

2 ), which can complex with carbonates, phosphates,
hydroxides and organic ligands (Fig. 1.15; Langmuir 1978). In contrast, in reducing envi-
ronments, uranium mostly occurs as U(IV), being immobile and precipitating into uranite
minerals (UO2). The U mobility increases with the presence of ligands (e.g. fluorides) at
low pH (Fig. 1.15).
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Figure 1.15 – A) Eh−pH diagram representing the stability of the most common U species under the
following conditions: T = 25°C;

∑
U= 1 µmol/l; pCO2 = 10−2 atm (Langmuir, 1978).

In solution, minerals and organic matter can interact on the mobility and fractionation
of uranium depending on the type of mineral and the physico- chemical properties of the
aqueous solution. The pH of the solution plays an important role in the adsorption of
U: a neutral pH will reinforce this process (Pabalan et al. 1996). On the contrary, any
increase in temperature will limit the adsorption capacity of uranium (Ames et al. 1983).
Uranium can be adsorbed at the mineral surfaces by complexation of the dissolved U
phase (Sims et al. 1996), especially by Fe- and Mn-oxides and hydroxides, which are
present under secondary particles, inclusions or mineral surface coating (Hsi & Langmuir
1985, Andersson et al. 1998, Blanco et al. 2004). Despite the small amount of U found in
Fe- and Mn-oxides (Lee & Baik 2009, Suresh et al. 2014), the control of these secondary
phases on uranium mobility is generally accepted (Plater et al. 1992, Blanco et al. 2004,
Suresh et al. 2014). Moreover, uranium easily complexes with clays and organic colloids,
which are then enriched in U (Dearlove et al. 1991, Porcelli et al. 1997, 2001, Riotte et al.
2003, Blanco et al. 2004, Campos et al. 2013, Suresh et al. 2014, Francke et al. 2018). In
addition to having an influence on the mobility of uranium, clay minerals, organic matter
and iron oxyhydroxide phases are generally enriched in U from surrounding waters. Thus
they inherit their isotopic composition which is enriched in 234U (Plater et al. 1988, 1992,
Andersson et al. 1998, Maher et al. 2006).
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Thorium
In natural environments, thorium exists as Th4+ oxidation state. It is generally assumed
that Th is greatly immobile under neutral pH conditions in fresh waters, but its mobility
increases as pH decreases (<4). One of the most enriched Th-bearing mineral is thorian-
ite (ThO2), which is soluble under acidic condition. The mobility of Th also raises in the
presence of organic and inorganic ligands (Fig. 1.16; from Langmuir & Herman 1980).

Figure 1.16 – Diagram of thoranite solubility depending of pH in pure water, with organic and
inorganic ligands, at T = 25°C (from Langmuir & Herman 1980).

As uranium, thorium can be, adsorbed into Fe-oxides and hydroxides (Andersson et al.
1998, Porcelli et al. 2001) and into carbonate minerals and clay minerals (Suresh et al.
2014). Despite its low mobility, dissolved Th concentrations naturals waters can be quite
significant, due to its complexation and/or adsorption by organic colloids (Fig. 1.16 ;
Porcelli et al. 1997, Dupré et al. 1999, Riotte et al. 2003, Blanco et al. 2004, Rihs et al.
2011. Secondary phases, such as clays, and organic matter can be relatively enriched in
230Th. Indeed, same as for U, these phases are enriched in Th from surrounding waters
thus inherit their isotopic compositions (Plater et al. 1992, Suresh et al. 2014). This en-
richment is mainly represented in the Fe- and Mn-oxyhydroxides phases.

In conclusion, the particular chemical properties of uranium and thorium isotopes in-
duce in Earth surface environments the preferential leaching of 234U embedded in recoil
tracks (Fleischer 1980, 1982) when a solution fills the pore space (Fleischer 1980, Andersen
et al. 2009). The 234U-238U fractionation can be enhanced by the preferential oxidation of
234U in comparison with 238U. The preferential oxidation is due to the highest probability
in minerals with low concentration that 234U is close to oxygen atoms (Adloff & Roessler
1991) and would therefore be more prone to oxidation to the hexavalent state which is
more mobile compared to 238U (Dosseto et al. 2015).
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Recoil effect

Significant U isotopic fractionation can occur in rocks and detrital sediments during
the α-decay of 238U, which results in the production of a daughter nuclide (234Th), together
with an α particle and a certain quantity of energy, that can lead to the displacement the
daughter nuclide over tens of nanometers (Fig. 1.17). This phenomenon is called alpha-
recoil (Kigoshi 1971).

Figure 1.17 – Schematic representation of the recoil during the decay of 238U into 234Th (modified
from DePaolo et al. (2006).

The distance of recoil can vary according to the decay energy of the parents nuclide,
but also on the density of the studied solid phase. Generally, the distance ranges from 20
to 60 nm (Kigoshi 1971, Bourdon et al. 2003, DePaolo et al. 2006, Chabaux et al. 2008)
and is considered to be about 30 nm in most silicate minerals (Maher et al. 2006).
When decay occurs at the grain boundary, the ejected particles are lost from the mineral
grain, resulting in an isotopic fractionation (open system), which depends on the distance
and the angle of ejection, in relation with the grain surface (Fleischer & Raabe 1978). This
capacity is restricted by some parameters such as: the size and the shape of the grains but
also by the nature of the matrix (Fleischer 1982). The quantity of emitted nuclides and
their half-life are also parameters to be considered. It has been shown that the rejected
particles or the integrated nuclide are leached quicker (Fleischer 1988). To summarize, the
combined association of the fractionation induced by chemical properties (e.g. preferential
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leaching and oxidation of 234U) and the recoil loss effect is responsible for the observed
variations of U activity ratios measured at the Earth surface. As a result, the soil profiles
are generally depleted in 234U, whereas pore waters and freshwaters in river systems are
enriched in 234U compared to 238U.

1.2.5 The concept of comminution age

This section presents the concept of the comminution age, which represents the time
elapsed since the formation of the fine sediment grains until their deposition. It also
provides details on the methods required in order to obtained accurate comminution ages
from sediments, with a particular focus on the specific surface area measurement.

Concept

The comminution age dating method is based on the disequilibrium between 234U and
238U in fine-grained detrital minerals (DePaolo et al. 2006).
As mentioned above, following the disintegration of 238U, the daughter isotope 234Th,
which rapidly decay into 234Pa and then 234U, recoils over a short distance (∼ 30 nm). In
the case where the reaction occurs at the edge of a detrital particle, the daughter isotopes
are ejected out of the grain, inducing a disequilibrium in the 234U/238U ratio. When the
grain is small enough and displays a large surface area to volume ratio, the disequilibrium
is significant enough to be measured. Following disequilibrium, it then takes about 1.2
Ma for the residual detrital grain to reach secular equilibrium, assuming no subsequent
external disturbance. During this period, the measured disequilibrium indicates the time
elapsed since the disequilibrium occurred, i.e. which corresponds to the time when the
grain was first produced. This dating method is thus based on the α-recoil effect. The
comminution age tcom can be calculated using the equation determined by DePaolo et al.
(2006):

tcom = −1
λ234

ln

[
A− (1 − fα)
A0 − (1 − fα)

]
(1.9)

with A is the measured (234U/238U) activity ratio in any fine-grained sediment, A0 is
the initial (234U/238U) of the initial rock (i.e. the unaltered bedrock or the grains >63
µm), λ234 is the decay constant of 234U (in a−1) and fα is the direct recoil of the fraction.
This method considers that only the recoil effect process is important in the fractionation
of 234U over 238U.

The degree 234U and 238U fractionation of can also be different before and after the
deposition of the sediment. Therefore, Francke et al. (2018) compared two scenarios: one
with no loss of 234U after deposition (fpost, i.e. the recoil loss factor post deposition =0)
and the second with a continuous loss of 234U after deposition (fpre, i.e. the recoil loss
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factor pre deposition = fpost), using the following equation:

tres = −1
λ234

ln

[
[A− (1 − fpost)] e−λ234tdep + (1 − fpost) − (1 − fpre)

A0 − (1 − fpre)

]
(1.10)

with tdep the deposition age (yr). Even though they obtained comparable sediment
residence time with the two methods (within the error range of each other for the majority
of the sample), they considered the second scenario as being the most probable because
of the importance of the water content within the samples.
The preferential leaching of 234U could also have an influence on the degree of U isotope
disequilibrium, due to preferential oxidation of 234U induced by the recoil effect (Adloff
& Roessler 1991, Dosseto et al. 2015, Kolodny et al. 2017). To implement the preferential
leaching of 234U processes in the comminution age method, Dosseto & Schaller (2016)
modified the equation 1.9 as following:

tcom = −1
λ234 +

(
w234
w238

− 1
)
w238

ln


A−

 (1−fα)λ234

λ234+
(
w234
w238

−1
)
w238


A0 −

 (1−fα)λ234

λ234+
(
w234
w238

−1
)
w238



 (1.11)

with the leaching coefficients w234 and w238 for 234U and 238U (in a−1), respectively.
Studies on leaching coefficients from both field and laboratory-based work determined
w234/w238 around 1.2 ±0.2 (Dequincey et al. 2002, Vigier et al. 2005, Dosseto et al. 2006a,
2014, Andersen et al. 2009). Martin et al. (2019) explored the influence of the leaching
parameters on the calculated sediment residence time through a Monte Carlo simulation.
They obtained younger ages when considering the leaching processes because the direct
recoil is then less important. This study pointed out the importance in the determination
of the leaching parameters as this effect can result in a bias of (234U/238U) ratios. Using
a similar approach as Francke et al. (2019) to infer the difference of fractionation pre-
and post-deposition, Francke et al. (2020) implemented equation 5.1 to determine the
234U loss effect pre- and post-deposition on calculated sediment residence time. For this
purpose, they combined equations 5.1 with 1.11 and proposed the two following equations
to compare the obtained sediment residence time:
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tres = −1
λ234

ln



A−

 (1−fpost)λ234

λ234+
(
w234post
w238post

−1
)
w238

 e−λ234tdep +
 (1−fpost)λ234

λ234+
(
w234post
w238post

−1
)
w238

− (1 − fpres)

A0 − (1 − fpre)


(1.12)

tres = −1
λ234 +

(
w234
w238

− 1
)
w238

ln


[A− (1 − fpost)] e−λ234tdep + (1 − fpost) −

 (1−fpre)λ234

λ234+
(
w234pre
w238pre

−1
)
w238pre


A0 −

 (1−fpre)λ234

λ234+
(
w234pre
w238pre

−1
)
w238pre




(1.13)

The comparison of the sediment residence times calculated with the assumption of post
depositional leaching using realistic and extreme leaching factors are in the same range
of the sediment residence time obtained without any consideration of leaching processes
from Francke et al. (2019). This suggests that the effect of preferential 234U leaching
after the deposition has no real impact on the determination of sediment residence time.
Conversely, assuming leaching processes pre-deposition, Francke et al. (2020) obtained
lower sediment residence times. The correlation between sediment residence times and
climatic parameters decrease with the consideration of 234U leaching in both modern and
paleo sediment residence times (Martin et al. 2019, Francke et al. 2020). Li et al. (2016a)
considered that leaching is only important for sediment with residence time <10,000
years because leaching is only high in young material with very high surface areas. The
comminution age are obtained by resolving of one of the equation mentioned above by a
Monte-Carlo inversion method. This method allows to simulate the distribution of possible
comminution age.

Method

Sample treatment
In the natural environment, sediments are composed of a mixture of various detrital,
authigenic and organic phases. One important requirement prior to applying the commu-
nition age method to fine-grained sediments is to remove all non-detrital phases, which
may strongly influence measured U isotopic ratios. This step is particularly important
because any authigenic or organic phases formed from soil pore waters or river waters are
likely to be enriched in 234U due to recoil effect (see section above), hence being charac-
terized by (234U/238U) >1. However, the isolation of the detrital fraction needs to be done
carefully in order to prevent any partial dissolution of the surface of the grains (which
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would otherwise induced subsequent recoil loss of 234U that would biased measured ra-
tios; Martin et al. 2015, Suresh et al. 2014). For this purpose, various sequential leaching
protocols have been developed (Lee et al. 2010) and improved over time (Martin et al.
2015, Francke et al. 2018).

Surface area measurement
The comminution age is mainly based on the depletion of 234U by recoil ejection. In the
ideal case of a spherical mineral grain, the fraction (noted fα) of 238U decays that is sup-
posed to be ejected by α-decay of the daughter 234Th isotope can be estimated with the
general geometric equation:

fα = 3
4

(
L

r
− L3

12r2

)
(1.14)

with L being the recoil distance and r the grain radius. Because grains are not spherical
in the natural environment, the recoil loss factor has been considered as function of the
grain surface roughness (equation 1.10; Kigoshi 1971, Luo et al. 2000, Maher et al. 2006).
It corresponds to the ratio between the specific surface areas of the sediments related to
the geometric surface area of a sphere (Helgeson et al. 1984).

fα = 1
4LSρ (1.15)

where S the surface area of the sediment (m2/g), ρ is the density of the solid (gen-
erally considered as 2.6 g.m−3). Compared to the geometrical approaches, as seen in the
previous section, this method is not based on assumptions of particles shapes or sur-
face roughness. The surface roughness can be measured using gas sorption technics using
Brunauer–Emmett–Teller (BET) theory (SBET ) (Brunauer et al. 1938). It is based on the
concept of adsorption to multiple molecular layers from Langmuir (1918) in order to cor-
relate the adsorption phenomenon to physical properties (e.g. total surface area, pore-size
distribution, micropore analysis, porosity) of solid. The surface area A of an adsorbent
is measured using the faculty of an adsorbed gas to cover the monolayer as defined by
Brunauer et al. (1938) and Sing (1985):

As = namLam (1.16)

with nam being the monolayer capacity, L is the Avogadro constant and am is the area of
the adsorbed molecule. The specific surface area, as:

as = As
m

(1.17)

is the unit mass of adsorbent where m is the adsorbent mass.
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The measurement of specific surface area using the gas sorption method is dependent of
the adsorption-desorption isotherms. They can be classified into six groups (Fig. 1.18; Sing
1985). Briefly, the type I isotherms are typical from microporous grains that have small
external surface area and large internal surface area. The type II isotherms are the results
of non-porous or macroporous solids (the point B refers to the moment where monolayer
coverage is done, and multilayer adsorption start). The type III isotherms are not common
and are produced by adsorbate-adsorbent interactions. The type IV isotherms exhibit
divergence between the adsorption and desorption isotherms, also named hysteresis. The
type V isotherms are produced by weak adsorbent-adsorbate interactions and are rare.
The last type isotherms VI are also not common and are related to multilayer adsorption
in steps on a regular non-porous surface.

Figure 1.18 – The six types of adsorption-desorption isotherms (from Sing 1985).

The amount of gas adsorbed na at the specific partial pressure of P/P0 used to deter-
mine the surface area can be calculated with the BET equation:

where C is a constant dependent of the enthalpy of adsorption in the initially adsorbed
layer. This equation is applied to the linear plot between V and P/P0 , with P/P0 range
0.05-0.30.
An overestimation of the specific surface area can occur with the BET model, because of
the size of N2 molecule (approximately 0.3 nm) is about two order of magnitudes smaller
than the length scale of alpha recoil (Hashimoto et al. 1985). It could overestimate the
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recoil loss factor (Maher et al. 2006). In order to overcome this issue, Bourdon et al. (2009)
suggested a correction inspired by the work of Semkow (1991) using the fractal dimension
D. The corrected direct-recoil fraction is then calculated with:

f = 1
4

[
2D−1

4 −D

(
α

L

)D−2
]
LSρ (1.18)

where α is the adsorbate gas diameter (in m). The fractal dimension of the surface can
be estimated with BET measurement and range from 2 (perfectly smooth surface) to 3
(complexes surface). This correction is only necessary for micro- (<2 nm) or mesoporous
sediments (2 − 50 nm), in which the pore size is similar to the recoil length and increase
the measured surface area without contributing to the loss of 234U (Francke et al. 2018).
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1.3 Uranium at Earth’s surface

In this section, I present the application of the uranium isotopes fractionation to
study Earth’s surface processes. Even if it is not the main focus of this thesis, the first
section briefly reviews the main results of the applications of the uranium activity ratio
in weathering–related studies, as the importance of soil production rates has already been
demonstrated. The second part reviews the comminution age studies to demonstrate the
progress in this field and to highlight its limitation.

1.3.1 From bedrock to soil: weathering processes

Uranium isotope series have been widely used to study weathering processes (e.g.
timescale and regime) using soils (e.g. Mathieu et al. 1995, Dequincey et al. 2002, Dosseto
et al. 2008b, 2012, Ma et al. 2010, Chabaux et al. 2013, Suresh et al. 2013), but also
suspended and riverbank sediments and dissolved river loads (e.g. Vigier et al. 2001,
2005, 2006, Dosseto et al. 2006a,b, 2008a, Granet et al. 2007, 2010). Because all bedrocks
older than 1 Ma are assumed to be at secular equilibrium, any source effect related to
changing sediment or water provenance on measured (234U/238U) ratios is expected to be
negligible (Pogge von Strandmann et al. 2006).

The absence of any significant source effect on measured (234U/238U) inside any river
basin under investigation (e.g. Amazon river, Murrumbidgee river) generally indicates that
U isotope fractionation during sediment transport can be considered as negligible (Dosseto
et al. 2006b, Suresh et al. 2014). Therefore, the measured (234U/238U) is mainly represen-
tative of the depletion occurring along the weathering profile and, with the assumption
that weathering is constant at the timescale of soil formation, 234U-238U fractionation can
be estimated using a continuous weathering model (e.g. Vigier et al. 2001, Dosseto et al.
2006a,b, Granet et al. 2007, 2010, Ma et al. 2010; Fig. 1.19). The model is based on
the concentration of any given radioactive isotope as a function of its product by decay
from the parent isotope, and loss through its own radioactive decay, in addition to the
incorporation of the leaching parameter.

The presence of soil fraction with (234U/238U) >1 within the weathering profile in-
dicates that 234U can be implemented inside soils grains (e.g. Dequincey et al. 2002,
Chabaux et al. 2003b, 2008, Pelt et al. 2008). Therefore, the weathering model has been
implemented to consider the potential gain by secondary processes or external input (e.g.
Dequincey et al. 2002, Chabaux et al. 2003b, Dosseto et al. 2008a,b, Ma et al. 2010, see
Chabaux et al. 2011 for a detailed review).
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Figure 1.19 – Evolution of the U-series isotopes along weathering profile (Ma et al. 2010) caused by
the decrease of mobility of 234U>238U>230Th.

The weathering regime can be inferred from the U-series disequilibrium (Moreira-
Nordemann 1980, Vigier et al. 2001, Dosseto et al. 2006b) considering that erosion is
at steady state, i.e. considering a balance between soil production and sediment export
(Milliman & Meade 1983, Trimble 1983). Ackerer et al. (2016) applied this method to the
Strengbach catchment (Vosges, France) in correlation with in-situ 10Be analysis. They
identified the bedrock as the most suitable place to determine the soil production rate.
They show low U concentrations and high (234U/238U) in glacial rivers from Iceland
whereas in non-glacial river U concentration are higher with lower (234U/238U). Pogge
von Strandmann et al. (2006) attributed these results to the dilution of U in the river
with glacial melting while important physical erosion of the soil due to the glacier caused
high (234U/238U).
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1.3.2 Uranium isotopes to infer timescale of sedimentary pro-
cesses and its control

The comminution age is the time elapsed since the sediment has reached a particle
size <63 µm due to the combination of weathering and physical erosion processes. In
fine-grained sediments <63 µm, the fractionation between 234U and 238U is mostly caused
by the recoil effect and preferential 234U leaching is then considered negligible (DePaolo
et al. 2006). When this method is applied to alluvial sediments, the comminution age can
be taken as representative of the sediment residence time. The communition age method
has been improved over the years in an attempt to address some inherent limitations (e.g.
Lee et al. 2010, Handley et al. 2013a,b, Suresh et al. 2014, Martin et al. 2015, Bosia 2016,
Francke et al. 2018).

DePaolo et al. (2006) first applied the comminution age method to core sediments from the
North Atlantic Ocean. They revealed a correlation between (234U/238U) and the glacial-
interglacial variability inferred from the δ18O foraminiferal record. This cyclicity only
applied for the three-last glacial cycles (sediments <300 kyr). The obtained sediment
transport times were more elevated during the glacial periods (up to 400 kyr), while be-
ing much lower during interglacial periods (within 10 kyr). The longer sediment transport
times inferred for glacial periods were explained by the occurrence of sediment redis-
tribution caused either by strong bottom current or glacier activity, which could have
transported older sediments (i.e. causing sediment recycling).

In small river basins with high topography, generally characterized by the absence of
any alluvial plain (hence with no alluvial storage capacity), the sediment residence time
mainly refers to the time spent by the sediment inside the weathering profile and, as a
consequence, can be referred to as the weathering age (Dosseto et al. 2014). However,
Suresh et al. (2014) based on the work of Li et al. (2016a,b). The comparison of sediment
residence times for river basins exhibiting markedly different catchment size indicates
marked differences. Large sediment residence times (250-600 kyr) were calculated for a
mainland China catchment (Yangtze) because of the large storage capacity. Conversely,
the comminution age calculated for a small mountainous basin in Taiwan was much lower
(110 kyr), due presumably to high denudation rates caused by tectonic uplift and sub-
tropical climate conditions characterized by extreme rainfall events.

Dosseto et al. (2010) analysed sediments from various paleochannels with depositional
ages ranging from 15 ±2 to 100 ±9 kyr in a tributary of the Murray river (SE Australia).
They observed a decrease of sediment residence times from 400 to 27 kyr (between the
time interval >100 ka to 15 ka) with a sharp increase after 15 ka. These variations were at-
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tributed to changes in the sediment source reservoir (upland soils versus alluvial deposits)
due to shifts in vegetation patterns. The influence of the vegetation on sediment residence
time has also been also suggested by Martin et al. (2019), in a study that investigated
seven catchments draining the Gulf of Carpentaria basin. This latter study highlighted
the climatic influence on sediment residence time, showing a strong degree of correlation
with mean annual precipitation (R2 = 0.71) , but also with the percentage of vegetation
cover, showing that an increase in Eucalyptus and Acacia woodland cover was accompa-
nied by a decrease in the sediment residence time. These findings were also supported by
Francke et al. (2019) in a study of a sediment core from the Ohrid lake (Greece), showing
that shorter sediment residence times (34 ±7 kyrs) occurred during wet periods, and vice
versa. A transition occurred between the Early and the Mid-Holocene due to enhanced
forest cover, resulting in the stabilization of soils on hillslopes (Francke et al. 2019). On
this basis, Francke et al. (2019) considered that the control on sediment residence times
switched from precipitation to vegetation cover during that transitional period.

The above-mentioned studies show that sediment residence times display a large variabil-
ity in river catchments. The first and main control identified for the sediment residence
time inside a sediment-routing system is its reactivity, which depends on the storage ca-
pacity along the river path and thus the size of the catchment. In small and reactive
basins, the influence of tectonics (e.g. Li et al. 2016a), glacier coverage (e.g. DePaolo
et al. 2006), climate (e.g. Dosseto et al. 2010) and the vegetation cover (e.g. Martin et al.
2019) have been shown to play an important role on the long-term evolution of sediment
residence time. However, as detailed in the next section, this large sediment residence
time variability could also partly reflect, at least to some extent, some uncertainties and
inherent limitations associated with the sediment resident time estimation method.

1.3.3 Uncertainties based on the comminution age method

The studies of the timescale of sediment processes (weathering, transport, deposition)
are based on multiple assumptions. For this reason, it is important to mention all the
uncertainties related to the communition age method (for a more detailed overview see
Handley et al. 2013b).

Natural leaching effect and comminution

The comminution age model is based on the comminution of the bedrock during the
weathering. The theory to estimate the comminution age assumes that no further com-
minution processes occurs after the production of the fine-grained sediment (DePaolo
et al. 2006). Therefore, if secondary episode of comminution happens, the inferred age is
then considered as a minimal value (Dosseto et al. 2010).
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Bedrock equilibrium

One of the uncertainties in the comminution age method is related to the assumption
that the bedrocks older 1.2 Ma are systematically at secular equilibrium (e.g. Dequincey
et al. 1999, Dosseto et al. 2006a, Pelt et al. 2013, Suresh et al. 2014). However, (234U/238U)
measurements of bedrock samples are scarce in comminution age studies due to the inher-
ent difficulties to accessing the pristine unweathered bedrock. A few studies have pointed
out that some bedrocks could depart from secular equilibrium, corresponding generally to
non-volcanic bedrock that otherwise looked pristine and unaltered (Rosholt 1983, Land-
stroem & Tullborg 2001, Bourdon et al. 2009, Handley et al. 2013b, Martin et al. 2019).
While the causes for U-isotopes disequilibrium in pristine rocks remain unclear, this could
be possibly related to issues related to porosity or grain-size, at least for the case of sedi-
mentary rocks (DePaolo et al. 2006).

Grain size and mineralogical effect

The influence of the grain size on measured (234U/238U) ratios has already been men-
tioned by DePaolo et al. (2006), who model the sediment residence time decreased with
decreasing grain size, in contrast to Dosseto et al. (2014), who reported instead a decrease
of the uranium activity ratio with increasing grain size in suspended sediments from the
Murray-Darling Basin (from <10 kDa to >25 µm). The influence of grain size has also
been also demonstrated in the Ganges river basin, where coarse sediments exhibit resi-
dence times >100 kyr while fine-grained sediments display residence time <25 kyr (Granet
et al. 2010). However, Chabaux et al. (2012) attributed this size-dependent (234U/238U)
variation to sample bias. In addition, Bosia (2016) pointed out the importance of the
mineralogy in the determination of sediment residence time based on U isotopes. In addi-
tion, lithology could play an indirect role on measured sediment residence times, through
differences in weathering susceptibility (Dosseto et al. 2014). In large river catchments,
with high storage capacity, a particular attention must be also paid to the possibility of
a return to secular equilibrium, which can alterate the interpretation of the measured
(234U/238U) (Chabaux et al. 2006, 2012, Granet et al. 2007, 2010).

Methodologic limitation

Over time, the leaching protocols aimed at isolating the detrital fraction of the sedi-
ment have been developed and improved as seen in the section 1.2.5 (e.g. Handley et al.
2013a, Suresh et al. 2014, Martin et al. 2015, Francke et al. 2018). Furthermore, the
measurement of the recoil loss is also difficult as seen in the section 1.2.5. As SBET mea-
surements are time and cost consuming, an estimated value for the recoil loss factor is
usually used for calculating comminution ages, but this possibly results in significant
uncertainties on calculated sediment residence time.
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External input

Finally, another parameter that is not often taking into account in communition age
studies is the possibility of an external contamination via atmospheric and/or anthro-
pogenic (non-natural) detrital inputs (e.g. atmospheric, anthropogenic) (e.g. Pelt et al.
2013).

64



Chapter 2

METHODOLOGY

Contents
2.1 Samples collection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.1.1 Sediments from world rivers . . . . . . . . . . . . . . . . . . . . . . . 66
2.1.2 Var sediments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

2.2 Samples preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
2.2.1 Reagent and labware . . . . . . . . . . . . . . . . . . . . . . . . . . 71
2.2.2 Grain-size separation . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
2.2.3 Leaching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
2.2.4 Sediments dissolution . . . . . . . . . . . . . . . . . . . . . . . . . . 76

2.3 Ion exchange chromatography . . . . . . . . . . . . . . . . . . . . 78
2.3.1 Ifremer method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
2.3.2 UOW method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

2.4 Uranium analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
2.4.1 Isotopic measurement of Uranium isotopes . . . . . . . . . . . . . . 82
2.4.2 Concentration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
2.4.3 Accuracy and precision of the data . . . . . . . . . . . . . . . . . . . 84

2.5 Specific surface analyses . . . . . . . . . . . . . . . . . . . . . . . . 87
2.6 Geographic Information System analyses . . . . . . . . . . . . . . 89

2.6.1 Basin and sub-basin delineation . . . . . . . . . . . . . . . . . . . . . 89
2.6.2 Extraction of the geomorphologic characteristics . . . . . . . . . . . 89

65



Methodology

2.1 Samples collection

2.1.1 Sediments from world rivers

The investigation of the (234U/238U) variability in river sediments is based on a collec-
tion of sediment samples gathered at Ifremer over the past few years (e.g. Freslon et al.
2014, Bayon et al. 2015, 2018 ). This large collection includes samples from all around the
world, in particular some of the longest rivers (e.g. Amazon, Nile), and other rivers drain-
ing particular lithological or climate settings. Most studied samples were collected from
river watersheds (riverbank sediments, suspended loads), estuaries, or submarine deltas
near the mouth of rivers (Fig. 2.1, Appendix A2.1). The same sediment samples have
been previously used in other studies aiming at investigating the links between chemical
proxies and environmental parameters, such as rare earth and neodynium isotopes vari-
ations (Bayon et al. 2015), Hf-Nd isotopic fractionation (Bayon et al. 2016), Si isotopic
variations (Bayon et al. 2018), triple oxygen isotopes (Bindeman et al. 2019).

2.1.2 Var sediments

Modern Var sediments

The fluvial sediments were collected from the bed of the Var River (S-E France) and its
tributaries during two field-trips in June 2011 and September 2012 (Bonneau et al. 2014).
The sampling sites were chosen according to the geological and lithological characteristics
of each sub-basins. Sediments were also taken upstream and downstream of the main
confluences. The location of the sampling sites (GPS source; Appendix A2.2) is shown in
Figure 4.3. Fine-grained sediments were separated on-site by washing large quantities of
sediments using a 125 µm sieve.
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Figure 2.1 – World map with the location of studied sediment samples, the sediments derived from
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Marine sediments cores

The marine sediment samples investigated during this thesis were collected during two
oceanographic cruises. The first one was held in 2008 during the ESSDIV cruise on the
N/O Pourquoi pas? (Lefort 2008) and allowed the sampling of two of the three marine
sediments cores used here (ESSK08-CS01 and ESSK08- CS13). Core ESSK08-CS01 is
located on the edge of the Var sedimentary ridge (VSR) whereas the ESSK08-CS13 has
been sampled on the southern side of the VSR (Fig. 2.3). The third core (KESC9-14)
was retrieved in 2008 during the ESSCAR-9 campaign on the N/O Le Suroıt (Woerther
2008). All these cores were stored at Ifremer (Brest).
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Table 2.1 – Table summarising the information on the studied cores.

Core Cruise Latitude Longitude
Water Depths

(m)

Length

(cm)

Levee height

(m)
ESSK8-CS01 ESSDIV N43°23.024 E07°44.181 2146 2212 130
ESSK8-CS13 ESSDIV N43°23.022 E07°47.817 2473 2253
KESC9-14 ESSCAR-9 N43°.32 E07°18 550 190

KESCC9-14

Figure 2.3 – Location of the three studied sites along the Var sediment-routing system with a
schematic view of the deposition area of the Var routing system (Adapted from Bonneau et al. 2014).

The age models for cores are derived from ESSK08-CS01 and ESSK08-CS13, and
KESC9-14, are derived from Bonneau et al. (2014) and Jalali et al. (2018); Le Houedec,
(submitted), respectively. They have been already been exploited in the context of various
studies focused of provenance studies Bonneau et al. (2017) and denudation rates (Mari-
otti et al., 2020). The age model of the three cores being well constrained, it allowed us
to elaborate a sampling strategy aiming at analyzing a series of samples deposited during
the Late Glacial Period and the Holocene in order to investigate the long-term variabil-
ity of (234U/238U) along a continuous composite sedimentary record (Appendix A2.3). It
also permitted to study the shorter millennial timescale of the Dansgard-Oeschger cycles,
particularly during the Marine Isotopic Stage 3.
The location of the KESC9-14 core ensured that the studied sediment at this particular
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site is derived from the hypopycnal plume, thereby exhibiting a constant and very fined
grain size. Conversely, the ESSK08-CS01 and ESSK08-CS13 cores were sampled from the
turbiditic levees of the Var Sedimentary Ridge (Fig. 2.4). To avoid any effect linked to
grain-size effect in these turbiditic sediments, two different types of sediments were inves-
tigated in this study: hemipelagic sediments deposited above the turbidite layers (mainly
composed of fine clays) and the uppermost part of the turbiditic sequences (mainly com-
posed of silts).

Figure 2.4 – Sedimentary facies observed in cores ESSK08-CS13 and ESSK08-CS01 with fine-grained
hemipelagic deposits (light brown) alternating with silt-to sand deposits (dark brown) (from Bonneau

2014).
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2.2 Samples preparation

2.2.1 Reagent and labware

The study dealing with the sediments from the world river systems was performed
at Ifremer (Brest, France), with all chemical preparations including the separation and
purification of uranium being conducted in a Class 1000 (ISO 6) clean laboratory. HNO3

and HCl solutions (commercial grade, Merck) were double distilled using a sub-boiling
system. Hydrogen peroxide H2O2 (Trace select, 30%), acid acetic and hydroxylamine from
Fisher Scientific (Loughborough, UK) were also used. All diluted reagents were prepared
using Millipore Milli-Q water (18.2 MΩ·cm at 25°C).

The Var sediments, including both fluvial and marine sediment samples, were prepared
and analyzed in a Class 10 cleanroom at the Wollongong Isotopes Geochronology Labo-
ratory from the University of Wollongong (Wollongong, Australia). Reagents used during
the sequential extraction (acetic acid, hydroxylamine hydrochrloride, hydrogen peroxide)
and acid dissolution (HF, HCl, HNO3) were of Ultrapure grade. The reagents used for the
column chromatography were of Suprapur grade.

2.2.2 Grain-size separation

Because grain size may play an important role in measured uranium activity ratio, an
efficient and robust grain size separation method needs to be applied prior to the analyses,
aiming at separating the fine <63 µm detrital fraction.

Ifremer methods

About 3 g of dry sediments were placed into 50 mL centrifuge tubes, filled with 18.2
MΩ water and shaken manually. The suspended sediments were sieved at <63 µm using
18.2 MΩ water.

UOW methods

Bulk sediments were first dry sieved in order to only keep the fraction <2 mm. Ap-
proximately 10 g of the finest fraction was placed in a 50 mL centrifuge tube with ∼0.25
g of sodium hexametaphosphate. Each centrifuge tubes were then filled up with around
30 mL of dionized (DI) water and placed on a mixing wheel overnight. The sediments in
suspension were then wet sieved using a 63 µm sieve and DI water. The fraction <63 µm
was transferred to a clean centrifuge tube, and the DI water was removed by centrifuga-
tion (15 min – 4000 rpm). The 63-200 µm fraction was removed of the sieved using a clean
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plastic spoon and transferred into a clean glass beaker in order to get dry and stored in
sample bags.

2.2.3 Leaching

The measurement of uranium isotopic ratios must be made on the detrital fraction of
the fine-grained sediment (see section 1.2.5). This means that all bulk sediment samples
had to be leached to remove all non-detrital components (e.g. carbonate minerals, Fe-Mn
oxyhydroxide phases, and organic compounds) without attacking the specific surface area
of the grain. Two different protocols were used during the course of this PhD: the Ifremer’s
one for the investigation of world river sediments, and that from UOW for all the Var
sediments. Both methods are described below.

Ifremer leaching method

The leaching method used at Ifremer is adapted from Bayon et al. (2002). The same
method was used in all previous studies on the same collection of world river sediments
(e.g. Bayon et al. 2015, 2016, 2018, Bindeman et al. 2019).
The procedure starts with the separation of the fine fraction (<63 µm) from about 3 g
of bulk sediment, using ultrapure (18.2 MΩ) H2O (see procedure described above) The
sequential leaching procedure was then conducted in three steps:

1. The carbonate fraction was extracted by placing the <63 µm bulk sediment in a
50 ml polypropylene (PP) tube together with 20 ml of 5% (v/v) acetic acid (CH3COOH).
The tube was placed at room temperature on a mechanical shaker for 3 hours. The su-
pernatant was then discarded by centrifugation.

