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Résumé:

The main purpose of this work is to study the biogeochemical response of coastal seafloor subject to episodic massive sediment deposition from floods events. The Rhône River and its connected coastal margins serve as an important casestudy site for quantifying the impact of these extreme events on early diagenetic process because it receives significant inputs of sediment (estimated to be up to 80%) during short and intense events.

These extreme events are rare and unpredictable, thus the assessment of their impact on sediment biogeochemical processes is difficult.

In order to study the short and intermediate term response of the sediment biogeochemistry under these abruptly changing conditions, an event-driven numerical model of early diagenesis was specifically developed during this thesis. Using published data of two contrasting floods in year 2008, the model showed reliable capability to simulate the changes induced by the sediment input on the porewater profiles for various solutes. The model suggests that these floods could produce differing biogeochemical response, the extent of which is determined by the underlying characteristics of the flood layer deposit. We found a two-fold increase in overall mineralization rates during the 2008 spring flood event from pre-flood conditions in the spring, which increased further in the fall when a very labile carbonenrichment sediment was deposited (up to a factor of 7). My research demonstrated that these differences were due to the nature of organic carbon delivered to the proximal delta of the Rhone as well as the scale (thickness) of deposition. These intrinsic characteristics might also be responsible for constraining the relaxation timescale of the various porewater solutes (e.g oxygen, dissolved inorganic carbon, sulfate) to a few months as observed in the field. Furthermore, this research also demonstrated that the strong internal cycling and the role of secondary redox processes such as pyrite pre-cipitation which were enhanced during these flood events might be responsible for the maintenance of non-sulfidic condition observed in Rhône prodelta sediment. The thesis also briefly explores the concept of "memory effect" of temporally connected sequence of flood deposition with the conclusion that the multiple occurrence of these events can also trigger temporal interaction between floods which has a substantial effect on the processes operating in the deep (such as methanogenesis and sulfate reduction) but negligible for superficial oxic and suboxic processes. This has significant ramification in the future scenarios of increasing frequency of these extreme events.

More recent time series of porewater composition obtained during winter campaigns in 2021-22 investigates the temporal evolution of the porewater following an estimated 25 cm of sediment deposition.

A remarkable modification of the DIC, 𝑆𝑂 2- 4 and 𝐶𝐻 4 profiles were observed which was distinguishable from the pre-flood situation. Model simulations describes adequately the dataset and showed that these winter events can result to as much as 75% increase in total carbon mineralization, thus enhancing longer-term DIC production in the sediment. This winter flood also leads to a decoupling of the two pathways for sulfate reduction -organoclastic sulfate reduction and anaerobic oxidation of methane and is associated to vertical displacement of the sulfate-methane transition zone. This observation has important implications since further deepening of the AOM maximum zone due to flood deposition could enhance the effective trapping of methane (a "green house" gas crucial in the context of climate change) flux out of the sediment.

Overall, the numerical exploration in this thesis provides for the first time, a synthesis of the role of episodic event such as the massive flood deposition on spatio-temporal dynamics of the biogeochemical processes in the sediment.

Résumé long en français: La biogéochimie des sédiments côtiers est fortement influencée par les apports terrestres et en particulier par les matériaux provenant des rivières. Ces apports sont très souvent concentrés lors d'évènements abrupts comme les crues qui contribuent largement à la sédimentation du carbone dans les deltas et aux régimes diagénétiques, ce qui entraîne souvent des conditions non-stationnaires pour les cycles du carbone et des nutriments dans les sédiments des marges océaniques dominées par les fleuves (RiOMar).

L'objectif principal de cette thèse est d'étudier l'impact de la sédimentation hautement non-stationnaire générée par les dépôts de crue sur la transformation de la matière organique au cours de la diagenèse précoce. Les mesures à haute fréquence qui décrivent ce phénomène transitoire sont essentielles pour atteindre cet objectif, mais elles sont difficiles à obtenir. Ainsi, en raison de la rareté et de l'imprévisibilité de ces événements, notre compréhension de l'impact des flux massifs de carbone organique générés par les dépôts des crues sur la biogéochimie des sédiments est limitée. Des modèles numériques capables de reproduire les nombreux processus biogéochimiques clés sont nécessaires car ils peuvent combler les lacunes dans les séries de données issues de l'observation, fournissant ainsi un outil pour les études à haute résolution.

Dans cette thèse, j'ai d'abord identifié les forces et les faiblesses des modèles actuels de diagenèse précoce dans la représentation des transformations biogéochimiques induites par les inondations dans les sédiments.

Mon analyse a révélé queles modèles actuels représentent de manière appropriée le transport réactif et les processus biogéochimiques. Toutefois, ils manquent de la possibilité de décrire explicitement la réponse à court terme et les caractéristiques de divers profils d'eau interstitielle typiques des sédiments de surface influencés par le flux de carbone organique dérivé du dépôts de crue.

La conclusion du diagnostic sur les modèles biogéochimiques benthiques a conduit au développement d'un outil numérique de complexité intermédiaire adapté à l'étude de l'impact de ces phénomènes transitoires sur les processus diagénétiques précoces. Des études de terrain antérieures, qui ont identifié l'occurrence de deux dépôts de crue majeurs, ont été utilisées : un dépôt de 30 cm pauvre en matière organique au printemps et un dépôt de 10 cm riche en matière organique à l'automne. Le nouveau modèle a été capable de reproduire les tendances de la base des données de terrain sur le solide et la fraction dissoute des sédiments affectées par deux événements contrastés de la crue de 2008 dans le prodelta du Rhône. Les flux et les taux de réaction biogéochimiques répondent rapidement à ce changement quasi instantané dans les sédiments. En utilisant le modèle, nous avons observé que la demande en oxygène benthique est modifiée différemment en fonction de la composition du matériau de crue. Lors de la crue du printemps, les flux d'oxygène consommé par le sédiment ont diminué de 55% par rapport à leur valeur avant la crue, alors que la consommation de 𝑂 2 a augmenté pour la crue d'automne. Mes recherches démontrent quantitativement que ces différences étaient dues à la nature du carbone organique déposé dans mes sédiments du delta proximal du Rhône et à l'épaisseur du dépôt. Ces caractéristiques intrinsèques des dépôts sont contraignent de l'échelle de temps de relaxation des différents solutés de l'eau interstitielle (par exemple, l'oxygène environ quelques jours, et etre 4 et 5 mois pour les solutés plus profonds comme le DIC et le 𝑆𝑂 2- 4 ) dans la fenêtre temporelle telle qu'observée sur le terrain avec l'occurrence d'événements épisodiques. En outre, ces dépôts liés aux crues de 2008 ont probablement induit de forts taux de minéralisation anoxique dominés par la réduction des sulfates (72% du total) et la méthanogénèse (8%), qui ont été multipliés par plus de deux par rapport à leur valeur avant les crues. Après chaque dépôt de crue, le modèle suggère également qu'un fort cycle interne de fer ( 80%) et de manganèse ( 40%) ainsi qu'une précipitation intense de minéraux sont peut-être responsables du maintien de l'état non-euxinique (sans sulfure) des eaux porales des sédiments du prodelta du Rhône. Ma recherche explore également brièvement le concept de "l'effet mémoire" d'une séquence de dépôts de crue liés dans le temps. J'ai montré que l'occurrence multiple de ces événements peut également déclencher des interactions temporelles entre les dépôts de crues, ce qui a un effet substantiel sur les processus opérant en profondeur (tels que la méthanogénèse et la réduction des sulfates), mais négligeable pour les processus oxiques et suboxiques superficiels. Cela a des répercussions importantes sur les conséquences futures de l'augmentation de la fréquence de ces événements extrêmes. Afin de souligner l'importance de ce phénomène, l'observation d'une crue hivernale récente en 2021-22 a fourni un nouvel ensemble de données pour comprendre les variations temporelles des flux sédiments-eau, des voies biogéochimiques et de leurs taux de réaction dans le prodelta du Rhône. En utilisant une série temporelle de la composition de l'eau interstitielle obtenue après le dépôt de cette crue hivernale, un dépôt de sédiments estimé à 25 cm a été observé. Ce dépôt massif a entraîné une modification significative de la distribution des concentrations en 𝐶𝐻 4 , DIC et 𝑆𝑂 2- Long Abstract in English: The biogeochemistry of coastal sediments is greatly influenced by terrestrial inputs and especially material from rivers. These inputs occur very often during special events such as floods which largely contribute to sedimentation of carbon and variable diagenetic regimes, frequently resulting in nonsteady state conditions for carbon and nutrient cycles in river-dominated ocean margin (RiOMar) sediments.

The primary goal of this thesis is to study the impact of highly non-stationary sedimentation generated by flooding events on the transformation of organic matter during early diagenesis. High frequency measurements that capture this transient phenomenon are essential to achieve this goal, but they are challenging to obtain. Thus, due to the rarity and unpredictability of these events, our understanding of the impact of massive flooddriven organic carbon flux on sediment biogeochemistry is limited. Numerical models capable of reproducing the numerous key biogeochemical processes are needed as they can fill gaps in observational data, thereby providing a tool for high resolution.

In this thesis, I first identified strengths and weaknesses of current early diagenetic models in capturing flooddriven biogeochemical transformations in the sediment. My analysis revealed that current state-of-the-art models are well-equipped with the appropriate reactive transport network and biogeochemical processes. However, they frequently lack the means to explicitly describe the short-term response and marked characteristics of various porewater profiles typical of surface sediment influenced by organic carbon flux derived from the flood depositional event.

The conclusion from the diagnosis of the state-of-art benthic biogeochemical models led to the development of a numerical tool of intermediate complexity suited to investigate the impact of these transient phenomena on early diagenetic processes. Insights from previous field studies that identified the occurrence of two major flood depositions were used: a 30 cm organic-poor deposition in the spring and a 10 cm organic-rich deposition in the fall. The new model was able to reproduce the basic trends from field sediment porewater data affected by these two contrasting 2008 flood events in the Rhône River prodelta. Biogeochemical fluxes and rates responded abruptly to this almost instantaneous change in the sediment. Using the model, we observed that benthic oxygen demand is modified differently depending on the composition of the flood material. With the spring flood, the oxygen flux decreased by 55% from its pre-flood value but 𝑂 2 consumption increased in the fall. My research demonstrated that these differences were due to the nature of organic carbon delivered to the proximal delta of the Rhone and the scale (thickness) of deposition. These intrinsic characteristics are also responsible for constraining the relaxation timescale of the various porewater solutes (e.g oxygen approximately few days, and between 4-5 months for deeper solutes like DIC and 𝑆𝑂 2- 4 ) within the time-window as observed in the field with the occurrence of episodic events. Furthermore, these flood-related depositions in 2008 likely induced strong anoxic mineralization rates dominated by sulfate reduction (72%) and methanogenesis (8%) which increased by more than two-fold from its pre-flood value. After each flood deposition, the model suggests also that a strong internal cycling of iron ( 80%) and manganese ( 40%) and intense mineral precipitation were possibly responsible for the maintenance of the non-euxinic (sulfide-free) condition in the Rhône prodelta .

My research also briefly explores the concept of "memory effect" of temporally connected sequence of flood deposition. I showed that the multiple occurrence of these events can also trigger temporal interactions between floods which has a substantial effect on the processes operating in the deep (such as methanogenesis and sulfate reduction) but negligible for superficial oxic and suboxic processes. This has significant ramification in the future consequences of increasing frequency of these extreme events.

In order to emphasize the importance of this phenomena, the observation of a recent winter flood event in 2021-22 provided a new dataset to understand the temporal variations of sediment-water fluxes, biogeochem-ical pathways and their reaction rates in the Rhône prodelta. Using a time series of porewater composition obtained after this winter flood deposition, an estimated 25 cm of sediment deposition was observed. This massive deposition resulted a significant modification in the distribution of 𝐶𝐻 4 , DIC and 𝑆𝑂 2- 4 concentrations relative to the pre-flood condition. The temporal nature of the observed porewater data showed that in the aftermath of this winter flood, a slow re-organization of porewater profile begins to emerge, mostly driven by the diffusive transport and biogeochemical reactions within the sediment column. Using the diagenetic model developed in this study to calculate biogeochemical reaction rates and fluxes, my research showed that this particular winter flood can increase the total organic carbon mineralization rate in the sediment by 75% a few days after deposition, with an increase of sulfate reduction contribution to the total mineralization by 25% relative to non-flood depositional period. In addition, model results revealed that this flood can induced a short-term decrease of the DIC flux out of the sediment from 100 to 55 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 after the deposition of the new layer with a longer-term increase by 4%. In connecting carbon cycle to other elemental cycles, my work showed that in examining the stoichiometric ratios of DIC and 𝑆𝑂 2- 4 as well as model output over this five-month windows, a vertical decoupling in the two modes of sulfate reduction following the deposition occurs. Organoclastic sulfate reduction (OSR) intensified in the newly deposited layer below the sediment surface, whereas anaerobic oxidation of methane (AOM) intensified at depth below the former buried surface. This depth-wise bifurcation of both pathways of sulfate reduction in the sediment column is clearly related to the deepening of the sulfate-methane transition zone (SMTZ) by 25 cm after the flood deposition. This observation has important implications since further deepening of the AOM maximum zone due to flood deposition could enhance the effective trapping of methane (a "green house" gas crucial in the context of climate change) flux out of the sediment.

In conclusion, my research shed new light on the consequences of these unpredictable episodic events on sediment biogeochemical dynamics. More work on upscaling the results work in other river-ocean dominated margins, coupling with pelagic processes and long-term evolution after these abrupt events is recommended and I propose several road maps for achieving this scientific goal of better understanding how these events can affect coastal ecosystem functioning in a changing world. 

Introduction

Follow the river and you will find the sea French Proverb

Coastal Ocean -a seafloor perspective

The ocean covers about 71% of the globe and is a core component of the earth system playing a critical part in regulating the climate and in the biogeochemical cycles of elements necessary to sustain life on earth [START_REF] Mackenzie | Global biogeochemical cycles and the physical climate system[END_REF]. The ocean provides human services such as food, transport and livelihood, accounting for around US$1.5 trillion of global gross value-added economic activity [START_REF] Rayner | Ocean observing and the blue economy[END_REF]). However, these benefits are threatened as the ocean is already under stress from overexploitation, pollution, declining biodiversity, and climate change [START_REF] Newton | The coastal syndromes and hotspots on the coast[END_REF]).

In the context of a changing world and from a climatic perspective, the ocean serves as a major sink of carbon dioxide (𝐶𝑂 2 ) -an important anthropogenic greenhouse gas. A core part of the ocean's ability to sequester 𝐶𝑂 2 is the sediment. The ocean sediments represent the earth's largest reservoir of organic carbon storage and are a great indicator of past environmental conditions [START_REF] Westerhold | An astronomically dated record of earth's climate and its predictability over the last 66 million years[END_REF]. Sediments are essentially unconsolidated materials, products of the modification of rocks, soils, and organic matter that have undergone weathering, transportation, transformation and deposition near the Earth's surface or in water bodies. Depending on their origin, sediments may contain particles of different sizes, shapes, minerals, and chemical compositions [START_REF] Mudroch | Handbook of techniques for aquatic sediments sampling[END_REF].