2. Iron and manganese oxides were removed of the residue left after step 1, by adding
20 mL of a mixture of 0.05M hydroxylamine hydrochloride (HONH2·HCl) in 15% (v/v)
acetic acid solution. The tube was left on a mechanical shaker overnight. The supernatant
was then removed by centrifugation.

3. The organic fraction was extracted by addition of 20 mL 5% hydrogen peroxide (H2O2).
The samples were left on a mechanical shaker for two days. The solution was removed by
centrifugation. Then, the silt (4-63 µmm) and clay-rich (<4 µmm) fractions were sepa-
rated from the detrital residues by low-speed centrifugation (Bayon et al. 2015).

After the leaching process, the silt and clay sized fractions were separated by centrifuga-
tion following the protocol reported in Bayon et al. (2015). For this purpose, the detrital
fractions of the sediment samples were first centrifuged at 1000 rpm for 2 min. The 25
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ml supernatant was recovered in a cleaned polypropylene tube, which corresponds to the
clay-rich fraction (<4 µm). Another 25 mL of 18.2 MΩ water were then added to the
residual detrital fraction, vigorously shake and centrifuged at 800 rpm for 2 min 30 s. The
supernatant was added to the initial 25 ml containing the finest clay-size sediment. The
residual detrital fractions left in the first centrifuge tube corresponded to the silt fraction
(between 4-63 µm). The clay size fraction was subsequently centrifuged for 15 min at 3800
rpm and then placed in an oven at 70 °C overnight.

Evolution of the uranium activity ratio through the leaching steps
In order to validate the leaching protocol used in this study, the evolution of (234U/238U)
through the different steps of the sequential leaching procedure was investigated as rec-
ommended by Lee (2009). The (234U/238U) ratio of the residual sediment should decrease
along with the progressive removal of all carbonate, Fe-Mn oxyhydroxide and organic
phases, which are all presumably characterized by (234U/238U) >1 (Fig. 2.5). In theory,
the sequential leaching is completed when the outer-core of the mineral grains have been
cleaned off any biogenic, authigenic and organic coatings, hence displaying a minimum
(234U/238U). If the residual (234U/238U) ratio rises during the course of the sequential
leaching method, then this indicates that the detrital grain at secular equilibrium (i.e.
(234U/238U) =1) is being dissolved, and hence that the leaching is too aggressive: the
remaining grain is at secular equilibrium.

In order to validate the Ifremer leaching protocol for U-isotope analyses, the progres-
sive evolution of (234U/238U) during the leaching method has monitored using two river
sediment samples (Loire and Clarence rivers). To this purpose, after each step of the leach-
ing protocol, an aliquot of the residual sediment fraction was analyzed for U isotopes in
both grain-size fractions. Note that a final leaching step was added during these leaching
experiments, to ensure complete carbonate dissolution and assess whether the (234U/238U)
minimum value had been previously reached.

The measurements of (234U/238U) in the Clarence and Loire samples showed that the
residual detrital (234U/238U) compositions decreased progressively during the course of
the sequential leaching procedure (from 1.060 to 0.850 ; Fig. 2.6 ), especially for the case
of Clarence River sample, indicating that the non-detrital 234U-enriched phases have been
efficiently removed during our leaching procedure. Importantly, the final leaching steps
were not accompanied by any (234U/238U) increase in the residual detrital fractions, sug-
gesting negligible dissolution of pristine detrital minerals at secular equilibrium.
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Figure 2.5 – Representation of the modeled evolution of (234U/238U) after the removal of the
authigenic and organic matters (Domain 3) from sediments. The optimal leaching end when the non
detrital matters is completely removed without damaging the outer detrital phase (Domain 2) which

correspond o the minimum value for (234U/238U) (From Francke et al., 2018; after Lee, 2009 and Martin
et al., 2015).
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Note that a second test was also conducted to assess whether a possible fractiona-
tion could occur between 234U and 238U during the leaching method. To this purpose,
two geological reference materials (BCR-2 and BHVO-2), with known (234U/238U) ratios,
were leached and analyzed. The obtained (234U/234U) are within the error range of the
accepted values (BCR-2: 1.006 ±0.004 and BHVO-2: 1.006 ±0.002), hence showing that
our leaching method does not involve any particular (234U/234U) fractionation.

Sonication leaching – UOW method

The method used during the process of the Var sediment samples was developed by
Francke et al. (2018) in the Wollongong Isotopes Geochronology Laboratory (WIGL) of
Wollongong University. This method is rapid, hence allows to process large datasets of
samples.
The sequential leaching procedure involves five distinct steps.

1. The first step was used to remove the water-soluble fraction. Approximately 1 g of
dry sediment were placed into 50 mL PP centrifuge tubes with 35 mL of water. The
centrifuges tubes were shaken manually and then placed on a mixing wheel for minimum
1 hour. In order to remove the water, they were centrifuged at 4000 rpm for 10 minutes
and the supernatant was then discarded.

2. The second stage corresponds to the removal of the exchangeable fraction. For this
purpose, 16 mL of 0.5M magnesium nitrate (Mg(NO3)2) was added to each centrifuge
tubes inside a fume hood. The centrifuge tubes were manually shaken and then sonicated
3 min at 20°C. The sediments were centrifuged at 4000 rpm for 10 min and the super-
natant was discarded.

3. The third step corresponds to the removal of the carbonate fraction. In each cen-
trifuge tubes, 20 mL of 1M sodium acetate (NaOAc) solution was added. Each tube was
manually shaken and then sonicated for 15 min at 20°C, taking great care to release any
overpressure every 5 minutes by opening the tubes. They were centrifuged at 4000 rpm
for 10 minutes to remove the supernatant. The centrifuges tubes were filled with water,
shaken and centrifuged again at 4000 rpm for 10 min in order to rinse the residual fraction.
The sediments were transferred in PFA centrifuges tubes for the rest of the procedure by
adding approximately 15 mL of water. Once transferred, the solution was removed after
centrifugation at 4000 rpm for 15 min.

4. The fourth step was conducted to extract Fe and Mn oxide phases. About 20 mL
of the 0.1M Hydroxylamine hydrochloride (NH2OH*HCl) solution was added in the PFA
centrifuge tubes. They were shaken until all sediments were in suspension and sonicated
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for 18 min at 80°C with releasing the pressure every 6 minutes and shaken then manually.
The samples were then cooled off by putting the tubes in cold water for few minutes. The
sediments were centrifuged at 4000 rpm for 10 minutes and the solution is removed and
rinsed with 40 mL of water which was then removed by centrifugation at 4000 rpm for 15
min.

5. The final step aimed at removing organic matter and sulphides. A quantity of 26
mL of 15% hydrogen peroxide (H2O2) and 0.02 M nitric acid (HNO3) solution was added
to each PFA centrifuge tube. They were then transferred into an ultrasonic bath for a
total of 6 times of 3 min each. Between each sonification period, the pressure was released.
Whenever the reaction was too strong, the tubes were placed under cold water. Following
the final ultrasonication step, the solution was removed after 10 minutes of centrifuga-
tion at 4000 rpm. In all samples, 5 mL of 3.2M ammonium acetate (CH3COONH4) in
20% v/v HNO3 solution was added to completely recover the uranium leach from the
previous solution. The tubes were manually shaken for 1 min and the solution was decant
after 10 min of centrifugation at 4000 rpm. The sediments were transferred into PP tubes
back, and rinsed three times with 18.2 MΩ-H2O, followed by centrifugation. The residual
sediments were then air dried inside a fume hood.

Comparison of the two-leaching protocol

In order to compare the two leaching protocols used during the course of this PhD,
the same sediment samples used by Francke et al. (2018) to develop the UoW sequential
leaching protocol were analyzed using the Ifremer’s method. After each steps of the se-
quential leaching procedure, a fraction of the residue was removed to analyze the evolution
of (234U/238U) during the procedure. The (234U/238U) values obtained for these two test
samples using the Ifremer protocol agree well (<5 % of difference) with the data obtained
using the procedure of Francke et al. (2018).

2.2.4 Sediments dissolution

Alkaline digestion in furnace

The dry powders of detrital fractions were dried in an oven at 70°C for 24 hours to
remove all humidity. About 0.100 g of a mixed 229Th-236U tracer-solution (composition in
Table 2.2) was added into a cleaned glassy carbon crucible and evaporated on hotplate.
Then about 0,050 g of detrital sediment was added in the crucible together with ∼0.300-
0.500 g of sodium hydroxide pellets (NaOH) and ∼0.800 g of sodium peroxide powder
(Na2O2). The crucibles were placed into an furnace at 650°C for 12 minutes. After alkaline
fusion, 10 mL of water 18.2 MΩ-H2O was added into the cooling crucible. The mixture was
transferred into a polypropylene 50 ml centrifuged tubes, and each crucible was cleaned
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with 18.2 MΩ-H2O, added to the centrifuge tube to reaxch about 30 mL, which resulted
in the co-precipitation of Fe-oxyhydroxides, scavenging both Th and U (Bayon et al.
2009). The obtained mixture was centrifuged first for 2 min 30 at 2500 rpm then the
supernatant was removed. The mixture was rinsed with 30 mL of 18.2 MΩ-H2O, stirred,
and then centrifuged again for 3 min at 3000 rpm. The supernatant was discarded, and
the residues were then taken 2 ml of 7.5M HNO3 prior to being transferred in acid cleaned
15 mL Savillex vials.

Table 2.2 – Composition of the tracer-solution used at Ifremer and WIGL

229Th (g/g) 236U (g/g)
Spike UOW 1.09 x10−09 4.41 x10−10

Spike Ifremer 3.92 x10−10 3.34 x10−08

Hydrofluoric acid digestion

In each 30 mL PFA vials, about 30 mg of mixed 236U-229Th tracer-solution (composition
in Table 2.2) was added with 30 mg of sediments. Note that a diluted tracer-solution was
used for the blank. For sample digestion, 1 mL of 48% Hydrofluoric acid (HF) was added.
The vials were closed and left at room temperature for about 30 min. Then, 0.5 mL of 65%
HNO3 was dispensed. The closed vials were placed on a 100°C hotplate for overnight. Next,
they were sonicated for 10 minutes and put on a hotplate for evaporation at 100°C until
incipient dryness. Then, 0.5 mL of 65% HNO3 and 1.5 mL of 30%HCl were added. The
vials were closed and placed on a hotplate at 120°C and left for three days. The samples
were dried down at 100°C. If undissolved residues were observed before evaporation a
final step was added. It consisted of an addition of 0.5 mL of 31%of H2O2 and left on a
hotplate at 80°C for overnight. The samples were then dried down at 80°C. After that,
0.5 mL of 65% HNO3 was added and then dried at 80°C. This step was repeated twice.
Then, 2 mL of 7M HNO3 was added in each vial and left on a 100°C hotplate for one
hour. After 5 min of sonification, the solution was transferred into 15 mL polypropylene
centrifuges tubes. They were centrifuged at 4000 rpm for 5 minutes before the uranium
elution step.
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2.3 Ion exchange chromatography
The isolation and purification of the U and Th fractions from the matrix was achieved

by ion-exchange chromatography. The methods used at Ifremer and UOW are described
below.

2.3.1 Ifremer method

The chromatographic protocol to separate uranium and thorium fractions is derived
from Edwards et al. (1986) and Bayon et al. (2009). The elution was performed by ion ex-
change chromatography using an AG1-X8 resin (Biorad 200-400 mesh) in 10 mL columns.
Following the protocol (Table 2.3), the resin was first cleaned with both MQ water and
6M HCl, before conditioning the resin with 7.5M HNO3. The samples could then be load
on the column in 2 ml 7.5M HNO3. The matrix was subsequently washed in 7.5M HNO3.
After that the Th fraction was recovered in 6M HCl, followed by the elution of U with
18.2MΩ-H2O.

Table 2.3 – U and Th separation protocol (adapted from Edwards et al., 1986)

Steps Volume Reagent

Clean
10 mL 18.2MΩ-H2O
10 mL 6M - HCL
10 mL 18.2MΩ-H2O

Conditioning
2 mL 7.5M - HNO3

2 mL 7.5M - HNO3

Loading sample 2 mL 7.5M - HNO3

Clean
2 mL 7.5M - HNO3

2 mL 7.5M - HNO3

Elution Th

1 mL 6M - HCL
1 mL 6M - HCL
1.5 mL 6M - HCL
1.5 mL 6M - HCL

Elution U

2 mL 18.2MΩ-H2O
2 mL 18.2MΩ-H2O
2 mL 18.2MΩ-H2O
2 mL 18.2MΩ-H2O

In order to assess the reliability of this protocol for analyzing river sediment samples
(i.e. silicate matrix), three samples: two river sediments (Loire and Fly) and one carbonate
were processed for column calibration. Each of these three test samples were first prepared
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as explained in section 2.2 , using ∼80 mg of powder. To verify the reuse of the resin the
Loire sediments were split into two parts: one being eluted through a resin already used
several times, and the other one trough a new resin. All the eluted fractions after the
load of the samples were recovered. The Fly sediment was also split into two parts. The
first one was eluted through an old resin and each fraction have been recovered. The
second part has been used for a regular separation such has the carbonate sample, and
only the fraction with the uranium elution was recovered. For the column calibration, 1
ml aliquots of eluted solution were collected during the entire U-Th separation chemistry,
and subsequently analyzed by Q-ICPMS at the Pole Spectrometrie Océan (Brest, France),
following the protocol detailed in section 2.4.2.
The resulting elution profile (Fig. 2.7) indicated that a fraction of Th was still being
eluted during the recovery of the U fraction, together with substantial amounts of major
cations such as Fe and Ca (Fe: 18 ppb; Ca: 50 ppb), even if these amounts were very small
compared to the composition of the initial matrix.
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Figure 2.7 – Elution profile of the U and Th, with some major elements (Fe; Ca; Pb) using the
AG1-X8 resin.

As a consequence, the protocol was modified accordingly to further purify the U frac-
tion. To this end, the U fraction recovered during the last elution step was subsequently
evaporated, taken again in 2 mL of HNO3, and re-loaded onto the same column. After
further washing in 7.5M HNO3, the U fraction was then eluted in 18.2 MΩ-H2O. (Table
2.4).
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Table 2.4 – Purification protocol of the U-fraction

Step Volume Reagent
Conditioning 3 mL 7.5M - HNO3

3 mL 7.5M - HNO3

Loading sample 2 mL 7.5M - HNO3

Clean 2 mL 7.5M - HNO3

2 mL 7.5M - HNO3

Elution U

2 mL 18.2 MΩ-H2O
2 mL 18.2 MΩ-H2O
2 mL 18.2 MΩ-H2O
2 mL 18.2 MΩ-H2O

The evaluation of this modified protocol indicated efficient recovery of a pure uranium
fraction (Fig. 2.8 ) with a final yield of 80%, which is similar using both new and old
resin.
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Figure 2.8 – Elution profiles of the U and Th, with some major elements (Fe;Ca;Pb) using the
AG1-X8 resin for A. the separation of U and B. the purification of the U fraction.

Once the separation of U and Th is completed, the recovered fractions are evapo-
rated and 2 mL of 0.3M HNOO3 (with 0.005M HF for the Th fraction) is added for the
measurement.

2.3.2 UOW method

The separation and purification of uranium from the Var river sediments have been
realized on the automated purification of U is performed using the prepFAST-MC™
system (ESI, Omaha, NE, USA). It is a fully-automated, low pressure (<100 psi), PFA
chromatography system,which enables all the basic steps (e.g. sample loading, cleaning
and conditioning of the column, removal of the matrix and elution of the target fraction)
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that are required to isolate the elements of interest.
Uranium and Thorium are eluted using a pre-filled with AG1-X8 resin column "ThU -
0500" from ESI. Prior to sample loading (2 mL of 7M HNO3), the resin was washed with
3 mL of 6M HCl followed by 3 mL of 18.2 MΩ-H2O and then conditioned with 1 mL of
7M HNO3. Following sample loading, matrix was eluted in 1.5 mL of 6M HCl. Thorium
was then eluted in 1 mL HCl followed by 1.5mL of 0.12M HCl to elute uranium fraction.
Uranium fractions were dried down and re-dissolved in 4 mL of 0.3M HNO3 for isotopic
analysis. The obtained yield for U elution is around 70%. The yield is not very high, but
the samples are combined with a tracer-solution with a known solution and the standard
used are well recovered for each isotopes, therefore it is not an issue in this study.

Table 2.5 – Purification protocol of the U-fraction at WIGL

Step Volume Reagent

Clean

3 x 1 mL 7M - HNO3

3 x 1 mL 0.1M - HCL
3 x 1 mL 6M - HCL
3 x 1 mL 18.2 MΩ-H2O

Conditioning 1 mL 7M - HNO3
Loading sample 0.5 mL 7M - HNO3

Wash matrix 1 mL 7M - HNO3

Elution Th 6 x 0.25 mL 6M - HCL
Elution U 6 x 0.25 mL 0.12M - HCL
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2.4 Uranium analyses
Isotopic measurements were performed on a ThermoFisher Neptune Multi-Collector

Inductively Coupled Plasma Mass Spectrometry (MC-ICP-MS, Thermo Scientific) at the
Pole Spectrometrie Océan (Brest, France) and on a ThermoFisher Neptune Plus MC-ICP-
MS at the Wollongong Isotope Geochronology Laboratory (WIGL, Australia).Uranium
concentration of the studied samples were calculated either by isotope dilution, based on
the measured isotopic composition of spiked samples by MC-ICPMS, or using Quadrupole
Inductively Coupled Plasma Mass Spectrometry (Q-ICP-MS).

2.4.1 Isotopic measurement of Uranium isotopes

Uranium and thorium isotopes were measured on MC-ICP-MS. At the Pole Spec-
trometrie Océan (Brest, France) the instrument was equipped with APEX HF desolvating
system and nebulizer PFA ST-2280 (100µL/min) as sample introduction system. Stan-
dard sample and X skimmer cones were used. The sensitivity on 238U was generally 5 V
for 10 ppb at low resolution.
At the WIGL, the sample introduction system was composed of an APEX HF desolvating
system and nebulizer PFA ST-2280 (100µL/min). Jet sample and X skimmer cones were
used. The sensitivity on 238U was generally 6 V for 10 ppb at low resolution.
The measurement of U isotopes required to use a Secondary Electron Multiplier (SEM) to
increased abundance sensitivity of the instrument. The mass 238 and 235 were analysed in
the Faraday cups. Mass 234, 236, 236.5 and 235.5 were measured in ion counting detectors.
The purified fractions of U and Th were introduced in 2 mL of 0.3M HNO3 and 2 mL of
0.3M HNO3 + 0.005M Hf respectively. Between each sample, the system was rinsed with
0.3M HNO3. Samples analyses were realized in bloc of 40 cycles of measurements with an
integration time of 4s. Blank analyses were realized in bloc of 20 cycles of measurement
with an integration time of 4s.

— Mass correction: In order to correct from the instrumental mass bias and the
Faraday/SEM yield, measured ratios were normalized to solution known reference
material, using a standard-sample bracketing (SSB) method, during which one
reference standard solution was analyzed every two samples. This standard solution
corresponded to a synthetic standard (IRMM-184 or CRM U010 for U, and IRMM-
035 or Th”U” for Th).

— Pic tailing: The measured signal of the mass of interest can suffer from large
interferences related to the large abundance of a nearby mass, which creates a so-
called tail effect. For instance, 238U is largely more abundant than 234U in natural
sediments (typically with order of magnitude of ∼105), hence the signal 238U pro-
duces a ‘tail’ that can contribute to the measured signal on 236U (spiked) isotopes.
Therefore, to correct the tail influence of 238U on the 234 and 236 atomic mass
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unit (i.e. amu), intensity between 236 amu are measured (235.5 and 236.5 amu)
and substracting to the intensity of 236 amu (it implies that 235U do not create
any tail). The same process applies for the possible tail of 232Th on both 230Th and
229Th by measuring 231.5, 230.5, 229.5 and 228.5 amu.

2.4.2 Concentration

Measurement by isotopic dilution

The concentration of elements can be precisely calculated by isotopic dilution. For this
purpose, an isotopic tracer solution (i.e. spike) is added into the sample. It is composed
specifically with one or multiple isotopes from the element of interest with known isotopic
abundances (Table 2.2). Then, the measurement of the mixture sample-spike allows one
to determine the concentration of the sample. As an example, the following equation was
used to determine U concentration in studied samples:

[U ]sample =
[

236U
]
spike

×M238

M236
× mspike

msample

×
(

1 + 1
137.88

)
×
(238U

236U samples
−

238U
236U spike

)
(2.1)

with: M238 is the relative atomic mass of 238U, msample and mspike are the mass of
the sample and the spike, respectively. In this thesis, the concentration of uranium and
thorium of the world river sediments and half of the Var sediments were determined using
this technique. The second half of measured U concentration on the Var core sediment
samples were measured by Q-ICP-MS.

Measurement on Q-ICP-MS

The uranium and thorium concentrations of the sediment samples that were not de-
termined by isotopic dilution were measured using an iCAP Q ICP-MS. The sample
introduction system comprised a peristaltic pump, a PFA nebulizer and a spray chamber.
Sample cone and skimmer cone were used. An internal standard (71D) was added to all
samples to correct from the instrumental derive.
The standard (STD) mode was used to measure elements of interest (i.e. 115In, 238U).
First, a calibration curve was done by analyzing a series of uranium and thorium standard
solutions (71A, Inorganic VenturesTM ) covering a concentration range from 0.05 ppb to
100 ppb , yielding a correlation coefficient R2 >0.995. Prior to the ICP-MS analysis, an
aliquot of the studied samples was taken from the parent solution in 7M HNO3. It was
then evaporated and taken up in 0.3M of HNO3 for analyze. Between each sample anal-
ysis, the system was rinsed with 0.3M HNO3 and blanks intensity were measured and
subtracted from each sample. In order to validate the data, a quality control was set up
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by analyzing a standard solution every five samples, with a known concentration of each
analyzed elements.

2.4.3 Accuracy and precision of the data

Along the sample preparation and analyses, isotopic fractionation can occurred and
affect the accuracy of the data. Total procedural accuracy since dissolution was evaluated
by analysing reference materials (e.g. BCR-2, BHVO-1, QLO-1). Table 2.6 shows the re-
sults obtained for BCR-2, that was processed in each batch of samples. Other standards
measurements (BHVO-2, QLO-1, SBC-1) are in Appendix A2.6, and are in good agree-
ment with the reference values. The good reproductibility of the process was determined
by analysis different aliquot of samples.

Table 2.6 – Values of BCR-2 obtained during the thesis compared with the referenced
value.

U (ppm) 2SD (234U/238U) 2SD Date of analyse
BCR-2 1.65 0.08 1.000 0.002 14/12/2017
BCR-2 1.61 0.02 0.999 0.002 14/12/2017
BCR-2 1.67 0.02 0.998 0.002 14/12/2017
BCR-2 1.70 0.05 1.001 0.001 07/03/2018
BCR-2 1.62 0.02 1.002 0.001 07/03/2018
BCR-2 1.66 0.02 0.998 0.002 28/05/2018
BCR-2 1.63 0.03 1.002 0.001 28/05/2018
BCR-2 1.61 0.02 1.003 0.001 24/07/2018
BCR-2 1.75 0.02 1.001 0.002 24/07/2018
BCR-2 1.64 0.04 1.002 0.001 06/08/2018
BCR-2 1.65 0.02 1.003 0.003 11/10/2019
BCR-2 1.64 0.03 1.005 0.005 11/10/2019
BCR-2 1.61 0.02 1.001 0.004 26/02/2020
BCR-2 1.60 0.03 1.003 0.004 27/02/2020
BCR-2 1.63 0.02 1.000 0.004 28/02/2020
BCR-2 1.69 0.02 1.000 0.005 7/03/2020
BCR-2 1.89 0.02 1.001 0.008 23/03/2020
BCR-2 1.67 0.02 1.000 0.003 24/03/2020
Mean 1.66 0.18 1.001 0.003
Standard value 1.69 0.19 1.001 0.001 Sims et al. (2008)
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Figure 2.9 – Uranium concentration and (234U/238U) for the standard BCR-2 compared with the
reference value (from Sims et al. 2008).

The possible contamination of the sample during the preparation and analysis was
assessed by blank control. For each batch (around twenty samples) a total procedure
blanks were realized. Table 2.7 reports the mass of U measured in each blank. The average
blank contribution is inside each batch <0.1%.

Table 2.7 – Quantity of uranium obtained in the blank during the thesis.

U (pg) Analysed date
94 23/11/2017
18 23/11/2017
64 14/12/2017
63 14/12/2017
84 07/03/2018
43 24/07/2018
81 06/08/2018
36 28/05/2018
67 21/08/2018
121 11/10/2019
24 12/10/2019
38 26/02/2020
153 27/02/2020
4 29/02/2019
91 7/03/2020
37 7/03/2020
8 23/03/2020
32 24/03/2020
59 mean
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Precision of the analysis on the Neptune was determined by measuring synthetic stan-
dard NBL U005-A (Richter and Goldberg, 2003) and was consistently better than 1% for
(234U/238U).
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Figure 2.10 – Evolution of (234U/238U) obtained for the standard U005A.

Precision of the analysis on the iCAP was determined by measuring the concentration
of the standard 71A with a known concentration of 5 ppm.
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2.5 Specific surface analyses

In this thesis, specific surface area (SBET ) measurements were carried out on a Quan-
tachrome Autosorb iQ by gas sorption at WIGL on leached sediments. About 1g of sed-
iments were put in a 9 mm cell and degassed for approximately 7.5 h with a three-step
temperature increase to 200 °C, prior to analysis using nitrogen as adsorbate gas. SBET
was estimated using the best fit of the multi-point BET equation on 5 - 7 adsorption
points when P/P0 varies between 0.05 and 0.30. The correlation coefficient is R2 >0.999
for all measurements.
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Figure 2.12 – Adsorption-desorption isotherms obtained forthe standard Titania, which are
representative of the isotherms obtained with the samples.

For this work, the surface roughness was taking into account with the estimation of
the fractal dimension D and the Neimark−Kiselev method (Neimark, 1990) was used.
Indeed the obtained adsorption-desorption isotherms were typical from microporous sed-
iments (e.g. with pores < 2 nm; Fig. 2.12) for all the analyzed sediments (Fig. 2.12 is
representative of the isotherms obtained for the samples). The accuracy of the method
was access with the measure of the specific surface area of the certified reference material
BCR-173 (Titania) (S= 8.3 m2/g; n=2, Table 2.8). The obtained values for BCR-173 are
in the error range of the certified value. The precision was estimated by analysing two
aliquots of the Var river sample EST-05.
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Table 2.8 – Reference Material BCR-173 measured and certified values

Reference material SBET (m2/g)

Measured
Titania (a) 8.39
Titania (b) 8.38

Certified Value Titania 8.23 0.21

Table 2.9 – Precision of the specific surface area measurement access using two aliquot
of the Var River sample EST-05

Sample SBET (m2/g)
EST-05 (a) 13.6
EST-05 (b) 14.1
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2.6 Geographic Information System analyses
The spatial distribution of sedimentary (234U/234U) ratios as the scale of a source to

sink system has been studied with the case study of the Var catchment. To this purpose,
and to look at the spatial variation of characteristic inherents to the Var basin (e.g. slope,
curvature, elevation), we have made extensive use of the Geographic Information System
(GIS) method. We used the software ArcGIS, with Hydrology toolboxes.

2.6.1 Basin and sub-basin delineation

The first step required to use correctly the Digital Elevation Model (DEM) is to fill
the sinks in order to remove the imperfections from the DEM. A sink is a cell (or a group
of cells spatially connected) where the flow direction cannot be estimate. It can be caused
by the surelevation of the neighbourg cell compared to the considered one, or because two
cells flow in each other. The sinks are filled with a value from 1 to the number of sink.
After the fill of the sink, the "flow direction" tool can be applied on the obtained DEM.
It results in a raster that indicates the direction of flow from each cell to its steepest
downslope neighbor. From this raster, the tool” flow accumulation” is applied to calculate
the accumulated flow to each cell, as determined by the accumulated weight of all cells
that flow into each downslope cell. Then the pour point to cells of high accumulated
flow need to be determined using the” snap pour points” tool, and the flow accumulation
raster. In this case the pour point is the mouth of the Var River to obtain the border of
the Var watershed. Once these steps realized, the” watershed” tool can be applied with
the flow direction raster and the feature pour point data. The output is a raster with
the delineation of the basin. The last step is to convert the raster into polygon while
only the border of the considered basin is selected to have a polygon with the shape of
the watershed. The principle of the sub-basin delineation is similar except that for the
determination of the pour point, the localization of all the studied samples are imported.
Then all the steps are repeated.

2.6.2 Extraction of the geomorphologic characteristics

The slope and curvature were calculated from the DEM raster using the slope and
curvature tools from ArcGis. The minimum, maximum and mean values were then cal-
culated and extracted for each sub-catchment. Spatial distribution of soil thickness was
derived from the SoilGrids map with a 250 m resolution Hengl et al. (2017). The esti-
mated sediment residence time derived from the geomorphology of the catchment was
calculated by dividing the soil thickness with the denudation rates from Mariotti et al.
(2019). The values of the estimation of the sediment residence time were then extracted
for each sub-catchment.
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Abstract
Uranium (U) isotopes can be used to estimate the comminution age of sediments, i.e.

the time elapsed from sediment production on continents, via weathering and physical
erosion, to deposition in the sedimentary record. The calculation of this comminution
age is based on measured (234U/238U) activity ratios in river sediments, and inferred
time-dependent recoil effect, which leads to the preferential release of 234U from mineral
lattices during erosion processes. In this study, we report on a large-scale (234U/238U)
investigation of modern river sediments worldwide, with the aim to determine the extent
to which parameters such as grain size, lithology, weathering, climate and geomorphol-
ogy may influence the distribution of U isotopes in fine-grained sediments. Our extensive
dataset (N=64) includes U isotopic measurements for many of the world’s largest rivers,
but also rivers draining particular climatic and geological settings. Our results indicate
that sediments collected from river basins draining mostly igneous, metamorphic or vol-
canic rocks often display (234U/238U) ratios >1, with clay-size fractions (<4 µm) being less
depleted in 234U (higher 234U/238U) than corresponding silt-size fractions (4-63 µm). In
contrast, sediments derived from multi-lithological basins or draining sedimentary rocks
are typically characterized by (234U/238U) ratios <1, with clays generally exhibiting more
depleted 234U signatures than silts. Taken together, these observations suggest that the
formation of secondary clay minerals in soils from basins draining mostly igneous, meta-
morphic rocks, is accompanied by partial incorporation by recoil injection of 234U initially
released during weathering processes, possibly from U-rich minerals, such as sphene or
apatite. Instead, in multi-lithological catchments draining sedimentary rocks, we propose
that the erosion of recycled sediments having experienced several cycles of weathering,
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possibly over glacial-interglacial timescales, could explain the much lower (234U/238U) ra-
tios observed in clay-size fractions. While no direct relationships can be identified between
sediment (234U/238U) ratios and lithology, weathering intensity, climatic or geomorphic
parameters in corresponding river basins, we show that the catchment size probably plays
an important role in controlling the distribution of (234U/238U) in river sediments, through
its direct influence on the sediment residence time. Finally, a multiple regression analy-
sis of our data, combining various environmental parameters for the lithology, climate
and geomorphology of studied river basins, indicates predicted (234U/238U) values that
are very similar to measured values (with R2 ∼0.8). This finding provides further sup-
port for the usefulness of (234U/238U) ratios in the sedimentary record for reconstructing
past landscape changes and their effect on sediment transport and residence time in river
basins.

3.1 Introduction
The morphology of the Earth’s surface results from complex interactions between cli-

mate, tectonic and weathering (e.g. Dixon et al. 2009, West et al. 2005. Understanding
the factors affecting landscape evolution is essential to predict the consequences of future
climate change on soil resource availability and sediment discharge to the oceans. Addi-
tionally, the study of sediment transport processes and their timescales can be useful to
quantify soil production and denudation on continents. Over the past decades, the devel-
opment and application of novel geochemical proxies to river materials has significantly
improved our understanding of the sedimentary and weathering processes occurring in
river catchments (Négrel et al. 1993, Gaillardet et al. 1997, 1999, Vigier et al. 2001, Clift
et al. 2002, Bindeman et al. 2019, Bayon et al. 2016, 2018, 2020). However, the quan-
tification of the timescale of these processes, such as the sediment residence time, still
remains challenging (DePaolo et al. 2006, Romans et al. 2016). On the continents, the
fractionation of uranium (U) isotopes is initiated in the Critical Zone, associated with the
preferential loss of 234U relative to 238U, whenever chemical weathering and rock fractur-
ing start affecting the bedrock. In theory, the degree of U-series fractionation in sediments
can provide direct temporal constraints on the timing of sediment formation in soils and
subsequent storage within the catchment and the sedimentary system (Chabaux et al.
2003a, DePaolo et al. 2006), which can be used to determine the so-called comminution
ages, corresponding to the time elapsed since the production of small mineral grains (typ-
ically <63 µm).
In detail, the preferential depletion of 234U relative to 238U in mineral grains occurs dur-
ing the decay of 238U to 234Th, where the daughter is recoiled (and subsequently decayed
into 234U) within the outer ∼10-30 nm periphery of the grains (Hashimoto et al. 1985,
Kigoshi 1971, Maher et al. 2006, DePaolo et al. 2006, Chabaux et al. 2008, Lee et al. 2010,

93



The distribution of (234U/238U) activity ratios in river sediments

Dosseto & Schaller 2016). As a consequence, soil solutions and river water are typically
enriched in 234U, exhibiting (234U/238U) >1 (parentheses denote activity ratio), whilst
fine-grained residual sediments in soils and suspended particulate loads in rivers display
values <1 (Carl 1987, DePaolo et al. 2006, Maher et al. 2004, 2006, Moreira-Nordemann
1980, Plater et al. 1988). The measurement of 234U depletion is only significant (i.e. mea-
surable) in fine-grained (<63 µm) sediments (DePaolo et al. 2006, Dosseto et al. 2006b,
2008a) where the surface/volume ratio is large enough so that the thin outer layer through
which preferential 234U loss occurs is significant compared to the rest of the grain (which
experiences no net loss of 234U) (DePaolo et al. 2006). In theory, the comminution age
method is based on two main assumptions: 1) the time-integrated recoil effect represents
the main factor controlling (234U/238U) in fine-grained sediments (DePaolo et al. 2006);
and 2) the pristine (unweathered) rocks on continents are at secular equilibrium with
regard to U-series (i.e. with activity ratios = 1) (DePaolo et al. 2012). However, a few
studies have reported evidence that weathering processes can locally influence the degree
of U-series disequilibrium in fine-grained sediments (Li et al. 2016a), or that the bedrock
may depart from the secular equilibrium (Handley et al. 2013a), hence casting doubt on
the validity of the above-mentioned assumptions. In fact, despite recent increasing interest
for the use of U isotopes for tracing Earth surface processes (DePaolo et al. 2006, 2012,
Dosseto et al. 2008a, 2010, 2014, 2015, Handley et al. 2013b, Lee et al. 2010, Li et al. 2017),
the controls on the (234U/238U) of river sediments are yet to be fully understood. To date,
all previous studies focusing on U-series as tracers of continental erosion were dedicated
to the case study of specific river basins, often yielding contrasted comminution ages and
inferred sediment transport times. For instance, investigations conducted at the scale of
the Amazon Basin resulted in a large range of sediment residence time from the Andean
tributaries (3-4 kyr; Dosseto et al. 2006a, 2008a) and the lowland tributaries (100-500
kyr; Dosseto et al. 2006a). The Ganges tributaries have also been investigated in detail
(Chabaux et al. 2006, 2012, Granet et al. 2007, 2010), with inferred sediment residence
times ranging between 30-350 kyr. Other case studies include the Mackenzie River (Vigier
et al. 2001) and smaller river systems in East Asia (Zhuoshui River, Lanyang River; Li
et al. 2016b), yielding sediment transfer times of ∼25 kyr and ∼110 kyr, respectively.
More recently, Li et al. (2016b) also determined relatively long sediment transfer times
(from 250 to 600 kyr) for the Changjiang (Yangtze) River basin. These latter sediment
residence times are surprisingly long considering the observed variability of the provenance
of the sediment exported from the Yangtze River over the past 400 kyr, which implicitly
suggests a much shorter storage time within the watershed (Beny et al. 2018).
An important pre-requirement for quantifying the timescale of sediment transport in con-
tinental watersheds using U isotopes, is to assess whether the distribution of (234U/238U)
in river suspended loads and sediments can be affected by other parameters, such as grain-
size, lithology, climate and tectonic settings. Early works pointed out at the importance
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of removing non detrital sediment fractions prior to analysing sediment samples (e.g. Lee
2009, Martin et al. 2015, Francke et al. 2018 and demonstrated the influence of grain size
on U activity ratios and calculated sediment transfer times (Dosseto et al. 2014, Granet
et al. 2010). More recently, Bosia et al. (2018) also emphasize the importance of analysing
separate mineral phases. While it can be difficult to separate different mineral fractions
from fine-grained sediments, one alternative option is to focus instead on particular grain-
size fractions. In this study, we report (234U/238U) measurements for both clay (<4 µm)
and silt (4-63 µµm) size detrital fractions extracted from an extensive set of river sediment
samples worldwide. This study builds upon previous investigations of the same suite of
sediment samples, which have proven particularly useful for identifying the various ex-
ternal factors (e.g. climate, lithology, weathering regime) that control the distribution of
geochemical proxies in sediments (Bayon et al. 2015, 2016, 2018, 2020, Bindeman et al.
2019). Such a proxy evaluation study is of utmost importance prior to applying U iso-
topes in ancient sedimentary records for reconstructing past sediment transfer dynamics
through time.