Marine sediments can receive large amounts of allochthonous organic matter, mainly composed of terrestrial materials; and autochthonous organic matter, composed of algae, plants, and other animals originating from the aquatic environment itself. Continental shelves and other ocean margin deposits cover approximately 16% of global seabed area but account for 90% of total ocean organic carbon (OC) burial (Berner 1982; Hedges and Keil 1995; Burdige 2007; Bianchi et al. 2018). Open ocean and deep-sea bottoms receive most of their organic matter from surface production, but coastal sediments, which also rely on surface production, still receive more OC from land [START_REF] Hedges | Sedimentary organic matter preservation: An assessment and speculative synthesis[END_REF]Keil 1995; Middelburg and[START_REF] Middelburg | Carbon processing at the seafloor. Marine carbon biogeochemistry: A primer for Earth system scientists[END_REF]. The relative importance of terrestrially derived labile OC in coastal sediments varies widely between passive and active margins [START_REF] Blair | The fate of terrestrial organic carbon in the marine environment[END_REF], with phytoplankton contributions becoming increasingly dominant seaward on wider margins as the influence of terrestrial sources decreases (Dagg et al. 2004; McKee et al. 2004; Bauer et al. 2013). Balances between OC supply, remineralization, and burial can vary seasonally along land-sea gradients through changes in riverine inputs, oxygen availability, and physical forcing [START_REF] Blair | The fate of terrestrial organic carbon in the marine environment[END_REF].

Sediments, especially nearshore, are deposited in the shelf regions under a wide variety of regimes that are strongly influenced by the adjacent land masses. As a result, physical, chemical and biological conditions in nearshore areas are much more variable than in deep-sea regions. Nearshore depositional environments include estuaries, fjords, bays, lagoons, deltas, tidal flats, the continental terrace and marginal basins. In general, the deposited sediment which contains organic matter can interact with the biota and provide habitat and substrate for a wide variety of organisms. These organisms, in turn, contribute to sediment organic matter degradation, which contain many organic and inorganic substances, and their transfer as dissolved elements to the water column subsidizing the trophic chains of aquatic ecosystems [START_REF] Fenchel | Bacterial biogeochemistry: The ecophysiology of mineral cycling[END_REF]. The transformation of organic matter in the first meter of sediment arriving in the sediment is termed 'early diagenesis'.

Benthic biogeochemistry in a nutshell

In the first meter of the sediment, organic matter deposited undergoes several biological, chemical and physical transformations. These biogeochemical changes involve the breakdown of the organic molecules within the organic matter (OM) by microorganisms that inhabits the sediment column. This mineralization process of converting organic matter into inorganic matter, thereby generating soluble compounds, gases and energy is essential for the cycling of matter and energy in ecosystems. During the primary transformation of OM, several redox reactions take place in the sediment. These reactions involve suits of electron acceptors that release energy in decreasing amounts, ranging from the more oxidative (greater release of energy) to the less oxidative (less release of energy) (Froelich et al. 1979a) and are dependent on their availability [START_REF] Fenchel | Bacterial biogeochemistry: The ecophysiology of mineral cycling[END_REF]).

In the superficial layer, oxygen (𝑂 2 ) is used first as part of aerobic respiration. After oxygen exhaustion, other oxidants (or electron acceptors) such as nitrate (𝑁 𝑂 3 ), manganese and iron hydr(o)xides (𝑀 𝑛𝑂 2 , 𝐹 𝑒𝑂𝐻 3 ) and sulfate (𝑆𝑂 2- 4 ) are used sequentially. On a rudimentary level, these constitute anaerobic respiration. After the reactions, the main dissolved reduced products from these reactions (𝑁 𝐻 + 4 , 𝐹 𝑒 2+ , 𝑀 𝑛 2+ , 𝐻𝑆 -, 𝐶𝐻 4 ) can either diffuse within the sediment and be involved in secondary reactions (re-oxidation, precipitation etc) or can be released out into the water column. Dissolved inorganic carbon (DIC) which contains all dissolved carbonate species is produced by OC oxidation and accumulates in porewaters, ultimately leading to diffusion out of the sediment. Some of the deposited sediment and its organic content can also be permanently buried.

The relative importance of each of these processes determines if a system is either a sink or source of carbon or nutrients to the water column (or eventually to the atmosphere for the gaseous species).

Extreme event along river dominated ocean margins

Rivers provide the primary link between land and sea, historically discharging annually about 36 000 𝑘𝑚 3

of freshwater and more than 20 billion tons of solid and dissolved sediments to the global ocean [START_REF] Milliman | River discharge to the coastal ocean: A global synthesis[END_REF]. They impact the cycling of carbon in the ocean by providing a source of nutrients as well as trace elements that can enhance primary production, resulting in net carbon transport to the deep sea [START_REF] Eppley | Particulate organic matter flux and planktonic new production in the deep ocean[END_REF]Peterson 1979; Raymond and[START_REF] Raymond | Increase in the export of alkalinity from north america's largest river[END_REF]. Ultimately, less than 50% of the terrestrial organic carbon delivered by rivers is preserved in marine systems, and as much as 80% of this amount is trapped in continental margin sediments (for reviews see [START_REF] Hedges | Sedimentary organic matter preservation: An assessment and speculative synthesis[END_REF]; [START_REF] Burdige | Preservation of organic matter in marine sediments: Controls, mechanisms, and an imbalance in sediment organic carbon budgets?[END_REF]).

River dominated ocean margins (RiOMar) are parts of the coastal environment that are significantly impacted by land-derived freshwater and/or sediments (Dagg et al. 2004; McKee et al. 2004) (Figure 1.

1). Although

RiOMars represent a relatively small fraction of the areal component of the earth's surface, their dynamic character allows for a significantly greater amount of carbon processing than other coastal and open ocean systems [START_REF] Aller | Mobile deltaic and continental shelf muds as suboxic, fluidized bed reactors[END_REF]. They are also regarded as depocenter for organic matter burial [START_REF] Hedges | Sedimentary organic matter preservation: An assessment and speculative synthesis[END_REF] transported from the terrestrial domain. In RiOMar deltaic systems, the quantity and quality of carbon brought into the depocenter are dependent on several factors, mainly precipitation and riverine discharge rate [START_REF] Milliman | River discharge to the coastal ocean: A global synthesis[END_REF], watershed features, and the geochemical composition of terrestrial OM [START_REF] Burdige | Preservation of organic matter in marine sediments: Controls, mechanisms, and an imbalance in sediment organic carbon budgets?[END_REF]. Temporal variability in river inputs to the coastal ocean causes non-stationary OC deposition in deltas and prodeltas [START_REF] Bentley | Emplacement, modification, and preservation of event strata on a flood-dominated continental shelf: Eel shelf, northern california[END_REF]Nittrouer 2003; McKee et al. 2004). In exceptional situations, hydrological events such as intense rainfall from tropical storms or flash-floods result to disproportionate riverine organic carbon transport [START_REF] Dhillon | Extreme storms and changes in particulate and dissolved organic carbon in runoff: Entering uncharted waters?[END_REF]. These extreme events are those that far exceed annual norms of intensity, duration, or impact upon the physical environment or ecosystem [START_REF] Mcmillan | Before the storm: Antecedent conditions as regulators of hydrologic and biogeochemical response to extreme climate events[END_REF]. These intense but rare river floods and their yearly counterparts that mobilize large amounts of sediment may modify the sediment mineralization of organic matter by introducing large quantities of terrigenous organic carbon with various reactivities that determine its preservation in shallow coastal environments (Wheatcroft 1990; Tesi et al. 2012) or resulting in a variable retention capacity of the flood inputs [START_REF] Sommerfield | Oceanic dispersal and accumulation of river sediment. Continental margin sedimentation: from sediment transport to sequence stratigraphy[END_REF]. This transient phenomenon leads to temporal changes in stocks and fluxes of porewaters and solids that are constrained by either the duration, magnitude and frequency of the perturbation on the seafloor [START_REF] Middelburg | Coastal hypoxia and sediment biogeochemistry[END_REF] or the nature and rates of transport and reaction [START_REF] Soetaer | Dynamic response of deep-sea sediments to seasonal variations: A model[END_REF]. Given the high OC sequestration and oxidation potential of river dominated margins at a global scale (Blair et al. 2004; Burdige 2005), it is therefore critical to assess the behavior of the benthic system after such a massive flood event, and especially the dynamics of its OC degradation activity.

A case for Rhône River delta

In the Western Mediterranean Sea, the Rhône River is the most significant source of freshwater and particle discharge [START_REF] Pont | Medium-term changes in suspended sediment delivery to the ocean: Consequences of catchment heterogeneity and river management (rhône river, france)[END_REF]. This river is connected to other smaller tributaries routing materials from inland basin which then protrude outwardly to the continental shelf of the Gulf of Lions. The Rhône River mouth is characterized by a prodeltaic lobe [START_REF] Got | The holocene sedimentation on the gulf of lions margin: A quantitative approach[END_REF] with three main areas based on bathymetry and sedimentation rates: a proximal (2km outward from the river mouth), prodelta (~5 km from the river mouth), and distal (extending to the larger continental shelf) domain. With an average sedimentation rate that ranges from about 30-40 𝑐𝑚 𝑦𝑟 -1 in the prodelta domain to about 0.1 𝑐𝑚 𝑦𝑟 -1 in the distal zone, sediments delivered are characterized by a biogeochemical gradient from the river mouth to the continental slope, leading to an offshore decrease in sediment respiration rates (Lansard et al. 2009b; Cathalot et al. 2010; Pastor et al. 2011b).

Annually, intense floods of the Rhône River can account for about 80% of terrigenous particle input in the Gulf of Lions [START_REF] Antonelli | Suspended sediment and 137Cs fluxes during the exceptional december 2003 flood in the rhone river, southeast france[END_REF] and have a significant influence over the continental shelf (De Madron et al. 2000; Sempéré et al. 2000; Lansard et al. 2009b). The sedimentary materials delivered during these episodic events can differ in terms of the quantity and origin of the particles transported from the various catchment areas [START_REF] Eyrolle | Consequences of hydrological events on the delivery of suspended sediment and associated radionuclides from the Rhône River to the Mediterranean Sea[END_REF]. As flood events are unpredictable and rare, resulting in large deposits of materials over a short duration on sediment, the role of episodic events on biogeochemistry is not wholly understood. More intriguingly, studies have shown that the prodelta sediment shows remarkably reproducible near steady-state conditions over several years in late spring and summer despite these extreme large depositions [START_REF] Rassmann | Carbonate chemistry in sediment porewaters of the rhône river delta driven by early diagenesis (northwestern mediterranean)[END_REF], 2020; Dumoulin et al. 2018). This begs the overarching question:

What are the primary drivers controlling the sediment response and recovery following a massive episodic flood deposition?

Tools of the trade

In order to address the questions necessary for understanding processes at the river-sea interface, observational data are crucial. In-situ measurements performed on the seafloor provide real-time information on biogeochemical changes operating in the sediment [START_REF] Toussaint | A new device to follow temporal variations of oxygen demand in deltaic sediments: The LSCE benthic station[END_REF]). However, their temporal and spatial coverage is limited due to logistical constraints [START_REF] Viollier | Benthic biogeochemistry: State of the art technologies and guidelines for the future of in situ survey[END_REF]. In this thesis, we used two sets of postflood field measurements: (i) in 2008, two flood events were captured in May-June and November-December by post-flood snapshot cruises situated a week and a month after the event respectively (Cathalot et al. 2010; Pastor et al. 2018); (ii) in 2021-22 we conducted a series of biweekly campaigns between November 2021 and March 2022 and collected time series of porewater composition before and after a winter flood [START_REF] Ferreira | Characterization of the benthic biogeochemical dynamics after flood events in the rhône river prodelta: A data-model approach[END_REF].

Furthermore, as the dynamics of the cycling of materials in the seafloor are characterized by multiple timescales (e.g modified seasonality, episodic events, climatic-driven forcing), capturing the range of response of the seafloor to these drivers is unfeasible solely by field measurement. Thus, numerical models that complement observational data by providing the required extrapolation means for quantitatively analyzing and predicting OC-macrofaunal dynamics over the entire spectrum of temporally changing conditions [START_REF] Bianchi | What global biogeochemical consequences will marine animal-sediment interactions have during climate change?[END_REF] are needed.

Mathematical models of sediment diagenesis are idealized conceptual representation of reality and are often used to understand the dynamics of processes that affect the mineralization of organic matter and the solid and fluid dynamics at the typical decimeter scale of the sediment deposits [START_REF] Berner | Early Diagenesis: A Theoretical Approach[END_REF]. There are several kinds of models used to represent biogeochemical functioning in the sediment. Despite the potential importance of transient conditions for C cycling, most diagenetic models assume a steady state [START_REF] Arndt | Quantifying the degradation of organic matter in marine sediments: A review and synthesis[END_REF]. While there is a notable exception with models capable of including transient responses of biogeochemical processes in the sediment induced by seasonal or decadal changes in bottom water temperature, oxygen and OC flux (Soetaer et al. 1996; Rabouille et al. 2001b; Katsev et al. 2006; Sohma et al. 2008; Van de Velde et al. 2018), little effort has been made to incorporate the role of episodic events with abruptly changing boundary conditions because of the lack of observations and their unpredictability (Mermex [START_REF] Group | Marine ecosystems' responses to climatic and anthropogenic forcings in the mediterranean[END_REF]).

Objectives of thesis

This thesis will try to address some of these questions by developing a tool for simulating organic matter transformations during early diagenesis in environments with highly non-stationary sedimentary deposits. The primary objective was to design and produce a tool of optimum complexity (spatial and temporal resolution, transport phenomena, metabolisms and chemical reactions) that can be coupled with oceanic water column models with a large spatial mesh. After calibration of the model with the measurements carried out on the sediments of the proximal station of the Rhône prodelta in the Mediterranean Sea, I used the model to provide answers to pressing questions about:

• What is/are the biogeochemical response of coastal sediment to extreme events such as episodic flood In Chapter 2, I discussed the current state of the art in sediment biogeochemistry, from element cycles to the numerical tools used to explore the relevant questions. There, I introduce the biogeochemical model used in this thesis and provide a conceptual overview of the model, processes, parameterization and assumption made in developing the model. We also provide the evolution of the model in terms of the complexity added after its initial conception to the final form used in later chapters.

In Chapter 3, I showcase the model novelty in terms of expanding previous early diagenesis code to include event-driven processes. In that chapter, I discuss the part of the FESDIA model concerned with the implementation of a perturbation event. The algorithmic basis which makes the model especially capable of describing explicit flood deposition and its interaction to sediment porewater chemistry is detailed in this chapter. A sneak peek on the capability of the model to describe actual flood event is exhibited and some relevant parameters controlling the system's relaxation timescale are explored. The concept of biogeochemical attractors is introduced here and will be further expanded in another chapter.

Chapter 4 and 5 provide realistic application of the model in description of the biogeochemical feature of solid and porewater profiles in the Rhône prodelta sediment. In Chapter 5, I use the model to investigate the impact of two distinct flood deposition of 2008 (Cathalot et al. 2010; Pastor et al. 2018) with different characteristics on the carbon, sulfur and iron/manganese cycle. I also discuss the mechanisms responsible for the observed variability in the porewaters data, and briefly speculate the role of successive flood deposition on the biogeochemical pathways of carbon oxidation. In Chapter 6, I use the model with a different and more recent data collected during the winter flood season of 2021-2022. There, I show how the model could aptly describe the time-varying response of the sediment to a singular but significant deposition. This time-series data allows us to view the temporal evolution of the profile after the flood and further validate the model. The data-model perspective allows for the characterization of the role of flood deposition on sulfur-methane dynamics in the deeper sediment.

In Chapter 6, I draw the major conclusions of my work and place my research on the wider scope of coastal biogeochemistry and offer diverse perspectives on where our results fit and describe possible future trajectories to continue improving our understanding of these phenomena on the biogeochemical dynamics along riverocean margin.