3.2 Methods

3.2.1 Samples

A total of 64 sediment samples were analysed during this study, collected from river
catchments, estuaries, or submarine deltas near the mouth of rivers (Fig. 3.1; Bayon
et al. 2015, 2016, 2018, 2020). All studied samples correspond to modern or relatively
recent sediments presumably deposited during the last few centuries. A few sediment
samples (n=17) come from igneous/metamorphic terranes from the Precambrian cratons
of North America (Canadian Shield), northern South America (Guiana Shield), Africa
(West African and Congo Shields), Fennoscandia, northwest Ireland and a small river from
the Hercynian Armorican Massif in France (Elorn River). Seven samples are derived from
rivers draining both modern (Indonesia) and ancient (British Tertiary, Northern Ireland)
volcanic provinces. The rest of studied samples (n=40) correspond to rivers draining
‘mixed/sedimentary’ formations including some of the world’s major rivers (e.g. Amazon,
Congo, Mississippi, Nile, Niger, Yangtze, Mackenzie, Volga, Murray, Orinoco), plus rivers
draining sedimentary basins (e.g. Adour, Shannon).
The studied river catchments can also be classified according to their climate setting
(Bayon et al. 2016, 2018), depending on their mean annual temperature (MAT), and
mean annual precipitation (MAP). A total of 10 samples are representative of cold and
dry regions with MAT <8°C and MAP <800mm (e.g. Don, Fraser, Lule). Other sediments
correspond to temperate and warm dry environments (e.g. Murray-Darling, Yellow River;
n=18), with MAT >10 °C and MAP <800 mm, or from temperate and humid regions
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(n=18), with 8 °C<MAT<16 °C and MAP>1000 mm (e.g. Yangtze, Rhine). Finally, the
rest of the studied samples come from sub-tropical humid regions, with MAT>20 °C and
MAP<1500 mm (e.g. Niger, Mekong, n=6) or from tropical regions with MAT>20 °C
and MAP>1500 mm (e.g. Amazon, Congo, Red River; n=12).The studied sediments can
also be grouped using physical basin characteristics, such as lowlands, characterized by
a maximum elevation of 500 m (e.g. Clarence, Swilly; n=21), uplands, with a maximum
of elevation between 500 and 800 m (e.g. Severn, Shannon; n=6), mountainous regions
(n=19 ; e.g. Loire, Fortescue), with maximum elevation between 800 and 3000 m, and
high mountains (n=18), with maximum elevation >3000 m (e.g. Ganges, Danube).
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3.2.2 Analytical procedures

Three distinct U pools can be distinguished in any sediment sample (Martin et al.
2015): 1) a non-detrital pool hosted by various carbonate minerals, Fe-Mn oxyhydroxide
phases, and organic compounds, associated typically with enriched ((234U/238U) >1) sig-
natures (Plater et al. 1988, Andersson et al. 1998, 2001, Maher et al. 2006); 2) a depleted
((234U/238U) <1) detrital pool corresponding to the outer part of detrital minerals that
have experienced partial dissolution and preferential loss of 234U due to recoil effect; and
3) a pristine detrital pool at secular equilibrium ((234U/238U) =1), which corresponds to
the inner part of detrital grains that has not experienced 234U loss.
In this study, sequential leaching was conducted on all samples in order to remove any
biogenic, authigenic and organic components prior to preparation for U isotopic measure-
ments. First, the <63 µm fraction of the bulk sediment was recovered by wet sieving.
About ∼3 g of dry bulk sediment were treated successively with diluted acetic acid (AA),
a mixed solution of 15% (v/v) AA and 0.1 M hydroxylamine hydrochloride (HH), and
diluted hydrogen peroxide, in order to remove any carbonate, Fe-Mn oxyhydroxide and
organic phases, respectively (Bayon et al. 2002). Finally, clay- (<4 µm) and silt- (4-63 µm)
size fractions of the residual detritus were separated by centrifugation using the two-step
protocol reported in Bayon et al. (2015).
A series of experiments was conducted on different sediment samples in order to assess
the reliability of our leaching protocol for efficiently removing the radiogenic non-detrital
component of the sediment characterized by high (234U/238U) ratios. To this purpose,
following the approach previously developed by Lee (2009), the effect of each leaching
step of our protocol was successively assessed by measuring U isotopic ratios in both
leachates and corresponding residual phases from two sediment samples from the Loire
and Clarence rivers (Fig. 3.2). To assess whether the leaching was completed, an addi-
tional final leaching step termed "carbonate emphasized" was performed at the end of
this series of experiments. The validity of our sequential leaching protocol was also fur-
ther assessed by analysing two sediment samples (1B-26H-cc and 1B-17H-cc) previously
studied by Francke et al. (2018) using a different leaching method. Finally, two certified
reference rock materials (BCR-2, BHVO-2) were processed using the same experimental
protocol used in this study, to investigate whether sequential leaching could also lead to
any particular U isotopic fractionation.
Both clay- and silt-size residual detrital fractions were digested by alkaline fusion (Bayon
et al. 2009), to ensure complete dissolution and provide reassurance that the observed
(234U/238U) differences between silt and clay samples cannot be possibly caused by the
partial dissolution of any accessory minerals. About 50 mg dry powdered sediment were
placed into a glassy carbon crucible, after addition of 238U spike, and digested at 650°C
(12 min) together with NaOH and Na2O2. Subsequent addition of ultrapure water to the
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obtained melt results in the formation of iron oxide precipitates, leading to trace element
scavenging (including U). Note that the good homogenization of the sediment powder and
the spike during sample treatment is shown by the validity of measured U isotopic com-
positions in both rock standard and certified materials. After centrifugation, U-bearing
Fe-oxyhydroxide phases were rinsed twice in ultrapure water and dissolved in 2 mL of 7.5
M HNO3.
Uranium was isolated by ion exchange chromatography (AG1X-8 resin) using a protocol
adapted from Bayon et al. (2009) and Edwards et al. (1986), which was repeated once to
ensure complete U purification. The analyses were performed at the Pôle Spectrométrie
Océan (Brest) on a Neptune Multi-Collector Inductively-Coupled Plasma Mass Spectrom-
eter (MC-ICP-MS), using an APEX HF desolvating system. Instrumental mass correction
was performed by standard bracketing of IRMM 184 standard solutions analysed every
two samples.

Table 3.1 – U isotopic compositions of reference materials.
measured measured after leaching

Reference (234U/238U) 2s.e. (234U/238U) 2s.e. n (234U/238U) 2s.e. n
BCR-2 Matthews et al., 2011 1.001 0.001 1.003 0.006 12 1.009 0.002 1
W-2 Sims et al., 2007 1.000 - 0.997 0.009 5
BHVO-2 Matthews et al., 2011 1.001 0.001 1.009 0.009 3 1.006 0.003 1
SBC-1 1.000 0.003 2
San Joaquin 1.006 0.002 1
GSMS-2 0.928 0.001 1
JSd-2 1.008 0.002 1

The external reproducibility and accuracy of measured uranium isotopic ratios were
assessed through repeated analyses of various reference (NBL CRM U005-A) and rock
(BCR-2, BHVO2, JSd-2) standard solutions, with results being in good agreement (within
the error range) with references from the literature (Table 3.1). The uncertainty on
measured (234U/238U) due to sediment sampling and processing was further assessed by
analysing three sediment samples collected at distinct locations in the Loire Estuary (Ta-
ble 3.2), yielding a mean (234U/238U) value 0.959 ±0.001 (2σ error) and 0.953 ±0.001 (2σ
error) for silt- and clay-sized fractions, respectively. Total procedural blanks were system-
atically <65 pg, hence negligible compared to the amount of analysed U for each studied
sample (∼40 ng).

3.3 Results

3.3.1 Leaching experiments

The measurements of (234U/238U) in the Clarence and Loire samples show that the
residual detrital (234U/238U) compositions decreased progressively during the course of the
sequential leaching procedure (from 1.0 to 0.8; Fig. 3.2), especially for the case of Clarence
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Table 3.2 – U concentration and activity ratio for silt and clay of Loire River Sediments.

Sample sites grain size fraction U (234U/238U) 2s.e.
(ppm)

Cordemais silt 3.84 0.960 0.001
clay 3.48 0.983 0.001

Donges silt 3.82 0.958 0.002
clay 2.83 0.938 0.001

Port Lavigne silt 4.43 0.959 0.001
clay 2.95 0.937 0.002

River sample, indicating that the non-detrital 234U-enriched phases have been efficiently
removed during our leaching procedure. Importantly, the final leaching steps were not
accompanied by any (234U/238U) increase in the residual detrital fractions, suggesting
negligible dissolution of pristine detrital minerals at secular equilibrium. Furthermore, the
comparison of the (234U/238U) values obtained for the two test samples using our protocol
agree well (<5% of difference) with the data obtained using the procedure of Francke et al.
(2018) (Table 3.1). Finally, the (234U/238U) ratios determined on the geological reference
materials following our leaching procedure also agree well with the recommended values
(Table 3.1).
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3.3.2 Uranium in river sediments

Measured U concentrations in studied clay- and silt-sized fractions range from 0.37
ppm (Glenariff) to 9.90 ppm (Lule), and from 0.22 ppm (Glenariff) to 10.11 ppm (Benue),
respectively (Fig. 3.3, Table 3.3). In both silt and clay size fractions, the mean concen-
tration values (∼3.0 ppm and 3.3 ppm respectively) are higher than average estimate
values for the upper crust continental – UCC (from 2.2 to 2.8 ppm, (Condie 1993, McLen-
nan 2001)). The great majority of studied river sediment samples display slightly lower
U concentrations in silts than in corresponding clay fractions. Note that no particular
relationships were observed between U concentrations and the various parameters (e.g.
climate, weathering, tectonic settings) that will be discussed in the sections below.
The (234U/238U) ratios in clay and silt fractions range from 0.819 (Rhine) to 1.340 (Swilly)
and from 0.897 (Mackenzie) to 1.152 (Murchinson), respectively (Fig. 3.3). Our data in-
dicate a much larger (234U/238U) variability amongst studied clay-sized fractions than in
corresponding silts with a standard deviation of 0.14 and 0.05 respectively (Fig. 3.3, Ta-
ble 3.3). The mean (234U/238U) value is lower in silt than cay size fraction, 0.987 ±0.002
(2σ error) and 1.001 ±0.003 (2σ error) respectively. Interestingly, many sediment samples
(n=21 silts; n=27 clays) display (234U/238U) values above secular equilibrium (>1).
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Table 3.3 – Uranium concentration and activity ratio of silt and clay size fractions in river sediments and corresponding basin parameters
clay silt clay silt bulk Clays Silts % of

River (n= 64) Main drained lithology Country Latitude Longitude U (ppm) (234U/238U) 2s.e. (234U/238U) 2s.e. (234U/238U) εNd silt clay
1 Adour Mixed/sedimentary formations France 43.49 -1.47 2.7 3.7 0.891 0.002 0.969 0.001 0.956 -11.0 -11.6 83 17
2 Amazon Mixed/sedimentary formations Brazil 3.10 -49.50 3.2 3.0 0.917 0.001 0.956 0.001 -10.5 -10.7
3 Betsiboka Igneous/metamorphic terranes Madagascar -15.52 45.72 1.6 2.0 1.049 0.002 1.122 0.002 51 49
4 Blackwater Mixed/sedimentary formations Ireland 54.51 -6.58 3.2 2.5 0.927 0.002 0.957 0.002 0.000 -11.6 -12.6
5 Brantas Volcanic Rocks Indonesia -7.44 112.46 0.6 0.6 0.980 0.003 0.988 0.003 4.1
6 Chao Phraya Mixed/sedimentary formations Thailand 13.57 100.58 3.2 3.2 0.972 0.004 0.991 0.002 0.985 -8.4 -9.8 67 33
7 Churchill Igneous/metamorphic terranes Canada 58.97 -94.10 3.3 1.5 0.866 0.002 0.933 0.002 -28.7
8 Clarence Mixed/sedimentary formations Australia -29.43 153.25 3.2 5.1 0.961 0.002 0.946 0.002
9 Danube Mixed/sedimentary formations Romania 45.06 29.62 2.4 2.8 0.872 0.002 0.954 0.001 -8.5 -9.1 84 16
10 Don Mixed/sedimentary formations Russia 47.29 39.10 1.8 1.8 0.993 0.009 0.985 0.006 0.985 -9.3 -11.0 92 8
11 Dordogne Mixed/sedimentary formations France 45.03 -0.59 2.7 3.3 0.888 0.002 0.952 0.001
12 Elbe Mixed/sedimentary formations Germany 53.54 9.81 2.4 2.8 0.897 0.003 0.965 0.003 -10.8
13 Elorn Igneous/metamorphic terranes France 48.40 -4.38 3.0 3.5 0.941 0.002 0.961 0.002 0.959 -10.9 -11.2 87 13
14 Fitzroy river Igneous/metamorphic terranes Australia -17.73 123.64 3.0 2.9 1.098 0.002 0.973 0.002 -18.6
15 Fly Mixed/sedimentary formations PNG -8.67 144.00 2.6 2.3 0.894 0.001 0.948 0.001 0.933 -3.8 -4.9 71 29
16 Fortescue river Igneous/metamorphic terranes Australia -21.29 116.14 2.6 2.1 1.072 0.004 1.029 0.002 -22.1
17 Foyle Igneous/metamorphic terranes Ireland 54.76 -7.45 3.5 2.1 1.208 0.003 0.989 0.002 0.000 -15.2 -16.0
18 Fraser Volcanic Rocks Canada 49.16 -123.37 1.7 0.948 0.004 -4.2 -8.5 86 14
19 Ganges Mixed/sedimentary formations Bangladesh 23.17 90.47 4.8 2.8 1.022 0.002 -15.4
20 Gascogne Igneous/metamorphic terranes Australia -29.83 113.77 3.3 2.2 1.197 0.001 1.082 0.002
21 Glenariff Volcanic Rocks Ireland 55.02 -6.11 0.4 0.2 1.119 0.007 1.070 0.006 1.071 3.7 3.7 98 2
22 Jamata Igneous/metamorphic terranes Nigeria 6.13 6.76 4.1 8.1 1.052 0.002 0.932 0.001
23 Kymijoki Igneous/metamorphic terranes Finland 60.46 26.91 3.7 3.6 0.961 0.003 0.972 0.002 0.970 -19.8 -19.2 76 24
24 Lee Mixed/sedimentary formations Ireland 51.88 -8.27 2.9 4.6 0.871 0.002 0.939 0.002
25 Loire Mixed/sedimentary formations France 47.28 -1.90 3.0 4.4 0.937 0.002 0.959 0.001 0.955 -7.9 -8.3 80 20
26 Lough Erne Mixed/sedimentary formations Ireland 54.30 -7.64 4.0 3.8 0.908 0.002 0.976 0.003 -14.8
27 Lower Bann Mixed/sedimentary formations Ireland 54.86 -6.48 1.6 1.5 0.935 0.003 0.966 0.002 0.965 -8.9 -8.9 98 2
28 Lule Igneous/metamorphic terranes Norway 65.68 21.82 9.9 3.1 1.317 0.002 1.076 0.002 1.093 -20.4 -18.0 93 7
29 MacKenzie Mixed/sedimentary formations Canada 69.26 -137.29 3.9 3.2 0.848 0.002 0.897 0.002 0.885 -12.2 -13.0 75 25
30 Mae Klong Mixed/sedimentary formations Thailand 13.43 99.95 4.1 3.6 1.004 0.001 1.008 0.001 1.007 -13.7 -14.3 71 29
31 Maine Volcanic Rocks Ireland 54.75 -6.32 0.6 0.3 1.298 0.002 1.138 0.006 1.150 0.6 0.1 93 7
32 Mayenne Mixed/sedimentary formations France 47.50 -0.55 3.5 2.6 1.003 0.001 0.945 0.002 0.957 -9.5 -9.6 80 20
33 Mekong Mixed/sedimentary formations Cambodia 10.96 105.06 3.9 3.3 1.008 0.002 1.051 0.002 1.034 -8.6 -10.5 61 39
34 Mississippi Mixed/sedimentary formations USA 28.93 -89.49 2.8 2.8 0.858 0.001 0.918 0.001 0.898 -10.8 -12.3 67 33
35 Moyola Mixed/sedimentary formations Ireland 54.75 -6.52 2.3 1.9 1.104 0.002 0.989 0.001 0.992 -16.1 -16.2 97 3
36 Murchison Igneous/metamorphic terranes Australia -27.83 114.69 5.9 2.5 1.239 0.002 1.152 0.002 -23.6
37 Nalon Mixed/sedimentary formations Spain 43.56 -6.07 3.6 4.8 0.892 0.002 0.947 0.001
38 Narva Mixed/sedimentary formations Estonia 59.54 27.58 4.9 3.1 0.887 0.001 0.920 0.001 0.917 -16.7 -16.0 92 8
39 Nelson river Igneous/metamorphic terranes Canada 57.39 -91.80 2.8 1.4 0.823 0.002 0.932 0.002 -25.6
40 Niger Mixed/sedimentary formations Nigeria 3.20 6.68 4.0 8.7 1.048 0.001 0.976 0.001 0.985 -11.9 -11.9 87 13
41 Nile Volcanic Rocks Egypt 32.51 30.38 2.2 3.0 0.947 0.001 0.978 0.001 0.968 -7.1 -9.6 69 31
42 Northern Dvina Mixed/sedimentary formations Russia 65.09 39.00 2.5 2.4 0.944 0.004 0.963 0.001 0.959 -17.7 -17.1 77 23
43 Orinoco Mixed/sedimentary formations Venezuela 7.65 -66.18 4.3 5.8 1.036 0.016 0.972 0.001 0.974 -13.8 -13.2 96 4
44 Pamisos Mixed/sedimentary formations Greece 37.02 22.02 2.8 2.1 0.849 0.001 0.942 0.004
45 Red River Mixed/sedimentary formations Vietnam 20.26 106.52 4.4 3.2 0.888 0.001 0.942 0.001 0.928 -12.2 -12.8 74 26
46 Rhine Mixed/sedimentary formations Netherlands 51.91 4.48 3.7 3.2 0.819 0.003 0.943 0.001 0.926 -9.3 -9.1 86 14
47 Rio Aro Igneous/metamorphic terranes Venezuela 7.39 -64.01 3.6 4.7 1.162 0.005 1.014 0.001 1.042 -25.2 -28.5 81 19
48 Rio Caroni Igneous/metamorphic terranes Venezuela 8.33 -62.71 6.5 7.3 1.061 0.003 1.006 0.001 1.012 -20.9 -21.1 88 12
49 Rio Caura Igneous/metamorphic terranes Venezuela 7.58 -64.94 6.4 6.3 1.045 0.002 1.018 0.001 1.024 -21.1 -21.0 79 21
50 Ropotamo Mixed/sedimentary formations Bulgaria 42.32 27.75 2.1 2.0 1.007 0.004 0.967 0.006
51 Sefid Rud Mixed/sedimentary formations Iran 37.47 49.94 2.6 2.2 0.946 0.002 0.943 0.002 0.943 -4.6 -4.5 90 10
52 Sepik river Mixed/sedimentary formations PNG -3.13 142.78 1.8 1.1 0.957 0.002 0.984 0.003 0.4
53 Severn Mixed/sedimentary formations UK 51.49 -2.78 2.6 2.6 0.849 0.001 0.947 0.002
54 Shannon Mixed/sedimentary formations Eire 52.69 -8.91 3.6 3.3 0.873 0.001 0.935 0.001 0.925 -11.2 -11.5 83 17
55 Six Mile Volcanic Rocks Ireland 54.70 -6.15 1.2 0.8 1.278 0.004 1.128 0.002 1.146 -3.2 -2.8 88 12
56 Spercheios Mixed/sedimentary formations Ireland 54.93 -7.81 1.0 1.7 0.866 0.011 0.954 0.004
57 Swilly Igneous/metamorphic terranes Ireland 54.93 -7.81 6.5 2.7 1.340 0.002 1.013 0.002 1.015 -13.9 -13.3 99 1
58 Thames Mixed/sedimentary formations Sweden 63.72 20.27 2.1 2.7 0.820 0.002 0.922 0.002 -12.4
59 Ume Igneous/metamorphic terranes Sweden 63.72 20.27 5.0 3.2 1.180 0.002 1.011 0.002 1.021 -18.7 -17.6 94 6
60 Upper River Bann Mixed/sedimentary formations Ireland 54.38 -6.33 7.0 4.1 1.337 0.004 1.073 0.002
61 Vanuatu Volcanic Rocks Vanuatu -17.76 168.38 2.5 1.9 1.020 0.003 1.007 0.002
62 Vistula Mixed/sedimentary formations Poland 54.65 19.28 2.7 1.8 1.300 0.021 1.101 0.008 1.135 -14.5 -14.5 83 17
63 Yangtze Mixed/sedimentary formations China 31.62 121.01 3.0 2.6 0.896 0.001 0.941 0.001 0.924 -10.5 -11.4 61 39
64 Yellow River Mixed/sedimentary formations China 37.80 118.91 2.5 2.2 0.972 0.003 1.001 0.002 0.999 -11.9 -10.9 93 7

Mean values 3.3 3.0 1.001 0.003 0.987 0.002 0.936 -11.5 -12.7

∗εNd are from Bayon et al. (2015), percentage of silt and clay fraction are from Bindeman et al. (2019)



3.4 Discussion

3.4.1 Influence of grain size on (234U/238U) ratios of detrital sed-
iments

As modelled by DePaolo et al. (2006), the recoil loss factor is directly proportional
to grain size, leading to separate time-dependent evolution of (234U/238U) ratios in sep-
arate size fractions of the sediment. The influence of grain size on (234U/238U) was also
assessed by Dosseto et al. (2014), who analysed various size fractions of river suspended
particulates from the Murray-Darling Basin in south-eastern Australia, ranging from the
dissolved load (<10 kilo-daltons - kDa) to coarse silts (>25 µm). The above-mentioned
studies showed that sedimentary (234U/238U) ratios typically decrease with increasing
grain size. To some extent, this ‘grain-size’ effect could explain the observed large range
of sediment residence time determined in different river systems Granet et al. (2010).
In the studied sediment samples, the silt fraction generally represents between 60 and 95%
of the bulk (<63 µm) detrital fraction (mean ∼82 ± 23% 2SE; (Bindeman et al. 2019)),
meaning that the (234U/238U) values of the silt-size fractions can be taken, to a first ap-
proximation, as representative of the bulk (234U/238U) composition of the fine-grained
detrital sediments investigated in this study.
A striking feature of our results is the fact that many clay-sized fractions are characterized
by activity ratios higher than >1, often exhibiting higher values than in corresponding
silts. As mentioned above, this observation is opposite to the grain-size effect predicted
theoretically by DePaolo et al. (2006). In previous studies, samples exhibiting activity
ratios >1 were generally discarded, because they were thought to be affected by the
presence of radiogenic authigenic components (Dosseto et al. 2006a, Vigier et al. 2001,
2006, Granet et al. 2010, Martin et al. 2019). However, we are confident here that our
clay-sized fractions solely correspond to detrital material, previously leached from any
possible carbonate, oxide and/organic components. On this basis, we propose that mea-
sured activity ratios above 1 could reflect partial incorporation of 234U previously released
from incongruent silicate weathering into neoformed clays (Plater et al. 1992, Dequincey
et al. 2002).

3.4.2 The effect of weathering, climate and erosion on 234U-238U
fractionation

The disequilibrium between 234U and 238U in soils mainly reflects the recoil effect dur-
ing water/rock interactions (Osmond & Ivanovich 1992, Riotte et al. 2003) and the pref-
erential leaching of 234U relative to 238U embedded in recoil tracks (Fleischer 1980, 1982).
It is important to investigate to which extent weathering could influence the distribution
of (234U/238U) ratios in river sediments and eventually lead to an over- or underestima-
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tion of the sediment residence time in watersheds. In theory, bulk mineral dissolution
should not lead to any significant fractionation between 234U and 238U (Chabaux et al.
2003a), so that chemical weathering intensity is not expected to have direct influence
on sediment (234U/238U). However, Li et al. (2016b) reported various correlations be-
tween (234U/238U) and chemical weathering indices in leached river sediments (<50 µm),
suggesting a link between U-isotope fractionation patterns and the type of weathering
regime. Lower (234U/238U) values (<0.90), indicative of presumably longer sediment res-
idence times, were determined in sediments having experienced intense chemical weath-
ering in transport-limited regimes. In contrast, in weathering- (or kinetically) limited
weathering regimes associated with high denudation rates and fast sediment transfer, Li
et al. (2016b) proposed that high mineral dissolution rates could result in sedimentary
(234U/238U) ratios being close to 1. To some extent, this latter observation is counter-
intuitive, because enhanced physical erosion in high mountain environments and other
kinetically-limited weathering regimes could be alternatively associated with sediments
having lower (234U/238U) ratios, as a result of enhanced production of small grain-size
sediments and associated 234U recoil loss. For these reasons, and because the chemical
weathering signature of the sediments can be partly inherited from previous weathering
cycles and sediment recycling (Dou et al. 2016), but also because the (234U/238U) ratio only
records the last million years of chemical weathering, Li et al. (2016b) remained cautious
with the interpretation of the relationships between weathering indices and (234U/238U).
In our study, the (234U/238U) composition of both silt-and clay size fractions does not
display any relationships weathering indices, such as the Chemical Index of Alteration
(CIA; Nesbitt & Young (1982); Fig. 3.4A) or the Chemical Index of Weathering (CIW;
Harnois (1988); Fig. 3.4B). Considering only small catchments (<30 x103 km2), in order
to exclude any effect related to alluvial storage (which could further modify 234U/238U
activity ratios), no relationship was observed between (234U/238U) and the CIA in river
sediments (Appendix A3.1), while a weak correlation was identified with CIW in silt size
fractions (R2 = 0.56 ; Appendix A3.2), with lower (234U/238U) values being associated
with higher CIW. Overall, our data indicate that chemical weathering intensity does not
exert a first-order control on (234U/238U) in river sediments, although enhanced weather-
ing most likely results in preferential leaching of 234U, in agreement with the findings of
Li et al. (2016b).
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Figure 3.4 – (234U/238U) activity ratio as function of (A) the Chemical Index of Alteration (CIA) in
silt (n = 40, light grey) and clay (n = 34, dark grey) size fraction fractions; (B) the Chemical Index of
Weathering (CIW) in silt (n = 40, light grey) and clay (n = 34, dark grey) size fraction fractions. 2σ

errors are smaller than the symbol size. No clear relation emerged between (234U/238U) and weathering
indices.

In addition to weathering, climate could also directly influence the observed degree
of 234U-238U fractionation in river sediments. For instance, one would expect to observe
an higher degree of 234U-238U fractionation in dry regions due to slow sediment transport
(Kronfeld et al. 2004). Additionally, in cold arid regions, freeze-thaw physical weathering
of rocks, which typically results in the formation of very fine sediments (Anderson 2005),
could be accompanied by enhanced recoil effect and, in turn, low (234U/238U) values in the
residual fine-grained sediment (DePaolo et al. 2006). While glacial weathering in subarctic
environments also drives intense rock physical weathering through glacial abrasion (Ped-
ersen & Egholm 2013), resulting possibly in enhanced recoil effect and low (234U/238U)
ratios in corresponding sediments, Vigier et al. (2001) reported (234U/238U) close to sec-
ular equilibrium in the suspended particulate loads of the Mackenzie River. In tropical
regions with high rainfall, the degree of preferential 234U loss from detrital grains will be
mostly dependent on the time elapsed in soils and associated recoil effect, which should
lead to sediment (234U/238U) close to secular equilibrium (Kronfeld et al. 2004, Robinson
et al. 2004), as the sediment should be exported faster from regions experiencing heavy
rainfall than from dryer catchments. However, high levels of precipitation could also drive
high rates of physical erosion, which would increase mineral breakdown processes and
hence result in lower (234U/238U) (Dosseto et al. 2008b).
In this study, we investigated the potential relationship between climate and (234U/238U)
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using the classification used by Bayon et al. (2016), which categorized studied river basins
into distinct climate zones (see section 3.2.1; Fig. 3.5). A t-test comparison for each cli-
matic zone indicates that there is statistically no significant (234U/238U) variations (with
all p-values >0.05) between each climatic zones for both silt and clay fractions (Fig. 3.5),
hence suggesting that climate does not play a major role in controlling the distribution
of (234U/238U) of river sediments. In order to separate any possible effect related to the
size and lithology of studied river basins, we also investigated the influence of climate
on (234U/238U) in small catchments (Appendix A3.3) and igneous/metamorphic or sed-
imentary basins (Fig. 3.5), without identifying any clear relationships too. Additionally,
no particular correlations were observed between (234U/238U) in both silt and clay size
fractions and MAT and MAP, regardless of the size and/or lithology of studied river
basins (Fig. 3.5D; Appendix A3.4), hence supporting the view that (234U/238U) in river
sediments is not controlled by climate.
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Figure 3.5 – (234U/238U) activity ratios as a function of climatic zones as defined in Bayon et al.
(2016): catchments are classified into five different climatic zones, defined according to the following
arbitrary criteria: (1) ‘SAr’: cold and dry regions, with MAT <8 °C and MAP <800 mm; (2) ‘Dry’:

Temperate and warm dry environments, with MAT >10 °C and MAP <800 mm; (3) ‘Te.H’: Temperate
and humid regions, with 8 °C< MAT <16 °C and MAP >1000 mm; (4) ‘Wa.H’: Tropical regions with
humid conditions, with MAT >20 °C and MAP <1500 mm; and (5) ‘Tr.W’: Tropical wet regions, with
MAT >20 °C and MAP > 1500 mm, depending on (A) grain size fractions (silt:light grey and clay:
dark grey) or lithology (blue for igneous & metamorphic rocks and beige for sedimentary and mixed
lithologies) in silt (B) and in clay (C) size fractions; (234U/238U) activity ratios as a function of Mean
Annual Temperature (MAT) of the catchment depending on (D) grain size fractions (silt:light grey and

clay: dark grey) or lithology (blue for igneous & metamorphic rocks and beige for sedimentary and
mixed lithologies) in silt (E) and in clay (F) size fraction. There is no apparent climate control on the

(234U/238U) activity ratios.

Physical erosion could also potentially play a role in controlling the U isotopic com-
position of detrital sediments. High mountain regions are typically subject to substantial
denudation rates and rapid sediment export, while erosion is much reduced in floodplains
and coastal areas (Burbank et al. 1996, von Blanckenburg 2006, Larsen & Montgomery
2012, Summerfield & Hulton 1994). High-elevation watersheds are generally character-
ized by “weathering-limited” regimes, where the rate of supply of detrital sediments is
more rapid than the rate of silicate mineral dissolution. Sediment (234U/238U) in such
environments could remain close to 1, since there is limited time for substantial 234U loss
from detrital grains. However, enhanced physical weathering in high mountain environ-
ments can also produce abundant fine-grained material with a high surface/volume ratio,
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thus being more prone to 234U loss due to recoil effect. Li et al. (2016b) observed that
(234U/238U) ratios in Changjiang (Yangtze) and Zhuoshui rivers sediments increase with
elevation in weathering-limited highlands, illustrating the relationship between U isotopes
and erosion since higher elevations are also characterized by higher erosion rates. Under
reduced physical erosion rates, such as in floodplains and lowlands, the residence time of
sediments is relatively long, and this typically leads to more intense mineral dissolution. In
such “transport-limited” weathering systems (Carson & Kirkby 1972, Stallard & Edmond
1983), the supply of fresh minerals is generally limited by the degree of soil removal in
upper soil sequences (Riebe et al. 2004, West et al. 2005). As a result, the long duration
of weathering is expected to result in low (234U/238U) in fine-grained material.Li et al.
(2017) identified a direct relationship between erosion rates and (234U/238U) in sediments,
showing that sedimentary (234U/238U) ratio are generally lower in river basins character-
ized by low denudation rates, reflecting a long residence time of the sediment in soils.
Here, there is no clear relationship between (234U/238U) in silt and clay size fractions
and the maximum elevation of the river basins (Fig. 3.6). Focusing on small catchments
(Appendix A3.5) or grouping catchments according to their lithology yield similar ob-
servations for silt size fraction (Fig. 3.6B). In crystalline catchments (Fig. 3.6C), the
(234U/238U) of clay size fractions slightly decrease with increasing maximum elevation (R2

= 0.46). This suggests that the effect of physical weathering on producing fine grained
sediments and thus promoting 234U loss, dominates over the role of physical erosion on
reducing sediment residence time (and thus limiting 234U loss).
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Figure 3.6 – (234U/238U) activity ratios as function of maximum elevation of the catchment
depending on (A) grain size fractions (silt: light grey and clay: dark grey); lithology (blue for igneous &
metamorphic rocks and beige for sedimentary and mixed lithologies) in (B) silt and in (C) clay size
fraction. There is no clear relationships between maximum elevation and (234U/238U), except in
crystalline catchments where (234U/238U) of clay size fractions slightly decrease with increasing

maximum elevation.
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Table 3.4 – Characteristics of the studied samples and their sedimentary system
Type of rocks inside the basin (%) Clays Silts bulk Clays Silts bulk
Sedimentary Igneous Volcanics CIA CIW Climatic zone MAT MAP Maximum elevation DTB Area

River (n= 64) (°C) (mm) (m) (cm) (103 km2)
1 Adour 45.3 15.8 0.3 83.4 68.5 71.0 96.8 86.7 88.4 Te.H 13 1260 2800 1717 16
2 Amazon 43.8 22.9 4.2 88.0 75.6 99.0 93.2 Tr.W 27 2030 5500 2342 6300
3 Betsiboka Tr.W
4 Blackwater 88.6 0.0 3.3 86.7 66.0 0.0 97.9 83.6 0.0 Te.H 9 1000 360 976 1.1
5 Brantas 9.0 0.0 65.7 Tr.W 25 2982 3480 3235 11
6 Chao Phraya 38.2 18.4 5.1 86.5 77.3 80.3 97.7 93.3 94.7 Tr.W 28 1500 2500 6378 160
7 Churchill 10.5 57.9 1.4 SAr -3 800 1138 290
8 Clarence Wa.H 1500 250 0.132
9 Danube 66.9 12.6 3.0 70.1 88.0 Dry 10 760 4100 2106 820
10 Don 82.5 61.1 62.9 96.3 81.3 82.5 SAr 7 580 180 420
11 Dordogne Dry 800 1700 24
12 Elbe Dry 7 800 148.3
13 Elorn 50.3 49.7 0.0 83.1 73.8 75.0 96.7 91.4 92.1 Te.H 11 1120 340 1289 0.3
14 Fitzroy river Dry 19 760 490 1305 86
15 Fly 32.3 0.3 3.9 82.9 75.0 77.3 95.5 89.5 91.2 Tr.W 26 2850 4000 2456 76
16 Fortescue river 10.9 19.4 8.1 Wa.H 25 1150 727 50
17 Foyle 2.5 52.7 6.2 78.9 64.7 0.0 96.6 84.2 0.0 Te.H 9 1110 640 1063 2.9
18 Fraser 33.1 26.9 39.5 74.2 58.5 60.7 89.4 75.4 77.4 SAr 4 760 4000 2162 230
19 Ganges 29.6 27.1 6.4 Te.H 18 7000 3061 1080
20 Gascogne Dry 22 235 500 79
21 Glenariff 12.4 0.0 64.4 94.5 58.2 59.1 96.9 71.8 72.4 Te.H 9 1000 410 1129 0.1
22 Jamata Wa.H 29 820
23 Kymijoki 67.1 61.6 62.9 87.8 83.2 84.3 SAr 3 600 100 37
24 Lee Te.H 1.2
25 Loire 56.2 28.1 4.4 84.3 74.3 76.3 97.0 91.5 92.6 Dry 11 750 1900 1650 120
26 Lough Erne Te.H 9 650 948 4.4
27 Lower Bann 88.2 66.9 67.4 97.9 82.7 83.1 Te.H 9 1000 640 943 5.8
28 Lule 47.7 67.2 SAr -3 700 1000 25
29 MacKenzie 77.2 19.9 1.6 79.2 74.9 75.9 96.5 93.0 93.8 SAr -4 380 3600 1099 1800
30 Mae Klong 62.0 15.2 3.7 86.2 82.1 83.3 97.8 97.6 97.6 Tr.W 28 1200 2200 6785 31
31 Maine 0.0 0.0 98.0 92.8 63.7 65.8 96.3 76.4 77.9 Te.H 9 1000 460 1032 0.29
32 Mayenne 84.1 74.4 76.4 96.7 91.6 92.6 Dry 12 630 420 1587 4.4
33 Mekong 86.6 75.0 79.5 97.5 90.8 93.4 Wa.H 21 1270 5100 5292 800
34 Mississippi 68.5 4.5 1.8 84.3 71.3 75.6 97.2 90.1 92.4 Dry 13 760 3700 3262 3300
35 Moyola 47.6 19.2 32.4 81.8 65.8 66.2 97.1 85.4 85.7 Te.H 9 1110 540 1087 0.3
36 Murchison 2.0 18.1 1.5 Dry 22 520 1442 82
37 Nalon Dry 1400 3.7
38 Narva 71.1 63.0 63.7 93.4 88.5 88.9 SAr 6 640 320 1941 56
39 Nelson river 66.5 24.0 3.1 Te.H -3 3400 2829 1100
40 Niger 5.6 40.3 1.2 85.8 88.3 88.0 94.5 97.0 96.7 Wa.H 29 1140 820 12474 2200
41 Nile 17.8 34.5 7.3 80.2 55.8 63.3 93.4 75.0 80.7 Dry 27 610 3800 11262 2900
42 Northern Dvina 56.4 0.0 0.0 69.6 67.1 67.7 87.9 86.0 86.4 SAr 1 740 200 2906 357
43 Orinoco 9.8 20.7 2.8 70.4 88.0 Wa.H 24 1400 6000 4587 1100
44 Pamisos Dry 2300 0.5
45 Red River 80.4 14.6 1.7 80.7 75.2 76.7 96.9 93.5 94.4 Tr.W 24 1750 3100 1126 160
46 Rhine 63.0 12.1 3.2 75.5 55.9 58.7 93.0 76.1 78.5 Te.H 8 1210 3500 1639 220
47 Rio Aro 0.0 54.6 25.6 77.9 93.4 Tr.W 25 3700 810 2738 30
48 Rio Caroni 1.8 18.0 29.3 95.7 86.2 87.3 99.5 97.6 97.8 Tr.W 25 2800 2660 2082 95
49 Rio Caura 1.8 60.6 23.9 95.6 86.3 88.3 99.5 97.7 98.0 Tr.W 25 3700 2350 2086 48
50 Ropotamo Dry 400 0.2
51 Sefid Rud 45.4 7.2 29.1 81.2 62.3 64.2 95.1 80.0 81.5 Dry 14 520 4230 1002 13
52 Sepik river 36.3 12.8 1.9 Tr.W 25 4000 1684 78
53 Severn Dry 610 11.4
54 Shannon 96.0 0.0 0.7 80.2 67.6 69.7 97.0 85.3 87.3 Te.H 9 1200 570 923 23
55 Six Mile 0.1 0.0 96.6 91.1 56.4 60.6 96.1 71.0 74.0 Te.H 9 1000 420 813 0.3
56 Spercheios Dry 2300 1.8
57 Swilly 54.4 54.0 72.1 71.6 Te.H 9 1110 15 905 0.1
58 Thames Dry 10 330 12.9
59 Ume 54.3 51.0 73.8 69.3 SAr 1 520 1000 26
60 Upper River Bann Te.H 110 2
61 Vanuatu Tr.W 1900
62 Vistula 23.5 0.1 0.0 74.0 70.2 70.8 94.0 91.9 92.3 SAr 8 750 2500 2235 200
63 Yangtze 69.5 10.6 3.8 77.7 68.5 72.1 94.2 87.5 90.1 Te.H 16 1270 3200 1614 1800
64 Yellow River 40.3 9.2 2.0 68.3 57.6 58.4 86.6 76.5 77.2 Dry 13 760 5100 2469 750

Percentage of type of rocks inside the basin are from Bayon et al. (2020).
CIA values (refers to Chemical Index of Alteration) are from Bayon et al. (2015).
CIW calculated based on data from Bayon et al. (2015).
Climatic categories are from Bayon et al. (2018) with (1) ‘SAr’: cold and dry regions, with MAT < 8 °C and MAP <800
mm; (2) ‘Dry’: Temperate and warm dry environments, with MAT >10 °C and MAP < 800 mm; (3) ‘Te.H’: Temperate
and humid regions, with 8 °C< MAT <16 °C and MAP >1000 mm; (4) ‘Wa.H’: Tropical regions with humid conditions,
with MAT > 20 °C and MAP < 1500 mm; and (5) ‘Tr.W’: Tropical wet regions, with MAT > 20 °C and MAP > 1500
mm.
Mean annual temperature (MAT) and mean annual precipitation (MAP) data are from Bayon et al. (2016, 2018).
Maximum elevation and area of river basins was either derived from Milliman & Farnsworth (2013), or determined in
the geographical information system (GIS) software ArcGis (ESRI 2001, ArcGis Desktop 10.3.1) using the hydrological
data and maps based on shuttle elevation derivatives HydroBASINS (Lehner and Grill, 2013)
Depth to bedrock (mean absolute depth to bedrock) were extracted from the SoilGrids system (https://www.soilgrids.org).
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3.4.3 The role of lithology

The degree of rock weathering and erosion on continents is strongly dependent on
lithology (Meybeck 1987, Bluth & Kump 1994). For instance, the evidence that sedi-
mentary rocks weather much faster than crystalline igneous or metamorphic rocks could
possibly impact the distribution of (234U/238U) in sediments.
In basins underlain by carbonaceous sedimentary rocks, the combination of both high
weathering and high physical denudation rates (Bluth & Kump 1994, Suchet et al. 2003,
Palumbo et al. 2010) could result in short sediment residence time and as a consequence
to reduced degrees of 234U-238U fractionation in corresponding sediments. In such sedi-
mentary basins, (234U/238U) in detrital grains could be expected to be close to secular
equilibrium, as long as the source sedimentary rocks are initially in secular equilibrium
(e.g. Sarin et al. 1990). In contrast, weathering is slower in river basins dominated by
igneous or metamorphic rocks, and this could result in lower sediment (234U/238U) ra-
tios. With regard to U isotopes, multi-lithological catchments could behave similarly to
sedimentary basins, as marls and other carbonaceous sedimentary rocks typically weather
more rapidly than igneous and metamorphic rocks, hence possibly resulting in (234U/238U)
near secular equilibrium in erosional products.
To determine the role of lithology on (234U/238U) ratios in river sediments, we compared
(234U/238U) of both silt and clay fractions with the percentage of sedimentary, igneous,
and volcanic rocks for corresponding river catchments (Bayon et al. 2020; Table 3.3). In-
terestingly, while there is no correlation with the percentage of igneous or volcanic rocks,
we observe a broad relationship between (234U/238U) and the percentage of carbonate
rocks (silt: R2 = 0.42 ; clay: R2 = 0.50 ; Fig. 3.7B). Additionally, the possible effect of
the lithology can be also assessed by comparing measured (234U/238U) ratios to corre-
sponding neodymium (Nd) isotopic compositions for the same sediment fractions (Bayon
et al. 2015, 2020) (expressed here as εNd values; Fig. 3.7A). In contrast with U isotopes,
sedimentary neodymium isotopic signatures from the initial rocks are preserved during all
weathering, transport and depositional processes (e.g. Goldstein et al. (1984), and hence
can be used as sediment provenance tracers (e.g. Goldstein & Hemming (2003). To a
large extent, the distribution of εNd values in river-borne sediments reflects the mean age
of average source rocks in corresponding drainage basins (Goldstein & Jacobsen 1987),
and hence can be used, to a first approximation, as a lithological tracer for discriminat-
ing between sediments derived from ‘old’ igneous/metamorphic provinces (characterized
by low εNd values typically below -14; Bayon et al. (2015)), and ‘young’ volcanic basins
(with εNd values typically >-5). Large river systems draining a large diversity of continen-
tal rocks generally display intermediate εNd values Goldstein et al. (1984), Bayon et al.
(2015), which make Nd isotopes less suitable as lithological tracers. In this study, there
is no direct relationship between εNd and (234U/238U) in both size fractions (Fig. 3.7A).
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A t-test indicates a statistically significant difference between sediments originating from
crystalline basins (-15< εNd or εNd >-5), which have (234U/238U) mostly >1 and sediments
that are from sedimentary basins (-15> εNd <-5), which generally have (234U/238U) below
1, with a p-value between these two groups of 0.0015 (<0.05).
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Figure 3.7 – (234U/238U) activity ratios as a function of (A) εNd values (from Bayon et al., 2015;
2020) in sediments (diamonds: clay, triangles: silt (blue for igneous & metamorphic rocks and beige for
sedimentary and mixed lithologies) for all studied rivers (silt, n = 51; clay, n = 40), (B) εNd values for
Northern Ireland rivers (silt, n = 9; clay, n = 8). There is no direct control of the global lithology on the

variation of (234U/238U), however the percentage of sedimentary rocks inside the basin influence
(234U/238U).

The role of lithology on (234U/238U) can be further explored considering the case study
of rivers from Northern Ireland. As discussed in Bayon et al. (2018), rivers from Northern
Ireland drain watersheds characterized by distinct geological formations, including Ceno-
zoic basaltic rocks (River Bush, River Maine, Six-Mile Water), old Proterozoic metamor-
phic terranes (River Foyle, River Swilly, Moyola), and Paleozoic/Mesozoic sedimentary
rocks (Blackwater, Lough Erne, Lower River Bann). Northern Ireland was completely
covered by the British-Irish ice sheet during the last glacial period (Clark et al. 2012b).
As a consequence, the fine-grained particulate loads transported by Northern Irish rivers
are most likely derived from the erosion of late glacial deposits and/or post-glacial soil se-
quences that developed in the region after the retreat of the ice-sheet (i.e. paraglacial pro-
cesses; Church & Ryder 1972), hence from soils having similar ages of formation (Demp-
ster et al. 2013). In addition, all studied river systems are characterised by very similar
climatic conditions. Therefore, any observed (234U/238U) variation amongst studied sed-
iment samples is likely to reflect lithological effects, rather than differences in sediment
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transfer, soil age or climate. Rivers draining the British Tertiary volcanic province carry
clay- and silt-sized detrital fractions both characterized by (234U/238U) >1 (Fig. 3.7B).
The three rivers draining Proterozoic metamorphic rocks display clays with (234U/238U)
>1 and coarser silt fractions with activity ratios close to 1 (Fig. 3.7C). The sediments
from the Paleozoic/Mesozoic sedimentary rocks have (234U/238U) <1 in both silt and clay
size fraction. Thus, in the case of Northern Ireland, river sediments derived from sedi-
mentary basins also appear to exhibit (234U/238U) ratios lower than those from crystalline
basins. For such sedimentary basins, the presence of relatively low (234U/238U) signatures
in river sediments could reflect a residual (234U/238U) composition <1 in corresponding
source rocks, although it remains unclear how any significant 234U-238U disequilibrium
could possibly occur in rocks older than 1 Ma . A more plausible explanation is that the
lower (234U/238U) values determined in sediments from sedimentary basins reflect that the
fact that sedimentary rock weathering most likely results in finer particle sizes compared
to the alteration and erosion of crystalline silicate rocks. However, the t-test comparison
between grain sizes from each lithological group indicates that there is no statistically
significant variation of (234U/238U) with p-values >0.05 (0.94) for sediments from sed-
imentary and mixed lithologies, and close to 0.05 (0.06) for sediments from igneous &
metamorphic rocks. The observed (234U/238U) >1 in sediments derived from crystalline
basements could reflect the fact that neo-formed clays produced from crystalline silicate
rocks are more prone to subsequent re-adsorption of 234U on secondary clays, although
further investigation will be required to test this hypothesis. To summarize, while the lack
of any strong relationship between U and Nd isotopes suggests that the lithology does
not represent a major control on the distribution of (234U/238U) ratios of river sediments,
the apparent correlation observed between (234U/238U) and the percentage of carbonate
rocks in river catchments implicitly suggests that the degree of U isotope fractionation in
fine-grained sediments is partially dependent on the lithology of source rocks, probably
reflecting the fact that they are being eroded more rapidly (and presumably into finer
particle sizes) than crystalline silicate rocks.

3.4.4 The role of catchment size and sediment residence time
on (234U/238U) sedimentary ratio

As mentioned in the Introduction, the sediment transfer time within any given wa-
tershed is expected to exert a major control on sedimentary U isotopic ratios. The resi-
dence time of sediments in river basins is mainly influenced by the possibility of storage
along its pathway from the hillslopes to the alluvial plain or the nearby ocean margin.
Sediment transport along river systems is generally complex and mostly related to geo-
morphic parameters (Harvey 2002). Several studies highlighted the relationships between
sedimentary fluxes and both external (climate, sea-level) and internal factors (drainage
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area, relief, lithology) (Milliman & Syvitski 1992, Syvitski et al. 2003). In particular, the
drainage area and relief are the main parameters that govern the quantity of sediments
delivered downstream of alluvial plains (Hovius 1998, Milliman & Syvitski 1992, Syvitski
et al. 2003, Walling & Webb 1996).
In general, the capacity of sediment storage in river basins is controlled by their geomor-
phological characteristics. On hillslopes, storage is dependent on soil thickness and the
mean slope of the watershed, with thick soil sequences being typically associated with re-
duced erosion and vice versa. In this study, no global correlations were identified between
(234U/238U) and mean soil thickness (Fig. 3.8A), even when considering small catchments
only (Appendix A3.6). However, when investigating separately the relationship between
(234U/238U) and soil thickness in igneous/metamorphic and sedimentary basins (Fig 3.8B
& C), we can notice a slight decrease of the (234U/238U) ratios as the average depth to
bedrock decreases in sedimentary watersheds. In contrast, clays separated from crystalline
basins display a trend exhibiting decreasing (234U/238U) ratios when the depth to bedrock
increases (Fig. 3.8C), in agreement with the fact that sediments will spend more time in
thicker soil sequences (thus 234U/238U activity ratios will decrease accordingly). Ideally,
sediment samples collected at the bottom of hillslopes would be best suited to investi-
gate the role of hillslope storage on the (234U/238U) of sediments, rather than at the river
mouth, where the effect of alluvial storage adds complexity to the interpretation. This
may explain the apparent lack of clear control of hillslope storage on the (234U/238U) of
sediments.
In river basins where alluvial storage is significant, the sediment residence time could
be a function of the size of the alluvial plain and its storage efficiency. Previous studies
have shown that specific sedimentary fluxes decrease with the size of the drainage area
(Milliman & Syvitski 1992, Syvitski & Milliman 2007), whenever storage efficiency is in-
creasing. No strong relationship is apparent when looking at the variation of clay- and
silt-size (234U/238U) depending on the size of the catchment (Fig. 3.8D, Table 4), except
when considering the rivers draining igneous & metamorphic rocks, in which activity ra-
tios decrease as the size of the catchment increases (Fig. 3.8E & 3.8F). These observations
clearly suggest that the size of the catchment and inferred sediment residence time exerts
a major role in controlling the degree of 234U-238U fractionation in river sediments. The
observed slight increase of (234U/238U) in river sediments from the largest catchments
could indicate that incorporation of 234U into neo-formed clays occurs during the storage
of the sediments along the alluvial plain. It is interesting to note that no trend is visible
for sediments derived from basins draining sedimentary rocks and mixed lithologies. One
hypothesis to explain this absence of relationship could be that the weathering in sedi-
mentary rocks create grains with inherited shapes, by breaking the cement linking them,
whereas in crystalline basins silicate weathering generates new grains with fresh mineral
surfaces prone to dissolution. The fractionation of 234U over 238U being influenced by the
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shape of the grain, this could explain the observed difference (234U/238U) and the drainage
area in sedimentary and crystalline basins.
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Figure 3.8 – (234U/238U) activity ratios as a function of Depth To Bedrock (DTB; in cm) (A)
depending on grain size fractions (silt: light grey and clay: dark grey) (B) lithology (blue for igneous &
metamorphic rocks and beige for sedimentary and mixed lithologies) in silt and (C) in clay size fraction;
(234U/238U) activity ratios as a function of drainage area (in km2) (D) depending on grain size fractions
(silt:light grey and clay: dark grey) (E) lithology (blue for igneous & metamorphic rocks and beige for
sedimentary and mixed lithologies) in silt and (F) in clay size fraction; (G) difference of (234U/238U)
between clay and silt size fractions, as a function of the basin drainage area, (H) grouped in two

lithological categories (blue for igneous & metamorphic rocks and beige for sedimentary and mixed
lithologies). The (234U/238U) activity ratio is mainly dependent of the size of the drainage area.

Coarse-grained sediments are generally stored more efficiently in watersheds, hence
being associated with greater transfer time, while in contrast, fine-grained particles such
as clays are more rapidly exported from river systems (Russell 1955). This time-integrated
differential behaviour between coarse and fine particles possibly accounts for the observed
relationship in Fig. 3.8G, showing that in small sedimentary basins (area <30 x103km2),
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the (234U/238U) activity ratio is lower in silt-size fractions compared to clays (Fig. 3.8H).
As silt-size particles reside for a presumably longer time than clays in river systems,
they are likely to be comparatively depleted in 234U, leading to lower (234U/238U) signa-
tures than in corresponding clays (Fig. 3.9). Conversely, in larger sedimentary systems,
the difference in (234U/238U) between clay and silt fractions is null or slightly negative
(Fig. 3.8H), which could suggest that extensive storage in the alluvial system can buffer
differences in transport rate between the two size fractions (Fig. 3.9).
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Figure 3.9 – Schematic evolution of (234U/238U) in silt and clay fractions as a function of the
catchment size In small catchments, the clay fraction may be exported too rapidly to develop significant

234U depletion, with (234U/238U) remaining close to the secular equilibrium, while a slower transport
for silts results in more pronounced 234U depletion and (234U/238U) ratios <1. In large river systems,
alluvial storage buffers the difference in the transport rates of clays and silts, implying that both

fractions show significant 234U depletion.

3.4.5 Complex interactions of environmental controls on sedi-
ment residence time

In a sedimentary system, many external and internal parameters interact together to
result in a variety of different landscape morphologies. Thus, after having shown in the
above discussion that the distribution of (234U/238U) in river sediments is not controlled
by any single parameter , it is interesting to investigate the combined influences of several
parameters on measured (234U/238U) ratios. For this purpose, we used a multiple regres-
sion analysis between (234U/238U) in both silt and clay fractions and all the environmental
parameters that were discussed above: MAP and MAT for the climatic parameters; CIA
for the degree of chemical weathering; the percentage of sedimentary rocks outcropping
in river catchments and εNd for the lithology; the depth to bedrock, the catchment size
and maximum elevation for the physical basin characteristics. The obtained predicted
(234U/238U) agree well with measured (234U/238U) values, with R2 = 0.68 (n = 30 ; Fig-
ure 3.10) for silt-size fractions. As a consequence, this implies that about 70% of the
variability of U activity ratios in river sediments can be explained by the sum of these
different environmental parameters. Note however that the obtained p-value for each in-
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dividual variable is only significant for the percentage of sedimentary rocks within the
basin, suggesting that all the resulting relationship need to be considered with caution.
For the clay-size fractions, the same parameters can predict 80% of (234U/238U) (n=28;
R2 = 0.80), with p-values being only statistically significant for MAP (p-value = 0.01
<0.05), the maximum elevation of the basin (p-value = 0.02 <0.05) and the depth to
bedrock (p-value = 0.01 <0.05). Despite inherent uncertainties, this multiple regression
analysis indicates that many environmental factors govern the distribution of (234U/238U)
and the sediment residence time in river catchments.
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Figure 3.10 – (234U/238U) activity ratio observed in river sediments compared with (234U/238U)
activity ratio predicted with a multiregression analysis while considering: MAP, MAT, CIA, the

percentage of carbonate rocks, εNd, the depth to bedrock, the Area and the maximum of elevation of
the catchment, (silt: light grey and clay: dark grey). 2σ errors are smaller than the symbol size. The
fractionation of uranium isotopes is dependant of multiple factors that control sedimentary processes,

which reflect the complexity of sedimentary system.

3.5 Conclusion
Our large-scale investigation of river sediments worldwide demonstrates a strong grain

size decoupling of U isotopes. A significant proportion of fine-grained (clay-size) sediments
in river basins are characterized by (234U/238U) values above secular equilibrium (>1), es-
pecially in crystalline basins regions dominated by volcanic and igneous/metamorphic
rocks, possibly reflecting the preferential incorporation of dissolved 234U into secondary
clays upon weathering. Neither weathering intensity, climate, erosion nor lithology ap-
pear to directly govern the distribution of (234U/238U) values in river sediments, although
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the erosion of sedimentary rocks most likely results in a higher degree of 234U-238U frac-
tionation compared to crystalline silicate rocks, possibly reflecting the fact that it can
generate finer sediments that are more prone to 234U loss through recoil effect. Overall,
the size of the catchments is identified as being one of the main parameters explaining
the observed distribution of (234U/238U) in river sediments, via its impact on the sedi-
ment residence time. In catchments draining crystalline basement rocks, the difference
between (234U/238U) in silt- and clay-size fractions is best explained by the fact that clays
are exported more rapidly than silts, resulting in different size-dependent (234U/238U)
signatures. In large river basins, sediment storage in alluvial plains also impact the distri-
bution of (234U/238U) in river sediments, causing significant 234U loss regardless of grain
size. Taken together, our findings confirm that U isotopes are sensitive tracers of the
sediment residence time in river basins, providing further evidence for their utility in the
sedimentary record to reconstruct past variations in sediment residence time and their
links to landscape evolution.
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4.1 Study site: the Var basin

4.1.1 Environmental setting

Morphology

The Var River has three main tributaries: Tinee, Vesubies, Esteron. The Tinee and
Vesubie rivers drain the highest and northern parts of the basin, while Esteron and Var
drain the western and south-western part of the watershed (Fig. 4.1). The maximum
elevation reaches 3200 m in the northern part of the basin (in the Tinee and Vesubie
basins) with a mean elevation of 1200 m for all system. The average slope of the basin
is 23°, with steeper slope in the north with slope reaching up to around 30° and 31° for
the Tinee an Vesubie sub-catchment, respectively. The morphology of this mountainous
catchment is characterized by hillslope erosional processes of formerly glaciated basin
(Julian 1977) with a very limited alluvial plain (<25 km).
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Figure 4.1 – Digital elevation model of the Var basin (S-E France) derived from the French Institute
National de l’Information Geographique et Forestière (http://professionnels.ign. fr/donnees).
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Geology

The northern part of the catchment, which is drained by the Tinee and Vesubie trib-
utaries is formed by the Mercantour Massif which is a Paleozoic External Cristalline
Massifs. It is composed of three distinct geological units: the Malinvern Argentera and
the Tinee complex, which are mainly composed of gneiss and migmatites, and the Argen-
tera granitic unit. Locally, Permian shales and sandstone pelites are also encountered at
both the periphery of the Mercantour massif and in the central part of the Var river basin.
The southern and the central part, which is drained by the Var River and the Esteron
tributary, is mainly composed of Mesozoic carbonaceous rocks. It can locally be associated
with various sandstones, marls and limestones of Cenozoic age (Kerckhove & Montjuvent
1979, Rouire et al. 1980). The delta has been an important depocentres throughout during
Holocene (Anthony 1995) with variation of deposits from gravels (late Pleistocene), fine-
grained sediment (early to middle Holocene), fine-grained and gravel-dominated deposits
(upper post middle to late Holocene; Anthony & Julian 1999). These variation in the
delta sedimentation have been attributed to climatic change inducing sea-level variation
(Dubar & Anthony 1995).

Figure 4.2 – Geological map of the Var basin including the presence of the dams (from Mariotti 2020).
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Climate

The catchment has the characteristic of a Mediterranean climate with hot and dry
summers alternating with cool and wet winter. At the river mouth, in Nice (2 meters
above sea level), the mean annual temperature recorded between 1942 and 2020 is 16 °C,
with a mean temperature around 24 °C during summer and 10 °C in winter. The mean
annual precipitation recorded between 1942 and 2020 is 733 mm on 61 days with precipi-
tation >1 mm (climatic data from Meteo France database; https://donneespubliques. me-
teofrance.fr). On the northern part of the catchment, the elevation influences the weather
with a mountainous climate. The records at Saint Martin de Vesubie (1064 meters above
sea level) indicate a mean annual temperature of 11.9 °C between 1981 and 2010 with a
mean temperature around 20°C in summer and 5°C in winter. Between 1989 and 2010,
the mean annual precipitation is 1138 mm divided in 89 days with precipitation >1 mm.
Events with extrem rainfall occurs in the Var basin, and are referred as "Mediterranean
episodes". These Mediterranean episodes are linked to hot, humid and unstable upwelling
air from the Mediterranean, which can generate violent thunderstorms that are some-
times stationary. They occur particularly in autumn, when the sea is at its warmest,
which favours strong evaporation. The precipitation can reach 200 mm in about 24h. The
last episode occurred in October 2020, with 200 to 300 mm and up to 450-500 mm in the
interland (MeteoFrance).

Land cover

The present day vegetation in southern France depends of the Mediterranean climate.
In high elevation area (> 2000 m), the vegetation cover is mainly composed of grass-
land. At lower elevation the vegetation is dominated by forest: with from sea-level to
the highest elevation a transition between drought resistant oak to conifers forest above
1000 m (Beaudouin et al. 2007; corine land cover from 2012 from the geoportail database,
https://www.geoportail.gouv.fr/donnees/corine-land-cover-2012). Downstream, the catch-
ment is largely urbanized with the Nice city with an urban area composed of more
>1,000,000 habitants (INSEE, 2016).

4.1.2 A source to sink system

Denudation

The denudation rate of the whole Var basin calculated from 10Be (Mariotti et al. 2019)
and determined from sediment flux (Bonneau et al. 2017) is around 0.24 ±0.04 mm.yr−1

and 0.22 mm.yr−1 respectively. Within the basin variations between 0.10 ±0.01 to 0.057
±0.09 m.yr−1 are observed and is representative of the denudation variability across the
Alps (Mariotti et al. 2019).
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The denudation processes are mostly slope dominated (Mariotti et al. 2019). In conse-
quence, slope instability processes produced local intense erosion, which constitute the
main sediment source (Julian & Anthony 1996). Some important stochastic erosional pro-
cesses such as landslides took place in the Var basin. Screes happens in the steepest part
of the basin (Julian 1977). The most famous and studied is named La Clapière landslide
in the Tinee valley. Successive destabilization events occurred since 10 ka (Bigot-Cormier
et al. 2005) and one of the major voluminous events occurred in 1979 (Anthony & Julian
1999, Casson et al. 2003, El Bedoui et al. 2009).

Figure 4.3 – Spatial variation of the 10Be derived denudation rates inside the Var basin derived from
two different grain sizes sediments: a) 100-250 µm and b) 50-100 µm (from Mariotti et al. 2019).

Fluvial transport

The Var River has an annual sediment discharge estimated at 1.63 million tons/yr and
a specific flux of 580 tons/km2/yr (Mulder et al. 1997, 1998). The discharge is variable
over the year with moderate to high flood in spring, autumn and winter. In autumn
it is caused by heavy rainfall and by the Alpine snow melts during spring (Sage 1976,
Anthony & Julian 1999). It can lead to episodic floods with magnitude that can reach in
only a few hours 100 m3/s while the mean annual discharge is around 70 m3/s (Dubar &
Anthony 1995). Such disturbances sometimes give rise to infrequent but extreme rainfall
episodes that generate high-magnitude floods (Anthony & Julian 1999). The last one
occured this automn (2020) with the extrem rainfall (up to 450-500 mm in the interland;
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e.g. Saint-Martin de Vesubie; Meteo-France, 2020; Fig. 4.4). These led to massive floods
associated with mudslides. Nowadays, the urbanisation of the basin is also characterised
by the presence four hydropower dams in the upper part of the basin, with only one
with a significant water storage capacity (Lac Long dam; 4.7 x106 m3). In the lowest part
of the sediment routing system, nine dams were built in the 1970s to increase sediment
deposition and protect the city of Nice (Anthony & Julian 1999).

A. B.

Figure 4.4 – Pictures of the Vesubie before and after the tempete Alex (October 2020) (From AFP).
It demonstrates the extreme climatic events occurring int the Mediterranean basin.

Submarine transport and deposition

Two sub-marine canyons, the Var Canyon and the Paillon Canyon, incise the narrow
continental shelf near Nice. These incisions provide a submarine conduit for the transport
of fluvial sediment from the Var and Loup rivers and the Paillon River, respectively. The
two canyons merge rapidly into one channel at the base of the continental slope to the
middle valley. On the right-hand bank of the valley a prominent levee, the Var Sedimentary
Ridge, is formed by accumulation of sediments. At the end of the lower valley there is a
distal lobe.

Figure 4.5 – Picture of the Var delta showing the sedimentary delivery to the turbiditic deposition
zone after the tempete Alex.
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Up to 63% of sediments exported at the Var River mouth were delivered to the Var
Canyon through hyperpycnal currents, making them the main sediment transfer processes
in the Var Turbiditic System (Mulder et al. 1997). Hyperpycnal currents must be of a
sufficient magnitude to be recorded as a turbidite layer on the Var Sedimentary Ridge
(VSR) (Jorry et al. 2011). Only a few of these events are recorded on the VSR because of
the inability of most flows to overtop the ridge wall (Mulder et al. 1998). In the middle
valley, the VSR crest height reaches 300m above the main channel floor in its western part
but decreases eastward down to a few tens of meters. A secondary sedimentary deposition
process, which is significant enough to be recorded in the Var Turbiditic System, involves
turbidity currents induced by the mass wasting of large portions of the continental slope
(Piper & Savoye 1993, Mulder et al. 1997, 1998, 2001, Migeon et al. 2012 ; Fig. 4.5). An
example of this process occurred in 1979, and was triggered by landfilling operations in
the Nice airport area (Dan et al. 2007).
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4.2 Controls on the regolith residence time in an
Alpine river catchment

Abstract
Understanding the natural mechanisms affecting the evolution and morphology of river

systems through time is important in the context of on-going climate change. To this end,
one major challenge is to quantify the timescale of sedimentary processes, such as erosion,
transport and deposition, in catchments, and their relationships with geomorphologic pa-
rameters (e.g. elevation, curvature, slope).
In this study, we report uranium activity ratios (234U/238U), specific surface area mea-
surements and derived comminution ages for a series of fine-grained (<63 µm) fluvial
sediments from the Var River basin (France). The Var River is a small mountainous
catchment characterized by efficient sediment transport and the absence of alluvial plain,
and thus significant alluvial storage. It implies that measured U comminution ages mainly
reflect storage on hillslopes. Our geochemical investigation was combined to a detailed spa-
tial analysis of the catchment to investigate how the sediment residence time varies with
geomorphic parameters (e.g. slope, curvature, elevation). Moreover, spatial data on soil
thickness and 10Be derived denudations rates were used to infer regolith residence time.
Our results indicates an absence of lithologic control on the fractionation of 234U-238U,
but (234U/238U) rather reflects the weathering regime. In transport-limited regime, the
longer residence time in well-developed soil results in greater 234U loss. Furthermore, the
topography controls the (234U/238U) ratios with high-elevated catchments, with steeper
slopes, characterized by a short regolith residence time and thus a limited 234U depletion.
We show that the regolith residence time determined with U isotopes agree well with
estimated regolith residence infer with prediction of soil thickness spatial distribution and
10Be denudation rate. This validates the use of U isotopes to determine sediment residence
times and suggests that residence times in the Var basin mostly reflects hillslope storage,
i.e. regolithe residence time.
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4.3 Introduction

Sedimentary processes occurring at the Earth surface (e.g. weathering, sediment trans-
port and deposition) control the landscape morphology. To understand the landscape
evolution, it is important to quantify the timescale of these processes and the response
time of the landscape to adapt to environmental changes. For this purpose, the study of
sediment residence time can provide information on the timescale of Earth surface pro-
cesses (DePaolo et al. 2006). This residence time represents the time elapsed since parent
material was converted into regolith and encompasses hillslope and alluvial storage and
transport (DePaolo et al. 2006).
In basin where alluvial storage and soil creep are negligible, the sediment residence time is
mainly controlled by the thickness of soil sequences and the overall denudation rate. The
quantification of sediment residence times in river basins can provide unique information
about both weathering and erosion processes within catchments, where the average soil
thickness can be viewed as reflecting the balance between soil production and soil denuda-
tion (Carson & Kirkby 1972, Dietrich et al. 1995, Heimsath et al. 1997). Soil thickness is
function of several geomorphic parameters including the slope and curvature (Heimsath
et al. 1997), which have a direct influence on soil residence times.
In fine-grained detrital sediments (typical <63 µm), uranium (U) isotopes fractionate as
234U is preferential lost from sediments over 238U, as a result of recoil (Kigoshi 1971) and
preferential leaching (Fleischer 1980, 1982). This time-dependent fractionation has been
used to determine the comminution age of sediments, that is the time elapsed since the
production of sediments finer than <63 µm (DePaolo et al. 2006, Dosseto et al. 2006a,
2008a). In fluvial sediments, the comminution age is equivalent to the regolith residence
time, as defined above. Thus, U isotopes in fluvial sediments can be used to determine
the regolith residence time at the catchment scale.
The aim of this study is to investigate the controls on sediment residence time, and com-
pare U isotopes to alternative approach for inferring this residence time. To this purpose,
we have measured uranium isotopes of a series of sediments from the Var River basin (S.E.
France). This mountainous catchment is well constrained by previous studies (sediments
sources: Bonneau et al. 2017; denudation rate: Mariotti et al. 2019) and is considered as
a reactive routing system (Julian 1977). Therefore, it should be characterized by short
sediment residence time, as no temporary alluvial storage are expected. Uranium isotope
compositions and inferred residence times are compared to a range of climatic, geologic
and geomorphic parameters. Spatial data on soil thickness and 10Be-derived erosion rates
are also used to infer regolith residence times, which are compared to those obtained from
U isotopes.
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4.4 Study site
The Var River catchment (drainage area: 2800 km2) is located in the Alpine moun-

tainous region of south-eastern France. The Var River is 120 km long and has four major
tributaries: Tinee, Vesubie, Esteron and Cian (Fig 4.6A). The Tinee and Vesubie drain
northern and elevated part of the basin, while Esteron and Cian drain the south-western
part of the catchment. The maximum elevation reaches 3200 m in the northern part of the
basin and a mean elevation of 1200m for the all system. The average slope of the basin is
23°, with steeper slope in the north (∼30° and 31° for the Tinee an Vesubie sub-catchment
respectively). Another major characteristic of the Var River basin is that the near absence
of a floodplain (<25 km long) in the downstream portion of the river.
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Figure 4.6 – Digital elevation model from the Var basin derived from the French Institute National de
l’Information Geographique et Forestière (http://professionnels.ign.fr/donnees). The symbols represent
the location of the studied samples with blue square for the Esteron River sediments, brown triangle for
the Tinee River sediments, yellow diamond for the Var River sediments, beige triangle for the Vesubie

River sediments. The grey lines symbolise the sub-catchments.