Chapter 2

Modelling sediment biogeochemistry:

Current knowledge and methological approach

The history of science is rich in example of the fruitfulness of bringing two sets of techniques, two sets of ideas, developed in separate contexts for the pursuit of new truth, into touch with one another.

J. Robert Oppenheimer

State of the Art

The development of our understanding of sediment biogeochemistry and exchange fluxes has been revolutionized by the technological advances in oceanographic research tools to determine porewater solute concentrations. This development has been met with parallel progress in reactive-transport models to quantify biogeochemical processes. Here, I briefly outline the current state of the art in sediment biogeochemistry, from element cycles to the numerical tools used to explore the relevant questions in this thesis.

Brief overview of geochemistry of seafloor

Coastal sediments are the ultimate receptacle for the export of particulate organic matter (OM) from the water column and from terrestrial origin. This flux of organic matter feeds aerobic and anaerobic respiration by all the benthic fauna and microorganisms and is responsible for the geochemical zonation of the seafloor via the rates of the various respiratory pathways [START_REF] Canfield | Towards a consistent classification scheme for geochemical environments, or, why we wish the term 'suboxic'would go away[END_REF]. The buried materials undergo rapid transformation in the upper meter of the sediment. This sedimentary transformation aptly called "early diagenesis", combines chemical reactions, physical processes and biological processes. Following deposition, organic matter is degraded (or mineralized) to 𝐶𝑂 2 and other inorganic compounds by a series of microbially mediated oxidation-reduction reactions, starting with the most thermodynamically favoured oxidant (or electron acceptor) which yields the most free energy. When this oxidant is depleted, the remaining OM is oxidized with the next most efficient oxidant available, and so on until all oxidants are depleted. The availability of soluble oxidants is clear (𝑂 2 , 𝑁 𝑂 - 3 , 𝑆𝑂 2- 4 ) but is more questionable for solids (𝑀 𝑛𝑂 𝑥 , 𝐹 𝑒𝑂𝑂𝐻, 𝐶𝐻 2 𝑂) which are present in different chemical forms and have different reactivities. This may modify the succession of oxidants (Canfield et al. 1993; Thamdrup et al. 1994). In marine environments, oxygen is the first electron acceptor respired by aerobic bacteria to convert OM to other reduced forms. Once the 𝑂 2 is depleted, other available oxidants proceed in a sequential manner (Nitrate 𝑁 𝑂 - 3 > Mn oxy-hydroxides 𝑀 𝑛𝑂 2 > iron oxy-hydroxides 𝐹 𝑒𝑂𝑂𝐻 > sulfate 𝑆𝑂4 2-> 𝐶𝐻 2 𝑂 (Froelich et al. 1979a; Canfield et al. 1992; Burdige 1993) (Figure 2.1) pending oxidant availability. [START_REF] Canfield | Towards a consistent classification scheme for geochemical environments, or, why we wish the term 'suboxic'would go away[END_REF]. In either case, it is evident that the sediment constitutes a complex system with several biogeochemical interactions (Figure 2.1).

Because of high dissolved sulfate concentrations in marine environments, sulfate reduction is an important metabolic pathway which accounts for 25 -50% of the total carbon oxidation in coastal sediments [START_REF] Jørgensen | Mineralization of organic matter in the sea bed-the role of sulphate reduction[END_REF]. Away from coastal margin with declining carbon input and increasing water depth, the importance of sulfate reduction decreases. Nitrate reduction contributes less than 4% of total carbon oxidation in most marine sediments and is of low importance (Jørgensen 1982; Canfield et al. 1993). Fe (III) reduction accounts for 17% of total carbon mineralization in continental margin sediments. Mn (IV) reduction is less significant since marine sediments typically have lower Mn oxide content [START_REF] Thamdrup | Bacterial manganese and iron reduction in aquatic sediments[END_REF]. As a byproduct of methanogenic organic matter breakdown, methane is produced below the sulfate reduction zone. Whereas sulfate-reducing activity is normally maximum in the sediment's top decimeters, depending on the quantity and quality of organic matter deposition, methane oxidation occurs deeper below the sediment surface and can account for about 35 % total carbon mineralization in coastal sediment [START_REF] Egger | Rapid sediment accumulation results in high methane effluxes from coastal sediments[END_REF]). These primary reactions promote the production of reduced species. Due to the concentration gradient, they can also diffuse through the sediment layers and react with each other (Figure 2.2). These reduced species are involved in secondary reactions in which they can be reoxidized with oxygen and other oxy-hydroxides, thus participating in redox cycling within the sediment column. Other secondary reactions include precipitation and dissolution involving carbonate (e.g 𝐶𝑎𝐶𝑂 3 , 𝑀 𝑛𝐶𝑂 3 ) or sulfide (𝐹 𝑒𝑆, 𝐹 𝑒𝑆 2 ) and adsorption (e.g. ammonium adsorption to the sediment matrix). These reactions lead to the accumulation of these mineral species in the solid phase and the consumption of dissolved species in the porewater.

Furthermore, the main physical processes operating within the sediment involve diffusive mixing (bioturbation and solute diffusion) and advection (sediment accumulation and porewater transport by bio-irrigation pumping of bottom water) [START_REF] Berner | Early Diagenesis: A Theoretical Approach[END_REF]. These various transport mechanisms can have a significant impact on the zonation of diagenetic reactions. Many benthic organisms (fauna living on or in the sediment), for example, contribute to porewater transport via bioirrigation: they passively or actively exchange sediment porewater with the overlying water column through burrowing, pumping, ventilation, and feeding activities [START_REF] Kristensen | What is bioturbation? The need for a precise definition for fauna in aquatic sciences[END_REF]. Bioirrigation enables sediment-dwelling organisms to feed and exist in anoxic deeper sediment layers (Olafsson 2003; Braeckman et al. 2011) as well as radial or spherical OM-rich micro-niches [START_REF] Aller | The effects of macrobenthos on chemical properties of marine sediment and overlying water. Animal-sediment relations: the biogenic alteration of sediments[END_REF].

The vertical succession of early diagenesis processes is a paradigm that can be influenced by a variety of physico-chemical and biological conditions occurring at various spatial and temporal scales. The temporal variations in environmental conditions result in transient states [START_REF] Sundby | Transient state diagenesis in continental margin muds[END_REF]. Such transitory states could be caused by random, small-scale disturbances like benthic faunal bioturbation as well as larger scale periodic disturbances, such as those caused by tidal cycles in estuarine/coastal sediments. In addition, large-scale episodic events, such as the deposition or resuspension of sediments by windstorms or floods, can occur.

These transient states can also be seasonal, linked to temperature fluctuations, oxygen concentrations in the bottom water, or organic matter concentrations. Seasonality in remineralization rates, for example, can be seen in time-varying sediment pore-water profiles of remineralization end products (such as ammonium or sulfate). Diffusion, on these timescales, dampens any seasonal periodicity in these profiles [START_REF] Lasaga | Mathematical aspects of non-steady-state diagenesis[END_REF], and what is generally observed are smooth, asymptotic profiles with concentrations that grow in and out over the annual seasonal cycle (e.g., [START_REF] Aller | Diagenetic processes near the sediment-water interface of long island sound. I.: Decomposition and nutrient element geochemistry[END_REF]; [START_REF] Klump | The seasonality of nutrient regeneration in an organic-rich coastal sediment: Kinetic modeling of changing pore-water nutrient and sulfate distributions[END_REF] ; Rabouille et al. (2001b)). As such, within the community, despite this transient forcing, the sediment is sometimes assumed to be in quasi-steady state, especially over short-time period. On more shorter timescales, non-steady state processes such as episodic or event-driven events like flash floods, storms, or resuspension/deposition events can also have a sizeable impact on biogeochemical processes (Deflandre et al. 2002; Tengberg et al. 2003; Cathalot et al. 2010; Tesi et al. 2012). For example, resuspension events that transport reduced constituents from the sediments to the water column may be more effectively reoxidized than diffusive-mediated processes (Glud 2008; Moriarty et al. 2017).

Integrating these fundamental biogeochemical interactions necessitates the application of a complex mathematical model to capture the key processes at the appropriate spatial and temporal scale. Mathematical models of sediment diagenesis are frequently used to better understand the processes that influence organic matter mineralization. These models, which might be single or multicomponent in nature, are frequently related to quantities observed in field studies or experiments. Observations can be utilized to constrain numerous processes in the model that are important to system functioning. Once validated, the model can be used to gain a better understanding of the system and forecast how changes in environmental conditions affect the biogeochemical cycles in sediment.

The type of model chosen is determined by the questions to be answered and the data available for constraining the model. The next section briefly summarizes the current state of the early diagenesis model, including its approach, assumptions, capabilities, and drawbacks.

Early diagenesis modelling at steady-state

The surface sediment is characterized by chemical, physical and biological interactions which operate on different spatial and temporal scales. This surficial sediment is also affected by natural and anthropogenic changes which pose direct concern to the functioning of coastal ecosystems. For example, severe oxygen demand by sediment and water column bacteria results in hypoxic conditions which are detrimental to aquatic organisms, in relation to eutrophic conditions that emerge when sediment bacteria digest a huge amount of organic waste [START_REF] Pena | Modeling dissolved oxygen dynamics and hypoxia[END_REF]. Other examples include the release of heavy metals by the reductive dissolution of iron minerals which may contaminate the water column [START_REF] Boudreau | Metals and models: Diagenic modelling in freshwater lacustrine sediments[END_REF]. These environmental issues necessitate a comprehensive understanding of the mechanisms and drivers of sediment biogeochemistry. To unravel these connections, computer models combined with extensive observational data have become increasingly important in recent years. Diagenetic modeling is an essential tool for investigating the interactions between sediment diagenetic processes, developing hypotheses regarding sediment-water column coupling, and predicting potential ecosystem responses [START_REF] Boudreau | Diagenetic models and their implementation[END_REF].

Early diagenetic models [START_REF] Berner | Early Diagenesis: A Theoretical Approach[END_REF]) are variants of the reactive-transport models (RTM) which attempt to resolve the fundamental processes affecting solid and solute species in the sediment column. This model can be mathematically described using the general advection-diffusion-reaction equation:

𝜕𝜉 𝑖 𝐶 𝜕𝑡 = - 𝜕 𝜕𝑧 [-𝜉 𝑖 × 𝐷 𝑖 × 𝜕𝐶 𝜕𝑧 + 𝑤 𝑖 × 𝜉 𝑖 × 𝐶] + ∑ 𝜉 𝑖 × 𝑅𝐸𝐴𝐶 + 𝜉 𝑖 × 𝐽 𝑖𝑟𝑟 (2.1)
where 𝐶 is a generic chemical species (solid or liquid) while for solute species, 𝜉 𝑖 stands for porosity and for solid components, 𝜉 𝑖 stands for 1 -porosity. 𝑤 𝑖 is the burial rate or advection for solid and solute species respectively while 𝐷 𝑖 is the diffusive transport mechanism in the sediment which can be due to molecular diffusion (for solutes) or bioturbation (for solutes and solid). 𝑅𝐸𝐴𝐶 encompasses all source and sink terms such as production and consumption processes while 𝐽 𝑖𝑟𝑟 is non-local bio-irrigation transport which affect the solutes only. More description of the of constitutive terms in this equation is given in Section 2.8 and fully covered in Chapter 3.

In the early days of sediment biogeochemical modelling, efforts were made to develop diagenetic models to answer pertinent geochemical questions. The pioneering work of (Goldberg and Koide 1962; Berner 1964; Guinasso Jr and Schink 1975; Berner 1980) laid the foundation of what is now known as early diagenesis modelling. [START_REF] Berner | An idealized model of dissolved sulfate distribution in recent sediments[END_REF] first formulated a similar diagenetic equation to model sulfate reduction in the porewater of anoxic sediments while [START_REF] Goldberg | Geochronological studies of deep sea sediments by the ionium/thorium method[END_REF] advanced an advective-diffusive equation for modelling solid radiotracers in surface sediments. The modelling problems were thus largely restricted to analytically tractable formulation, many simplifying assumptions and often limited number of species and processes. As such, the primary types of early diagenetic models consider one or two transport processes and one specific reaction pathway. These earlier efforts paved the way for the development of a numerical solution to early diagenetic model that provided a more realistic and mechanistic description of sediment biogeochemistry. The basis of these 70's era early diagenesis models rests in the crucial assumption of the sediment in a "steadystate" which occurs when the model's concentration and boundary forcings are time-independent (Figure 2.3A).

When changes at the interface occur over a much longer timescale, such as a shift in climate, or a much shorter timescale, such as bioirrigation, than the response time of the entire system subject to a perturbation, these steady state assumptions can be a valid approximation. Furthermore, the description of sediment in steadystate condition is affected by the sediment constituents. While the distribution of solutes in pore water is subject to some variability on a seasonal timescale, it is somewhat stable on a decadal scale [START_REF] Pena | Modeling dissolved oxygen dynamics and hypoxia[END_REF]. This insight has been used to simplify most diagenetic modeling work reported in the literature, thus overcoming the computational burden, especially when these models are integrated at large spatial scales [START_REF] Lessin | Modelling Marine Sediment Biogeochemistry: Current Knowledge Gaps, Challenges, and Some Methodological Advice for Advancement[END_REF] or when considering processes that operate on different time scales (Soetaert et al. 2000; Hülse et al. 2018) (for example, the different time scale of organic matter reactivity or coupled biological geochemical processes). This advantage allows modelling work using this framework to provide snapshots of the timevarying rates at a particular point in time. As a result, these models have become widely used in simulating processes that exhibit relatively long-term stability of organic matter flux to the system (Rabouille and Gaillard 1991; Soetaert et al. 1996a; Wang and Van Cappellen 1996). This assumption is sufficient for the early diagenetic models used in most deep-sea research. However, in coastal marine sediments where seasonal or episodic effects are stronger, this condition is untenable, particularly when the external conditions fluctuate on early diagenetic timescales (Rabouille andGaillard 1990; Couture et al. 2010) and there lies the possibility of under/overestimating rates of sediment processes on appropriate seasonal or annual timescales [START_REF] Burdige | 5.09 estuarine and coastal sediments-coupled biogeochemical cycling[END_REF].

In coastal settings especially along river-ocean margins, episodic events have been predicted to increase in frequency and intensity because of global climate change [START_REF] Tockner | Riverine flood plains: Present state and future trends[END_REF]. In such transitional environments, the intensity of diagenetic processes is modulated by the variable hydrodynamics of the riverocean interface. Because of the oscillations caused by these intermittent forcings, the boundary conditions for many biogeochemical processes in the sediment change. If the system has been "reset" by an "instantaneous" and massive deposit generated by a perturbation, modeling organic matter transformation in this highly dynamic environment under the assumption of steady-state may result in under/overestimation of process rate as well as the possibility of incorrectly simulating field observations. Typical attempts to resolve the variability in benthic processes resulting from this perturbation involve the use of time-dependent early diagenetic models. This sort of models has only been validated in environments where periodic variability in key forcing parameters is the dominant source of variability. Thus, these models are readily employed to simulate seasonal and interannual variability in benthic mineralization processes. However, for highly dynamics environments with strong riverocean connections that experience episodic pulse events at short time intervals (e.g. a few days or a week), there may be some limitations in using these time-dependent models (see Section 2.5). There is now a growing appreciation in some coastal lying areas such as deltas and coastal regions of intense sediment deposition that the assumption of steady-state dynamics as a normative condition of systems might be misleading (Tesi et al. 2012; Lessin et al. 2018).