The northern part of the catchment is formed by the Mercantour Massif which is a
Paleozoic External Cristalline Massif. It is composed of three distinct geological units:
the Malinvern Argentera and the Tinee complex, which are mainly composed of gneiss
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and migmatites, and the Argentera granitic unit. Locally, Permian shales and sandstone
pelites are also encountered at both the periphery of the Mercantour massif and in the
central part of the Var river basin. The southern and the central part of the river catch-
ment is mainly composed of Mesozoic carbonaceous rocks, being locally associated with
various sandstones, marls and limestones of Cenozoic age (Kerckhove & Montjuvent 1979,
Rouire et al. 1980).

The Var River has an annual sediment discharge estimated at 1.63 million tons/yr and
a specific flux of 580 tons/km2/yr (Mulder et al. 1997, 1998). The discharge is variable
over the year with moderate to high flood in spring, because of Alpine snow melts, in
autumn due to heavy rainfall, and in winter (Sage 1976, Anthony & Julian 1999). It can
lead to stochastic erosional process with magnitude that can reach in only a few hours
100 m3/s while the mean annual discharge is around 70 m3/s (Dubar & Anthony 1995).
The climate is variable inside the catchment with Mediterranean climate in the south
(hot and dry summers with cool and wet winter) and the northern part is dominated by
a mountainous climate.
The present day vegetation in southern France depends of the Mediterranean climate.
In high elevation area (> 2000 m), the vegetation cover is mainly composed of grass-
land. At lower elevation the vegetation is predominate by forest: with from sea-level to
the highest elevation a transition between drought resistant oak to conifers forest above
1000 m (Beaudouin et al. 2007; corine land cover from 2012 from the geoportail database,
https://www.geoportail.gouv.fr/donnees/corine-land-cover-2012). Downstream, the catch-
ment is largely urbanized with the Nice city with an urban area composed of more
>1,000,000 habitants (INSEE, 2016).

4.5 Materials and Methods
Twenty six sediments used were collected in 2011 and 2012 along the Var River and

its main tributaries. They were sieved on site at 135 µm. This suite covers the lithological
diversity across the entire catchment. Eleven samples were collected from the Tinee and
Vesubie catchments, which mainly drain metamorphic rocks, and 15 samples from the
Var, Esteron and Cian catchments, which drain sedimentary rocks.

Geomorphic parameters (elevation, slope and curvature) for each sub-catchment were as-
sessed using a 5 m resolution digital elevation model (DEM) from the French Institute Na-
tional de l’Information Geographique et Forestière (http://professionnels.ign. fr/donnees).
Spatial distribution of soil thickness was derived from the SoilGrids map with a 250 m
resolution (Shangguan et al. 2017, Hengl et al. 2017). This estimation is based on a com-
pilation of soil profiles (132,193 points) and borehole drilling logs (1,574,776 points) with
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the addition of pseudo-observations of depth to bedrock.

Samples were prepared for U isotopic analysis at the Wollongong Isotope Geochronol-
ogy Laboratory (WIGL), University of Wollongong. Determination of comminution age is
based on the preferential loss of 234U over 238U in detrital sediment (DePaolo et al. 2006).
This depletion of 234U is only significant in fine-grained (<63 µm) sediments, where the
surface/volume is large enough to induce a substantial loss of 234U Kigoshi (1971), De-
Paolo et al. (2006). Therefore, sediments were first wet sieved to recover the <63 µm
fraction. Sediments are generally an assembly of detrital minerals and authigenic phases
(i.e. carbonates, Fe-Mn oxyhydroxides) and organic matter. These non-detrital compo-
nents are generally enriched in U from solutions, which are characterized by (234U/238U)
>1, and thus inherit their U isotopic composition (Plater et al. 1988, 1992, Andersson
et al. 1998, 2001, Maher et al. 2006). Consequently, the authigenic phases and organic
matter need to be removed as it can mask the 234U loss. It needs to be realized without
altering the surface of the detrital grains as the 234U loss occurs within the first 30 nm
of the grains’ surface (Kigoshi 1971). To achieve this, about 1 g of <63 µm sediments
was treated following the sequential leaching protocol developed by Francke et al. (2018),
which allows removal of any non-detrital components without affecting detrital grains.
Following leaching, a 229Th - 236U tracer solution was added to 30 mg of the residual de-
trital sediment. The mixture was dissolved in HNO3- HF solution, followed by aqua-regia
and finally re-dissolved in 2 mL of 7 M HNO3 prior to chromatography.

Ion exchange chromatography was performed on the dissolved samples to isolate ura-
nium prior to isotopic analysis. This was undertaken on an ESI prepFAST automated
chromatography system with a "THU-0500" column prefilled with AG1-X8 resin. Prior to
sample loading (2 mL of 7 M HNO3), the resin was washed with 7M HNO3, 0.1M HCl, 6M
HCl and water and then conditioned with 7M-HNO3. Following sample loading, matrix
was eluted in 7M-HNO3 and uranium in 0.12M HCl. Uranium elutions were dried down
and re-dissolved in 0.3M of HNO3 for isotopic analysis. Uranium isotope analyses were per-
formed at WIGL on a ThermoFisher Neptune Plus Multi-Collector Inductively-Coupled
Plasma Mass Spectrometer (MC-ICP-MS), using an APEX HF desolvating system and
nebulizer PFA ST-2280 as sample introduction system. Jet sample and X skimmer cones
were used. Standard bracketing was used to correct for SEM-Faraday cup yield and mass
bias, using NBL U010 as primary standard (Richter & Goldberg 2003). Analysis accu-
racy was determined by measuring synthetic standard NBL U005-A (Richter & Goldberg
2003) and was consistently better than 0.5% for (234U/238U). Total procedural blanks
were measured, and the contribution is less than 0.1% to the sample (234U/238U). Total
procedural accuracy was evaluated by analysing the reference material BCR-2 (Sims et
al., 2008), with results in good agreement with reference values (Table 5.1).
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Table 4.1 – BCR-2 standard values measured during the Var River sediments study.

Standard U (ppm) 2SD (234U/238U) 2SD
BCR-2 1.65 0.02 1.003 0.003
BCR-2 1.64 0.02 1.005 0.005
BCR-2 1.61 0.04 1.001 0.004
BCR-2 1.60 0.02 1.003 0.004
Mean 1.63 0.02 1.001 0.004
Reference value 1.69 0.19 1.001 0.001

Specific surface area measurements were carried out on 11 leached sediments by gas
sorption analysis using a Quantachrome Autosorb iQ at WIGL. About ∼1g of sediments
were first degassed for approximately 7.5 h with a three-steps temperature increase to
200°C (5 °C/min to 80 °C, soak time 30 min, followed by 1 °C/min to 100 °C, soak time
60 min, followed by 5 °C/min to 200 °C, soak time 300 min). Nitrogen was used as the
adsorbate gas. The specific surface area was estimated using the best fit of the multi-point
BET equation (with a correlation coefficient R2 > 0.999 for all measurement).

4.6 Results
Spatial analysis of the DEM shows that the Var and Esteron sub-catchments have

the shallowest mean slopes (27° and 23° respectively) and lower mean elevation (1334
and 904 meters respectively - values are for the lowermost sampling location of each sub-
catchment), compared to Tinee and Vesubie (mean slope of 30° and 31° respectively and
mean elevation 1946 and 1541 meters respectively). Spatial distribution of estimated soil
thickness indicates that soils are the thickest in the Var sub-catchment (mean thickness
>46 m) and the thinnest in the Tinee (mean thickness ∼2 m). The values are obtained
from the lowest sampling locations for each sub-basin, thus taking into account the entire
upstream drainage area.

Measured U concentrations range from 1.11±0.01 (2SD) to 4.29±0.01 (2SD) ppm (Table
4.2). The mean values of all samples from a given catchment are 2.2±0.3 (2SD; n=9),
1.9±0.3 (2SD; n=6), 3.1±0.6 (2SD; n=6), 2.9±0.5 (2SD; n=5) ppm for the Var, Esteron,
Tinee and Vesubie catchments, respectively. The mean value for all studied <63 µm sedi-
ments (2.5 ±0.3 ppm) is similar to the average U concentration for the upper continental
crust (from 2.2 to 2.8 ppm; Condie 1993, McLennan 2001). The (234U/238U) activity ratios
range between 0.869±0.004 (2SD) and 1.073 ±0.004 (2SD) (Table 4.2), with a mean value
of 0.94±0.02 (2SD ; n=9) ,0.93±0.03 (2SD ; n=6), 1.02±0.02 (2SD; n=6) and 1.02±0.02
(2SD ; n=5) for the Var, Esteron, Tinee and Vesubie catchments respectively.
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Table 4.2 – Table of U concentration, (234U/238U) and SBET measured in Var River
sediments.

Riviere n Echantillon U (ppm) 2SD (234U/238U) 2SD SBET (m2/g) 2SD
Esteron 20 BV-EST-05 2.13 0.01 0.938 0.004 13.7 0.4
Esteron 21 BV-EST-04 1.63 0.01 0.964 0.004
Esteron 22 BV-RIO-01 2.10 0.01 0.949 0.004
Esteron 23 BV-EST-03 1.62 0.01 0.949 0.004 11.1 0.4
Esteron 24 BV-EST-01 2.43 0.01 0.874 0.004
Tinee 1 BV-TIN-05 1.83 0.01 1.043 0.004 5.8 0.4
Tinee 2 BV-TIN-03 3.07 0.01 0.985 0.004
Tinee 3 BV-TIN-04 2.74 0.01 1.020 0.004
Tinee 4 BV-NEG-01 4.28 0.01 1.049 0.004
Tinee 5 BV-MOL-01 4.05 0.01 1.073 0.004 3.0 0.4
Tinee 6 BV-TIN-02b 3.08 0.01 0.999 0.004 7.0 0.4
Tinee 7 BV-TIN-07 2.62 0.01 0.983 0.004 6.4 0.4
Var 8 BV-COU-02 2.27 0.01 0.869 0.003
Var 9 BV-VAR-08 2.43 0.01 0.947 0.004 9.9 0.4
Var 10 BV-VAR-03 2.05 0.01 0.954 0.004
Var 11 BV-CIA-03 2.13 0.01 0.962 0.004
Var 12 BV-VAR-04 1.57 0.01 0.961 0.004 7.9 0.4
Var 13 BV-VAR-11 1.10 0.01 0.957 0.004 4.8 0.4
Var 19 BV-VAR-01 2.64 0.01 0.942 0.003
Var 25 BV-VAR-15 2.81 0.01 0.934 0.003
Var 26 BV-VAR-06 2.70 0.01 0.953 0.003 9.3 0.4
Vesubie 14 BV-VES-03 2.69 0.01 1.055 0.003
Vesubie 15 BV-VES-02 3.47 0.01 1.026 0.003
Vesubie 16 BV-GUA-01 3.70 0.01 0.990 0.003
Vesubie 17 BV-VES-04 2.27 0.01 1.020 0.003 5.1 0.4
Vesubie 18 BV-VES-01 2.69 0.01 1.007 0.004

Specific surface area varies between 3.0±0.4 and 13.7±0.4 m2/g (Table 4.2) with a
mean value of 7±2 m2/g (2.S.D; n=11). The observed range is lower than that reported
in previous studies: for instance, 12.8 - 33.6 m2/g for 2-53 µm leached sediments from
Pleistocene alluvial deposits in the Flinders Ranges (South Australia; Handley et al.
2013a); 17.2 - 18.3 m2/g for <63 µm leached sediment from cores of the Var basin (Francke
et al. 2018) and between 33.1 to 47.2 m2/g for <63 µm leached sediments from Lake Ohrid
(Greece; Francke et al. 2019). Note sediments in Handley et al. (2013a) were leached using
a protocol different to that from Francke et al. (2018, 2019) (which is the one we have
used here).
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4.7 Discussion

4.7.1 Assessing the role of lithology and weathering regimes on
the U isotope ratio

The Var river and its tributaries drain two distinct lithological units: a metamorphic
complex, located in the northern part of the watershed and drained by both the Tinee and
the Vesubie rivers; and extensive Mesozoic/Cenozoic sedimentary deposits in the southern
part of the basin that are drained by the Var and the Esteron rivers. Bonneau et al. (2017)
measured neodymium isotopes composition (noted εNd) on the <63 µm fraction of some
of the sediments used in this study. Results show two groups: Vesubie sediments have
εNd values between -8 and -9 while all other sediments show εNd values between -10.5
and -11.5 (Fig. 4.7A). The Nd isotopic composition of river sediments directly reflects
that of the source rocks they are derived from, and hence can be used as a tool to
assess whether measured (234U/238U) ratios may be explained by a source effect. Uranium
activity ratios determined in samples from both the Tinee and Vesubie tributaries are >1
(Fig. 4.7A), while those from the Var and the Esteron display (234U/238U) ratios below
secular equilibrium (<1). This observation suggests that lithology is not a major control
on observed variability in (234U/238U) across the Var watershed, as it has been shown in
other studies (e.g. Dosseto et al. 2014, Thollon et al. 2020).
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Type of weathering regime in different locations of the watershed could also have an im-
pact the degree of fractionation between 234U and 238U in river sediments (Li et al. 2016a).
Under kinetically-limited weathering conditions, such as in high-topography regions, the
sediment is exported rapidly at a rate faster than the dissolution rate of silicate miner-
als (Stallard 1985, West et al. 2005). In such condition, (234U/238U) is expected to have
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undergone little fractionation and therefore be close to secular equilibrium. In contrast,
in floodplains and other areas characterized by transport-limited weathering regimes, the
increase of sediment residence times in soils is typically accompanied by more intense
weathering reactions (West et al. 2005, Lupker et al. 2012), which results in the formation
of thicker soil sequences. Hence the sediment is expected to spend a long time in the
soil profile, increasing the 234U loss possibility, which result in low (234U/238U). In the Var
catchment, the Tinee and Vesubie sub-catchments show characteristics of a kinetic-limited
weathering regime, with high denudation rates (>0.25 mm/yr; Mariotti et al. 2019), steep
slopes (mean slope of 29° and 31° for the Tinee and Vesubie) and thin soils (generally less
than 10 meters). Conversely, the Var and Esteron sub-catchments show characteristics of a
transport-limited weathering regime, with slow denudation rates (<0.20 mm/yr; Mariotti
et al. 2019), shallow slopes (mean slope of 26° and 22° for the Var and Esteron) and thick
soils (generally above 10 meters; with a great variability for the Var sub-catchment).
Sediments from the Tinee and Vesubie show (234U/238U) values >1 (1.022 ±0.069 and
1.020 ±0.048, respectively) while those from the Var and Esteron have (234U/238U) values
overall <1 (0.945 ±0.063 and 0.935 ±0.070, respectively). This observation suggests that
the (234U/238U) of sediments is influenced by the weathering regime: in kinetic-limited
regimes, because soils are rapidly eroded, there is not enough time to lose 234U signifi-
cantly. This results in (234U/238U) ratios >1, as imparted by authigenic phases (possibly
incompletely removed during leaching). In transport-limited regimes, long storage times
in thick soils results in measurable 234U depletion and (234U/238U) ratios <1. The influence
of chemical weathering can also be investigated using mobile over immobile elemental ra-
tios, such as Na2O/Al2O3 (Fig. 4.7B). The Na2O/Al2O3 ratio decreases with (234U/238U)
(Fig. 4.7B; R2 = 0.61). Sodium is a highly mobile element that is efficiently removed
from soils during chemical weathering of primary minerals, whereas Al is immobile and
remains incorporated into secondary clays. The positive relationship between (234U/238U)
and Na2O/Al2O3 (Fig. 4.7B) suggests that under transport-limited weathering conditions
(low Na2O/Al2O3), the longer regolith residence times lead to more extensive 234U loss in
mineral grains stored in soils (low (234U/238U)), while sediments derived from the high-
topography areas with low chemical weathering intensities (high Na2O/Al2O3) display
reduced or no 234U loss ((234U/238U) close to secular equilibrium). These results do not
necessarily indicate a control of weathering intensity on the fractionation of 234U-238U but
rather a co-variation between them as a result of their dependence of residence time.
Uranium isotope ratios show a negative correlation with the specific surface area (Fig.
4.7C), indicative of the role of physical weathering on the (234U/238U) ratio. This obser-
vation suggests that 234U loss is driven by the physical fragmentation of sediments, more
prominent in steep, fast-eroding catchments of the Tinee and Vesubie Rivers.
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4.7.2 Geomorphologic control on (234U/238U) ratios

The degree of the fractionation of 234U relative to 238U due to recoil effect is time
dependent, hence the (234U/238U) distribution in river sediments is strongly influenced by
river-basin geomorphology, and likely to display correlations with parameters such as the
slope, curvature, or elevation. Davis (1892) and Gilbert (1909) were amongst the first to
establish a direct link between the transport of sediment and the slope. Culling (1960) also
proposed that a proportional relationship existed between sediment fluxes and hillslope
gradients; an observation further supported later on by various field studies (McKean
et al. 1993, Small et al. 1999). This linearity between topographic slope and sediment
fluxes has been used in landscape evolution models (e.g Ahnert 1970, Dietrich et al. 1995,
Howard 1997, Willgoose et al. 2008). Additionally, many works have also emphasized
the importance of gravity processes, such as landslides, overland flows, and creeping, in
dominating the export of sedimentary material from river basins (Carson & Kirkby 1972,
Hovius et al. 1997, Montgomery & Dietrich 1995, Selby 1993). Montgomery & Brandon
(2002) highlighted the different geomorphological control on erosion rates between low-
and high-topography reliefs. In low-relief landscapes, the mean slopes or the local relief
can be linearly correlated with the erosion rate. In contrast, in high-relief landscapes, this
relationship is nonlinear (Roering et al. 2001, Montgomery & Brandon 2002, Binnie et al.
2007, Dixon et al. 2016). This nonlinear relationship is the result of the transition between
diffusive to non-diffusive transport dynamics above a threshold slope angle (Roering et al.
2001, Montgomery & Brandon 2002, Binnie et al. 2007). This specific slope angle is about
30° in the Var basin (Mariotti et al. 2019). In the case of our study, the average slope
of studied sub-catchments could indirectly influence measured (234U/238U) ratios, as a
parameter reflecting both denudation rates and sediment transport fluxes.
In the sediments from the Var basin, (234U/238U) show a weak positive relationship with
slope and negative relationship with curvature (Fig. 4.8A&B). Furthermore, the sediment
surface area shows a strong negative relationship with slope and a negative relationship
with curvature (Fig. 4.8CD), reflecting that in steep catchments physical weathering is
more active.
The relationship between (234U/238U) and catchment mean elevation also illustrates the
role of topography on the U isotope composition of fluvial sediments (Fig. 4.8E). In high-
elevation areas, soil production and sediment storage capacity are both limited, due to
efficient sediment export. This results in a short regolith residence time, and limited to
no 234U loss. In contrast, in low-elevation regions, thicker soil sequences and enhanced
sediment storage capacity result in longer regolith residence times and more extensive
234U depletion.
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4.7.3 Quantification of regolith residence times in the Var River
catchment

The sediment residence time can be derived from U isotopes using the comminution
age model (DePaolo et al. 2006):

tcom = − 1
λ234

ln

[
Ameas − (1 − fα)
A0 − (1 − fα)

]
(4.1)

where λ234 is the 234U decay constant (in yr−1), fα the recoil loss factor, Ameas is the
measured (234U/238U) in the sediment and A0 is the (234U/238U) activity ratio at t=0. In
theory, A0 represents the uranium activity ratio from the parent material that should be
in secular equilibrium, i.e. (234U/238U) = 1, and Ameas in detrital sediments should exhibit
values <1 resulting from the preferential loss of 234U. However, some river sediments in the
Var catchment displayed (234U/238U) values > 1, implying an evolution of the ration from
A0 >1. Some (234U/238U) higher than 1 have already been reported in river sediments (e.g.
Vigier et al. 2001, 2005, Granet et al. 2007, Martin et al. 2015). Therefore, the maximum
measured (234U/238U) value was attributed to A0. The recoil loss factor is calculated as
follows (Kigoshi 1971, Luo et al. 2000):

fα = 1
4LSρ (4.2)

where L is the 234Th recoil length (taken to be 30 nm; Dosseto & Schaller 2016), ρ is
the density of the sediment (assumed to be 2.65 g/cm3) and S is the surface area (m2/g)
measured by gas sorption analysis. Because micro- (<2 nm in diameter) or mesopore (2-50
nm in diameter) increase the measured surface area during gas sorption analysis due to
the the diameter of the adsorbent molecule of the same order, without contribution to
234U loss in detrital material. It led to an overestimation of the recoil loss factor (Maher
et al. 2006). For micro- and mesoporous material a fractal correction need to be applied
(Bourdon et al. 2009). The shape of the adsorption-desorption isotherms assessed during
gas sorption analyses indicates the nature of the material (Sing 1985). In this study, the
isotherms of the samples are type II isotherms, characteristic of non-porous or macrop-
orous material (Sing 1985). Hence, no fractal correction is required (Francke et al. 2018)
and the measured surface area was directly used to calculate the recoil loss factor. In
the case where the surface area was not measured for a given sample, a random value
was taken between the minimum and the maximum values measured.Sediment residence
times were calculated using Monte Carlo simulation (10,000 simulations). For each sam-
ple, Ameas was taken randomly within the range of measured (234U/238U) activity ratios
and its error as provided in Table 1. As not every specific surface area were measured,
for the samples without data, a random value was choose between the minimum and
maximum values measured. As explained above, for fluvial sediments, the comminution
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age is equivalent to the sediment residence time, which encompasses storage in weathering
profiles on the hillslope and transport in the fluvial system. Calculated sediment residence
times vary between 66 and 286 kyr for the Tinee, 78 and 229 kyr for the Vesubie, 219 and
636 kyr for the Var and 251 and 643 kyr for the Esteron. The highest value of 642 kyr
being calculated for EST-01 located at the lower part of the Esteron sub-catchment (Fig.
4.9A). These residence times are much longer than what would be expected for a moun-
tainous river catchment characterised by efficient sediment transport. However, most of
the residence time can be explained by hillslope storage (Suresh et al. 2014): while a 4-m
soil eroding at 9-24 mm/kyr would yield residence times of only 30 kyr, when considering
soil creep at a rate of 0.8 mm/kyr down a 265 m long hillslope, this can increase the resi-
dence time to values as high as 220 kyr despite the thin soil thickness and fast erosion rates.

In order to validate the U-based sediment residence time, we also estimated the sedi-
ment residence combining spatial data for estimated soil thickness (SoilGrids;Shangguan
et al. 2017, Hengl et al. 2017) and 10Be-derived denudation rates (Mariotti et al. 2019).
For each location where sediments were sampled for in-situ 10Be, soil thickness and de-
nudation rates are spatially averaged by the area drained at the sample location. Thus,
the ratio of soil thickness to denudation rate yields a spatially averaged soil residence
time. Because there is little accommodation space for fluvial storage, this soil residence
time can be considered equivalent to the regolith residence time, and compared to the
regolith residence time inferred from U isotopes at the same location.
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Figure 4.9 – Variation of sediment residence times calculated using U isotopes (y axis) as a function
of the regolith residence times estimated based on the mean soil thickness (SoilGrids) and 10Be-derived
denudation rate of each sub-catchment (data from Mariotti et al. 2019) (blue square for the Esteron,

brown triangle for the Tinee, yellow diamond for the Var and beige triangle for the Vesubie
subcatchments).
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Table 4.3 – Sediment residence time derived from (234U/238U)

Samples Tres (kyr)
BV-EST-05 251 ±18
BV-EST-04 312 ±81
BV-RIO-01 361 ±105
BV-EST-03 274 ±19
BV-EST-01 643 ±130
BV-TIN-05 118 ±5
BV-TIN-03 251 ±52
BV-TIN-04 155 ±29
BV-NEG-01 84 ±12
BV-MOL-01 66 ±2
BV-TIN-02b 219 ±13
BV-TIN-07 286 ±16
BV-COU-02 636 ±116
BV-VAR-08 322 ±23
BV-VAR-03 348 ±91
BV-CIA-03 300 ±79
BV-VAR-04 346 ±22
BV-VAR-11 393 ±23
BV-VAR-01 381 ±109
BV-VAR-15 411 ±107
BV-VAR-06 306 ±19
BV-VES-03 78 ±12
BV-VES-02 133 ±23
BV-GUA-01 229 ±48
BV-VES-04 189 ±8
BV-VES-01 175 ±33

The comparison of regolith residence times from U isotopes and from the combination
of soil thickness and 10Be-derived denudation rates show a positive correlation (R2= 0.41;
Fig. 4.9a). The correlation coefficient increased (R2=0.56) when the Var samples are not
considered, suggesting a possible overestimation of the soil thickness by SoilGrids due to
the presence of alluvium deposits. A noteworthy feature in Figure 4.9 is the lower regolith
residence times determined using soil thickness and 10Be-derived denudation rates than to
those calculated using the comminution age method (Fig. 4.9a). One possible explanation
for this discrepancy is that because the 10Be-derived denudation rates determined using
the sand fraction, which could have a longer residence time than the silt fraction on which
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U isotopes are measured. For instance, DePaolo et al. (2006) have shown that (234U/238U)
is lower in finest sediment grain and thus infer sediment residence time are longer. Alter-
natively, longer residence times determined using U isotopes could be an over-estimation
as a result of sediment recycling (Carretier et al. 2020).
Despite of this discrepancy, the observed general correlation between independently cal-
culated residence times provides additional support for the utility of the comminution age
method for estimating sediment residence in watersheds.

4.7.4 Geomorphic controls on regolith residence time

The regolith residence time is a function of storage in two distinct reservoirs: the
hillslope and the alluvial plain. The latter is considered negligible for this catchment as the
Var alluvial plain has a small extent compared to the rest of the catchment (Julian 1977).
This is supported by the correlation between regolith residence time and soil thickness (R2

= 0.35; Fig. 4.10A), one of the major controls on the residence time at the hillslope scale.
If alluvial storage was significant, it would likely blur this relationship. Regolith residence
times calculated with U isotopes also show a relationship with mean slope (and to a lesser
extent, mean curvature) showing that in steep catchments, the regolith residence time is
shorter as a consequence of faster hillslope erosion. Residence times also show a negative
relationship with mean elevation, illustrating that alpine sub-catchments are characterised
by short hillslope storage times (Fig. 4.10D).
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Figure 4.10 – Variation of the regolith residence time as a function of (A) the soil thickness, (B)
slope, (C) curvature, (D) elevation. The value for each parameter represents its spatial average at the
sampling location (blue square for the Esteron, brown triangle for the Tinee, yellow diamond for the

Var and beige triangle for the Vesubie subcatchments).

In the sections above, we determined the influence of the geomorphologic parame-
ters on both (234U/238U) and on the specific surface area, as the sediment residence time
groups both of these characteristics, we studied through a multiple regression analysis
between sediment residence time and the geomorphologic parameters (e.g. the soil thick-
ness, the slope, the curvature and the elevation). The predicted sediment residence time
are in agreement with the calculated residence time, with R2 = 0.66. These predicted
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data increase in correlation when considering the lithologic source tracer(εNd; R2= 0.79)
suggesting that lithology can play a role regolith esidence time (Fig. 4.11). This implies
that about 80% of the variability of regolith residence time can be explained by the sum
of these different parameters. Note however that the obtained p-value for each individ-
ual variable is not statistically significant, suggesting that the resulting relationship need
to be considered with caution. Despite these uncertainties, the multi-variables approach
highlight the fact that regolith residence time in the Var basin is mainly controlled by
hillslope storage and the basin morphology.
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Figure 4.11 – Residence time calculated using U isotopes, compared with the residence time predicted
with a multi-regression analysis while considering the slope, curvature, elevation, soil thickness and

lithology factors.

4.8 Conclusion and perspectives
We investigated the sediment residence time variation in the Var basin by measur-

ing (234U/238U) ratios in sediments sampled along the Var River and its tributaries. We
compared the (234U/238U) variation with geomorphic parameters (e.g. slope, curvature,
elevation) obtained by a detailed spatial analysis of the catchment. In addition we used
a second approach based on spatial data on soil thickness and 10Be-derived denudation
rates to estimate regolith residence time and compare with our residence time obtained
with U isotopes.
We show that the lithology of the draining area has no direct influence on the preferential
loss of 234U. Our results suggest that the fractionation of 234U-238U reflects the weathering
regime of the basin. Indeed, in kinetically-limited weathering conditions (e.g. high eleva-
tion area), (234U/238U) is close to 1 because of the fast removal of sediments limiting the
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234U loss. Conversely, (234U/238U) is low in transport-limited regime due to the facility
with which the soil develops, increasing the sediment storage on hillslope. Furthermore,
the morphology shows a control on the variability of (234U/238U) in particular through
the slope and curvature, which is coherent with the co-variation of weathering regime
and the morphology of the basin. The regolith residence time we estimated using spatial
data on soil thickness and 10Be-derived denudation rates have a good correlation with the
residence time calculate with (234U/238U). This correlation indicates that in a reactive
system as the Var basin, the sediment residence time represents the regolith residence
time and therefore the duration of the fluvial transport can be considered as negligible.
The results of this study confirms the ability of (234U/238U) to infer sediment residence
time and point out there great ability to respond to morphologic variation. This control of
the morphology on (234U/238U) suggests that sediment residence time based on U isotopes
could be used as approximation of weathering regime.
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5.1 The climatic cyclicity during the Quaternary

5.1.1 Long terms climatic cycles

During the Quaternary (since 2.6 Myr), a cyclicity between glacial and interglacial
periods exist. The cyclicity period increased from 40 000 yr between 2.6 and 0.9 Myr
to every 100 000 yr for the last 0.9 Myr. The glacial-interglacial variability is controlled
by insolation variations caused by terrestrial orbital parameters according to the astro-
nomical theory of climate first formulated by M. Milankovitch in 1947 (see Berger 1988
for a review). These variations are reinforced by complex retroaction between the ocean,
atmosphere and cryosphere.

The alternation of glacial and interglacial periods throughout the Quaternary is nicely
depicted in the oxygen isotopic composition (18O/16O or δ18O) of the sea water and the
ice trapped at the pole. The cold, glacial periods are characterized by a decrease of light
isotopes compared to the heavy ones in the sea-water as the light isotopes are trapped in
the polar ice. Conversely, during warm, interglacial periods the light oxygen isotopes are
released into the water, hence δ18O of sea water decreased. This led the community to use
the notion of Oxygen Isotopic Stage - OIS or Marine isotopic Stage – MIS to describe the
main climatic features of the Quaternary (Railsback et al. 2015).

The Last Glacial Period

The last glacial period (71 - 11.7 kyr) is characterized by the growth of North Hemi-
sphere ice sheets, the two major being the Laurentide Ice Sheet in North American and the
Eurasian Ice sheet in northern Europe (Ehlers & Gibbard 2007). During the last glacial
maximum (LGM, ca. 26.5 ka - 19 ka; Clark et al. 2009), that occurred during the MIS
2, the ice sheets extended to their maximum and covered about 25% of the continental
surfaces. At that time, the difference with actual value of the mean temperature at the
Earth’s surfaces was about 4 to 5 °C lower than the actual values. This difference in-
creased in high latitude (2-6 °C) and reached a maximum in the North Atlantic region (6
to 10 °C; CLIMAP, 1981; Community Climate System Model Version 3 - CCSM3, 2006).
This climate and the development of the ice sheets led to a prominent fall in sea level
of about 110 to 125 meters (Fairbanks 1989, Yokoyama et al. 2000, Siddall et al. 2003,
Clark et al. 2009). The arid climatic conditions at every latitudes during the last glacial
period have impacted the vegetation cover, which was poorly developed in comparison to
today (Sarnthein 1978, Mahowald et al. 1999, Gasse 2000, Baker et al. 2001, Wu et al.
2007). The end of the last glacial period occurred from about 19-20 ka when the ice sheets
started to retreat and promoted a concomittant rapid sea-level rise of 10-15 meters (Clark
et al. 2009) that is considered as the onset of the last glacial-interglacial transition (or
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Termination I). From that time to the Early Holocene (∼11 ka), the decay of ice sheets
caused global mean sea level to rise by approximately 80 m (Clark et al. 2012). Simulta-
neously, the carbon cycle has been affected, resulting in the emission of greenhouse gases
to the atmosphere. The variation in the atmosphere and ocean circulation affected the
global distribution and fluxes of water and heat (Clark et al. 2012).

Holocene

The Holocene (last 11.7 kyr) is the actual interglacial period. The summer insolation
at the beginning of the Holocene period, between 9 and 6 ka, was up to 5-8% higher
than actual (Denton & Karlén 1973). This led to a maximum in both temperature and
precipitation (Holocene thermal Maximum). Around 6 ka the Laurentide and Eurasian
ice sheets has completely disappeared (Ruddiman 2001) and determined the end of the
sea-level rise (Lambeck & Chappell 2001). From then begin the global aridification and
the global cooling until the current conditions (i.e. rapid warming induced by increasing
anthropogenic greenhouses gases) are reached (Wanner et al. 2008, Marcott et al. 2013).
The physical mechanism responsible for this global cooling in the second part of the
Holocene is still debated (Liu et al. 2014).

5.1.2 Millennial-scale climate changes

During the Holocene, the climate was considered as stable in comparison with the
great instability recorded during the glacial periods and the MIS3 of the last glacial pe-
riod in particular (Fig. 5.1). This instability follows a cyclicity of the order of a thousand
years, which is too low to be explained by the orbital variations alone and are named
suborbital- or millennial variations (Dansgaard et al. 1993, Bond et al. 1993).

The climate at the Earth’s surface is partly controlled by oceanic circulation. This one,
on a global scale, is controlled by the density gradients maintained between water masses
that are determined by temperature and salinity. Cold and deep water are produced
in the North Atlantic area and are conducted to the south. This process is referenced as
the Atlantic Meridional Overturning Cell (AMOC). Simultaneously, the warm and surface
saltwater of the northern Pacific circulate through the Indian Ocean to the North Atlantic.
During their path, they get cooled and in winter, become denser than the surrounding
waters, and deep. The thermohaline circulation, principally caused by the AMOC, greatly
influenced the heat distribution from low to high latitude (Stocker & Schmittner 1997,
Cunningham et al. 2007, Moore et al. 2012).
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Figure 5.1 – Varitaion of δ18O record in the Greenland ice showing the climatic variations in the
Northern Hemisphere, and the Bond cyclicity represented with the grey line (Rasmussen et al. 2006,

Svensson et al. 2006).

The storage of the freshwater inside the ice sheets during the glacial period interacted
with the surface hydrology and caused disturbance in the AMOC. Any variation in the
AMOC intensity led to climatic variation: when the intensity of the AMOC decrease, the
Atlantic North area cools while the low latitude and the Southern Hemisphere get warmer,
whereas the AMOC intensity increase the southern water warms the high latitudes. This
principle of balance between the two-hemisphere emitted by Crowley (1992) is referred as
"bipolar seesaw" by Broecker (1998).