Tracing non-stationary models of early diagenesis

A few of the published models have been applied in dynamic fashion and [START_REF] Paraska | Sediment diagenesis models: Review of approaches, challenges and opportunities[END_REF] offers a fairly recent review of these models tracing different formulations, utilities and assumptions. The success of these models rests in their ability to dynamically simulate the sediment response to the seasonal variability of carbon flux and bottom water conditions. As this thesis focuses on non-stationary diagenetic modelling with a tendency towards episodic events characterized by instantaneous deposition of organic matter and abruptly changing boundary conditions for both solid and soluble species such as in areas of high frequency perturbation (e.g. deltaic depocenter along coastal margins, abyssal plain along turbiditic canyons), the utility of these models applied to this atypical scenario is contentious. As such, a new paradigm framework that differs from the traditional approach with the ability to capture rapid depositional events characterized by stochastic and semi-continuous forcings is needed [START_REF] Lessin | Modelling Marine Sediment Biogeochemistry: Current Knowledge Gaps, Challenges, and Some Methodological Advice for Advancement[END_REF]. Nonetheless, here we briefly assess some of the benthic biogeochemical models developed with dynamic simulation in mind to provide some idea of the current state of the art and how this thesis builds on their successes and weaknesses.

The time-dependent analytical model of [START_REF] Lasaga | Mathematical aspects of non-steady-state diagenesis[END_REF] represents one of the foundational works in applying RTM in transient mode Figure 2.3. Using a green-function approach, the effect of non-uniform distribution of decomposable organic matter on the composition of interstitial water in the sediments was explored. The model by [START_REF] Rabouille | The validity of steady-state flux calculations in early diagenesis: A computer simulation of deep-sea silica diagenesis. Deep Sea Research Part A[END_REF] was among the first to use numerical method to explore the dynamic behavior of sediment silicate under benthic megafauna mixing and turbidite deposition in deep sea sediment. Accounting for the oxidation of particulate organic matter by a continuous sequence of electron acceptors with both limiting and inhibition terms, [START_REF] Rabouille | Towards the EDGE: Early diagenetic global explanation. A model depicting the early diagenesis of organic matter, O2, NO3, mn, and PO4[END_REF] makes the model suitable for studying the annual and interannual variability of carbon cycle in the North Atlantic (Rabouille et al. 2001b).

Concurrent efforts by [START_REF] Vidal | Short-term pore water ammonium variability coupled to benthic boundary layer dynamics in alfacs bay, spain (ebro delta, NW mediterranean)[END_REF] examine some physical conditions that could result in short-term pore water ammonium variability of estuarine sediment using empirical model fits. The inclusion of diagenetic processes in system-scale ecosystem model (ERSEM) was put forward to simulate biogeochemical benthic processes in space and time [START_REF] Ruardij | Benthic nutrient regeneration in the ERSEM ecosystem model of the north sea[END_REF].

A renaissance in non-steady state diagenetic modelling was in full effect in the late 90s with several models developed for application with various degrees of environmental forcings. The widely used CANDI model of [START_REF] Boudreau | A method-of-lines code for carbon and nutrient diagenesis in aquatic sediments[END_REF] was developed to stimulate the time-dependent transformation of OM, nutrients (𝑁 𝑂 - 3 , 𝑃 𝑂 4 , 𝑁 𝐻 4 ), oxidants (𝑂 2 , 𝑁 𝑂 - 3 , 𝑀 𝑛𝑂 2 , Fe(III)-solid and 𝑆𝑂 2- 4 ) and their reduced by-products, acidbase speciation and pH in aqueous sediments. Another variant of early diagenesis model which gave rise to other models still in use today was the OMEXDIA (Soetaert et al. 1996a). This model was initially developed to reproduce the cycling of carbon, oxygen and nitrogen along ocean margins both at steady and non-steady state. While it was originally developed and used in deep sea sediments, the model has enjoyed great flexibility in its usage in coastal sediments. Both CANDI and OMEXDIA gave rise to a suite of models used today. This apex of early diagenesis modelling in the 1990s era ushers in a new phase of widespread use and the development of a more complex suite of models in the 2000s. The Berg model [START_REF] Berg | Dynamic modeling of early diagenesis and nutrient cycling. A case study in an artic marine sediment[END_REF] continues this trend in developing early diagenesis models capable of resolving the cycling of different elements in the sediment at a seasonal scale. Of important peculiarity, the dynamic model of [START_REF] Berg | Dynamic modeling of early diagenesis and nutrient cycling. A case study in an artic marine sediment[END_REF] accounted for sixteen dissolved/or solid species with processes such as adsoption, irrigation and intricate secondary reactions involving iron-manganese-sulfur aptly included. The steady-state model of [START_REF] Wang | A multicomponent reactive transport model of early diagenesis: Application to redox cycling in coastal marine sediments[END_REF] (STEADYSED) evolved into the BRNS model with the capacity to be used for transient simulations [START_REF] Regnier | Modeling complex multi-component reactivetransport systems: Towards a simulation environment based on the concept of a knowledge base[END_REF]. This BRNS framework has been employed in a variety of problems (Thullner et al. 2005; Dale et al. 2008b; a; Smith and Matisoff 2008) and environments (Jourabchi et al. 2005; Centler et al. 2010; Nick et al. 2013). Furthermore, using an improved version of STEADYSED, [START_REF] Morse | A non-steady state diagenetic model for changes in sediment bio-geochemistry in response to seasonally hypoxic/anoxic conditions in the "dead zone" of the louisiana shelf[END_REF] was able to investigate the response of seasonally hypoxic and anoxic shelf sediments of Louisiana. Other revisions of CANDI led to its adaptation for coupled benthic-pelagic simulation [START_REF] Luff | Numerical modeling of benthic processes in the deep arabian sea[END_REF][START_REF] Luff | Seasonal dynamics of the north sea sediments using a three-dimensional coupled sediment-water model system[END_REF], and recent derivations of the model have been exploited for study in deep-sea sediments with strong 𝐶𝑎𝐶𝑂 3 dissolution driven by organic matter degradation [START_REF] Sulpis | RADIv1: A non-steady-state early diagenetic model for ocean sediments in julia and MATLAB/GNU octave[END_REF]. Other works such as [START_REF] Couture | Non-steady state modeling of arsenic diagenesis in lake sediments[END_REF] and [START_REF] Couture | Non-steady state diagenesis of organic and inorganic sulfur in lake sediments[END_REF] (MATSEDLAB model and its successor MEDIALAB [START_REF] Steinsberger | Modeling sediment oxygen demand in a highly productive lake under various trophic scenarios[END_REF] succeeded in simulating the dynamics of arsenic and sulfur cycles in non-steady state lakes, whereas progress in coupling early diagenesis model with pelagic process gained increasing momentum from the seminal work of [START_REF] Soetaert | On the coupling of benthic and pelagic biogeochemical models[END_REF] with OMEXDIA which provided the basis for full-coupling with circulation model (Sohma et al. 2008; Capet et al. 2016) and studies accounting for lateral transport and bio-resuspension that varies with time [START_REF] Radtke | Ecological ReGional Ocean Model with vertically resolved sediments (ERGOM SED 1.0): Coupling benthic and pelagic biogeochemistry of the south-western Baltic Sea[END_REF].

In application to global domain, the MUDS model of [START_REF] Archer | A model of suboxic sedimentary diagenesis suitable for auto-matic tuning and gridded global domains[END_REF] attempts to resolve the oxic, suboxic (via manganese, iron) and anoxic (via sulfur) remineralization pathways by simulating their time-dependent evolution toward steady state efficiently; albeit with lower vertical resolution. The different strands of HAMOCC global model include sediment diagenesis model which can be run in a time-dependent fashion (Maier-Reimer et al. 2005; Ilyina et al. 2013. Recent early diagenesis model developed for coupling with diverse ocean biogeochemical model is provided by MEDUSA [START_REF] Munhoven | Model of early diagenesis in the upper sediment with adaptable complexity-MEDUSA (v. 2): A time-dependent biogeochemical sediment module for earth system models, process analysis and teaching[END_REF]. This time-dependent model includes clay, calcite, aragonite and organic matter as solid components and 𝐶𝑂 2 , 𝐻𝐶𝑂 - 3 , 𝐶𝑂 2 and 𝑂 2 as pore-water solutes.

Despite this effort, it is still unclear how these models fare in areas with high energetic dynamics characterized by short-term variability and kinetics (hours, days, weeks and months) of biogeochemical processes. In fact, the role of episodic events has been long neglected in these models because of the lack of observations and their unpredictability [START_REF] Tesi | Early diagenesis of recently deposited organic matter: A 9-yr time-series study of a flood deposit[END_REF]. Future advancement in marine sediment modeling tailored to incorporating these extreme depositional feedbacks and their biogeochemical responses is thus needed. The following section briefly explores the potential models which could be used for such event-driven dynamics in sediment under episodic flood deposition of materials.

Potential framework for event-driven modeling: Model choice and software comparison

Several numerical tools have been developed over the years for the reactive transport model that will form the basis of this project. Table 2.1 compares different well-known RTM software and their comparative capacities.

These models vary in their structure, solution method, and software architecture. Table 2.1 shows that while models such as CANDI, MATSEDLAB, and RADI contain a comprehensive reactive network involving the Fe and Mn cycles, models such as OMEXDIA and AQUASIM are less detailed in the biogeochemical processes covered. However, the latter suite of models provides some flexibility in terms of incorporating additional processes as needed. Some models suffer from software and administrative-oriented issues relating to the ease of their usage. MATSEDLAB/MEDIALAB, in particular, was written in MATLAB with a proprietary bottleneck in working with the code without an institutional license, while CANDI and AQUASIM, which are based on For-tran77, are no longer maintained or supported, limiting technical support for future development. Modeling tools, on the other hand, such as OMEXDIA and RADI, were mostly built in R and Julia, two dynamic programming languages with an open source community that are publicly available and disseminated across all computing platforms. As a result, the ease of rapid prototyping with these models is straightforward (Soetaert and Meysman 2012a).

Another issue to evaluate is the utility of model code in terms of efficiency and entry barrier. In their current form, models such as CANDI, AQUASIM, MATSEDLAB/MEDIA, and RADI have a computing time (average of 20 minutes for a steady-state spin-up run) that, while small for a one-time simulation, can be resourceintensive, requiring 0(𝑁 2 ) operations when used for parameter estimation, sensitivity analysis, and longer-time simulation. In comparison, a model like OMEXDIA runs quickly for steady-state runs and can be cost-effective in computationally demanding applications. Ultimately, there exists a trade-off in the current class of model between their default implemented reactive networks in terms of the biogeochemical processes included and the software/numerical expediency required for the task in this project.

Nonetheless, a qualitative assessment of these RTM codes in Table 2.1 indicates that none were initially designed to capture the relevant complex biogeochemical reaction system desirable for a system under abrupt sediment deposition and changing boundary conditions (personal communication with the code developers), although some like OMEXDIA have shown promise in their ability to simulate other types of event-driven processes such as bottom trawling (De Borger et al. 2021b). In Chapter 3, I exploited this advantage to design a model based on OMEXDIA which utilizes all the attributes of the other sophisticated models in Table 2.1 while adapting such event-driven process to our use case of flood deposition. (Soetaert et al. 1996a), CANDI [START_REF] Boudreau | A method-of-lines code for carbon and nutrient diagenesis in aquatic sediments[END_REF], AQUASIM (Reichert 1994; Dittrich et al. 2009), MEDIALAB (Shafei 2012; Couture et al. 2016; Steinsberger et al. 2019), and RADI [START_REF] Sulpis | RADIv1: A non-steady-state early diagenetic model for ocean sediments in julia and MATLAB/GNU octave[END_REF]. Differences in model structure, numerical solution and source code are shown. In the following section, I will briefly discuss the Rhone prodelta area and the biogeochemical processes that operate there before moving to the explanation of the model developed for this thesis.

Methodological approach

Rhône prodelta

For the majority of this thesis work, the prodelta portion of the Rhône outlet adjoining the Gulf of Lion was the main case-study site. The Rhône River is the main source of freshwater, nutrients, organic matter and sediment for the Mediterranean Sea [START_REF] Madron | Particulate matter and organic carbon budgets for the gulf of lions (NW mediterranean)[END_REF]. It is characterized by a drainage basin of 97800

𝑘𝑚 2 and an average water discharge of 1700 𝑚 3 𝑠 -1 with a marked seasonality between low water-discharge (>700 𝑚 3 𝑠 -1 ) in summer and high water-discharge (>3000 𝑚 3 𝑠 -1 ) in fall and winter [START_REF] Pont | Medium-term changes in suspended sediment delivery to the ocean: Consequences of catchment heterogeneity and river management (rhône river, france)[END_REF].

South of Arles (50 km upstream from the river mouth), it splits into two channels, the Grand Rhône to the east encompassing 90% of the total discharge and the Petit Rhône to the west with the remaining 10%. The Rhône River turbidity plume extends mainly southwestward into the Gulf of Lion, with an average thickness of 1 m (up to 5 m) [START_REF] Many | Glider and satellite monitoring of the variability of the suspended particle distribution and size in the rhône ROFI[END_REF]. The Gulf of Lion is a microtidal, wave-dominated system, with a tidal range of 30 to 50 cm. Due to salt-induced flocculation [START_REF] Thill | Evolution of particle size and concentration in the rhône river mixing zone:: Influence of salt flocculation[END_REF], most suspended particulate matter (SPM) carried out by the Rhône River settles in front of the mouth, on the prodelta (Maillet et al. 2006; Estournel et al. 2023) (Figure 5.1).

In the prodelta located at a distance of 2 km from the river mouth, sedimentation rate at short-time scale is influenced by event-driven flood deposition and thus, sediment accumulation would not only depend on the river discharge but also on the wind and wave conditions [START_REF] Maillet | Morphological changes and sedimentary processes induced by the december 2003 flood event at the present mouth of the grand rhône river (southern france)[END_REF]. Sedimentation rates in the Rhône prodelta are characterized by a mean apparent accumulation rate of up to 35 to 48 𝑐𝑚 𝑦𝑟 -1 [START_REF] Charmasson | Long-core profiles of 137 cs, 134 cs, 60 co and 210 pb in sediment near the rhone river (northwestern mediterranean sea)[END_REF]. Furthermore, episodic resuspension and erosion have been observed at this location (Marion et al. 2010; Dufois et al. 2014), which has been attributed to significant strong wave-induced bottom shear stresses [START_REF] Dufois | Wave-and current-induced bottom shear stress distribution in the gulf of lions[END_REF]. This deposition and erosion cycle demonstrate that the first centimeters of sediment are vulnerable to frequent physical disturbances during floods and storms. Such short-duration events (typically one day for storms and a few days for floods which most often are coupled with the storms) must therefore be fully taken into account to quantify impacts on the sediments [START_REF] Madron | Sediment dynamics in the gulf of lions: The impact of extreme events[END_REF]) and their biogeochemistry [START_REF] Moriarty | The roles of resuspension, diffusion and biogeochemical processes on oxygen dynamics offshore of the rhône river, france: A numerical modeling study[END_REF].

Biogeochemical processes operating in Rhône prodelta sediments

In the Rhône prodelta, the benthic biogeochemical processes are largely driven by the flux of particulate organic matter from either terrestrial origin (Lansard et al. 2009a; Cathalot et al. 2013; Bonifácio et al. 2014) with a minor part linked to autochthonous origin from pelagic plankton export (Bourgeois et al. 2011; Pruski et al. 2015). Once deposited in the sediment, organic matter undergoes various degrees of transformation in the upper sediment -the extent of which depends on the degree of lability of the organic carbon deposited (Pastor et al. 2011b). There is substantial evidence suggesting that within the Rhône prodelta, anaerobic mineralization of carbon is dominant, with a major share being sulfate reduction [START_REF] Rassmann | Carbonate chemistry in sediment porewaters of the rhône river delta driven by early diagenesis (northwestern mediterranean)[END_REF]. Estimate of total carbon mineralization in this region ranges from 70 -650 𝑔 𝐶 𝑚 -2 𝑦 -1 (Pastor et al. 2011b). Furthermore, the high deposition of more labile material close to the river is responsible for a rapid consumption of oxygen and intense OM degradation, mainly driven by anoxic processes. On the adjacent continental shelf, this predominance of anoxic processes decreases together with the decrease in organic carbon deposition, accumulation rates, and the increase in oxygen exposure time.

FESDIA model

The FESDIA model (Iron, Sulfur diagenesis) model was developed from OMEXDIA to capture the oxic and anoxic biogeochemical processes occurring in the sediment. The novelty of this model compared to early diagenetic models is in its ability to explicitly simulate non-steady early diagenesis processes in systems subject to perturbation events such as massive floods or storm deposition. Full description of the model numerical formulation and conceptual basis for adequately representing event-driven deposition is given in Chapter 3.

Here, we provide the relevant biogeochemical processes described by the model and its formulation, process parameterization and the evolution of model construction to answer key questions and processes in line with the needs of this thesis. ) and manganese (𝑀 𝑛 2+ ), sulfate (𝑆𝑂 2- 4 ), hydrogen sulfide (𝐻 2 𝑆), methane (𝐶𝐻 4 ) and dissolved inorganic carbon (𝐷𝐼 𝐶). In the sediment, oxygen is consumed by organic matter degradation as well as the re-oxidation of reduced substances from carbon mineralization. Nitrate can be consumed by denitrification or produced by the nitrification of ammonium. Ammonium is produced during OM degradation and a fraction of the ammonium can be adsorbed in the sediment. Dissolved manganese and iron can be produced during OM degradation as well as the reduction of their oxidized solid-bearing forms via redox processes. Sulfate reduction of OC produces dissolved sulfide, which can either accumulate in strongly anoxic condition or re-oxidized in the presence of oxygen, 𝐹 𝑒𝑂𝑂𝐻 and 𝑀 𝑛𝑂 2 or precipitate with iron (Figure 2.5).

Description of biogeochemical processes

Seven solid components are distinguished in the final version of FESDIA model. A fast and slow-decaying organic carbon represented by (𝐶𝐻 2 𝑂) 𝑥 (𝑁 𝐻 3 ) 𝑦 (𝐻 3 𝑃 𝑂 4 ) 𝑓𝑎𝑠𝑡 and (𝐶𝐻 2 𝑂) 𝑥 (𝑁 𝐻 3 ) 𝑦 (𝐻 3 𝑃 𝑂 4 ) 𝑠𝑙𝑜𝑤 respectively. The coefficients 𝑥 and 𝑦 denote the molar C/P and N/P ratios respectively. For short, these terms are decoded as 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 and slow 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 respectively. Oxidized form of manganese and iron are also decomposed into fast and slow fraction (𝑀 𝑛𝑂 2𝐴 and 𝑀 𝑛𝑂 2𝐵 ) and iron (oxyhydr)oxide (𝐹 𝑒𝑂𝑂𝐻 𝐴 and 𝐹 𝑒𝑂𝑂𝐻 𝐵 ) while a single component for manganese carbonate (𝑀 𝑛𝐶𝑂 3 ) was used to constrain the manganese cycle.

Primary reaction

The biogeochemical reactions included in this model entailed the primary processes involving organic matter degradation in the form of carbon oxidation. These primary reactions share the characteristic of taking place through bacterial respiration. where the 𝑁 𝐶 𝑟𝑎𝑡𝑖𝑜 is the redfield nitrogen to carbon ratio of the fast and slow decaying carbon. In this model, a multi-G approach to organic matter degradation is used where organic detritus is decomposed according to their reactivity which is grossly related to the age of the buried carbon. This is contrary to other approaches like the reactive continuum approach, where the spectrum of organic carbon of different degradabilities is modelled (Middelburg 1989; Boudreau and[START_REF] Boudreau | On a reactive continuum representation of organic matter diagenesis[END_REF] or the power law model linking the degree of degradation process (i.e., age) to the amount of carbon consumed (Middelburg 1989; Van Cappellen et al. 1993). Our justification for using the multi-G approach stems from the ease of usage for short-term transient simulation and along shallow coastal margins [START_REF] Arndt | Quantifying the degradation of organic matter in marine sediments: A review and synthesis[END_REF]. Moreover, the use of sophisticated reactive continuum is limited by our poor mechanistic understanding of the controls on OM degradation in marine biosphere and lack of observation to adequately constrain the parameters inherent in the model [START_REF] Arndt | Quantifying the degradation of organic matter in marine sediments: A review and synthesis[END_REF].

With this multi-G model, the rate of metabolic activity for each degradation pathway is not only substrate-limiting and dependent on the reactivity of the organic matter but also on the availability of the oxidant which places a constraint on each particular reaction. This limitation is modelled using a monod-kinetic type function with 𝑘 [𝑐] representing the half saturation constants and 𝑘 𝑖𝑛[𝑐] the constant for inhibiting less energy-yielding oxidants by electron acceptors with greater potential for mineralization [START_REF] Rabouille | Towards the EDGE: Early diagenetic global explanation. A model depicting the early diagenesis of organic matter, O2, NO3, mn, and PO4[END_REF]: (2.5) Thus, allowing for each pathway to be reformulated from the total carbon produced in Equation 2.3 using each limitation term in Equation 2.5 :

𝑂𝑥𝑖𝑐𝑚𝑖𝑛𝑙𝑖𝑚 = 𝑂 2 𝑂 2 + 𝑘 𝑂 2 × (1 -𝜙) × × 1 𝑙𝑖𝑚 𝐷𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑙𝑖𝑚 = 𝑁 𝑂 3 𝑁 𝑂 3 + 𝑘 𝑁𝑂 3 × (1 - 𝑂 2 𝑂 2 + 𝑘 𝑖𝑛𝑂 2 ) × 1 𝑙𝑖𝑚 𝑀 𝑛𝑟𝑒𝑑𝑚𝑖𝑛𝑙𝑖𝑚 = 𝑀 𝑛𝑂 2 𝑀 𝑛𝑂 2 + 𝑘 𝑀𝑛𝑂 2 × (1 - 𝑁 𝑂 3 𝑁 𝑂 3 + 𝑘 𝑖𝑛𝑁𝑂 3 ) × (1 - 𝑂 2 𝑂 2 + 𝑘 𝑖𝑛𝑂 2 ) ×
𝑂𝑥𝑖𝑐𝑚𝑖𝑛 = 𝐶𝑝𝑟𝑜𝑑 × 𝑂𝑥𝑖𝑐𝑚𝑖𝑛𝑙𝑖𝑚 × 𝑙𝑖𝑚 𝐷𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐 = 𝐶𝑝𝑟𝑜𝑑 × 𝐷𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑙𝑖𝑚 × 𝑙𝑖𝑚 𝑀 𝑛𝑟𝑒𝑑𝑚𝑖𝑛 = 𝐶𝑝𝑟𝑜𝑑 × 𝑀 𝑛𝑟𝑒𝑑𝑚𝑖𝑛𝑙𝑖𝑚 × 𝑙𝑖𝑚𝐹 𝑒𝑟𝑒𝑑𝑚𝑖𝑛 = 𝐶𝑝𝑟𝑜𝑑 × 𝐹 𝑒𝑟𝑒𝑑𝑙𝑖𝑚 × 𝑙𝑖𝑚 𝐵𝑆𝑅𝑚𝑖𝑛 = 𝐶𝑝𝑟𝑜𝑑 × 𝐵𝑆𝑅𝑙𝑖𝑚 × 𝑙𝑖𝑚 𝑀 𝑒𝑡ℎ𝑚𝑖𝑛 = 𝐶𝑝𝑟𝑜𝑑 × 𝑀 𝑒𝑡ℎ𝑚𝑖𝑛𝑙𝑖𝑚 × 𝑙𝑖𝑚 (2.6)
where the re-scaled limitation term, 𝑙𝑖𝑚 is given as:

𝑙𝑖𝑚 = 1 𝑂𝑥𝑖𝑐𝑚𝑖𝑛𝑙𝑖𝑚 + 𝐷𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐𝑙𝑖𝑚 + 𝑀 𝑛𝑟𝑒𝑑𝑚𝑖𝑛𝑙𝑖𝑚 + 𝐹 𝑒𝑟𝑒𝑑𝑚𝑖𝑛𝑙𝑖𝑚 + 𝐵𝑆𝑅𝑚𝑖𝑛𝑙𝑖𝑚 + 𝑀 𝑒𝑡ℎ𝑚𝑖𝑛𝑙𝑖𝑚 (2.7)
in order to ensure that the sum of each respiratory rate equals the total degradation rate (Soetaert et al. 1996a).

Secondary reaction

In contrast to primary reactions, which are all microbial respiration processes, most secondary reactions can be either microbial or purely chemical. In the previous section, the mineralization reactions produced a variety of reduced species such as 𝑁 𝐻 4 , 𝑀 𝑛 2+ , 𝐹 𝑒 2+ , 𝐻 2 𝑆 and 𝐶𝐻 4 . These reduced substances diffuse upward in the sediment column and can be re-oxidized through a series of secondary redox reactions. The secondary reactions included in the model contain several substantial differences from the ones defined by Soetaert et al. (1996a).

Nitrification ∶ 𝑁 𝐻 + 4 + 2𝑂 2 → 𝑁 𝑂 - 3 + 𝐻 2 𝑂 + 2𝐻 + Sulfide oxidation ∶ 𝐻 2 𝑆 + 2𝑂 2 → 𝑆𝑂 2- 4 + 2𝐻 + Managenese oxidation ∶ 2𝑀 𝑛 2+ + 𝑂 2 + 2𝐻 2 𝑂 → 2𝑀 𝑛𝑂 2𝐴 + 4𝐻 + Ferrous iron oxidation ∶ 4𝐹 𝑒 2+ + 𝑂 2 + 6𝐻 2 𝑂 → 4𝐹 𝑒𝑂𝑂𝐻 𝐴 + 8𝐻 + Aerobic methane oxidation ∶ 𝐶𝐻 4 + 2𝑂 2 → 𝐶𝑂 2 + 2𝐻 2 𝑂 Anaerobic methane oxidation ∶ 𝐻 + + 𝐶𝐻 4 + 𝑆𝑂 2- 4 → 𝐻𝐶𝑂 - 3 + 𝐻 2 𝑆 + 𝐻 2 𝑂 (2.8)
In the model, the re-oxidation of reduced species via oxygen (Equation 4.2) and metallic oxides (Equation 4.2) is included while methane formed by fermentation of OM is anaerobically oxidized (i.e., anaerobic oxidation of methane, AOM) [START_REF] Dale | Bioenergetic controls on anaerobic oxidation of methane (AOM) in coastal marine sediments: A theoretical analysis[END_REF]. For most re-oxidation reactions, we followed Van Cappellen and Wang (1996) with a bi-molecular reaction rate law to describe the reaction kinetics.

𝑁 𝑖𝑡𝑟𝑖 = 𝑅 𝑛𝑖𝑡 × 𝑁 𝐻 4 × 𝑂 2 (𝑂 2 + 𝑘𝑠 𝑛𝑖𝑡𝑟𝑖 ) where 𝑅 𝑖 for process 𝑖 is the reaction rate of re-oxidation (𝑑 -1 ) while 𝑘𝑠 𝑛𝑖𝑡𝑟𝑖 is the half saturation constant (𝑚𝑚𝑜𝑙 𝑚 3 ). These dissolved species are also affected by the activities of animals, which pump water into and out of the sediment (irrigation). The importance of irrigation and bioturbation will be discussed in Section 2.8.4.

The oxidized form of iron, ferric iron (𝐹 𝑒 3+ ), will precipitate out as fresh iron oxide (𝐹 𝑒𝑂𝑂𝐻 𝐴 ) minerals.

Sulfide produced by organoclastic sulfate reduction is abiotically oxidized by both pools of ferric iron and manganese oxide (i.e., sulfur-mediated iron and manganese reduction) [START_REF] Berg | Dynamic modeling of early diagenesis and nutrient cycling. A case study in an artic marine sediment[END_REF] (2.10) As discussed in [START_REF] Haese | The reactivity of iron[END_REF], the interaction between dissolved 𝐹 𝑒 2+ and 𝐻 2 𝑆 happens in two stages, with the formation of intermediate dissolved elemental sulfur (𝑆 0 ) and dissolved FeS (𝐹 𝑒𝑆 𝑎𝑞 ). However, these forms of sulfur are not modelled because of their unstable nature in marine sediment as well as the possibility of 𝐹 𝑒𝑆 𝑎𝑞 precipitating to its particulate form (𝐹 𝑒𝑆 𝑝 ) once a solubility threshold of ~2 µM is reached [START_REF] Rickard | The solubility of FeS[END_REF]. Therefore, we assumed that elemental sulfur and dissolved FeS, upon formation, subsequently transform into a stable form of particulate sulfur that can be eliminated from the system via precipitation [START_REF] Rickard | Kinetics of pyrite formation by the H2S oxidation of iron (II) monosulfide in aqueous solutions between 25 and 125 c: The rate equation[END_REF][START_REF] Rickard | The solubility of FeS[END_REF].

FeS production ∶ 𝐹 𝑒 2+ + 𝐻 2 𝑆 → 𝐹 𝑒𝑆 + 2𝐻 + (2.11)
Implicit in this assumption is the neglect of disproportionation of 𝑆 0 [START_REF] Finster | Elemental sulfur and thiosulfate disproportionation by desulfocapsa sulfoexigens sp. Nov., a new anaerobic bacterium isolated from marine surface sediment[END_REF], thus directly coupling Fe and 𝐻 2 𝑆 to pyrite precipitation. This model's presumption should only apply to this particular site because precipitation of reduced species has been proposed to explain a significant removal of free sulfide from porewater in the Rhône sediment (Pastor et al. 2011a; Rassmann et al. 2020). It may need to be modified to describe sulfur dynamics in areas with different geochemical regimes. Additionally, particulate iron monosulfide is produced when dissolved iron binds with sulfide (i.e FeS production) which is explicitly accounted for as a sink pathway for sulfur in the model [START_REF] Rickard | Kinetics of pyrite formation by the H2S oxidation of iron (II) monosulfide in aqueous solutions between 25 and 125 c: The rate equation[END_REF]. The kinetic rate expressions of these secondary reactions can be described by the standard second-order rate formulation: (2.12)

𝐹 𝑒𝑆𝑝𝑟𝑜𝑑 = 𝑅 𝐹 𝑒𝑆𝑝𝑟𝑜𝑑 × 𝐹 𝑒 × 𝐻 2 𝑆 (FeS production) 𝐻2𝑂𝑥𝑖𝑑𝑀 𝑛𝑂2 = 𝑅 𝐻2𝑆𝑜𝑥𝑖𝑑 × 𝐻2𝑆 × (𝑀 𝑛𝑂 2𝐴 + 𝑀 𝑛𝑂 2𝐵 ) (Reoxidation of
The model also includes a simple representation of the formation and dissolution of manganese carbonates (𝑀 𝑛𝐶𝑂 3 ). However, iron carbonate (siderite -𝐹 𝑒𝐶𝑂 3 ) formation and dissolution were not considered in the model since siderite precipitation is inhibited by low levels of sulfide [START_REF] Haese | The reactivity of iron[END_REF]. In reality, despite suggestions that the Rhone pro-delta sediment is probably non-sulfidic [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF], siderite can still precipitate because of its dependency on the Eh-pH condition of the micro-environment inside the sediment matrix [START_REF] Bell | Biogeochemical conditions favoring magnetite formation during anaerobic iron reduction[END_REF]. However, such micro-scale processes are not discussed here. This kinetics of dissolution and precipitation of 𝑀 𝑛𝐶𝑂 3 follows a similar formulation in [START_REF] Wang | A multicomponent reactive transport model of early diagenesis: Application to redox cycling in coastal marine sediments[END_REF], where the reaction rates are dependent on the pore water saturation state. Here, the pH of the porewater was not explicitly modelled but was fixed at a constant profile of 7.5 in order to reduce the complexity of the model [START_REF] Berg | Dynamic modeling of early diagenesis and nutrient cycling. A case study in an artic marine sediment[END_REF].