Dansgaard-Oeschger and Bond cyclicity

The study of the δ18O variation inside the Greenland ice core highlighted a higher
than glacial-interglacial frequency climatic cyclicity: about 2 000 yr (Johnsen et al. 1992,
Dansgaard et al. 1993). It occurred principally during the MIS 3 and the last glacial
period, with 25 cycles. This climatic variation, named Dansgaar-Oeschger (DO) is distin-
guished by an abrupt increase of the temperature in only few decades (interstadials) with
an amplitude between 5 to 16 °C (Landais et al. 2004, 2006, Huber et al. 2006, Capron
et al. 2010, Guillevic et al. 2013, Kindler et al. 2014) followed by a slower decreased over
1 000 to 2 000 yr that end with a cold phase over few centuries (stadials).

The DO events can be gathered (by 3 or 4) in 6 oscillations that are named Bond cycles.
Each one follows a gradual cooling trend, passing through increasingly cold stages and
interstades, then ending with the destabilization of the Laurentide Ice Sheet and the mas-
sive iceberg discharge in the North Atlantic, the so-called Heinrich event (Heinrich 1988)
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before the return to a new and brutal warming (Bond et al. 1993).

5.1.3 The climatic context in the Alps during the Quaternary

Climat and vegetation

During the LGM, the sea-surfaces temperature in the occidental Mediterranean are
between 4 and 8°C less than the actual values (Hayes et al. 2005). Ortu et al. (2008)
determined temperature 15 °C less than the actual values in high altitude south Alps
lake in winter and precipitation that oscillated between 200 and 400 mm. The decrease of
temperature and the low precipitation rate induced a vegetation dominated by the grass
plants (Beaudouin et al. 2007, Ramstein et al. 2007, Combourieu-Nebout et al. 2010)
while the coast areas are composed of temperate forest (Prentice et al. 1993, Allen et al.
1999, Combourieu-Nebout et al. 2010).
In the south of Europe and in the northern Mediterranean borderlands, cold and arid
periods of the last glacial (stadials and Heinrich stadials) alternate with warm and hu-
mid periods (interstadials). Speleothems reveals that the European Alpes were prone to
these rapid climatic variations, as shown by the recognition of the Dansgaard-Oeschger
variability recognized in numerous caves in Greenland (Spötl et al. 2007, Boch et al. 2011,
Columbu et al. 2017). During the stadials the vegetation was dominated by herbaceous
plants (Allen et al. 1999, Fletcher et al. 2010a), and the aridification induced semi-desertic
taxa, particularly during Heinrich stadials (Combourieu-Nebout et al. 2002, Fletcher &
Goñi 2008). On the opposite, during the interstadials the vegetation above in latitude
above 40°N including the Mediterranean basin, was characterised by the increase of for-
est during the intersadials (with major increased during the D-O 14 and 12). A marked
increase in the spatial extent of the Mediterranean forest (toward higher altitudes) oc-
curred at the beginning of the Holocene (Tinner & Kaltenrieder 2005, Ortu et al. 2008,
Combourieu-Nebout et al. 2010). This is caused by the increased of temperature (2°C
higher than actual) and precipitation (100 mm than actual) (Magny 2004, Zanchetta
et al. 2007).

Glacier evolution

The last glacial period is referred as the Wurm glaciation in the Alpine region. During
this period, there has been two major advances in the glacier’s positions. The first one
occurred during the MIS 4, with no real proof of the advance of the eastern Alps (Reitner
2005), however the presence of glaciers at low elevation in the western Alps is confirmed
(Frenzel n.d., Schluechter et al. 1987). At MIS3, glaciers have disappeared from the area
(Schluechter et al. 1987, Preusser et al. 2003, Ivy-Ochs et al. 2008), and in particular from
the Var basin (Mariotti et al., 2020).The second and more important glacier advance
occurred during the MIS 2, with a major episode during the LGM, started around 30
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kyr (Schluechter et al. 1987, Schoeneich 1998, Jorda et al. 2000, Preusser et al. 2003,
Monegato et al. 2007). During the LGM, three glaciers respectively covered the valley
of the Vesubie, the Tinee, and the upper part of the Var (Julian 1977, Buoncristiani &
Campy 2004). Together they covered about 17% of the drainage air (Jorry et al. 2011).
After the LGM, the glaciers have receded very quickly from 21-20 kyr, and they had
entirely disappeared by 17 ka (Ivy-Ochs et al. 2004, Ivy-Ochs et al. 2008). Nowadays,
Alpine glaciers are restricted to high elevation sites and there are no more glaciers in the
Var region.
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5.2 Temporal sediment residence time variations

5.2.1 Stratigraphy of the Var sedimentary ridge

The Var sediment routing system, which includes the Var Sedimentary Ridge (VSR)
in the deep Ligurian Sea, is considered as a reactive system (sensu Allen 2008b) because
of its small alluvial plain (<50 km) limiting temporal sedimentary storage (Anthony &
Julian 1999) and the strong correlation observed between climates changes and sediment
flux over the last glacial cycle (Bonneau et al. 2014). The VSR is a giant turbiditic levee
formed by countless turbidity currents (and associated spillover deposits) which transfer
episodically sediments from source to sink (Piper & Savoye 1993, Migeon et al. 2001, Jorry
et al. 2011). These turbidity currents are produced by floods of the Var River (Mulder
et al. 1998, 2001, Mas et al. 2010). ‘Flood turbidites’ on the VSR are well preserved and
present a continuous stratigraphy (Jorry et al. 2011, Bonneau et al. 2014).

KESCC9-14

Figure 5.2 – Cores locations of the studied cores along the Var canyon and the Var Sedimentary
Ridge with a schematic profile of the deposition area (adapted from Bonneau et al. 2014).

Bonneau et al. (2014) highlighted a significant correlation of planktonic δ18O strati-
graphic records from different cores (including ESSK08-CS01 and ESSK08-CS13) localised
along the VSR (Fig. 5.2). To do so, these authors sampled the hemipelagic deposits found
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between the turbidites (as described in Bonneau et al. 2014), which contain the neces-
sary material for oxygen isotopic measurements (and radiocarbon dating). This approach
enabled a detailed reconstruction of the stratigraphy of the VSR by using the δ18O of
planktic foraminifera since the obtained δ18O records perfectly match the one from the
Greenland ice (e.g. Svensson et al. 2006; Fig. 5.3). As a prominent example, a high vari-
ability of the δ18O is observed during the last glacial period and the MIS 3 ∼30-50 ka with
the recognition of the Dansgaard-Oeschger variability. This variability has previously been
shown in the western Mediterranean Sea (e.g. Cacho et al. 1999). This reveals that erosion
from turbidity currents has no significant impact on the preservation and continuity of
the stratigraphic record on the VSR.
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Figure 5.3 – Composite δ18O curve of Globigerina bulloides (VPDB = Vienna Peedee belemnite ;
from Bonneau et al. 2014) with the δ18O record from the North Greeanland Ice Core Project (NGRIP;
Rasmussen et al. 2006, Svensson et al. 2006). The obtained correlation between the two curves has been

validate by 14C datation (Bonneau et al. 2014). The studied sediments from the cores KESC9-14,
ESSK8-CS13 and ESSK8-CS01 are represented in grey to represent the period recovered by our data.

Based on the above, a precise age model for cores ESSK08-CS01 and ESSK08-CS13
was produced (Bonneau et al. 2014). It allows the reconstruction of a high-resolution
record of the turbidite / flood activity over the last 75 ka. The obtained resolution,
commonly found in continuous depositional zone (e.g. open ocean), is unprecedented in
turbidite environments. Bonneau et al. (2017) revealed the possibility to explore land-sea
dynamics and signal transmission from the erosion zone to the depositional area at high
resolution over the last 75 ka using the core ESSK08-CS01 and ESSK08-CS13. Hence, we
aim to get further by looking at erosive variation signal over this period. This approach
is complementary of the one led by Mariotti et al. (2020) to study past denudation rate
in the Var basin.
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5.2.2 Methods

In this study, sediment from three cores were used. Two cores, ESSK08-CS01 (2146
m of water depth) and ESSK08- CS13 (2473 m of water depth), were recovered along
the VSR during the ESSDIV cruise on the N/O Pourquoi pas? (2008). The third core,
KESC9-14 (550 m of water depth), has been sampled in 2008 during the ESSCAR-9
cruise on the N/O Le Suroıt. It is located on an interfluve, above surrounding canyons,
directly off the Var river mouth. This core covers only the Holocene period (Ciobanu
et al. 2012) Houedec et al., submitted). Sediments from the KESC9-14 are fine-grained
deposits (considered in our study as the undifferentiated size fraction; n=27) from hypopy-
cnal plumes. Conversely, ESSK08-CS01 and ESSK08- CS13 are levees-channel deposits
consisting of alternations of millimeter to decimeter-scale turbiditic sandy/silty sequences
and hemipelagic (i.e. foram-rich) muds. Therefore for each interval of interest, two grains
size were sampled: first the hemipelagic facies in between the turbidites (considered in our
study as the clay size fraction; n= 64) and, second, the uppermost and silty part of the
turbidite facies (considered in our study as the silt size fraction; n=52). Two grain size
fractions were sampled to determine if the grain size sorting caused by turbiditic activity
could influence the signal transmission.

Samples were prepared for U isotopic analysis at the Wollongong Isotope Geochronol-
ogy Laboratory (WIGL), University of Wollongong. Sediments were first wet sieved to
separate the <63 µm fraction, where the surface/volume is large enough to induce a
substantial loss of 234U (DePaolo et al. 2006, Martin et al. 2015). To remove the authi-
genic phases and organic matter, which are generally enriched in 234U (Plater et al. 1988,
1992, Andersson et al. 1998, 2001, Maher et al. 2006), about 1 g of <63 µm sediments
was treated following the sequential leaching protocol developed by Francke et al. (2018).
About 30 mg of the residual detrital sediment were dissolved in HNO3 and HF, followed
by aqua regia, and finally re-dissolved in 2 mL of 7 M HNO3 prior to chromatography.
Ion exchange chromatography was performed on the dissolved samples to isolate uranium
prior to isotopic analysis. This was undertaken on an ESI prepFAST automated chro-
matography system with a pre-filled “ThU – 0500” column with AG1-X8 resin from ESI.
Prior to sample loading (2 mL of 7 M HNO3), the resin was washed with 7M HNO3, 0.1M
HCl, 6M HCl and water and then conditioned with 7M-HNO3. Following sample loading,
matrix was eluted in 7M-HNO3 and uranium in 0.12M HCl. Uranium elutions were dried
down and re-dissolved in 0.3M of HNO3 for isotopic analysis.
Uranium concentrations were performed at WIGL on a iCAP Q Inductively-Coupled
Plasma Mass Spectrometer (ICP-MS). The sample introduction system comprised a peri-
staltic pump, a PFA nebulizer and a spray chamber. Sample cone and skimmer cone were
used. An internal standard (71D) was added to all samples to correct from the instru-
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mental derive.Prior to the ICP-MS analysis, an aliquot of the studied samples was taken
from the parent solution in 7M HNO3. It was then evaporated and taken up in 0.3M of
HNO3 for analyze. Between each sample analysis, the system was rinsed with 0.3M HNO3

and blanks intensity were measured and subtracted from each sample. In order to validate
the data, a quality control was set up by analyzing a standard solution (71A) every five
samples, with a known concentration of each analyzed elements.
Uranium isotope analyses were performed at WIGL on a ThermoFisher Neptune Plus
Multi-Collector Inductively-Coupled Plasma Mass Spectrometer (MC-ICP-MS), using an
APEX HF desolvating system and (nebuliser) as sample introduction system. Jet sample
and X skimmer cones were used. Standard bracketing was used to correct for SEM-Faraday
cup yield and mass bias, using NBL U010 as primary standard (Richter & Goldberg 2003).
Analysis accuracy was determined by measuring synthetic standard NBL U005-A (Richter
& Goldberg 2003) and was consistently better than 0.7% for (234U/238U). Total proce-
dural blanks were measured, and their contribution were less than 0.1% to the sample
(234U/238U). Total procedural accuracy was evaluated by analysing BCR-2 reference ma-
terial (Sims et al. 2008), with results in good agreement with reference value.

Table 5.1 – BCR-2 standard values measured during the Var cores sediments study.

Standard U (ppm) 2SD (234/238) 2SD
BCR-2 1.63 0.03 1.000 0.004
BCR-2 1.69 0.02 1.000 0.005
BCR-2 1.89 0.02 1.001 0.005
BCR-2 1.67 0.02 1.000 0.003
Mean 1.72 0.12 1.001 0.001
Reference value 1.69 0.19 1.001 0.001

Specific surface area measurements were carried out on 11 leached sediments by gas
sorption analysis using a Quantachrome Autosorb iQ at WIGL. About ∼1 g of sediments
were first degassed for approximately 7.5 h with a three-steps temperature increase to
200°C (5 °C/min to 80 °C, soak time 30 min, followed by 1 °C/min to 100 °C, soak time
60 min, followed by 5 °C/min to 200 °C, soak time 300 min). Nitrogen was used as the
adsorbate gas. The specific surface area was estimated using the best fit of the multi-point
BET equation (with a correlation coefficient R2 >0.999 for all measurement). The fractal
dimension D were determined using the Neimark-Kiselev method (Neimark 1990).
The sediment residence time was calculated using the comminution age approach devel-
oped by DePaolo et al. (2006) which was modified by Francke et al. (2019) to consider
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234U loss after deposit:

tres = −1
λ234

ln

[
[A− (1 − fpost)] e−λ234tdep + (1 − fpost) − (1 − fpre)

A0 − (1 − fpre)

]
(5.1)

In the case where the surface area was not measured for a given sample, a random value
was taken between the minimum and the maximum values measured.Sediment residence
times were calculated using Monte Carlo simulation (10,000 simulations). For each sample,
Ameas was taken randomly within the range of measured (234U/238U) activity ratios and its
error, and the maximum measured (234U/238U) value was attributed to A0 as we obtained
(234U/238U)>1 in sediments. As not every specific surface area were measured, for the
samples without data, a random value was choose between the minimum and maximum
values measured.

5.2.3 Uranium variations over time - Results

The KESC9-14 core cover mainly the Holocene period, while the ESSK08- CS01 and
ESSK08- CS13 are principally composed of sediments from the Late Glacial Period. The
similarity in the results obtained by these cores for the covered overlaps between 9-15 ka
allows us to overcome the possible site effect.

Concentration
Uranium concentration in core KESC9-14 ranges from 2.33 to 5.58 ppm for the Holocene
period (mean = 3.7±0.5 2SD; n = 27). In cores ESSK08- CS01 and ESSK08- CS13, U
concentrations vary from 0.05±0.03 (2SD) to 4.00±0.05 ppm (2SD) in the clay fraction
over the last 75 ka (mean = 2.7±0.3 ppm 2SD; n = 64). For the silt size fraction, U range
from 0.65±0.05 (2SD) to 4.99±0.05 (2SD) ppm (mean = 2.9±0.3 2SD ppm; n=52, Fig.
5.4, Appendix A5.1).
During the Holocene (0-11.7 ka), U concentrations are higher (mean=3.83 ppm, n=26)
than the value for the upper continental crust (UCC, between 2.5-2.8 ppm; grey rectangle
in Fig. 5.4). Conversely, during the last glacial period (>11.7 ka), the concentration is
relatively close to the UCC concentration with a mean of 2.90 ppm (n=116).
Over the Last Glacial Period there is some variation in U concentrations. During the MIS
4 (75-57 ka), U concentrations are relatively stable, just above the actual values of the
UCC. At the beginning of the MIS 3, the uranium concentration decreased and is globally
within the range of UCC values, with an extreme value close to 0 at 56.8 ka for the clay
grain size fraction. In the middle of the MIS 3 (∼39.2 ka), the uranium concentration
increases slightly above the UCC to decrease abruptly to 0.6 ppm at 32-33ka. In the
middle of the MIS 2 (20 ka), the U concentration for clay-size fractions is in the UCC
range, whereas the indistinct grain size fraction is above and increase until the transition
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with the MIS 1 where it reach a maximum of 5.58 ppm at 12.4 ka.
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Uranium activity ratio
Over the last 75 ka, (234U/238U) range from 0.888±0.003 (2SD) to 0.987±0.004 (2SD) Fig.
5.4) with a mean value of 0.934 (n=143). In the KESC9-14 core, (234U/238U) range between
0.896±0.004 (2SD) to 0.952±0.003 (2SD), with a mean of 0.917 (n=27). (234U/238U) vari-
ate between 0.888±0.004 (2SD) and 0.975±0.004 (2SD) for the clay size fraction (mean
= 0.934, n=64) from 0.904±0.004 (2SD) to 0.987±0.004 (2SD) for the silt fraction (mean
= 0.943, n=52) in the cores ESSK08-CS01 and ESSK08-CS13. No correlation between
(234U/238U) and U concentration are observed (Fig. 5.5).
For the Holocene, values are stable around 0.945 (n=26) ranging from 0.896±0.004 (2SD)
to 0.956±0.004 (2SD). For the Last Glacial Period, (234U/238U) range from 0.888±0.003
(2SD) to 0.987±0.004 (2SD) with a mean value of 0.937 (n = 116).
Over the Last Glacial Period, the (234U/238U) values oscillate between 0.920±0.005 (2SD)
and 0.945±0.005 (2SD) for both silt and clay size fraction during the MIS 4 with an
increase close to secular equilibrium around 68 ka to 0.975±0.003 (2SD) for the clay and
0.976±0.005 (2SD) for the silt size fraction. At the end of the MIS 4 (∼59.5 ka), the values
decrease to 0.888±0.003 (2SD) and 0.907±0.003 (2SD) for the clay and silt, respectively.
From the beginning of the MIS 3 (50 ka), the values decrease from 0.963 (±0.004 (2SD)
to 0.920±0.005 (2SD) for the clay and slightly decrease for the silt to increase right after
to 0.987±0.006 (2SD) until 42 ka. The (234U/238U) ratio decrease until 35 ka and increase
back until the end of the MIS 2. The values are then stable around 0.945 until 12 ka, and
then decrease slowly until the end of the Holocene to values generally lower than 0.910.
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Specific surface area
The specific surface area of sediments from cores KESC9-14, ESSK08- CS01 and ESSK08-
CS13 variate from 5.7 to 21.2 m2/g for the silt size fraction (mean = 12.1 m2/g; n=14),
from 10.9 to 38.1 m2/g for the clay fraction (mean = 17.6 m2/g, n = 15), and from 11.5
to 21.0 m2/g in the undifferentiated fraction (mean = 15.7 m2/g, n = 6).
The specific surface area increased over the Holocene (0-11.7 ka) from 17 to 21 m2/g
(mean = 18.3 m2/g, n=6). Conversely for the Last Glacial Period, the specific surface
area fluctuated between 5.7 and 38.1 m2/g (mean = 14.5 m2/g, n=29).
Over the Last Glacial Period, we observe variation of the measured specific surface area.
During the MIS 4, measured specific surface areas are very spread out with values for the
clay size fraction varying around 20 m2/g with one exceptional data reaching 40 m2/g.
From the MIS 3 the values increased for both silt and clay size fractions and start de-
creasing at the end of the MIS 3 (∼32 ka) until the middle of the MIS 2 (16 ka) where
clay sized specific surface area is around 11 m2/g and for silt it is 7.55 m2/g. Then it
increased until the end of the MIS 1 with values around 20 m2/g.

Sediment residence time
The obtained sediment residence time variations show, as expected inverse variation from
the (234U/238U) (Fig. 5.6). Low (234U/238U) indicate long sediment residence time. The
sediment residence time inferred from both (234U/238U) and the specific surface area range
from 40 to 135 kyr for the clay size fraction (mean = 87 kyr) from 38 to 123 kyr for the
silt fraction (mean = 77) in the cores ESSK08-CS01 and ESSK08-CS13. The variation in
the core KESC9-14 ranges from 77 to 134 kyr with a mean of 110 kyr.
Over the Holocene, the sediment residence time ranges between 72 kyr to 134 kyr with
a mean value of 108 kyr (n=26). During the Last Glacial Period sediment residence time
variate between 38 kyr and 135 kyr with a mean value of 83 kyr (n=116).
The largest fluctuations of the sediment residence time occurred during the Last Glacial
Period with maximum sediment residence time at the end of the MIS 4 (117 kyr at 60
ka), the middle of the MIS 3 (123 kyr around 36-38 ka) and the end of the MIS 2. On the
other hand, the minimum sediment residence time were found at ca. 41 ka, 48 ka and 58
ka, 68 and 72 ka.
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Figure 5.6 – (234U/238U) depending on the calculated sediment residence time Tres in indistinct grain
size (red square; i.e. KESC9-14 core samples), silt size fraction (yellow triangle) and clay size fraction

(orange triangle).

5.2.4 Interpretation

Exploring the relationship between climate and sediment residence time in
the Var routing system

Glacial-Interglacial variability The mean (234U/238U) over the glacial period is
0.937 (±0.019 1.S.D.) and the associated sediment residence time is around 137 kyr.
During the Holocene, (234U/238U) is lower, around 0.920 (±0.021 1.S.D.) and, as a con-
sequence, the sediment residence time is higher (181 kyr). This result revealing reduced
sediment residence time during the last glacial period is coherent with the fact that the
Pleistocene cold period was associated with the presence of mountain glaciers. Indeed,
glaciers are known to substantially increase erosional and weathering processes (Hallet
et al. 1996, Anderson 2005) and therefore reduce the sediment residence time by limiting
the time spent within the regolith. In the same way, DePaolo et al. (2006) interpreted
past variations in sediment residence time obtained with (234U/238U) measurements in
cores from the North Atlantic region as the result of variations of ice sheet cover/volume
over North America. Conversely, during interglacials, the vegetation growth limits the
transport of sediment (by stabilizing soils) and enhances the sediment storage which, in
turn, increase the sediment residence time.
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Millenial-scale glacial variability

Over the last glacial period, the (234U/238U) variability follows to a first order the cli-
matic fluctuations. Indeed, (234U/238U) is low during the warm and wet climatic phases of
the studied period, i.e. the Greenland Interstadials (GI; Fig. 5.7). The (234U/238U) ratio
are particularly low (<0.920) during the major (i.e. warmer, longer) interstadials, namely
the GI-8, 12, 14, 15, 17 and 19. During the other ‘second-order’ GI (e.g. GI=5,6,7,11
etc.), the uranium activity ratios do not seem to decrease as much as during the major
GI. Conversely during the cold and dry climatic phases, i.e. the LGM and the Heinrich
stadials, (234U/238U) are closer to the secular equilibrium with values around 0.980. Hence,
the observed (234U/238U) variability does not follow the Dansgaard-Oeschger variability
but the Bond cycles (i.e. from major GIs to the subsequent Heinrich stadials). It suggests
long sediment residence time (low (234U/238U)) during the warm interstadials and low
sediment residence time ((234U/238U) close to 1) during the cold stadials and the Heinrich
stadials in particular.
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Interpreting (234U/238U) ratios in the light of the sedimentary input

In order to interpret our data in the most accurate way, we compared our (234U/238U)
data with background information on sedimentary processes in the Var basin. This in-
cludes the turbidite accumulation data of Bonneau et al. (2014) as an indicator of sediment
availability in the routing system and of flood activity of the Var river.
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Figure 5.8 – Spatial variation of (234U/238U) and εNd (data from Bonneau et al. 2017) in the Var
basin.

During the major GI, the low (234U/238U) are synchronous with practically absent tur-
biditic flows in the Var canyon (i.e. rare river floods, Fig 5.7; Bonneau et al. 2014). This
correlation is in good agreement with ‘long’ sediment residence time (>100 kyr). The low
values are comparable with the actual (234U/238U) values for the Var and Esteron sub-
catchment (Fig. 5.8, Chapter 4), which are representative of a transport-limited regime,
i.e. the soil production is more effective than the soil denudation and the soil thickness
increased.Thus, during these major GI, the basin can be compared to a transport-limited
regime. Conversely, during the cold and dry Heinrich stadials, (234U/238U) is closer to 1
and the turbiditic flows in the Var canyon increased. During the LGM, despite the pres-
ence of important glacier coverage, the (234U/238U) is close to 1 with shorter sediment
residence time (<100 kyr). These (234U/238U) values can be compared with the values ob-
tained in the modern sediments from the Tinee and Vesubie sub-catchments, which have
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(234U/238U) close to secular equilibrium (Fig. 5.8, Chapter 4). These two sub-catchments
are compared to weathering-limited regime, i.e. the denudation rates were higher than
the soil production rate (soil thickness decreased therefore sediment spent less time in the
weathering profile minimizing sediment residence time). Hence, it indicates that the Var
basin, during cold periods can be considered as weathering-limited regime.

These results show for the first-time that glacial, millennial-scale climate changes strongly
impact the sediment residence time in routing systems. This response of the sedimentary
systems to short-term climatic variations sustain the idea that climate perturbations can
be transferred to and be preserved in the deep-sea sediment record. This challenges the
conclusion of Jerolmack & Paola (2010) and of Armitage et al. (2013), who suggested that
climate driven environmental signal were temporally buffered. Conversely it supports the
numerical approach provided by Simpson & Castelltort (2012), which indicates a high
frequency signal transmission in sedimentary record.
We are now investigating the origin of this relationship between climate and sediment
residence time. To do this, we will discuss the impact of glaciers on the one hand, and
the impact of vegetation on the other, which can also be used as a proxy of precipitation
rate variation. These are the two major forcing parameters likely to explain our data (the
tectonics in the zone being stable on the time scale studied).

Investigation of the sediment residence control

The potential glacial effect
In the European Alps, during the last glacial period and the LGM, the presence of

widespread glaciers is well documented, including in the Var catchment (e.g. Buoncris-
tiani & Campy 2004). Glaciers are known to be efficient erosive agents (Hallet et al. 1996)
and their presence likely explained our obtained (234U/238U) variation at the glacial -
interglacial scale (see Part 5.2.4.1 above). This assumption is also supported by source
studies which show that glacial sediment delivered by the Var are mostly coming from
the upper part of the basin (Tinee and Vesubie tributaries; Bonneau et al. 2017), where
erosive processes are increased by the presence of glacier.

The relationship between erosion and glacier fluctuation can be questioned before the
LGM, and especially during the MIS 3. For the MIS 3 period, which includes the highest
glacial climate and (234U/238U) variabilities, the upstream part of the Var basin was likely
not covered by glaciers (Buoncristiani & Campy 2004). The minimal (if any) influence of
the glacier during the MIS 3 is also supported new denudation rate data (10Be; Mariotti
et al., 2020). The 10Be-derived denudation rate increased only during the LGM, when
considering the last 75 ka and are stable during the MIS 3 (Mariotti et al., 2020). Fi-
nally, εNd data (i.e. a proxy for sediment provenance) associated with rare earth element
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abundances, major and minor elements data indicate that the main driving mechanism
of sediment input to the VSR during MIS 3 was not restricted to the upper watershed
(where glaciers are expected), but likely impacted the whole Var basin (Bonneau et al.
2014, 2017). Taken together, these lines of evidence indicate that glacier fluctuations can-
not explain the (234U/238U) ratio variability during MIS 3.

A

B

Figure 5.9 – εNd variation in the Var basin (from Bonneau 2014, Mariotti 2020); turbidites frequency
and 10Be derived denudation rate (from Mariotti 2020).

The vegetation impact on sediment residence time
If glaciers do not likely explain the obtained variation of sediment residence time dur-

ing the MIS 3, the vegetation could influence it. Indeed, Dosseto et al. (2010) determined
a vegetation control of sediment residence time over glacial-interglacial cycles. Later,
Francke et al. (2019) corroborate this idea studying Late Glacial to Holocene sediment
from the Balkans. Therefore, it is interesting to compare the paleo-variation of sediment
residence time in the Var sediment routing system with palynological data available in
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the surrounding regions. Fletcher et al. (2010a) produced a palynological synthesis of the
available data for the last glacial cycle in the western Mediterranean area. A major re-
sult of this synthesis is the concordance of the temperate forest growth, marker for warm
summers / rainy winters during the Greenland interstadials and in particular during the
major GI (8, 12,14, and 16-17) that define the onset of each Bond cycle (Fig. 5.10). This
regional pattern is well expressed in the western Mediterranean region (Sanchez Goni &
Harrison 2010, Fletcher et al. 2010b). For this reason, we compare our (234U/238U) ratio
to the palynological data from Lagaccione, northern Italy (Figure 5.10). These data have
their own chronology based on their stratigraphy.

The observed temporal variability of the temperate forest extension at Lagacionne match
the (234U/238U) variations obtained in the Var sediment routing system (Fig. 5.10), de-
spite possible incoherence due to the chronology based on their own stratigraphy. The
low (234U/238U) values representative of long sediment residence time during the main GI
correspond to the high abundance of the temperate forest taxa, indicative of maximum
extension of the temperate forest at Lagaccione and in the western Mediterranean region
as a whole. The presence of this kind of temperate forest indicates that precipitation rates
were elevated during the major GI, which is supported by the precipitation gradient from
the region (see Sánchez Goñi et al. 2002). Therefore, it is interesting to note that despite
the high precipitation rates during the major GI, the sediment residence time are long
(this study) and the turbiditic flows are almost absent (Bonneau et al. 2014). Yet, the
opposite would be expected: higher precipitation rate would have enhanced erosion and
thus favored flood events resulting in more turbiditic accumulation during these major
GI. In the Var basin, the precipitation rate is influenced by the sea surface temperature
(SST). The increase of the SST induces extreme events of precipitations. Figure 5.11 shows
that when the SST are higher, the (234U/238U) is lower, which suggests longer residence
time. From the above comparison with pollen information and SST, we assume that this
expectation is compensated for by the vegetation cover: the increase of the temperate
forest stabilized the soil enhancing the soil production and therefore increasing sediment
residence time (low (234U/238U)), which also explains the absence of floods.
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The obtained correlation between (234U/238U) from the Var basin and the regional val-
ues of palyno data from Fletcher et al. (2010a) promotes the idea of an ‘invasion’ of tem-
perate forests in the upper parts of the basin (Tinee and Vesubie sub-catchments) during
the majors GI. Thus, the vegetation cover likely compensates completely the denudation
effect of the precipitation, which is required for the development of this temperate forest.
Conversely, during the cold and arid period, the vegetation was composed of grassland
and steppe (Fletcher et al. 2010a).
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Figure 5.11 – A. reverse (234U/238U) variations from the Var basin concordant with the majorδ18O
NGRIPP variation; B. Sea surface temperature (°C) from the ODP977 (Martrat et al. 2004).

An interesting point has been underlined by Fletcher et al. (2010a): in the latitudes
above 40°N (thus including the Var basin), the development of the forest was stronger
during GI -14 and 12 than either GI- 16-17 or 8. It is particularly visible in the Lagacionne
and Lago Grande di Moticchio series in Italia. These extensive forest growths are con-
cordant with the decrease of δ13C and δ18O data of the speleothems from the Villar cave
(Périgord, France; see Genty et al., 2003 for further details). It indicates that the period
of precipitation and vegetation cover increased in Villar are similar of the forest develop-
ment around the Mediterranean. It also explained the turbiditic flows and the (234U/238U)
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variations: during both GI -14 and 12 there is an absence of overflow in the Var basin.
The forest extension in the Var basin stabilized the soil and reduced denudation. It led
to a reduction of sediment flow and a limitation in the turbiditic accumulation. Hence
the basin is completely transport limited, which increased the sediment residence time
(low (234U/238U)). Note that because of the absence of sediment transfer during these two
major GI -14 and 12, there is no turbidite material to measure (234U/238U) which explain
the lack of data for these events.

5.2.5 Conclusion

The paleo variation of (234U/238U) in the Var basin, and the associated sediment res-
idence time, show first a variation between Holocene (long sediment residence time; low
(234U/238U)) and the last Glacial maximum (rapid sediment residence time; (234U/238U)
close to 1). This long-term variation can be explained by the presence of LGM glaciers in
the Alps that promote erosion, enhancing the sediment transfer to the deposition zone.
A second scale variation is identified in (234U/238U) during the last glacial period, with
(234U/238U) and therefore sediment residence time variation following the Bond cycle. This
(234U/238U) variation cannot be fully explained by glaciers because of their absence in the
Var catchment during the MIS 3. On the other hand, a comparison between (234U/238U)
and the percentage of pollen from temperate forest (Laggaccione, Italia) suggests that the
increase of temperate forest in the region during the warmer event (GI) promote the soil
stabilization. Hence it increases the sediment residence time. In the major GI events, soil
stabilization is such that there is no more turbidites and the highest sediment residence
time. Thus, this observed cyclicity following short-term climatic variation is an indicator
that land-sea signals can be transmitted and preserved in turbiditic deposits.

In the future, rainfall is expected to be high but erratic with heavy flooding due to global
warming. According to our data, this is not necessarily synonymous of high denudation
rates and seaward sediment transfer as commonly accepted (e.g. Kober et al. 2007). In-
deed, the dense vegetation cover under wet climate conditions could counterbalance the
erosive effect of rainfall events as evidenced by the residence times of paleo-sediments. De-
spite improvements in land cover during the last decades in the Var basin, urbanisation
still greatly impacts the landscape. Human control of the landscape affect greatly soils,
which are in consequence generally less prone to adsorb the precipitation water, creating
river floods. This situation could deteriorate in light of the increase in extreme rainfall in
the French Mediterranean (Ribes et al. 2019), which is already visible with the autumn
floods of this year (e.g. Alex tempete - 3 October 2020).
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CONCLUSIONS AND PERSPECTIVES

Rationale and objectives of this thesis

The interaction between tectonics, climate and weathering are known to control the
evolution of landscape morphology over geological timescales. Tectonic processes result in
mountain building, which in turn promotes erosion, weathering and soil formation. Soils
are eroded at different rates depending on the efficiency of sediment routing systems,
resulting in the transfer of sediments to depositional areas. Those systems where soil
denudation is greater than soil production are called weathering-limited, while those char-
acterized higher soil production relative to sediment export are referred to as transport-
limited.
In source-to-sink systems, the variation of one or multiple controlling factors such as e.g.
climate, weathering, tectonic, or morphology, induces an environmental signal (i.e. dis-
turbance) in the sediment cycle, from production to deposition. This disturbance can be
abrupt (i.e. earthquake) or occurring over long timescale (i.e. glacial - interglacial cyclic-
ity). The system then needs to adapt and evolves towards a new equilibrium that creates
a change in the sedimentary cycle (e.g. nature of sediments; sediment production, etc.).
These variations can propagate into the sediment routing system as an environmental
signal, which can be stored and preserved in the depositional zone. In the case where the
sediment as well as the environmental signals are rapidly transported from source to sink
(i.e. without temporary storage along the path), the system is referred to as reactive.
However, major limitations in the transmission of these environmental signals exist. For
instance, the storage of sediments in loodplains can buffer or attenuate any change in
sedimentary fluxes. Such limitations can result in discrepancies between any given en-
vironmental change and its recording in the sedimentary depositional zone. As a result,
the extent to which environmental signals are buffered or transferred downstream river
systems and be efficiently preserved in the sedimentary record remains a matter of debate.
The sediment residence time, as the time elapsed between the generation of the sediment
grains in the source areas and the time of deposition in the sedimentary record, is a mea-
sure that provide useful information about environmental signals in watersheds and their
propagation through time.
Over the last decades, the uranium series have been used to estimate sediment residence
time through the so-called comminution age method. Previous work highlighted the great
potential of this approach by demonstrating strong correlations between sediment resi-
dence time and long-term climate changes. Nevertheless, the interpretation of sediment
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residence time is currently limited by the lack of information on the spatial distribution of
sedimentary (234U/238U) in catchments, and on the extent to which the preferential 234U
loss may be affected by factors such as the lithology, the morphology of the catchment,
etc.
In this study, we aimed at improving our understanding on 234U-238U fractionation in
river sediments. To this purpose, we first investigated the large-scale spatial distribution
of sedimentary (234U/238U) ratios at the Earth’s surface, through the analysis of vari-
ous sediment samples from many rivers worldwide (Chapter 3). In a second part, we
then focused on the detailed spatial distribution of 234U-238U fractionation inside a small
mountainous catchment, to refine our understanding of the use of (234U/238U) to quantify
erosion and transfer processes (Chapter 4). This latter part was followed by the applica-
tion of U isotopes to nearby marine sedimentary records, in order to infer how erosion
and transfer times may have changed in the past due to climate change (Chapter 5). Our
main results are synthesized here after.