𝑀 𝑛𝐶𝑂 𝑝𝑟𝑒𝑐

3𝑑𝑖𝑠𝑠 = 𝑟𝑀 𝑛𝐶𝑂3𝑝𝑟𝑒𝑐 × (Ω 𝑟ℎ𝑜𝑑 -1) Ω 𝑟ℎ𝑜𝑑 > 1 𝑀 𝑛𝐶𝑂 𝑝𝑟𝑒𝑐 3𝑑𝑖𝑠𝑠 = 𝑟𝑀 𝑛𝐶𝑂3𝑑𝑖𝑠𝑠 × (Ω 𝑟ℎ𝑜𝑑 -1) × 𝑀 𝑛𝐶𝑂 3 Ω 𝑟ℎ𝑜𝑑 < 1 (2.13)
where 𝑟𝑀 𝑛𝐶𝑂3𝑝𝑟𝑒𝑐 and rMnCO3diss is the rate constant for precipitation and dissolution of 𝑀 𝑛𝐶𝑂 3 given as 3 × 10 -4 𝑐𝑚 3 𝑛𝑚𝑜𝑙 -1 𝑑 -1 and 6.8 𝑑 -1 respectively [START_REF] Wang | A multicomponent reactive transport model of early diagenesis: Application to redox cycling in coastal marine sediments[END_REF]. Ω 𝑟ℎ𝑜𝑑 is the saturation index calculated from dissolved Mn and DIC using the equilibrium constant at the specified temperature of 15°C as:

Ω 𝑟ℎ𝑜𝑑 = 𝑀 𝑛 × 𝐶𝑂 2- 3 𝐾 𝑠𝑝𝑟𝑜𝑑 (2.14)

Transport processes

The transport processes considered in the model include molecular diffusion for the solutes, bioturbation by macrofauna inhabiting the sediment, burial of particulate matter, and irrigative exchange of solutes between the bottom water and interstitial fluid.

The flux of solutes by molecular diffusion is calculated from Fick's first law, given the concentration gradient between the sediment and the overlying water column:

𝐽 𝑑 = -𝜙𝐷 𝑠𝑒𝑑 𝜕𝐶 𝜕𝑧 (2.15)
where the 𝐷 𝑠𝑒𝑑 (𝑐𝑚 𝑑 -1 ) is the effective diffusion coefficient corrected for tortuosity and given as 𝐷 𝑠𝑒𝑑 = 𝐷 𝑠𝑤 𝜃 2 , with 𝐷 𝑠𝑤 the molecular diffusion coefficient of the solute in free solution of sea-water and 𝜃 is the tortuosity derived from the formation factor (𝐹 ) and porosity (𝜙) of a sediment matrix (Berner 1980; Boudreau 1997).

In the model, bioturbation as a mixing process within the sediment due to animal activity is assumed to be interphase, with porosity 𝜙(𝑧) remaining constant over time. Thus, this intensity of this process captured as 𝐷 𝑖 in Equation 2.1 can be prescribed as:

𝐷 𝑏 (𝑧) = ⎧ { ⎨ { ⎩ 𝐷 0 𝑏 if 𝑍 ≤ 𝑍 𝐿 𝐷 ∞ + (𝐷 0 𝑏 -𝐷 ∞ )𝑒 -(𝑍-𝑍 𝐿 ) 𝑏𝑖𝑜𝑡 𝑎𝑡𝑡 if 𝑍 > 𝑍 𝐿 (2.16)
where 𝐷 0 𝑏 is the bio-diffusivity coefficient (𝑐𝑚 2 𝑑 -1 ) at the SWI and in the mixed layer, 𝑍 𝐿 is the depth of the mixed layer (𝑐𝑚) and 𝑏𝑖𝑜𝑡 𝑎𝑡𝑡 is the attenuation coefficient (𝑐𝑚) of bioturbation below the mixed layer. 𝐷 ∞ is the diffusivity at the deeper layer (usually specified as zero).

Depth-dependent bio-irrigation is modelled acts as a non-local exchange process between the porewater parcels and the overlying bottom water.

𝐼𝑟𝑟(𝑧) = ⎧ { ⎨ { ⎩ 𝐼𝑟𝑟 0 if 𝑍 ≤ 𝑍 𝐿 𝐼𝑟𝑟 ∞ + (𝐼𝑟𝑟 0 -𝐼𝑟𝑟 ∞ )𝑒 -(𝑍-𝑍 𝐿 ) 𝐼𝑟𝑟 𝑎𝑡𝑡 if 𝑍 > 𝑍 𝐿 (2.17)
for which 𝐼𝑟𝑟 0 is the bio-irrigation coefficient (𝑑 -1 ) and 𝐼𝑟𝑟 𝑎𝑡𝑡 is the attenuation of irrigation (𝑐𝑚) below the depth of the irrigated layer 𝑍 𝑖𝑟𝑟 (𝑐𝑚). At depth, the bio-irrigation coefficient (𝐼 𝑟𝑟 ∞ ) is generally set to zero. The irrigation rate in 𝑚𝑚𝑜𝑙 𝑚 -3 𝑑 -1 due to bio-irrigation is given as:

𝐽 𝑖𝑟𝑟 = 𝐼𝑟𝑟(𝑧) × (𝐶 0 -𝐶(𝑧)) × 𝜙 (2.18)
with 𝐶 0 as the solute concentration of the overlying bottom water and 𝐶(𝑧) is the solute concentration at depth 𝑧.

All the equations can be arranged together with the transport term to form a system of nonlinear partial differential equations:

𝜕𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 -𝑟𝐹 𝑎𝑠𝑡 × 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 𝜕𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 -𝑠𝐹 𝑎𝑠𝑡 × 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 𝜕𝑂 2 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 -𝑂𝑥𝑖𝑐𝑚𝑖𝑛 -1.5𝑁 𝑖𝑡𝑟𝑖 -0.25𝐹 𝑒𝑂𝑥𝑖𝑑 -2𝐻2𝑆𝑜𝑥𝑖𝑑 -2𝐶𝐻4𝑜𝑥𝑖𝑑 -0.5𝑀 𝑛𝑂𝑥𝑖𝑑 𝜕𝑁 𝐻 3 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 + (𝑁 𝑝𝑟𝑜𝑑 -𝑁 𝑖𝑡𝑟𝑖) (1 + 𝑁 𝐻3𝑎𝑑𝑠) 𝜕𝑁 𝑂 3 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 -0.8𝐷𝑒𝑛𝑖𝑡𝑟𝑖𝑓𝑖𝑐 + 𝑁 𝑖𝑡𝑟𝑖 𝜕𝐶𝐻 4 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 + 0.5𝑀 𝑒𝑡ℎ𝑚𝑖𝑛 -𝐶𝐻4𝑜𝑥𝑖𝑑 -𝐴𝑂𝑀 𝜕𝐷𝐼𝐶 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 + 𝐶𝑝𝑟𝑜𝑑 + 0.5𝑀 𝑒𝑡ℎ𝑚𝑖𝑛 + 𝐶𝐻4𝑜𝑥𝑖𝑑 + 𝐴𝑂𝑀 -𝑀 𝑛𝐶𝑂3 𝑝𝑟𝑒𝑐 𝑑𝑖𝑠𝑠 × (1 -𝜙) 𝜙 𝜕𝑆𝑂 4 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 -0.5𝐵𝑆𝑅𝑚𝑖𝑛 + 𝐻2𝑆𝑜𝑥𝑖𝑑 -𝐴𝑂𝑀 𝜕𝐹 𝑒 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 + 4𝐹 𝑒𝑟𝑒𝑑𝑚𝑖𝑛 -𝐹 𝑒𝑜𝑥𝑖𝑑 -𝐹 𝑒𝑆𝑝𝑟𝑜𝑑 + (2𝐻 2 𝑆𝑜𝑥𝑖𝑑𝐹 𝑒𝑂𝑂𝐻 𝐴,𝐵 -𝐹 𝑒𝑂𝑥𝑖𝑑𝑀 𝑛 𝐴,𝐵 ) × (1 -𝜙) 𝜙 𝜕𝐹 𝑒𝑂𝑂𝐻𝐴 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 + (𝐹 𝑒𝑜𝑥𝑖𝑑 -4𝐹 𝑒𝑟𝑒𝑑𝑚𝑖𝑛) × 𝜙 (1 -𝜙) -2𝐻 2 𝑆𝑜𝑥𝑖𝑑𝐹 𝑒𝑂𝑂𝐻 𝐴 + 𝐹 𝑒𝑂𝑥𝑖𝑑𝑀 𝑛 𝐴,𝐵 𝜕𝐹 𝑒𝑂𝑂𝐻𝐵 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 -2𝐻 2 𝑆𝑜𝑥𝑖𝑑𝐹 𝑒𝑂𝑂𝐻 𝐵 𝜕𝐻 2 𝑆 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 + 0.5𝐵𝑆𝑅𝑚𝑖𝑛 -𝐻2𝑆𝑜𝑥𝑖𝑑 -𝐹 𝑒𝑆𝑝𝑟𝑜𝑑 + 𝐴𝑂𝑀 -(𝐻 2 𝑆𝑜𝑥𝑖𝑑𝐹 𝑒𝑂𝑂𝐻 𝐴,𝐵 + 𝐻 2 𝑆𝑜𝑥𝑖𝑑𝑀 𝑛𝑂 2𝐴,𝐵 ) × (1 -𝜙) 𝜙 𝜕𝑀 𝑛 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 + 2𝑀 𝑛𝑟𝑒𝑑𝑚𝑖𝑛 -𝑀 𝑛𝑜𝑥𝑖𝑑 + (𝐻 2 𝑆𝑜𝑥𝑖𝑑𝑀 𝑛𝑂 2𝐴,𝐵 + 0.5𝐹 𝑒𝑂𝑥𝑖𝑑𝑀 𝑛 𝐴,𝐵 ) × (1 -𝜙) 𝜙 -𝑀 𝑛𝐶𝑂3 𝑝𝑟𝑒𝑐 𝑑𝑖𝑠𝑠 × (1 -𝜙) 𝜙 𝜕𝑀 𝑛𝑂 2 𝐴 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 -2𝑀 𝑛𝑟𝑒𝑑𝑚𝑖𝑛 + 𝑀 𝑛𝑜𝑥𝑖𝑑 × 𝜙 (1 -𝜙) -𝐻 2 𝑆𝑜𝑥𝑖𝑑𝑀 𝑛𝑂 2𝐴 -0.5𝐹 𝑒𝑂𝑥𝑖𝑑𝑀 𝑛 𝐴 𝜕𝑀 𝑛𝑂 2 𝐵 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 -𝐻 2 𝑆𝑜𝑥𝑖𝑑𝑀 𝑛𝑂 2𝐵 -0.5𝐹 𝑒𝑂𝑥𝑖𝑑𝑀 𝑛 𝐵 𝜕𝑀 𝑛𝐶𝑂 3 𝜕𝑡 = 𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 + 𝑀 𝑛𝐶𝑂3 𝑝𝑟𝑒𝑐 𝑑𝑖𝑠𝑠 (2.19)
The time evolution of these systems is further modified, particularly during the flood deposition phase. The following chapter documents the whole numerical process utilized in the model as well as the boundary con-

ditions. An explicit flood deposition procedure given in the following chapter investigates the model's ability to manage abruptly altering boundary conditions.

Parameters for the biogeochemical processes

For parameterization of the model, previous modelling efforts and parameters obtained in the Rhône prodelta area were used as a starting point for prescribing the configuration for the different applications. Notably, the steady-state modelling work of Pastor et al. (2011b) and Ait [START_REF] Ballagh | Spatial variability of organic matter and phosphorus cycling in rhône river prodelta sediments (NW mediterranean sea, france): A model-data approach[END_REF] presents an optimized set of parameters employed to study the biogeochemical dynamics of the Rhône prodelta sediment. Because this thesis uses a non-steady-state approach, the parameters were further optimized in a time-dependent manner, either automatically or manually fine-tuning to match field observations.

The strategy for finding adequate parameters of the diagenetic model in each application employed as described in the subsequent chapters proceeds with the calibration of the characteristics of the newly deposited flood layer (see Chapter 4). Here, the integration of all the available knowledge which constitutes the substance of flood deposition is used. This knowledge base is gleaned either from sedimentary data describing the carbon content of the new layer (see Chapter 5), the thickness of the deposited layer diagnosed by radionuclide activities (when available -see Chapter 6) or proxy data such as the timing of the event, and the amplitude of river discharge (to provide a measure of the rough estimate of the flooded sediment characteristics). As in the model, the carbon mineralization is independent of oxygen, nitrogen, manganese, iron and sulfur, it can be fully parameterized before considering other cycles. A glossary of literature values for iron and manganese flux (Wang and Van Cappellen 1996; Berg et al. 2003; Radakovitch et al. 2008; Dale et al. 2015; Zhao et al. 2020) to the sediment was used to constrain the reactions involving particulate oxides of metal in the model.

Evolution of biogeochemical model

Further development of the model during the course of the thesis allowed the inclusion of certain processes which were omitted from the initial version of the model. Here, I explain the developmental phase of the model as the subject and processes of the thesis evolve.

The initial version of the model entails the entire primary reaction Equation 2.2 and a subset of the secondary reaction Equation 2.9. This version opens the possibilities of including detailed anoxic-related processes in the sediment compared to the earlier OMEXDIA model (Soetaert et al. 1996a) and acts as a benchmark for verification whether the explicit flood deposition algorithm (see Chapter 4) works as intended.

As the research project evolved and the scientific questions asked were refined during the course of this thesis, additional secondary reaction pathways were added to the model. Notably, Equation 2.12 and Equation 2 

Abstract:

Episodic events of flood deposit in coastal environments are characterized by deposition of large quantities of sediment containing reactive organic matter within short periods of time. While steady-state modelling is common in sediment biogeochemical modelling, the inclusion of these events in current early diagenesis models has yet to be demonstrated.

We adapted an existing model of early diagenetic processes to include the ability to mimic an immediate organic carbon deposition. The new model version was able to reproduce the basic trends from field sediment porewater data affected by the November 2008 flood event in the Rhône River prodelta. Simulation experiments on two end-member scenarios of sediment characteristics dictated by field observation, (1-high thickness deposit, with low TOC and 2-low thickness, with high TOC), reveal contrasting evolutions of post-depositional profiles. A first-order approximation of the differences between subsequent profiles was used to characterize the timing of recovery (i.e relaxation time) from this alteration. Our results indicate a longer relaxation time of approximately 4 months for 𝑆𝑂 2-

4 and 5 months for DIC in the first scenario and less than 3 months for the second scenario which agreed with timescale observed in the field. A sensitivity analysis across a spectrum of these end-member cases for the organic carbon content (described as the enrichment factor 𝛼) and for sediment thickness -indicates that the relaxation time for oxygen, sulfate, and DIC decreases with increasing organic enrichment for a sediment deposition that is less 5 cm. However, for larger deposits (> 14 cm), the relaxation time for oxygen, sulfate and DIC increases with 𝛼. This can be related to the depth dependent availability of oxidant and the diffusion of species. This study emphasizes the significance of these sediment characteristics in determining the sediment's short-term response in the presence of an episodic event. Furthermore, the model described here provides a useful tool to better understand the magnitude and dynamics of flooding event on biogeochemical reactions on the seafloor.

Introduction

Coastal margins play a crucial role in the global marine systems in terms of carbon and nutrient cycling (Wollast 1993; Rabouille et al. 2001a; Cai 2011; Bauer et al. 2013; Regnier et al. 2013; Gruber 2015). Due to their relatively shallow depth, sedimentary early diagenetic processes are critical for the recycling of a variety of biogeochemical elements which are influenced by organic matter (OM) inputs, particularly carbon (Middelburg et al. 1993; Arndt et al. 2013). Furthermore, these processes have the potential to contribute to the nutrient source that fuels primary productivity of the marine system. In river-dominated ocean margins (RiOmar, (McKee et al. 2004)), organic matter input can also be enhanced by flood events which provide a significant fraction of the particulate carbon (POC) delivered to depocenters [START_REF] Antonelli | Suspended sediment and 137Cs fluxes during the exceptional december 2003 flood in the rhone river, southeast france[END_REF]. Organic matter derived from riverine input to sediment has biogeochemical significance in coastal marine systems [START_REF] Cai | Estuarine and coastal ocean carbon paradox: CO2 sinks or sites of terrestrial carbon incineration?[END_REF]. As a result, the coastal environment serves as both a sink for particulate organic carbon and nutrients and an active site of carbon and nutrient remineralization (McKee et al. 2004; Burdige 2005; Sundby 2006).

In the context of early diagenetic modelling, numerical models with time-dependent capability are well established (Lasaga and Holland 1976; Burdige and Gieskes 1983; Rabouille and Gaillard 1991; Boudreau 1996; Soetaert et al. 1996a; Rabouille et al. 2001b; Archer et al. 2002; Couture et al. 2010; Yakushev et al. 2017), and they are used in many coastal and deep-sea studies. However, because of the scarcity of observations and their unpredictability, the role of massive episodic events in these models has frequently been overlooked [START_REF] Tesi | Early diagenesis of recently deposited organic matter: A 9-yr time-series study of a flood deposit[END_REF]. As these rare extreme events are being currently documented in various locations, there is a growing appreciation for their impact on the coastal margin (Deflandre et al. 2002; Cathalot et al. 2010; Tesi et al. 2012).

Attempts to use mathematical models to understand perturbation-induced events such as sudden erosion/resuspension event, bottom trawling, and turbidity driven sediment deposition on early diagenetic processes have resulted in a variety of approaches that incorporate this type of phenomenon. As an example, [START_REF] Katsev | Modeling vertical excursions of the redox boundary in sediments: Application to deep basins of the Arctic Ocean[END_REF] demonstrated that the position of the redox boundary (depth zone beneath the sediment-water interface that separates the stability fields of the oxidized and reduced species of a given redox couple) in organic-poor marine sediment can undergo massive shifts due to the flux of new organic matter on a seasonal basis, whereas on a longer time scale (e.g. decadal), redox fluctuation linked to organic matter deposition can induce the redistribution of solid-phase manganese with multiple peaks (due to depth-wise oxidation-reduction of Mn). Another study in a coastal system revealed that coastal sediments change as a result of an anthropogenic perturbation in the context of bottom dredging and trawling [START_REF] Velde | Anthropogenic disturbance keeps the coastal seafloor biogeochemistry in a transient state[END_REF]).

More recently, using similar model, De Borger et al. (2021a) highlighted that perturbation events such as trawling can possibly decrease total OM mineralization.

In river-dominated ocean margins, episodic flood events can deliver sediment with varying characteristics depending on its source origin, frequency and intensity [START_REF] Cathalot | The fate of river organic carbon in coastal areas: A study in the rhône river delta using multiple isotopic (𝛿13C, Δ14C) and organic tracers[END_REF]. Therefore, the flood characteristics have direct impact on the deposited sediment's characteristics such as scale/thickness of the deposited layer, composition (mineralogy and grain-size), OM content and so on. For example, in the Rhône prodelta, a single flash flood can deliver up to 30 cm of new sediment material in a matter of days (Cathalot et al. 2010; Pastor et al. 2018). Despite the large amount of sediment introduced by this episodic loading, vertical distribution of porewater species like oxygen (𝑂 2 ), can be restored after a few days [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF]). It has also been noticed [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF]) that spring and summer porewater compositions measured for several years following fall and winter floods show quasi-steady state profiles for sulfate and DIC. Similar massive deposition was also reported in the Saguenay Fjord (Quebec, Canada) (Mucci andEdenborn 1992; Deflandre et al. 2002). The recovery timescale from this perturbation has only been roughly estimated for short-lived species like oxygen, but this is not always the case for sulfate (𝑆𝑂 2- 4 ), dissolved inorganic carbon (DIC), or other redox species. Furthermore, due to the limitation in temporal resolution of the observations, the short-term post depositional dynamics in the aftermath of this flood deposition event are scarcely described, making it difficult to discern how the system responds after the event. While experimental approaches [START_REF] Chaillou | Transient states in diagenesis following the deposition of a gravity layer: Dynamics of o 2, mn, fe and n-species in experimental units[END_REF]) can provide useful insight into how they work, they lack the ability to provide continuous system dynamics and are often difficult to set up. A modelling approach can assist in addressing these issues, providing useful feedback in terms of the scale and response of the sediment to this type of event.

The goal of this study is to better understand episodic events in the context of flood driven sediment deposition and their impact on benthic biogeochemistry, post-flood evolution dynamics, and relaxation timescale. As the relaxation dynamics represent a gap in our understanding of how coastal systems respond to external drivers, we characterize the timescale of the recovery of sediment porewater profiles using a first-order approximation.

To accomplish this, we developed an early diagenetic model called FESDIA. The ability to explicitly simulate non-steady early diagenesis processes in systems subject to perturbation events such as massive flood or storm deposition is a novel contribution of FESDIA to early diagenetic models. In the following ways, FESDIA differs therefore from the OMEXDIA model (Soetaert et al. 1996a) by implementing:

• An explicit description of the anoxic diagenesis including (i) Iron and Sulfur dynamics, (ii) methane production and consumption. In comparison OMEXDIA has a single state variable (ODU: oxygen demand unit) to describe reduced species.

• possibility to include sediment perturbation events such as abrupt deposition of sediment.

In this paper, we only discuss part of the FESDIA model concerned with the implementation of a perturbation event as it relates to some biogeochemical indicators. The model is implemented in Fortran (for speed) and linked to R (for flexibility). We demonstrate the model's utility in describing data collected from a flood event in November/December 2008 [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF] as well as numerically investigating the impact of varying degrees of flood type characteristics on the system's relaxation dynamics. This work is a foundation for a more in-depth investigation of the model-data biogeochemistry of the porewater and solid phase components of core samples from [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF], and it provides a useful baseline for understanding the spatiotemporal dynamics of coastal marine systems subject to event-driven organic matter pulses.

Materials and methods

Site and events description

The Rhône prodelta serves as a case study for the development of the model used to evaluate sediment perturbation dynamics. This particular coastal area acts as the transitory zone between the inland river channel and the continental shelf (Gulf of Lion) of the Mediterranean Sea. The Rhône River with a drainage basin of 97800 𝑘𝑚 2 and mean water discharge of 1700 𝑚 3 𝑠 -1 delivers up to 1.6 × 10 10 𝑚𝑜𝑙𝑒𝑠 𝐶 of particulate carbon (POC) annually [START_REF] Sempéré | Carbon inputs of the Rhône River to the Mediterranean Sea: Biogeochemical implications[END_REF] to the pro-deltaic part (i.e., where the river meets the sea). The Rhône prodelta covers an area of approximately 65 𝑘𝑚 2 with depth ranging from 2 to 60 m (Lansard et al. 2009a) and is characterized by high sedimentation rates reaching up to 41 𝑐𝑚 𝑦𝑟 -1 in the proximal zone [START_REF] Rassmann | Carbonate chemistry in sediment porewaters of the rhône river delta driven by early diagenesis (northwestern mediterranean)[END_REF]; Lat -43 ∘ 18.680' N, Long -4 ∘ 51.038' E and average depth of 21 m) (Radakovitch et al. 1999; Miralles et al. 2005). The organic matter delivered to the depocenter typically reflects the different compositional materials derived from the terrestrial domain [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF], whereas the magnitude of material transported and the quantity of organic carbon transferred laterally vary according to seasons and the period of massive instantaneous deposition (Lansard et al. 2008; Cathalot et al. 2013). Relating to the episodic pulse of organic matter, numerous studies have documented instances of flood-driven deposition from the Rhône River from a hydrographic perspective (Hensel et al. 1998; Boudet et al. 2017; Pont et al. 2017). [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF] goes beyond sedimentology and hydrographic characteristics to provide a concise description of the various flood types, their diagenetic signatures, and biogeochemical implications. Furthermore, published porewater chemistry and solid phase data have highlighted sediment characteristics following such an event (Cathalot et al. 2010; Cathalot et al. 2013; Toussaint et al. 2013a; Pastor et al. 2018).
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Model development and implementation

Following the description of the Rhône River flood types and the composition of the flood deposit (mainly in terms of organic carbon) at the proximal station A [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF], we proceed to describe the model developed to explore the observed data and their diagenetic implications in terms of relaxation times and their evolution following this transient perturbation.

Table 3.1: Description of notations, phrases, acronyms, and abbreviations, as used in this paper.

Symbols Description

𝑇 𝑂𝐶 𝑟𝑒𝑓 Asymptotic carbon content. This is equal to the refractory component of sedimentary carbon not modelled explicitly by FESDIA.

Δ𝑧

Thickness of vertical layer. Unequal in each layer of the modelled domain.

Symbols Description

𝑁 𝑐𝑢𝑟 , 𝑁

Number of grid layer. Equal to default modelled layer (N = 100).

𝑁 𝑝𝑒𝑟𝑡 , 𝑍 𝑝𝑒𝑟𝑡

Depth of sediment deposition. This corresponded to the observed depth of sediment deposited due to flood input.

𝑇 𝑂𝐶 𝑧 𝑝𝑒𝑟𝑡 Organic carbon content in the deposited layer. This corresponds to the TOC (total organic carbon) content introduced by the flood layer and differs from the ancient layer depending on its concentration of carbon.

𝑇 𝑂𝐶 𝑜𝑙𝑑 Organic carbon content in the ancient layer. This corresponds to the TOC content in the previous layer prior to the flood deposition.

𝑡 -

Time index prior to the flood event deposition.

𝛼

Carbon enrichment factor. This is a multiplicative coefficient for which the solid component of the sediment in the newly deposited layer can be increased dynamically during the simulation. As such, a "new initial condition" for the deposition can be realized without stopping the simulation using this factor.

𝐶 𝑜𝑟𝑔

Concentration of fast and slow degradable organic matter. This is the sum of both model variables 𝑓𝑙𝑢𝑥 𝑜𝑟𝑔 Daily flux of organic carbon flux derived from the annual average flux.

𝜑(𝑡)

Time-dependent, differential operator of successive depth integrated over the modelled domain.

𝜏 (𝑡)

Relaxation time derived from 𝜑(𝑡).

Our model combines the development of the OMEXDIA model (Soetaert et al. 1996a), applied in the Rhône prodelta area (Pastor et al. 2011a; Ballagh et al. 2020) and which has recently been equipped with event-driven processes (De Borger et al. 2021a). In De Borger et al. (2021a), the authors specifically addressed the issue of bottom trawling as a mixing and an erosional process that removes an upper layer of sediment and mixes a certain layer below. In addition, the model considers a bulk categorization of reduced substances in a single state variable, ODU (oxidative oxygen unit). For our approach, the event is defined by an addition of a new layer on top of the former sediment-water interface. Furthermore, we explicitly modelled pathways involving sulfur and iron. Following this preamble, the following sections expand on aspects of the model description and parameterization. Table 3.1 provides some key glossaries of mathematical notations used in the model.

Model state variables

The complete model describes the concentration of labile (𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 ) and semi-labile (𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 ) decaying organic matter, oxygen (𝑂 2 ), nitrate (𝑁 𝑂 - 3 ), and ammonium (𝑁 𝐻 + 

O2

𝑚𝑚𝑜𝑙 𝑂 2 𝑚 -3

Oxygen

𝑁 𝑂 - 3 NO3 𝑚𝑚𝑜𝑙 𝑁 𝑚 -3 Nitrate 𝑁 𝐻 + 4 NH3 𝑚𝑚𝑜𝑙 𝑁 𝑚 -3 Ammonium 𝑆𝑂 2- 4 SO4 𝑚𝑚𝑜𝑙 𝑆 𝑚 -3 Sulfate 𝐻 2 𝑆 H2S 𝑚𝑚𝑜𝑙 𝑆 𝑚 -3
Hydrogen sulfide

𝐹 𝑒 2+

Fe 𝑚𝑚𝑜𝑙 𝐹 𝑒 𝑚 -3

Reduced ferrous iron

𝐷𝐼𝐶 DIC 𝑚𝑚𝑜𝑙 𝐶 𝑚 -3
Dissolved inorganic carbon 𝐶𝐻 4

CH4

𝑚𝑚𝑜𝑙 𝐶𝐻 4 𝑚 -3

Methane

In some coastal settings, oxidation via sulfate reduction has been highlighted as the primary pathway for organic carbon (OC) mineralization, with minor contributions from manganese and iron oxidation [START_REF] Burdige | Anaerobic oxidation of methane and the stoichiometry of remineralization processes in continental margin sediments[END_REF]. In addition, the flux of integrated remineralization products such as DIC has previously been estimated to contribute up to 8 times that of diffusive oxygen uptake [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF]) -thus highlighting its importance in describing the amplitude of benthic recycling in coastal water. As such in this paper, we focus our analysis on these proxy variables ( 𝑂 2 , 𝑆𝑂 2-

Biogeochemical reaction

Early diagenesis processes on the seafloor are driven by organic matter deposition. For areas such as the Rhône prodelta, continental organic carbon input is dominant, and it is difficult to identify the fraction of labile fraction responsible for fast OM pool consumption (Pastor et al. 2011a). Moreover, observations show that some organic compounds are preferentially degraded and become selectively oxidized (Middelburg et al. 1997; Pozzato et al. 2018). As a result, the model assumed solid phase organic carbon with two reactive fractions with different reactivities and C/N ratios [START_REF] Westrich | The role of sedimentary organic matter in bacterial sulfate reduction: The G model tested 1[END_REF]Berner 1984; Soetaert et al. 1996a). The mineralization of OM occurs sequentially, with the labile fraction mineralizing faster than the slow decaying carbon. During the timescales considered here, the refractory organic matter class is not reactive. To compare with the observation, we consider an asymptotic OC constant (𝑇 𝑂𝐶 𝑟𝑒𝑓 ) for the inert fraction that scales the model calculated TOC output to the observation (Pastor et al. 2011a) (see Section 3.2.2.8). This organic carbon degradation requires oxidants, and the depth-dependency in sequential utilization of terminal electron acceptors assumption first proposed by (Froelich et al. 1979a) is used here. Oxygen is consumed first, followed by nitrate, iron oxides, sulfate and finally methanogenesis occurs (Equation 3.3). Because the quantity of organic matter, the relative proportions of fast and slow degrading materials, and the reactivities decrease with depth, the overall organic matter degradation rate decreases and eventually ceases. In the formulation of the individual biogeochemical processes, we use a similar paradigm as (Soetaert et al. 1996a) (Equation 4.1).