The variation of U-fractionation
The first part of this thesis focused on studying the spatial distribution of (234U/238U)

in world river sediments to assess the main parameters (e.g. grain size, lithology, cli-
mate, weathering, catchment size) controlling U isotope fractionation in watersheds. For
this purpose, a series of 64 modern sediment samples from various rivers was analyzed.
The same sediments had been previously analyzed for other geochemical tracers (Bayon
et al. 2015, 2016, 2018, 2020, Bindeman et al. 2019), demonstrating interesting relation-
ships between weathering proxies and various external parameters (e.g. climate, lithology,
weathering regime). The new U isotope data acquired during the course of this PhD thesis
represents the first large scale investigation of (234U/238U) in world river sediments. This
work, presented in detail in Chapter 3, has been published in Geochimica et Cosmochim-
ica Acta in September 2020.

The measurement of (234U/238U) in two separate size fractions (clay: <4 µm and silt: 4-
63 µm) revealed an interesting size-dependent U isotopic fractionation, showing that the
clay size fractions derived from small crystalline basins commonly exhibited (234U/238U)
>1. This finding was not expected as analyzes were conducted on the detrital part of
the grains (i.e. the non-detrital part has been previously leached), which is supposed to
be under the secular equilibrium. Because our leaching protocol ensures a quantitative
removal of all non-detrital components (carbonates, iron oxides, organic compounds), we
are confident that these results truly reflect the particular U isotopic composition of clay
minerals in many crystalline catchments, highlighting the importance of yet unidentified
secondary processes that result in the preferential gain of 234U in secondary weathering
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products.

The comparison of measured sedimentary (234U/238U) in river sediments with environ-
mental parameters (e.g. lithology, weathering, morphology) did not highlight a strong
control on the fractionation of 234U over 238U of any of these factors. However, I showed
that (234U/238U) displayed an inverse relationship with the size of the catchment area,
pointing towards an increase in the sediment residence time associated with decreasing
234U/238U ratios in river sediments, as the storage capacity along the sediment routing
system increases.

A multi-analysis approach including all the parameters investigated in the global survey
of U isotopes indicates that the observed (234U/238U) variability in river sediments can be
accounted for at about 70-80% by environmental factors (i.e climatic, weathering, depth
to bedrock, catchment size and maximum elevation and lithology). Note however that the
obtained p-values were not statistically significant, suggesting that this finding, despite
its importance, should be treated with caution. Nevertheless, it shows two interesting
points: 1. the fractionation of (234U/238U) at the Earth surface is dependent of a multi-
ple of factors (e.g. soil thickness, precipitation, lithology, etc.), reflecting the complexity
of sedimentary systems and the intercorrelation of many influential parameters; 2. the
higher degree of correlation observed between (234U/238U) in clay size fractions with the
environmental factors implies that this size fraction might be more prone to adequately
reflect environmental changes, compared to silt-size fractions. Overall, the large scale sur-
vey of (234U/238U) in world river sediments emphasizes the great potential of U isotopes
for investigating the influence of environmental signals on Earth surface processes.

Spatial variation of the sediment residence time in a
mountainous river basin

A regional investigation of the spatial variability of sediment residence times within a
reactive sediment routing system was conducted in the Var River basin, a small mountain-
ous catchments in the French Southern Alps. For this purpose, (234U/238U) was measured
in a series of river sediment samples collected along the Var River and its tributaries.
A publication is currently under preparation, which should be submitted to Earth and
Planetary Science Letters before the end of 2020.

As shown in Chapter 4, the observed variability of (234U/238U) across the Var basin
reflects differences in the weathering regime in different parts of the watershed. We show
that in those sub-catchment areas dominated by kinetically-limited weathering regime
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(e.g. Tinée and Vésubie sub-catchment), characteristic of the high topographic regions
of the basin, soils do not develop, limiting the time required for (234U/238U) to fraction-
ate. As a result, the estimated sediment residence times in these areas are low (generally
<200 ka). In contrast, in those low elevation regions of the basin (e.g. Var and Esteron
sub-catchment), characterized by transport-limited weathering conditions, the weathering
profile is more developed, leading to an increase in the sediment residence time (>300 ka).

In order to validate these findings based on U isotopes, we used a second approach to
infer regolith residence times. This approach makes use of existing data on the spatial
distribution of soil thickness, combined with 10Be denudation rates. We show that a good
correlation exists between the sediment residence times inferred from U isotopes and those
using the approach described above. This finding underlines the fact that the residence
times estimated with U isotopes mostly reflect the time spent in the soil, namely regolith
residence time, at least in reactive sediment routing systems.

Finally, we pointed out the influence of the morphology on the regolith residence time in
the Var basin, demonstrating lower regolith residence time in high elevation regions than
in flatter areas. We also showed that a direct correlation exists between the slope, and
to a less extent the curvature, and the regolith residence time inferred with U isotopes,
hence supporting the idea that obtained regolith residence times could be used as a proxy
for morphology in addition to tracing weathering.

Linking paleo-sediment residence time to paleo-erosional
processes

On the basis of the results of the spatial analysis of sedimentary residence times across
the Var River basin (Chapter 4), we moved to the deep-sea depositional area of the same
Var routing system, focusing on long sediment cores with the aim to reconstruct the evo-
lution of past sediment residence time. A publication is currently in preparation with the
aim to submit in the near future.

A great variability of (234U/238U) and corresponding sediment residence time is observed
over the studied time interval. Sediment residence time ranges from 38.2 to 135.4 kyr. To
understand the variability of sediment residence time based on U isotopes, we compared
the obtained results with the climatic variation. The variation of (234U/238U) over le last
75ka first indicated an evolution at glacial-interglacial timescale, i.e. between the Last
Glacial Period (that ended ca. 11,700 years ago) and the Holocene. We show that dur-
ing the Last Glacial Period and the Last Glacial Maximum (ca. 26-29 ka) in particular,
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sediment residence time were significantly lower ((234U/238U) closer to 1) than during the
Holocene ((234U/238U) <1).
Superimposed to the glacial-interglacial variability of sediment residence time; the de-
tailed study of (234U/238U) variations revealed a ‘cyclicity’ that follows the millennial-scale
glacial climate variability (well-expressed in the Marine Isotope Stage 3, ca. 57-29 ka).
Indeed, during the warm but wet climatic phases, i.e. the major Greenland Interstadials of
the last glacial: (GI-8,12,14,15,17 and 19), our results reveal that the sediment residence
time was particularly long ((234U/238U) <1), reaching values close to those found for the
Holocene. Conversely during the cold and dry Heinrich stadials, the sediment residence
time significantly decreased to LGM values, i.e. (234U/238U) close to 1. These results doc-
ument for the first time the variability of sediment residence time over the millennial-scale
climatic variability (well-expressed in the Marine Isotope Stage 3, ca. 57-29 ka), and es-
pecially the so-called Bond cyclicity.

The observed differences in the degree of U isotopic fractionation that accompanies
the alternation of short-lived cold and warm events mostly likely reflect differences in the
erosional regime, notably induced by the presence of glaciers in the southern Alps during
the last glacial period, which are known to act as highly efficient erosive agents. Enhanced
erosive processes during these periods most likely limited soil development, thus sediments
were exported down to the system more rapidly. In comparison with the sediment resi-
dence time variability observed at the glacial-interglacial timescale, the short-term glacial
cyclicity cannot be explained by glacial-induced erosion alone. Indeed, it has been shown
recently that 10Be derived denudation rates were stable throughout the Marine Isotopic
Stage 3 (Mariotti et al. 2021). Furthermore, the extent of glacier coverage was reduced in
the Var basin at that time (Mariotti et al. 2021).
On this basis, we investigated the potential control of the vegetation cover on the sediment
residence time by comparing our U isotope data to nearby high-resolution palynological
records from the Italian Alps that cover the same period of time. This comparison showed
that the sediment residence time derived from U isotopes varied in pair with the variation
of pollen percentage. During the warm / wet interstadials (e.g. GI-8,12,14,16-17), pollen
data suggest that temperate forests were at their maximal extension in the northern Italy
region. Widespread forest cover at these times coincided with periods characterized by
long sediment residence time. This relationship can be explained by the effect of the veg-
etation on the stabilization of soils, increasing the time spent by the sediment within the
soil profile. As a result, sedimentary fluxes decreased drastically during these short-lived
warm events, in agreement with evidence for the absence of turbidites deposited in the
Var Sedimentary Ridge during these same periods. Conversely, during the cold and dry
periods, the temperate forest cover decreased , with opposite effect on soil stabilization.
As a consequence, the sediment was more easily exported out of the catchment, resulting

171



in lower sediment residence times.

This investigation, in addition to demonstrating for the first time a short- term variability
in residence times and thus climate-related erosion processes, underlines the importance
of vegetation cover. It points out the complexity of the sediment routing-system with mul-
tiple interactions between parameters such as weathering, climate, and vegetation. This
also underlines the natural regulation of Earth surface processes: with the increase in
rainfall during the same periods , intense erosion could have been expected. However, the
situation was opposite, because the vegetation cover that developed during these warm
millennial events acted as a shield protecting soils from the erosion due to intense rainfall
episodes. In the near future, higher precipitation levels are expected in the Mediterranean
basin (Polade et al., 2017), most likely resulting in an intensification of the frequency
of these so-called "Mediterranean episodes", which correspond to episodes of heavy rain-
fall (e.g. the Storm Alex, which hit south-eastern France in october 2020). This could
have important consequences if vegetation does not have time to adapt to these climatic
changes.
Overall, the work carried out during this thesis has above all highlighted the utility of
using an interdisciplinary approach in the study of sedimentary systems.

Perspectives
The results obtained in this thesis further demonstrates the value of U isotopes for

source-to-sink studies. They also re-emphasize the benefits of studying sediment transfer
times and provide many perspectives for future studies. These perspectives can be sepa-
rated in two groups: one of them is to pursue the development of the method aiming at
quantifying sediment residence times; the second group is to go further in the application
of the sediment residence time.

Perspectives to improve the estimation of sediment residence time

The work carried out on modern river sediments has brought unexpected findings, in-
cluding the observation of (234U/238U) >1 in a number of clay-size fractions derived from
crystalline basins. In theory, such high U activity ratios above secular equilibrium should
not be found in sediments, considering the particular behavior of U isotopes during Earth
surface processes. While these results questioned the reliability of our leaching protocol,
the few experimental tests carried out did not point out any particular deficiencies in this
respect. Furthermore, the 234U/238U values falling above secular equilibrium in the two
studies focusing on modern sediments (Chapters 3 & 4) shared similarities: in both cases,
the high (234U/238U) values were generally encountered in small river basins draining crys-
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talline rocks. As such, it would be interesting to further investigate what may result in
the preferential 234U incorporation in clays formed in these environments. For this pur-
pose, a large scale (234U/238U) survey of unweathered pristine bedrocks, including a great
diversity of lithology, could be conducted. It would be interesting to focus particularly on
crystalline basements as our results shows that the preferential 234U gain occurs in clay
fractions derived from old crystalline basins. The method protocol could then be adapted
to this enrichment in 234U to infer more precise sediment residence time.

In this thesis, we compared the sediment residence time (calculated with uranium iso-
topes) with an alternative method to estimate regolith residence time based on the soil
thickness and the denudation rate. Both approaches yield similar residence times. As soil
thickness can be difficult to estimate correctly, it could be interesting to develop a model
combining U isotopes and denudation rates (as inferred from 10Be isotope for example) to
infer soil thickness variation between sub-catchment. This approach could be conducted
in small monolithological basins, characterized by distinctive weathering regimes, such as
the Tinée (weathering-limited) and the Esteron (transport-limited) sub-catchments of the
Var basin, for which (234U/238U) could be measured in bedrocks, soils and sediments.

Perspectives to go further in the application of sediment residence time studies

Our investigation of paleo sediment residence times revealed the presumed importance
of the vegetation on the soil thickness and therefore on weathering processes. One inter-
esting future perspective would be to investigate whether similar short-term co-cyclicity
also occurred in other small mountainous glaciated catchments during the Last Glacial
Period, elsewhere in the Mediterranean region (e.g. Corsica) or in other regions charac-
terized by high denudation rates (e.g. New Zeeland).
The anthropisation of the Earth’s surface induced a non-natural vegetation cover evolu-
tion and deforestation. In order to quantify the impact of human activity on weathering
processes, an interesting approach would be to study the recent to modern evolution of
the Var basin, which is a small and anthropized sediment routing system. With a pre-
cise and very fine sampling strategy focusing on Late Holocene deposits it could revealed
and quantified the human impact on the sedimentary cycle. For this purpose, sediments
cores obtained during the ENVAR-1-6 campaigns and already described in detailed by
Mas et al. (2010) could be studied. The quantification of the anthropic influence could be
revealed with sediment residence time based on U isotopes, in comparison with sediment
residence time variation obtained for the last 75 ka, i.e. before the anthropisation of the
basin.
Finally, in the light of the extreme rainfall event that recently hit south-eastern France
(and in particular the Var River basin), a collaborative investigation led by P-H Blard and
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co-workers has been set up to sample suspended river particulates on a regular weekly-to-
monthly basis in order to assess the short-term response of denudation rates. One exciting
perspective would be to take advantage of this forthcoming project to investigate the im-
pact of such extreme rainfall event on measured sedimentary (234U/238U) ratios. Such a
study would allow us to test the efficiency of U isotopes for monitoring short-term en-
vironmental changes. Should these results be promising, the use of U isotopes combined
with provenance information inferred from Nd isotopes could provide in future studies an
unique means for detecting shifts in erosional patterns following extreme climate events.
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CONCLUSIONS ET PERSPECTIVES

Rappel des objectifs de la thèse

Il est connu que l’interaction entre les processus tectoniques, climatiques et d’altération
contrôle l’évolution de la morphologie du paysage sur des échelles de temps géologiques.
L’activité tectonique favorise la formation de reliefs, qui eux même intensifient les mécha-
nismes d’érosion. Les systèmes sédimentaires où le taux de dénudation sont plus important
que le taux de production de sol sont dits limités par l’altération. Au contraire ceux qui
sont caractérisés par une production de sol plus élevée que le taux de dénudations sont
dits limités par le transport.
Dans les systèmes sédimentaires, la variation d’un ou de plusieurs facteurs environnemen-
taux tels que le climat, la météorologie, la tectonique ou la morphologie, induit un signal
environnemental (c’est-à-dire une perturbation) dans le cycle des sédiments, de la pro-
duction au dépôt. Cette perturbation peut être instantanée (par exemple un tremblement
de terre) ou se produire sur une longue période (par exemple la cyclicité glaciaire - inter-
glaciaire). Le système doit alors s’adapter et évoluer vers un nouvel équilibre qui induit un
changement dans le cycle sédimentaire (par exemple, la nature des sédiments ; la produc-
tion de sédiments, etc.). Ces variations peuvent se propager dans le système sédimentaire
sous la forme d’un signal environnemental. Il peut alors être stocké et préservé dans la
zone de dépôt. Dans le cas où les sédiments et ainsi les signaux environnementaux sont
rapidement transportés de la source au puits (c’est-à-dire sans stockage temporaire le long
du chemin), le système est dit réactif. Toutefois, l’étude de ces signaux environnementaux
présente des limites importantes. Par exemple, le stockage temporaire de sédiments dans
le système peut atténuer ou faire disparaitre tout changement de production sédimen-
taires. Ces stockages peuvent induire des écarts temporels entre la création du signal
environnemental donné et son enregistrement dans la zone de dépôt sédimentaire finale .
Ainsi le signal peut être accentué, tamponné ou bien tout simplement effacé des archives
sédimentaires. Leur bonne conservation et interprétation restent par conséquent sujet à
débat. Le temps de résidence sédimentaire, c’est-à-dire le temps écoulé entre la formation
du sédiment dans la zone d’altération et le moment du dépôt final, est une information
utile dans l’analyse des signaux environnementaux.

Au cours des dernières décennies, les séries isotopiques de l’uranium ont été utilisées pour
estimer le temps résidence sédimentaire par la méthode dite de l’âge de comminution. Des
travaux antérieurs ont mis en évidence le potentiel de cette approche en présentant de
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fortes corrélations entre le temps de résidence sédimentaire et les variations climatiques
à long terme. Néanmoins, l’interprétation des variations de temps de résidence sédimen-
taire est actuellement limitée par le manque d’informations les variations des rapports
(234U/238U) dans les sédiments ainsi que sur l’influence des facteurs tels que la litholo-
gie, la morphologie du bassin versant, etc. dans le fractionnement isotopique de l’uranium.

L’objectif de cette thèse est dans un premier temps d’étudier les variations du rapport
(234U/238U) dans les sédiments à la surface de la Terre. Pour cela des sédiments provenant
de nombreux cours d’eau du monde entier (chapitre 3) sont analysé. Ensuite, l’intérêt
s’est porté sur la distribution spatiale du fractionnement 234U-238U à l’intérieur d’un petit
bassin versant montagneux. L’objectif est d’affiner notre compréhension de l’utilisation
de (234U/238U) pour quantifier les processus d’érosion et de transfert (chapitre 4). Cette
dernière partie est suivie par l’application de cette méthode aux enregistrements sédimen-
taires marins. Le but est d’étudier l’évolution passée des processus d’érosion et des temps
de transfert en fonction des variations climatiques (chapitre 5). Les principaux résultats
obtenus durant cette thèse sont synthétisés ci-après.

La distribution spatiale de (234U/238U)
La première partie de cette thèse porte sur l’étude de la répartition spatiale des rap-

ports (234U/238U) dans les sédiments fluviaux mondiaux. L’objectif est d’évaluer les prin-
cipaux paramètres (par exemple, la taille des grains, la lithologie, le climat, l’altération, la
taille des bassins versants) qui contrôlent le fractionnement des isotopes U dans les bassins
versants. Dans ce contexte, une série de 64 échantillons de sédiments modernes provenant
de diverses rivières a été analysée. Ces mêmes sédiments ont été précédemment étudié
avec d’autres traceurs géochimiques (Bayon et al. 2015, 2016, 2018, 2020, Bindeman et al.
2019). Ces travaux antérieurs ont permit de démontrer des relations intéressantes entre
l’altération et divers paramètres externes (par exemple le climat, la lithologie, les régimes
d’altération). Les nouvelles données isotopiques en uranium (U) acquisent au cours de
cette thèse représente la première étude à grande échelle sur le rapport (234U/238U) dans
des sédiments fluviaux mondiaux. Les résultats, présentés en détail dans le chapitre 3, ont
été publiés dans Geochimica et Cosmochimica Acta en septembre 2020.

La mesure de (234U/238U) dans deux fractions de tailles distinctes (argile: <4 µm et
silt: 4-63 µm) a montré un lien entre la fraction granulométrique et (234U/238U). En effet,
les fractions argileuses provenant de petits bassins cristallins présentent couramment des
rapports (234U/238U) >1. Cette découverte est inattendue du fait que les mesures ont
été effectuées dans la partie détritique des grains (i.e. la partie non détritique ayant été
préalablement lessivée). Cette fraction est supposée être inférieure à équilibre séculaire
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compte tenue des propriétés de la série isotopique de l’uranium. Comme le protocole de
lessivage appliqué assure l’élimination de tous les composants non détritiques (carbonates,
oxydes de fer, matière organique), ces résultats reflètent la composition isotopique en ura-
nium distinctive des mineraux argileux dans de nombreux bassins versants cristallins. Cela
souligne l’importance de processus d’altération pas encore identifiés qui permetteraient
un gain préférentiel de 234U dans les fractions argileuses.

La comparaison des mesures (234U/238U) dans les sédiments fluviaux en fonction des
paramètres environnementaux (par exemple la lithologie, l’altération, la morphologie) a
mis en évidence l’absence de contrôle unique de l’un de ces facteurs sur le fractionnement
234U-238U. Toutefois, il a été montré que le rapport (234U/238U) présentait une relation
inverse avec la taille du bassin versant. Cela indique une augmentation du temps de rési-
dence sédimentaire associée à une diminution des rapports (234U/238U) dans les sédiments
fluviaux, traduisant l’augmentation de la la capacité de stockage temporaire en fonction
de la taille des bassins versants.

Une approche multi-analyse incluant tous les paramètres étudiés dans l’étude mondiale des
isotopes U indique que la variabilité observée (234U/238U) dans les sédiments fluviaux peut
être expliquée à environ 70-80% par des facteurs environnementaux (c’est-à-dire le climat,
l’altération, la profondeur du substratum rocheux, la taille du bassin versant et l’altitude
maximale et la lithologie). Il convient toutefois de noter que les valeurs-p obtenues ne
sont pas statistiquement significatives. Ainsi, malgré son importance, cette constatation
doit être traitée avec prudence. Néanmoins, cela montre deux points intéressants : 1. le
fractionnement de 234U-238U à la surface de la Terre dépend de multiples facteurs (par
exemple l’épaisseur du sol, les précipitations, la lithologie, etc.). Cela reflète la complexité
des systèmes sédimentaires et l’intercorrélation de nombreux paramètres influents ; 2. les
correlations observées entre le rapport (234U/238U) et les facteurs environnementaux sont
plus élevées dans les fractions argileuses. Cette taille de grains seraient susceptible de
refléter avec plus d’exactitude les changements environnementaux, par rapport aux frac-
tions silteuses. Dans l’ensemble, l’étude à grande échelle des rapports (234U/238U) dans
les sédiments fluviaux mondiaux souligne le grand potentiel des isotopes U pour étudier
les signaux environnementaux reflétant les processus à la surface de la Terre.
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Variation spatiale du temps de résidence sédimentaire
dans un bassin montagneux

Une étude régionale portant sur la variabilité spatiale des temps de résidence sédimen-
taire dans un système réactifs a été menée dans le bassin du Var. C’est un petit bassin
versant montagneux dans les Alpes du Sud françaises. À cette fin, le rapport (234U/238U)
a été mesuré dans une série d’échantillons de sédiments fluviaux prélevés le long du Var
et de ses affluents. Une publication est actuellement en cours de préparation, et devrait
être soumise à Earth and Planetary Science Letters pour la fin de l’année 2020.

Comme reporté dans le chapitre 4, la variabilité observée du rapport (234U/238U) dans
le bassin du Var reflète les différences de régime d’altération dans les différentes par-
ties du bassin versant. Nous montrons que dans les sous-bassins dominés par un régime
d’altération dit limité (par exemple le sous-bassin de la Tinée et de la Vésubie), carac-
téristiques des régions d’altitudes élevées, le rapport (234U/238U) est élevé. Cela est causé
par l’absence ou la quasi-absence de sol dans ses région, ce qui limite le fractionnement du
rapport (234U/238U). En conséquence, les temps de résidence sédimentaire estimés dans
ces zones sont faibles (généralement <200 kyr). En revanche, dans les régions de faible
altitude (par exemple le sous-bassin du Var et de l’Esteron), ou le développement des sols
est plus important, le rapport (234U/238U) est plus faible. Le temps de résidence sédimen-
taire y est plus élevé (>300 kyr).

Afin de valider ces résultats obtenus par les mesures des isotopes d’uranium, nous avons
utilisé une deuxième approche pour déduire les temps de résidence des régolithes. Cette
approche novatrice utilise les estimations existantes de la répartition de l’épaisseur du sol,
combinées aux taux de dénudation. Nous montrons qu’il existe une corrélation entre les
temps de résidence sédimentaire déduits des isotopes d’U et ceux en utilisant l’approche
décrite ci-dessus. Cette constatation souligne le fait que le temps de résidence estimés
avec les isotopes U reflètent principalement le temps passé dans le sol, à savoir le temps
de résidence dans le régolithe, au moins dans les systèmes sédimentaires réactifs.

Enfin, nous avons souligné l’influence de la morphologie du bassin sur le temps de rési-
dence dans le régolithe dans le bassin du Var. Nous présentons des temps de résidence
plus courts dans les régions de haute altitude que dans des zones de plaines. Nous avons
également montré qu’il existe une corrélation directe entre la pente, et dans une moindre
mesure la courbure des pentes, et le temps de résidence déduit avec les isotopes U. Cela
suggère que les temps de résidence obtenus pourraient être utilisés comme un substitut
pour étudier la morphologie en plus du régime d’altération.
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Lier les temps de résidence aux évenements passés

Sur la base des résultats de l’analyse spatiale des temps de résidence sédimentaire
dans le bassin du Var (chapitre 4), nous nous sommes intéressés à l’évolution temporel
des temps de résidence. Pour cela, nous avons étudié des sédiments marins issus de carotte
sédimentaires prélevées dans le système sédimentaire du Var. Une publication est actuelle-
ment en préparation dans le but d’une soumission printemps 2021.

On observe une grande variabilité des rapports (234U/238U) et ainsi du temps de rési-
dence sédimentaire sur l’intervalle de temps étudié. Le temps de résidence sédimentaire
varie entre 38,2 et 135,4 kyr. Dans l’objectif de comprendre la variabilité du temps de rési-
dence sédimentaire déduits par les isotopes U, nous avons comparé les résultats obtenus
avec les variations climatiques passées. Les variations de (234U/238U) sur les derniers 75
ka présentent premièrement une évolution à l’échelle de temps glaciaire-interglaciaire,
c’est-à-dire entre la dernière période glaciaire (qui s’est terminée il y a environ 11 700
ans) et l’Holocène. Nous montrons que durant la dernière période glaciaire et en partic-
ulier au dernier maximum glaciaire (ca. 26-29 ka), les temps de résidence sédimentaires
ont été sensiblement plus faibles ((234U/238U) plus proche de 1) que pendant l’Holocène
((234U/238U) <1).
Ensuite, une étude plus détaillée des variations (234U/238U) a révélé une "cyclicité" qui suit
la variabilité du climat l’échelle du millénaire glaciaire (bien exprimée dans MIS (Marine
Isotope Stage) 3, à environ 57-29 ka). En effet, pendant les phases climatiques chaudes
mais humides, c’est-à-dire les principaux interstades du Groenland durant la dernière péri-
ode glaciaire : (GI-8,12,14,15,17 et 19), nos résultats révèlent que les temps de résidence
sédimentairs ont été particulièrement longs (avec (234U/238U) <1). Les valeurs atteignent
des valeurs proches de celles mesurées pour la période Holocène. Inversement, lors des
stades de Heinrich, froids et secs, les temps de résidence sédimentaires sont courts. Ces
résultats documentent pour la première fois la variabilité du temps de résidence sédimen-
taire à l’échelle du millénaire et de la variabilité climatique, et surtout la cyclicité dite de
Bond.

Les évolutions observées dans le degré de fractionnement entre 234U et 238U qui accom-
pagne l’alternance d’événements climatiques froids et chauds de courte durées reflètent
probablement des variations des agents d’érosion. Parmi les agents d’érosion, la présence
de glaciers dans les Alpes du Sud pendant la dernière période glaciaire sont connus pour
agir comme des agents érosifs très efficaces. Les processus d’érosion durant la dernière
période glaciaire ont très probablement limité le développement des sols, les sédiments
ont été exportés hors du bassin versant plus rapidement. Contrairement à la variabilité
glaciaire-interglaciaire des temps de résidence sédimentaire qui peut être expliquée par
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la présence de glacier dans la région, la cyclicité à plus faible échelle ne peut s’expliquer
par la seule érosion induite par les glaciers. En effet, il a été démontré récemment que les
taux de dénudation dérivés du 10Be étaient stables dans l’ensemble du MIS 3 (Mariotti
et al. 2021), contrairement au temps de résidence sédimentaire. En outre, l’étendue de la
couverture glaciaire était réduite dans le bassin du Var à cette époque (Mariotti et al.
2021).
Sur cette base, nous avons étudié le contrôle potentiel de la couverture végétale sur le
temps de résidence sédimentaire. Pour cela nous avons comparés les variations des rapports
(234U/238U) aux enregistrements palynologiques à haute résolution des Alpes italiennes
qui couvrent la même période. Cette comparaison a montré que les temps résidence sédi-
mentaire estimés à partir des isotopes de U variaient en concordance avec la variation du
pourcentage de pollen des forêts tempérés. Pendant les stades chauds / humides (par ex-
emple GI-8,12,14,16-17), les données polliniques suggèrent que les forêts tempérées étaient
à leurs extensions maximales dans la région du nord de l’Italie. La couverture forestière
élargie durant ces périodes coïncide avec les périodes caractérisées par un temps de rési-
dences élevé. Cette relation peut s’expliquer par l’effet de la végétation sur la stabilisation
des sols, augmentant le temps passé par les sédiments dans le profil d’altération. En con-
séquence, les flux sédimentaires ont diminué de façon drastique pendant ces événements
chauds de courte durée. Cela est en accord avec les absences d’accumulation de turbidites
déposées dans le domaine marin du système sédimentaire du Var pendant ces mêmes péri-
odes. À l’inverse, pendant les périodes froides et sèches, la couverture forestière tempérée
a diminué, avec un effet inverse sur la stabilisation des sols. En conséquence, les sédiments
ont été plus facilement exportés hors du bassin versant, ce qui a entraîné une réduction
des temps de résidence sédimentaire.

Cette étude, en plus de démontrer pour la première fois une variabilité à court terme des
temps de résidence sédimentaire et donc les processus d’érosion liés au climat, souligne
l’importance de la couverture végétale. Cela illustre la complexité du système sédimen-
taire avec de multiples interactions entre des paramètres tels que l’altération, le climat
et la végétation. Les résultats montrent également la régulation naturelle des processus
à la surface de la Terre. Durant les périodes d’intenses précipitations, des phénomènes
d’érosion accrues seraient attendues. Hors l’inverse est montré avec le développement de
la couverture végétale pendant ces événements millénaires qui a agi en protecteur des
sols face à l’érosion. Dans un avenir proche, des niveaux de précipitations plus élevés
sont attendus dans le bassin méditerranéen (Polade et al., 2017). Cela se traduira très
probablement par une intensification de la fréquence de ces "épisodes méditerranéens",
qui correspondent à des épisodes de fortes précipitations (par exemple la tempête Alex,
qui a frappé le sud-est de la France en octobre 2020). Cela pourrait engendrer des con-
séquences importantes si la végétation n’a pas le temps de s’adapter à ces changements.
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Dans l’ensemble, les travaux réalisés au cours de cette thèse ont aussi mis en évidence
l’utilité d’approches interdisciplinaires dans l’étude des systèmes sédimentaires.

Perspectives
Les résultats obtenus dans le cadre de cette thèse démontrent encore une fois l’intérêt

des isotopes de l’U pour les études des systèmes sédimentaires. Ils soulignent également
à nouveau les avantages de l’étude des temps de transfert des sédiments et offrent de
nombreuses perspectives pour les études futures. Ces perspectives peuvent être séparées
en deux groupes : l’un d’eux est de poursuivre le développement de la méthode visant à
quantifier les temps de résidence sédimentaire ; le second groupe est d’aller plus loin dans
l’application de cette méthode.

Perspectives pour améliorer l’estimation du temps de résidence sédimentaire
Les travaux effectués sur les sédiments fluviaux modernes ont permis de faire des décou-
vertes inattendues, notamment l’observation de (234U/238U) >1 dans un certain nombre
de fractions argileuses provenant de bassins cristallins. En théorie, des rapports d’activité
en uranium aussi élevés (>1) ne devraient pas être découverts dans les parties détritiques
des sédiments. Bien que ces résultats puissent remettre en question la fiabilité de notre
protocole de lessivage, les quelques tests expérimentaux réalisés n’ont pas mis en évi-
dence de lacunes particulières à cet égard. En outre, les valeurs de (234U/238U) dépassant
l’équilibre séculaire dans les deux études portant sur les sédiments modernes (chapitres 3
et 4) présentaient des similitudes. Dans les deux cas, les valeurs élevées (234U/238U) étaient
généralement rencontrées dans de petits bassins fluviaux drainant des roches cristallines.
Il serait donc intéressant d’étudier plus en détail ce qui peut résulter de l’incorporation
préférentielle de 234U dans les argiles formées dans ces environnements. À cette fin, une
étude à grande échelle (234U/238U) des roches vierges non altérées, y compris une grande
diversité de la lithologie, pourrait être menée. L’objectif seraient de se concentrer en par-
ticulier sur des sous-sols cristallins, car nos résultats montrent que le gain préférentiel
de 234U se produit dans les parties argileuses dérivées d’anciens bassins cristallins. Le
protocole de la méthode pourrait alors être adapté à cet enrichissement en 234U pour en
déduire des temps de résidences sédimentaires plus précis.

Dans cette thèse, nous avons comparé les temps de résidence sédimentaires avec des
temps de résidence dans le régolithe. Ceux-ci ont été déterminé par une approche utilisant
l’épaisseur du sol et le taux de dénudation. Les deux approches donnent une concordance
des durées obtenus. Comme l’épaisseur des sols peut être difficile à estimer correctement,
il pourrait être intéressant de développer un modèle en combinant les isotopes d’uranium
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et les taux de pour déduire la variation de l’épaisseur du sol entre les sous-bassins versants.
Cette approche pourrait être menée dans de petits bassins mono-lithologiques, caractérisés
par des régimes d’altération particuliers. Ainsi les sous-bassins de la Tinée (dont le régime
est dit limité par l’altération) et de l’Esteron (dont le régime est dit limité par le trans-
port) dans le bassin du Var, pour lequel (234U/238U) pourrait être mesuré dans les roches,
les sols et les sédiments seraient de bons exemples.

Perspectives pour aller plus loin dans l’application de la méthode d’estimation
des temps de résidence sédimentaire
Notre enquête sur les paléo-variations des temps de résidence sédimentaire a révélé l’importance
présumée de la végétation sur l’épaisseur du sol et donc sur les processus d’altération. Une
perspective future intéressante serait d’étudier si une co-cyclicité à court terme similaire
s’est également produite dans d’autres petits bassins glaciaires montagneux pendant la
dernière période glaciaire, ailleurs dans la région méditerranéenne (par exemple en Corse)
ou dans d’autres régions caractérisées par un taux de dénudation élevé (par exemple en
Nouvelle-Zélande).
L’anthropisation de la surface de la Terre a induit une évolution du couvert végétal non
naturel et la déforestation. Afin de quantifier l’impact de l’activité humaine sur l’altération
climatique une approche intéressante consisterait à étudier l’évolution récente à moderne
dans le bassin du Var, qui est un petit système sédimentaire anthropisé. Avec une stratégie
d’échantillonnage très fine et axée sur les dépôts de l’Holocène tardif, cela pourrait révéler
et quantifier l’impact anthropique sur le cycle sédimentaire. À cette fin, des carottes de
sédiments obtenus lors des campagnes ENVAR-1-6 et déjà décrits en détail par Mas et al.
(2010) pourraient être étudiés. La quantification de l’influence anthropique pourrait être
révélée avec un temps de séjour dans les sédiments basé sur les isotopes U, en comparaison
avec la résidence dans les sédiments variation temporelle obtenue pour les 75 derniers ka,
c’est-à-dire avant l’anthropisation du bassin.
Enfin, au regard des évenements extrêmes qui ont récemment frappés le sud-est de la
France (et en particulier le bassin du Var), une étude est menée par P-H Blard et ses
collaborateurs. Ils échantillonnent les sédiments de rivières sur une base régulière, de se-
maines en mois, afin d’évaluer la réponse à court terme des taux de dénudation face à
ces évènements climatiques. Un apport intéressant serait de mesurer les variations du
rapport d’activité de l’uranium dans ces même sédiments pour déterminer l’impact à très
court terme de ces précipitations sur les temps de transfert mesurés. Une telle étude nous
permettrait de tester l’efficacité des isotopes U pour l’évolution des changements envi-
ronnementaux à court terme. Si ces résultats sont prometteurs, l’utilisation des isotopes
U combinés avec les informations sur la provenance déduites des isotopes Nd pourrait
fournir dans de futures études un moyen unique de détecter les changements dans les
schémas d’érosion à la suite d’événements climatiques extrêmes.
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APPENDIX

Table A2.1 – Location of sediments from world rivers

River Country Latitude Longitude Sampling En-
vironment

Adour France 43.49 -1.47 River
Amazon Brazil 3.10 -49.50 Sub Delta
Betsiboka Madagascar -15.52 45.72 River
Blackwater Ireland 54.51 -6.58 River
Brantas Indonesia -7.44 112.46 River
Chao Phraya Thailand 13.57 100.58 Delta
Churchill Canada 58.97 -94.10 River
Clarence Australia -29.43 153.25 River
Danube Romania 45.06 29.62 River
Don Russia 47.29 39.10 River
Dordogne France 45.03 -0.59 River
Elbe Germany 53.54 9.81 River
Elorn France 48.40 -4.38 Estuary
Fitzroy river Australia -17.73 123.64 River
Fly PNG -8.67 144.00 Sub Delta
Fortescue river Australia -21.29 116.14 River
Foyle Ireland 54.76 -7.45 River
Fraser Canada 49.16 -123.37 Sub Delta
Ganges Bangladesh 23.17 90.47 River
Gascogne Australia -29.83 113.77 River
Glenariff Ireland 55.02 -6.11 River
Jamata Nigeria 6.13 6.76 Estuary
Kymijoki Finland 60.46 26.91 Estuary
Lee Ireland 51.88 -8.27 River
Loire France 47.28 -1.90 River
Lough Erne Ireland 54.30 -7.64 River
Lower Bann Ireland 54.86 -6.48 River

continued on next page
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continued from previous page
River Country Latitude Longitude Sampling En-

vironment
Lule Norway 65.68 21.82 River
MacKenzie Canada 69.26 -137.29 Sub Delta
Mae Klong Thailand 13.43 99.95 River
Maine Ireland 54.75 -6.32 River
Mayenne France 47.50 -0.55 River
Mekong Cambodia 10.96 105.06 Delta
Mississippi USA 28.93 -89.49 Sub Delta
Moyola Ireland 54.75 -6.52 River
Murchison Australia -27.83 114.69 River
Nalon Spain 43.56 -6.07 River
Narva Estonia 59.54 27.58 Estuary
Nelson river Canada 57.39 -91.80 River
Niger Nigeria 3.20 6.68 Sub Delta
Nile Egypt 32.51 30.38 Margin
Northern Dvina Russia 65.09 39.00 Estuary
Orinoco Venezuela 7.65 -66.18 River
Pamisos Greece 37.02 22.02 River
Red River Vietnam 20.26 106.52 Delta
Rhine Netherlands 51.91 4.48 Estuary
Rio Aro Venezuela 7.39 -64.01 River
Rio Caroni Venezuela 8.33 -62.71 River
Rio Caura Venezuela 7.58 -64.94 River
Ropotamo Bulgaria 42.32 27.75 River
Sefid Rud Iran 37.47 49.94 River
Sepik river PNG -3.13 142.78 River
Severn UK 51.49 -2.78 River
Shannon Eire 52.69 -8.91 Estuary
Six Mile Ireland 54.70 -6.15 River
Spercheios Ireland 54.93 -7.81 River
Swilly Ireland 54.93 -7.81 River
Thames Sweden 63.72 20.27 River
Ume Sweden 63.72 20.27 Estuary
Upper River Bann Ireland 54.38 -6.33 River
Vanuatu Vanuatu -17.76 168.38 River

continued on next page
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continued from previous page
River Country Latitude Longitude Sampling En-

vironment
Vistula Poland 54.65 19.28 Gulf
Yangtze China 31.62 121.01 Estuary
Yellow River China 37.80 118.91 Delta

Table A2.2 – Location of sediments from Var River

River Sample Latitude Longitude Sampling date
Esteron BV-EST-05 43.8488 6.73097 17/09/2012
Esteron BV-EST-04 43.85345 6.93178 11/06/2011
Esteron BV-RIO-01 43.867 6.9502 11/06/2011
Esteron BV-EST-03 43.87228 7.00653 11/06/2011
Esteron BV-EST-01 43.82372 7.18433 11/06/2011
Tinee BV-TIN-05 44.24993 6.9347 19/09/2012
Tinee BV-TIN-03 44.18457 7.05117 12/06/2011
Tinee BV-TIN-04 44.18387 7.0537 12/06/2011
Tinee BV-NEG-01 44.15057 7.23703 15/06/2011
Tinee BV-MOL-01 44.13028 7.10143 12/06/2011
Tinee BV-TIN-02b 44.12828 7.09752 12/06/2011
Tinee BV-TIN-07 44.04542 7.12812 19/09/2012
Var BV-COU-02 43.9764 6.65273 18/09/2012
Var BV-VAR-08 44.08825 6.8527 18/09/2012
Var BV-VAR-03 43.95488 6.896 11/06/2011
Var BV-CIA-03 44.01085 6.9834 18/09/2012
Var BV-VAR-04 43.94568 7.01217 11/06/2011
Var BV-VAR-11 43.88597 7.18953 19/09/2012
Var BV-VAR-01 43.83663 7.19112 11/06/2011
Var BV-VAR-15 43.78567 7.21615 21/09/2012
Var BV-VAR-06 43.66652 7.19698 12/06/2011
Vesubie BV-VES-03 44.06628 7.256 13/06/2011
Vesubie BV-VES-02 44.0025 7.31 13/06/2011
Vesubie BV-GUA-01 44.00157 7.31092 13/06/2011
Vesubie BV-VES-04 43.97645 7.3151 13/06/2011
Vesubie BV-VES-01 43.85983 7.1988 12/06/2011
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Table A2.3 – Information on sediments from the core ESSK08-CS01

Core Sample Size fraction Depth-top Depth-bottom Age (ka)
ESSK08-CS01 CS01_1 clay 350 352 9.8
ESSK08-CS01 CS01_2 silt 352 355 9.8
ESSK08-CS01 CS01_3 silt 803 807 19.7
ESSK08-CS01 CS01_4 clay 948 949 20.9

Table A2.4 – Information on sediments from the core KESC9-14

Core Sample Size fraction Depth-top Depth-bottom Age (ka)
KESC9-14 KESC9_1 Undifferentiated 5 6 0.65
KESC9-14 KESC9_2 Undifferentiated 74 75 1.01
KESC9-14 KESC9_3 Undifferentiated 128 129 1.74
KESC9-14 KESC9_4 Undifferentiated 159 160 2.42
KESC9-14 KESC9_5 Undifferentiated 188 189 2.84
KESC9-14 KESC9_6 Undifferentiated 204 205 2.90
KESC9-14 KESC9_7 Undifferentiated 243 244 3.85
KESC9-14 KESC9_9 Undifferentiated 287 288 4.50
KESC9-14 KESC9_10 Undifferentiated 306 307 5.00
KESC9-14 KESC9_11 Undifferentiated 325 326 5.50
KESC9-14 KESC9_12 Undifferentiated 344 345 6.09
KESC9-14 KESC9_13 Undifferentiated 363 364 6.75
KESC9-14 KESC9_14 Undifferentiated 384 385 7.44
KESC9-14 KESC9_15 Undifferentiated 398 399 7.69
KESC9-14 KESC9_16 Undifferentiated 412 413 8.07
KESC9-14 KESC9_17 Undifferentiated 419 420 8.47
KESC9-14 KESC9_19 Undifferentiated 443 444 9.82
KESC9-14 KESC9_20 Undifferentiated 449 450 10.16
KESC9-14 KESC9_21 Undifferentiated 479 480 10.83
KESC9-14 KESC9_22 Undifferentiated 491 492 10.97
KESC9-14 KESC9_23 Undifferentiated 497 498 11.01
KESC9-14 KESC9_24 Undifferentiated 504 505 11.06
KESC9-14 KESC9_25 Undifferentiated 513 514 11.23
KESC9-14 KESC9_26 Undifferentiated 557 558 12.41
KESC9-14 KESC9_27 Undifferentiated 601 602 13.61
KESC9-14 KESC9_28 Undifferentiated 647 648 14.80
KESC9-14 KESC9_29 Undifferentiated 666 667 15.29
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Table A2.5 – Information on sediments from the core ESSK08-CS13

Core Sample Size fraction Depth-top Depth-bottom Age (ka)
ESSK08-CS13 CS13_1 silt 92 93 6.72
ESSK08-CS13 CS13_2 clay 268 269 12.12
ESSK08-CS13 CS13_3 clay 336 338 14.21
ESSK08-CS13 CS13_5 clay 438 440 16.51
ESSK08-CS13 CS13_6 silt 440 442 16.51
ESSK08-CS13 CS13_7 clay 603 605 19.48
ESSK08-CS13 CS13_8 silt 610 615 19.48
ESSK08-CS13 CS13_9 clay 722 723 21.19
ESSK08-CS13 CS13_12 clay 816 818 22.92
ESSK08-CS13 CS13_13 silt 949 951 27.06
ESSK08-CS13 CS13_14 clay 1048 1050 30.85
ESSK08-CS13 CS13_15 silt 1050 1053 30.85
ESSK08-CS13 CS13_114 clay 1074 1075 32.15
ESSK08-CS13 CS13_115 silt 1075 1076 32.15
ESSK08-CS13 CS13_116 clay 1108 1109 32.82
ESSK08-CS13 CS13_117 silt 1109 1110 32.82
ESSK08-CS13 CS13_118 clay 1114 1115 33.06
ESSK08-CS13 CS13_119 silt 1115 1116 33.06
ESSK08-CS13 CS13_120 clay 1118.5 1119 33.26
ESSK08-CS13 CS13_121 silt 1119 1120 33.26
ESSK08-CS13 CS13_123 clay 1123 1124 33.63
ESSK08-CS13 CS13_122 silt 1122 1123 33.63
ESSK08-CS13 CS13_124 clay 1136.5 1137 34.25
ESSK08-CS13 CS13_125 silt 1137 1138 34.25
ESSK08-CS13 CS13_126 clay 1139.5 1140 34.47
ESSK08-CS13 CS13_127 silt 1140 1140.5 34.47
ESSK08-CS13 CS13_128 clay 1164 1164.5 35.39
ESSK08-CS13 CS13_129 silt 1164.5 1165.5 35.39
ESSK08-CS13 CS13_130 clay 1178 1179 36.16
ESSK08-CS13 CS13_131 silt 1179 1180 36.16
ESSK08-CS13 CS13_133 clay 1201 1202 36.97
ESSK08-CS13 CS13_132 silt 1200 1201 36.97
ESSK08-CS13 CS13_135 clay 1208.5 1209.5 37.37
ESSK08-CS13 CS13_134 silt 1207.5 1208.5 37.37
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continued from previous page
Core Sample Size fraction Depth-top Depth-bottom Age (ka)

ESSK08-CS13 CS13_136 clay 1215.5 1216.5 37.62
ESSK08-CS13 CS13_137 silt 1216.5 1217.5 37.62
ESSK08-CS13 CS13_138 clay 1222 1222.5 37.92
ESSK08-CS13 CS13_139 silt 1222.5 1223.5 37.92
ESSK08-CS13 CS13_29 silt 1245 1246 38.84
ESSK08-CS13 CS13_30 clay 1256 1257 39.22
ESSK08-CS13 CS13_31 silt 1257 1258 39.26
ESSK08-CS13 CS13_32 clay 1267 1268 39.62
ESSK08-CS13 CS13_37 clay 1303 1304 41.05
ESSK08-CS13 CS13_39 clay 1318 1319 41.51
ESSK08-CS13 CS13_41 clay 1339 1340 42.33
ESSK08-CS13 CS13_42 silt 1340 1341 42.39
ESSK08-CS13 CS13_18 silt 1358 1362 43.18
ESSK08-CS13 CS13_43 clay 1368 1369 43.57
ESSK08-CS13 CS13_44 silt 1371 1372 43.66
ESSK08-CS13 CS13_45 clay 1378 1379 43.89
ESSK08-CS13 CS13_47 clay 1423 1424 46.04
ESSK08-CS13 CS13_49 clay 1444 1445 47.04
ESSK08-CS13 CS13_50 silt 1445 1446 47.07
ESSK08-CS13 CS13_51 clay 1456 1457 47.40
ESSK08-CS13 CS13_52 silt 1457 1458 47.43
ESSK08-CS13 CS13_53 clay 1490 1491 48.41
ESSK08-CS13 CS13_54 silt 1491 1492 48.44
ESSK08-CS13 CS13_55 clay 1505 1506 48.85
ESSK08-CS13 CS13_19 clay 1561 1562 53.00
ESSK08-CS13 CS13_60 clay 1594 1594.5 54.31
ESSK08-CS13 CS13_59 silt 1593 1593.5 54.31
ESSK08-CS13 CS13_61 clay 1614 1615 55.02
ESSK08-CS13 CS13_62 silt 1615 1616 55.02
ESSK08-CS13 CS13_63 clay 1630.5 1631.5 55.59
ESSK08-CS13 CS13_21 clay 1633 1636 55.59
ESSK08-CS13 CS13_64 silt 1634 1635 55.59
ESSK08-CS13 CS13_65 clay 1652 1653 55.98
ESSK08-CS13 CS13_66 silt 1656 1656.5 55.98
ESSK08-CS13 CS13_68 clay 1676 1677 56.83
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continued from previous page
Core Sample Size fraction Depth-top Depth-bottom Age (ka)

ESSK08-CS13 CS13_67 silt 1674 1675 56.83
ESSK08-CS13 CS13_69 clay 1682.5 1683.5 57.02
ESSK08-CS13 CS13_71 clay 1712.5 1713.5 58.18
ESSK08-CS13 CS13_70 silt 1711.5 1712.5 58.18
ESSK08-CS13 CS13_72 clay 1722.5 1723.5 58.57
ESSK08-CS13 CS13_73 silt 1727 1728 58.57
ESSK08-CS13 CS13_74 clay 1762.5 1763.5 59.41
ESSK08-CS13 CS13_75 silt 1763.5 1764 59.41
ESSK08-CS13 CS13_76 clay 1767.5 1768 59.57
ESSK08-CS13 CS13_77 silt 1769 1770 59.57
ESSK08-CS13 CS13_78 clay 1770.5 1771 59.67
ESSK08-CS13 CS13_79 silt 1771 1772 59.67
ESSK08-CS13 CS13_80 clay 1806.5 1807 60.77
ESSK08-CS13 CS13_81 silt 1807 1808 60.77
ESSK08-CS13 CS13_82 clay 1843.5 1844 61.97
ESSK08-CS13 CS13_83 silt 1848 1849 61.97
ESSK08-CS13 CS13_84 clay 1888.5 1889 63.40
ESSK08-CS13 CS13_85 silt 1889 1889.5 63.40
ESSK08-CS13 CS13_86 clay 1920 1922 64.60
ESSK08-CS13 CS13_87 silt 1924 1925 64.60
ESSK08-CS13 CS13_90 clay 1992 1993 66.82
ESSK08-CS13 CS13_91 silt 1993 1993.5 66.82
ESSK08-CS13 CS13_92 clay 1997.5 1998 66.96
ESSK08-CS13 CS13_93 silt 1998 1998.5 66.96
ESSK08-CS13 CS13_96 clay 2042 2043 67.84
ESSK08-CS13 CS13_94 silt 2019.5 2020.5 67.84
ESSK08-CS13 CS13_95 clay 2021 2022 68.62
ESSK08-CS13 CS13_97 silt 2044 2045 68.62
ESSK08-CS13 CS13_98 clay 2050.5 2051.5 68.87
ESSK08-CS13 CS13_100 clay 2056.5 2057 69.08
ESSK08-CS13 CS13_99 silt 2055.5 2056.5 69.08
ESSK08-CS13 CS13_102 clay 2075 2076 69.71
ESSK08-CS13 CS13_101 silt 2074 2075 69.71
ESSK08-CS13 CS13_103 clay 2083.5 2084 70.07
ESSK08-CS13 CS13_104 silt 2086 2087 70.07
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Core Sample Size fraction Depth-top Depth-bottom Age (ka)

ESSK08-CS13 CS13_105 clay 2112.5 2113.5 71.07
ESSK08-CS13 CS13_106 clay 2121.5 2122.5 71.41
ESSK08-CS13 CS13_107 silt 2126 2127 71.41
ESSK08-CS13 CS13_108 clay 2151.5 2152 72.52
ESSK08-CS13 CS13_109 silt 2155.5 2156.5 72.52
ESSK08-CS13 CS13_111 clay 2180 2181 73.58
ESSK08-CS13 CS13_26 silt 2188 2190 73.58
ESSK08-CS13 CS13_112 clay 2204 2204.5 74.22
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Table A2.6 – Values of the measured standards

Standard U (ppm) 2SD (234U/238U) 2SD Date
BHVO-2 0.43 0.02 1.025 0.002 14/12/2017
BHVO-2 0.44 0.04 1.000 0.003 14/12/2017
BHVO-2 0.43 0.02 1.007 0.003 07/03/2018
BHVO-2 0.41 0.03 1.000 0.005 07/03/2018
BHVO-2 0.41 0.02 1.001 0.005 28/05/2018
BHVO-2 0.43 0.02 1.010 0.002 28/05/2018
BHVO-2 0.41 0.02 1.013 0.004 24/07/2018
BHVO-2 0.42 0.02 1.006 0.003 06/08/2018
BHVO-2 0.43 0.02 1.013 0.004 06/08/2018
Mean 0.42 0.02 1.008 0.016
Reference value 0.42 0.29 1.000 0.001

W-2 0.50 0.13 0.982 0.004 14/12/2017
W-2 0.50 0.03 0.986 0.004 14/12/2017
W-2 0.47 0.24 0.988 0.003 14/12/2017
W-2 0.50 0.02 1.005 0.002 07/03/2018
W-2 0.49 0.03 0.993 0.002 28/05/2018
Mean 0.49 0.02 0.991 0.020
Reference value 0.53 0.19 1.001 0.001

QLO-01 1.96 0.01 1.004 0.004 11/10/2019
QLO-01 1.88 0.04 1.004 0.004 26/02/2020
QLO-01 1.91 0.03 1.003 0.004 27/02/2020
QLO-01 1.90 0.01 0.999 0.004 7/03/2020
QLO-01 2.02 0.01 1.005 0.006 23/03/2020
QLO-01 2.00 0.02 1.005 0.003 24/03/2020
Mean 1.95 0.11 1.003 0.004
Reference value 1.90 0.12 1.000 0.001
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Figure A3.1
Relationships between (234U/238U) and the chemical index of alteration (CIA)(A) as categories or (B)

as continuous values (C) and in small area (<30 x103 km2 ) in silt (n=40. light grey) and clay (n=34.

dark grey) size fraction fractions ; depending on two lithology groups (blue for igneous & metamorphic

rocks and beige for sedimentary and mixed lithologies) in respectively silt and clay size fractions (D)(G)

as categories or (E)(H) as continuous values and (F)(I) in small area (<30 x103 km2).
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Figure A3.2
Relationships between (234U/238U) and the chemical index of weathering (CIW)(A) as categories or (B)

as continuous values (C) and in small area (234U/238U) in silt (n=40, light grey) and clay (n=34. dark

grey) size fraction fractions ; depending on two lithology groups ( blue for igneous metamorphic rocks

and beige for sedimentary and mixed lithologies) in respectively silt and clay size fractions (D)(G) as

categories or (E)(H) as continuous values and (F)(I) in small area (234U/238U).

193



R2 = 0.0192

R2 = 0.0142

0.9

1.0

1.1

1.2

1.3

0 10 20 30
MAT (°C)

(23
4 U

/ 23
8 U

) 

A

R2 = 0.0113

R2 = 0.0626

0 10 20 30
MAT (°C)

B

R2 = 0.0814

R2 = 0.000228

0 10 20 30
MAT (°C)

C

R2 = 0.222

R2 = 0.0995

0.9

1.0

1.1

1.2

1.3

0 10 20
MAT (°C)

(23
4 U

/ 23
8 U

) 

D

R2 = 0.0971

R2 = 0.0462

0 10 20
MAT (°C)

E

R2 = 0.367

R2 = 0.00938

0 10 20
MAT (°C)

F

●

●

0.9

1.0

1.1

1.2

1.3

SAr Dry Te.H Wa.H Tr.W

Climatic zones

(23
4 U

/ 23
8 U

)

G

●

●

●

SAr Dry Te.H Wa.H Tr.W

Climatic zones

H
●

SAr Dry Te.H Wa.H Tr.W

Climatic zones

I

Silt Clay

A
re

a 
<

30
 (

x1
0

3
km

2
)

n= (2;2) n= (5;9) n= (14;14) n= (1;1)n= (1;1) n= 2 n= 9 n= (6;8) n= 1 n= 1 n= 2 n= 5 n= (6;8) n= 1 n= 1

Figure A3.3
(234U/238U) activity ratios as a function of Mean Annual Temperature (MAT) of the catchment depending

on (A) grain size fractions (silt :light grey and clay: dark grey) ; lithology (blue for igneous & metamorphic

rocks and beige for sedimentary and mixed lithologies) in (B) silt and (C) in clay size fraction for all

the studied river and in the same way for sediment from small catchments (D).(E) and (F) respectively

; (234U/238U) activity ratios as function of (A) climatic zones as explained in Fig. 4 for sediments from

small catchment groups depending on (G) grains size fraction (silt - light grey and clay - dark grey) and

lithologies (blue for igneous metamorphic rocks and beige for sedimentary and mixed lithologies) in (H)

silt and (I) clay.
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Figure A3.4
(234U/238U) activity ratios grouped based on grain size (silt :light grey and clay: dark grey) as a function of

Mean Annual Precipitation (MAP) (A) as categories. (B) for all the studied sediments, (C) for sediments

from small catchments (Area <30 x103 km2); grouped based on two lithological categories (blue for

igneous & metamorphic rocks and beige for sedimentary and mixed lithologies) in silt size fraction (D)

as categories. (E) for all the studied sediments. (F) for sediments from small catchments (Area <30 x103

km2); and in clay size fraction respectively (G). (H) and (I).
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Figure A3.5
(234U/238U) activity ratios as a function of maximum elevation of the basin depending on (A) grain size

fractions (silt :light grey and clay: dark grey) ; lithology (blue for igneous & metamorphic rocks and beige

for sedimentary and mixed lithologies) in (B) silt and (C) in clay size fraction for all the studied river

and in the same way for sediment from small catchments (D),(E) and (F) respectively.
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Figure A3.6
(234U/238U) activity ratios as a function of Depth To Bedrock (DTB) of the basin depending on (A) grain

size fractions (silt :light grey and clay: dark grey) ; lithology (blue for igneous metamorphic rocks and

beige for sedimentary and mixed lithologies) in (B) silt and (C) in clay size fraction for all the studied

river and in the same way for sediment from small catchments (D),(E) and (F) respectively
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Sample name U (ppm) 2SD (234U/238U) 2SD S Tres

CS01_1 2.70 0.01 0.951 0.003 24.8 84
CS01_2 5.40 0.01 0.956 0.003 14 72
CS01_3 3.71 0.01 0.968 0.003 11.5 64
CS01_4 2.37 0.01 0.953 0.005 72

Sample name U (ppm) 2SE.U (234U/238U) 2SD S Tres

KESC9_1 3.83 0.01 0.906 0.002 125
KESC9_2 3.29 0.01 0.897 0.003 21 128
KESC9_3 3.88 0.01 0.921 0.002 111
KESC9_4 3.56 0.01 0.911 0.003 115
KESC9_5 3.97 0.01 0.899 0.003 123
KESC9_6 4.24 0.01 0.898 0.003 133
KESC9_7 3.20 0.01 0.904 0.004 128
KESC9_9 2.98 0.01 0.910 0.003 115
KESC9_10 3.62 0.01 0.905 0.003 17 124
KESC9_11 3.92 0.01 0.908 0.002 121
KESC9_12 3.76 0.01 0.918 0.003 116
KESC9_13 3.07 0.01 0.896 0.003 134
KESC9_14 3.38 0.01 0.911 0.003 117
KESC9_15 3.37 0.01 0.898 0.003 18 129
KESC9_16 3.43 0.01 0.914 0.003 112
KESC9_17 3.30 0.01 0.913 0.003 120
KESC9_19 3.69 0.01 0.906 0.004 121
KESC9_20 4.11 0.01 0.942 0.002 14 88
KESC9_21 4.78 0.01 0.948 0.004 77
KESC9_22 4.89 0.01 0.952 0.003 78
KESC9_23 4.00 0.01 0.945 0.004 80
KESC9_24 4.01 0.01 0.942 0.003 92
KESC9_25 5.28 0.01 0.943 0.003 82
KESC9_26 5.59 0.01 0.914 0.002 108
KESC9_27 3.59 0.01 0.917 0.004 108
KESC9_28 3.89 0.01 0.908 0.004 118
KESC9_29 3.48 0.01 0.929 0.003 12 96
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Table A5.1 – U concentration,(234U/238U), Specific surface area and sediment residence
time for the ESSK08-CS13 samples.

Sample name U (ppm) 2SD (234U/238U) 2SD S Tres

CS13_1 4.05 0.01 0.930 0.002 99
CS13_2 1.19 0.00 0.907 0.004 12.4 119
CS13_3 3.00 0.01 0.940 0.004 87
CS13_5 3.50 0.01 0.946 0.004 10.9 77
CS13_6 3.63 0.01 0.955 0.003 7.6 75
CS13_7 2.65 0.01 0.945 0.004 81
CS13_8 5.00 0.01 0.945 0.003 84
CS13_9 2.60 0.01 0.952 0.004 70
CS13_12 2.68 0.01 0.954 0.004 11.7 79
CS13_13 3.86 0.01 0.964 0.004 14.6 61
CS13_14 3.01 0.01 0.933 0.003 18.2 92
CS13_15 2.47 0.01 0.945 0.005 76
CS13_114 1.85 0.01 0.958 0.004 68
CS13_115 1.77 0.01 0.942 0.004 80
CS13_116 2.01 0.01 0.934 0.004 25 93
CS13_117 0.65 0.01 0.960 0.003 66
CS13_118 1.04 0.01 0.940 0.003 84
CS13_119 1.12 0.01 0.972 0.003 21 54
CS13_120 1.99 0.01 0.936 0.005 93
CS13_121 2.84 0.01 0.939 0.007 84
CS13_123 4.00 0.01 0.937 0.002 83
CS13_122 3.39 0.01 0.959 0.003 66
CS13_124 3.23 0.01 0.947 0.003 69
CS13_125 2.94 0.01 0.943 0.004 85
CS13_126 3.36 0.01 0.958 0.002 67
CS13_127 3.41 0.01 0.948 0.003 75
CS13_128 0.05 0.01 0.924 0.004 93
CS13_129 2.59 0.01 0.956 0.004 68
CS13_130 2.93 0.01 0.916 0.005 109
CS13_131 3.49 0.01 0.910 0.003 113
CS13_133 3.54 0.01 0.921 0.002 104
CS13_132 2.64 0.01 0.916 0.003 105
CS13_135 2.65 0.01 0.909 0.004 18 117
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continued from previous page
Sample name U (ppm) 2SD (234U/238U) 2SD S Tres

CS13_134 3.11 0.01 0.906 0.004 123
CS13_136 3.56 0.01 0.917 0.002 109
CS13_137 2.59 0.01 0.915 0.003 113
CS13_138 3.51 0.01 0.922 0.004 98
CS13_139 3.37 0.01 0.904 0.003 17 124
CS13_29 2.74 0.01 0.955 0.005 64
CS13_30 2.72 0.01 0.929 0.004 98
CS13_31 2.15 0.01 0.948 0.004 75
CS13_32 2.50 0.01 0.949 0.004 73
CS13_37 2.40 0.01 0.956 0.005 14 65
CS13_39 2.94 0.01 0.946 0.003 80
CS13_41 2.34 0.01 0.945 0.005 72
CS13_42 2.39 0.01 0.987 0.006 9 38
CS13_18 2.40 0.01 0.938 0.004 85
CS13_43 3.34 0.01 0.941 0.004 80
CS13_44 2.48 0.01 0.979 0.004 48
CS13_45 2.00 0.01 0.935 0.006 82
CS13_47 2.28 0.01 0.920 0.005 16 107
CS13_49 2.57 0.01 0.935 0.004 13.2 86
CS13_50 2.31 0.00 0.971 0.004 6.9 51
CS13_51 2.60 0.01 0.939 0.005 85
CS13_52 2.86 0.01 0.942 0.004 76
CS13_53 2.58 0.01 0.952 0.005 70
CS13_54 2.24 0.01 0.953 0.005 18.2 70
CS13_55 2.34 0.00 0.963 0.004 14.0 57
CS13_19 3.11 0.01 0.919 0.004 105
CS13_60 2.61 0.00 0.927 0.003 96
CS13_59 2.52 0.01 0.926 0.004 91
CS13_61 3.31 0.00 0.935 0.003 84
CS13_62 2.43 0.01 0.938 0.004 87
CS13_63 1.98 0.00 0.913 0.004 112
CS13_21 2.33 0.00 0.960 0.005 57
CS13_64 2.35 0.01 0.939 0.004 86
CS13_65 2.73 0.01 0.907 0.004 117
CS13_66 2.59 0.01 0.935 0.003 91
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Sample name U (ppm) 2SD (234U/238U) 2SD S Tres

CS13_68 0.00 0.933 0.004 82
CS13_67 2.46 0.01 0.917 0.004 103
CS13_69 2.64 0.01 0.926 0.004 91
CS13_71 2.72 0.01 0.940 0.004 78
CS13_70 2.52 0.01 0.925 0.004 91
CS13_72 2.72 0.01 0.923 0.005 93
CS13_73 2.95 0.01 0.943 0.004 77
CS13_74 2.46 0.01 0.888 0.003 17 135
CS13_75 3.56 0.01 0.947 0.008 6.2 61
CS13_76 3.94 0.01 0.891 0.002 130
CS13_77 2.99 0.01 0.907 0.003 9.5 112
CS13_78 3.05 0.01 0.897 0.003 123
CS13_79 2.86 0.01 0.922 0.003 97
CS13_80 3.57 0.01 0.910 0.005 117
CS13_81 4.06 0.01 0.949 0.003 64
CS13_82 2.60 0.01 0.931 0.004 86
CS13_83 3.60 0.01 0.940 0.004 78
CS13_84 3.29 0.01 0.933 0.004 85
CS13_85 3.83 0.01 0.948 0.003 73
CS13_86 3.40 0.01 0.929 0.003 13 83
CS13_87 3.14 0.01 0.927 0.004 14 98
CS13_90 2.66 0.01 0.934 0.003 85
CS13_91 4.14 0.01 0.966 0.002 48
CS13_92 2.88 0.01 0.947 0.004 74
CS13_93 2.99 0.01 0.955 0.004 56
CS13_96 2.36 0.01 0.940 0.004 74
CS13_94 3.67 0.01 0.976 0.003 5.7 42
CS13_95 3.59 0.01 0.975 0.003 38 40
CS13_97 3.25 0.01 0.943 0.004 70
CS13_98 3.07 0.01 0.945 0.004 76
CS13_100 2.80 0.01 0.940 0.004 80
CS13_99 3.13 0.01 0.946 0.004 75
CS13_102 3.18 0.01 0.949 0.003 68
CS13_101 3.95 0.01 0.952 0.003 60
CS13_103 2.95 0.01 0.941 0.004 76

continued on next page

201



continued from previous page
Sample name U (ppm) 2SD (234U/238U) 2SD S Tres

CS13_104 2.91 0.01 0.925 0.005 92
CS13_105 3.87 0.01 0.908 0.004 109
CS13_106 3.45 0.01 0.926 0.005 85
CS13_107 3.22 0.01 0.950 0.003 13 64
CS13_108 3.65 0.01 0.953 0.003 65
CS13_109 3.41 0.01 0.929 0.005 82
CS13_111 2.91 0.01 0.926 0.004 89
CS13_26 2.45 0.00 0.951 0.002 13 67
CS13_112 3.57 0.01 0.920 0.005 20 96
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Titre :  Evolution des temps de transfert sédimentaire océan-continent au regard de la variabilité 
climatique quaternaire : Apports des isotopes de l’Uranium. 

Mots clés : Rapport d’activité de l’uranium, érosion, temps de résidence, variation climatique. 

Résumé : Comprendre les liens qui lient érosion 
continentale et variations climatiques est un enjeu 
majeur pour appréhender l'évolution des paysages et 
des flux sédimentaires à l'océan, en particulier dans le 
contexte actuel de réchauffement global. Dans ce but, 
le présent travail s’est focalisé sur la reconstruction 
des variations des temps de résidence sédimentaire 
qui permettent, par extension, d’évaluer les variations 
de l’érosion dans les systèmes continentaux. Ces 
temps de résidences sont estimés à partir du rapport 
d’activité de l’uranium (234U/238U). Premièrement, les 
rapports (234U/238U) ont été mesurés dans des 
sédiments de rivières mondiales afin d’améliorer la 
compréhension de l’outil au regard des paramètres 
environnementaux. Cette approche a montré que seul 
l’approche multi-paramètres en le climat, l'altération et 
la morphologie permet d'estimer convenablement le 
ratio (234U/238U), témoignant de son évolution en 
fonction des interactions environnementales. 

Ensuite, la variabilité spatiale du temps de résidence 
sédimentaire au sein d’un unique bassin versant 
(Var, France) a été étudiée. Des temps de résidence 
rapide sont obtenus pour les sous-bassins au régime 
d’altération dit limité par l’altération alors que les 
sous-bassins au régime d’altération dit limité par le 
transport montrent des temps de résidence plus 
long. Enfin, la variation temporelle du temps de 
résidence sédimentaires du système Var a été 
reconstruite pour les 75 000 dernières années. En 
complément d’une variation du temps de résidence 
sédimentaire glaciaire-interglaciaire, expliquée par 
les fluctuations des glaciers alpins qui favorisent 
l'érosion, une seconde et plus fine cyclicité glaciaire 
a été identifiée à l’échelle millénaire. Ces variations 
de temps de résidence sédimentaire ont été 
attribuées à l'évolution rapide de la couverture 
végétale pendant les variations climatiques relatives 
à la variabilité climatique dite de Dansgaard-
Oeschger. 

 

 

Title:  Uranium isotopes as proxies for investigating land-to-sea sediment transfer response to Late 
Quaternary climate changes 

Keywords: Uranium activity ratio, erosion, residence time, climate change. 

Abstract: Studying how catchment erosion has 
responded to past climate change can help us better 
understand not only how landscape evolution and 
source-to-sink processes operate, but also predict the 
consequences of future climate change on soil 
resource availability and sediment discharge to the 
ocean. In this context, the aim of this PhD was to 
focus on the sediment residence times variation to 
assess past erosion as a function of climatic 
variations. The sediment residence times are 
calculated based on the uranium activity ratio 
(234U/238U). First, (234U/238U) was determined in a 
numerous of world rivers sediments improve the 
comprehension of this ratio depending on 
environmental parameters. Only a multi-parameters 
approach can properly predict the (234U/238U) in 
sediments, attesting the possibility to use (234U/238U) 
to study environmental interactions 

within the basin. Then, the spatial variability of 
sediment residence times was studied inside a 
mountainous catchment (Var, France). Low sediment 
residence times have been obtained for the sub-
catchments considered as transport-limited, while 
the longer sediment residence times were found in 
sediments from weathering limited sub-catchments. 
Finally, the temporal variation of sediment residence 
times over the last 75,000 years was studied. It 
revealed a variation of sediment residence times 
between glacial and interglacial period, which can be 
explain by the presence of LGM glaciers in the Alps, 
enhancing the erosion. A second and finest cyclicity 
of sediment residence times was identified on a 
millennium scale during the last glacial period 
following the Bond cycle. These sediment residence 
times variations were attributed to the rapid evolution 
of the vegetation cover during the so-called 
Dansgaard-Oeschger climatic variability. 
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