This rate of carbon mineralization of organic matter (𝑚𝑚𝑜𝑙 𝑚 -3 𝑑 -1 ) can be expressed as:

𝐶𝑝𝑟𝑜𝑑 = (𝑟𝐹 𝑎𝑠𝑡 × 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 + 𝑟𝑆𝑙𝑜𝑤 × 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 ) × (1 -𝜙) 𝜙 (3.1)
Where the 𝑟𝐹 𝑎𝑠𝑡 and 𝑟𝑆𝑙𝑜𝑤 are the decay rate constant (𝑑 -1 ) for the fast and slow detritus component. 𝜙 and (1 -𝜙) are the volume fraction for both solutes and solid respectively. This process is mediated by microrganisms and oxidant availability. The primary redox reaction includes (1) Oxic respiration (2) Denitrification

(3) Fe (III) reduction (4) Sulfate reduction and (5) Methane production:

𝑂𝑀 + 𝑂 2 → 𝐶𝑂 2 + 1 (𝐶 ∶ 𝑁 ) 𝑁 𝐻 3 + 𝐻 2 𝑂 𝑂𝑀 + 0.8𝑁 𝑂 - 3 + 0.8𝐻 + → 𝐶𝑂 2 + 1 (𝐶 ∶ 𝑁 ) 𝑁 𝐻 3 + 0.4𝑁 2 + 1.4𝐻 2 𝑂 𝑂𝑀 + 4𝐹 𝑒𝑂𝑂𝐻 + 8𝐻 + → 𝐶𝑂 2 + 1 (𝐶 ∶ 𝑁 ) 𝑁 𝐻 3 + 4𝐹 𝑒 2+ + 7𝐻 2 𝑂 𝑂𝑀 + 0.5𝑆𝑂 2- 4 + 𝐻 + → 𝐶𝑂 2 + 1 (𝐶 ∶ 𝑁 ) 𝑁 𝐻 3 + 0.5𝐻 2 𝑆 + 𝐻 2 𝑂 𝑂𝑀 → 0.5𝐶𝑂 2 + 1 (𝐶 ∶ 𝑁 ) 𝑁 𝐻 3 + 0.5𝐶𝐻 4 (3.2)
where OM is simply represented as (𝐶𝐻 2 𝑂)(𝑁 𝐻 3 ) 𝑁∶𝐶 ) and N:C is the redfield nitrogen to carbon ratio respectively (N:C = 16 106 ). This reaction can be modelled using a Monod type relationship with each oxidant having a half-saturation constant (𝑘 𝑠 [𝐶] ) represented as ks* in the model code. The inhibition of mineralization by the presence of other oxidants is also modelled with a hyperbolic term (subtracted from 1) where 𝑘 𝑖𝑛 [𝐶] is the concentration at which the rate drops to half of its maximal value. Using these limitation and inhibition functions, a single equation for each component across the model-depth domain can be realized (Rabouille and Gaillard 1991; Soetaert et al. 1996a; Wang and Van Cappellen 1996), together with some possible overlap (Froelich et al. 1979b; Soetaert et al. 1996a). For a generic species, this can be described mathematically as:

𝑙𝑖𝑚 = [𝐶] (𝑘 𝑠[𝐶] + [𝐶]) ∏ (1 - [𝐶] (𝑘 𝑖𝑛[𝐶] + [𝐶]) ) (3.3)
Where C is an oxidant. Formulation for individual pathways as well as values of half-saturation and inhibition constants for each oxidant can be found in Appendix (A1). With this limitation term, mineralization rate per solute can be estimated using potential carbon produced via OM degradation in Equation 3.1:

𝑟𝑎𝑡𝑒 𝑚𝑖𝑛 = 𝐶𝑝𝑟𝑜𝑑 × 𝑙𝑖𝑚 × 1 ∑ 𝑙𝑖𝑚 (3.4)
with the ∑ 𝑙𝑖𝑚 the sum of all limitation terms which normalizes the term in order to always achieve the maximum degradation rate. See Soetaert et al. (1996a) for more details on the derivative of this equation.

Secondary redox reactions include reoxidation of reduced substances (nitrification, Fe oxidation, 𝐻 2 𝑆 oxidation, methane oxidation) (Equation 4.2) and the precipitation of FeS. Anaerobic oxidation of methane occurs in the absence of 𝑂 2 following upward diffusion of methane to the sulfate-methane transition zone (SMTZ) [START_REF] Jørgensen | The biogeochemical sulfur cycle of marine sediments[END_REF]:

𝑁 𝐻 + 4 + 2𝑂 2 → 𝑁 𝑂 - 3 + 𝐻 2 𝑂 + 2𝐻 + 4𝐹 𝑒 2+ + 𝑂 2 + 6𝐻 2 𝑂 → 4𝐹 𝑒𝑂𝑂𝐻 + 8𝐻 + 𝐶𝐻 4 + 2𝑂 2 → 𝐶𝑂 2 + 2𝐻 2 𝑂 𝐻 2 𝑆 + 2𝑂 2 → 𝑆𝑂 2- 4 + 2𝐻 + 𝐶𝐻 4 + 𝑆𝑂 2- 4 → 𝐻𝐶𝑂3 -+ 𝐻𝑆 -+ 𝐻 2 𝑂 𝐹 𝑒 2+ + 𝐻 2 𝑆 → 𝐹 𝑒𝑆 + 2𝐻 + (3.5)
These reactions are mathematically described using a coupled reaction formulation. Nitrification is limited by the availability of oxygen and the other reactions are described with a first-order term.

𝑁 𝑖𝑡𝑟𝑖 = 𝑅 𝑛𝑖𝑡 × 𝑁 𝐻 4 × 𝑂 2 (𝑂 2 + 𝑘𝑠 𝑛𝑖𝑡𝑟𝑖 ) (Nitrification) 𝐹 𝑒𝑜𝑥𝑖𝑑 = 𝑅 𝐹 𝑒𝑂𝐻 3 × 𝐹 𝑒 × 𝑂 2 (Iron oxidation) 𝐻2𝑆𝑜𝑥𝑖𝑑 = 𝑅 𝐻 2 𝑆 × 𝐻 2 𝑆 × 𝑂 2 (sulfide oxidation) 𝐶𝐻4𝑜𝑥𝑖𝑑 = 𝑅 𝐶𝐻 4 × 𝐶𝐻 4 × 𝑂 2 (Methane oxidation) 𝐴𝑂𝑀 = 𝑅 𝐶𝐻 4 × 𝐶𝐻 4 × 𝑆𝑂 4 (Anaerobic oxidation of methane) (3.6)
where 𝑅 𝑛𝑖𝑡 is the rate of Nitrification (𝑑 -1 ), 𝑅 𝐹 𝑒𝑂𝐻 3 , 𝑅 𝐻 2 𝑆 , 𝑅 𝐶𝐻 4 are the rate of oxidation of Iron, sulfide and methane via oxygen respectively (𝑚𝑚𝑜𝑙 -1 𝑚 3 𝑑 -1 ). Because sulfide precipitation can occur in some coastal sediments, we accounted for this sink process by removing produced sulfide from sulfate reduction as a first order FeS formation.

𝐹 𝑒𝑆𝑝𝑟𝑜𝑑 = 𝑅 𝐹 𝑒𝑆𝑝𝑟𝑜𝑑 × 𝐹 𝑒 × 𝐻 2 𝑆 (FeS production) (3.7)
with 𝑅 𝐹 𝑒𝑆𝑝𝑟𝑜𝑑 the rate of production of FeS (𝑚𝑚𝑜𝑙 -1 𝑚 3 𝑑 -1 ).

Transport processes

Transport processes in the model are described by molecular diffusion and bio-irrigation for dissolved species whereas bioturbation is the main process for mixing the solid phase. In addition, advection occurs in both solid and dissolved species. The model dynamics described as a partial differential equation (PDE) is the general reaction-transport equation [START_REF] Berner | Early Diagenesis: A Theoretical Approach[END_REF]. We use a similar paradigm and formulations to those of (Soetaert et al. 1996a). For substances that are dissolved:

𝜕𝜙𝐶 𝜕𝑡 = - 𝜕 𝜕𝑧 [-𝜙 × 𝐷 𝑠𝑒𝑑 × 𝜕𝐶 𝜕𝑧 + 𝑤 ∞ × 𝜙 ∞ × 𝐶] + ∑ 𝜙 × 𝑅𝐸𝐴𝐶 + 𝜙 × 𝐽 𝑖𝑟𝑟 (3.8)
With special consideration of ammonium adsorption to sediment which reaction kinetic is linear and accompanied by diffusion and reaction:

𝜕𝜙𝐶 𝜕𝑡 = - 𝜕 𝜕𝑧 [- 𝜙 × 𝐷 𝑠𝑒𝑑 (1 + 𝑘 𝑎𝑑𝑠 ) × 𝜕𝐶 𝜕𝑧 + 𝑤 ∞ × 𝜙 ∞ × 𝐶] + ∑ 𝜙 × 𝑅𝐸𝐴𝐶 (1 + 𝑘 𝑎𝑑𝑠 ) (3.9)
where we assumed that the immobilization of 𝑁 𝐻 + 4 is in instantaneous, local equilibrium (i.e., any changes caused by the slow 𝑁 𝐻 + 4 removal process results in an immediate adjustment of the 𝑁 𝐻 + 4 equilibrium; so, it can be modelled with a simple chemical species) and 𝑘 𝑎𝑑𝑠 is the adsorption coefficient. The inclusion of this formulation for the diffusion and reaction term has the effect of slowing down ammonium migration in sediment.

Derivation of this formulation is given in [START_REF] Berner | Early Diagenesis: A Theoretical Approach[END_REF] and [START_REF] Soetaert | A practical guide to ecological modelling: Using r as a simulation platform[END_REF].

For the solid phase:

𝜕(1 -𝜙)𝑆 𝜕𝑡 = - 𝜕 𝜕𝑧 [-(1 -𝜙) × 𝐷 𝑏 × 𝜕𝑆 𝜕𝑧 + 𝑤 ∞ × (1 -𝜙) ∞ × 𝑆] + ∑ (1 -𝜙) × 𝑅𝐸𝐴𝐶 (3.10)
where C is the concentration of porewater (unit of 𝑚𝑚𝑜𝑙 𝑚 -3 𝑙𝑖𝑞𝑢𝑖𝑑) for Equation 3.8 and S for solid (unit of 𝑚𝑚𝑜𝑙 𝑚 -3 𝑠𝑜𝑙𝑖𝑑) Eq. Equation 3.10. 𝑤 (𝑐𝑚 𝑑 -1 ) and 𝐷 𝑠𝑒𝑑 (𝑐𝑚 2 𝑑 -1 ) represent the burial/advection and molecular diffusion coefficient in the sediment respectively and REAC is the source/sink processes linked to biogeochemical reactions in the sediment. This term include both biological and chemical reactions within the sediment column while 𝐽 𝑖𝑟𝑟 is act as a non-local bio-irrigation transport term (see next section). 𝐷 𝑏 is the bioturbation term for solid driven by the activities of benthic organisms. For dynamic simulation, 𝑤 can change as a function of time but in most cases we assumed a constant value.

Diffusive fluxes of solutes across the sediment-water interface are driven by the concentration gradients between the overlying seawater and the sediment column. Fick's first law is used to describe the solute flux due to molecular diffusion:

𝐽 𝑑 = -𝜙𝐷 𝑠𝑒𝑑 𝜕𝐶 𝜕𝑧 (3.11)
where the 𝐷 𝑠𝑒𝑑 (𝑐𝑚 𝑑 -1 ) is the effective diffusion coefficient corrected for tortuosity and given as 𝐷 𝑠𝑒𝑑 = 𝐷 𝑠𝑤 𝜃 2 , with 𝐷 𝑠𝑤 the molecular diffusion coefficient of the solute in free solution of sea-water and 𝜃 is the tortuosity derived from the formation factor (𝐹 ) and porosity (𝜙) of a sediment matrix (Berner 1980; Boudreau 1997). This molecular diffusion coefficient is calculated as function of temperature and salinity using compiled relation of [START_REF] Boudreau | Diagenetic models and their implementation[END_REF], implemented in the R package Marelac (Soetaert and Petzoldt 2020).

As a simplifying assumption, material accumulation has no effect on porosity. We further assumed the porosity profile decreased with depth but invariant with time. Although, this assumption is restrictive as the site of flood deposition can undergo variation in grain size, which might affect their porosity [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF], we proceed noting that the fixed parameters which define the porosity curve can be changed when necessary.

Thus, using optimized parameters fitted with data in the proximal sites of the Rhône prodelta (Ait Ballagh et al.

2021), porosity (𝜙(𝑧)) in Eq. Equation 3.10 -Equation 3.8 is prescribed as an exponential decay:

𝜙(𝑧) = 𝜙 ∞ + (𝜙 0 -𝜙 ∞ )𝑒 -(𝑧-𝑧 𝑠𝑤𝑖 ) 𝛿 (3.12)
Where 𝜙 0 and 𝜙 ∞ is the porosity surface and at deeper layer respectively while 𝑍 𝑠𝑤𝑖 is the depth of the SWI and 𝛿 (𝑐𝑚) is the porosity coefficient with depth.

Bioturbation and Bio-irrigation

Bioturbation in the model is characterized by the movement and mixing of particles by benthic organisms. This is parameterized as a diffusivity function in space (𝐷(𝑧)) and acts on the concentrations of the different solid species in the sediment. In our model, this bioturbation flux is assumed to be intraphase, with porosity 𝜙(𝑧)

remaining constant over time. Thus, this process is prescribed as:

𝐷𝑏(𝑧) = ⎧ { ⎨ { ⎩ 𝐷 0 𝑏 if 𝑍 ≤ 𝑍 𝐿 𝐷 ∞ + (𝐷 0 𝑏 -𝐷 ∞ )𝑒 -(𝑍-𝑍 𝐿 ) 𝑏𝑖𝑜𝑡 𝑎𝑡𝑡 if 𝑍 > 𝑍 𝐿 (3.13)
where 𝐷 0 𝑏 is the bio-diffusivity coefficient (𝑐𝑚 2 𝑑 -1 ) at the SWI and in the mixed layer, 𝑍 𝐿 is the depth of the mixed layer (𝑐𝑚) and 𝑏𝑖𝑜𝑡 𝑎𝑡𝑡 is the attenuation coefficient (𝑐𝑚) of bioturbation below the mixed layer. 𝐷 ∞ is the diffusivity at the deeper layer, usually specified as zero. In the model, we did not account for the mortality of benthic fauna following the deposition as in De Borger et al. (2021a) where they focus on habitat recolonization after trawling.

Bio-irrigation is modelled in an identical manner to that of biodiffusion and acts as a non-local exchange process between the porewater parcels and the overlying bottom water.

𝐼𝑟𝑟(𝑧) = ⎧ { ⎨ { ⎩ 𝐼𝑟𝑟 0 if 𝑍 ≤ 𝑍 𝐿 𝐼𝑟𝑟 ∞ + (𝐼𝑟𝑟 0 + 𝐼𝑟𝑟 ∞ )𝑒 -(𝑍-𝑍 𝐿 ) 𝐼𝑟𝑟 𝑎𝑡𝑡 if 𝑍 > 𝑍 𝐿 (3.14)
for which 𝐼𝑟𝑟 0 is the bio-irrigation coefficient (𝑑 -1 ) and 𝐼𝑟𝑟 𝑎𝑡𝑡 is the attenuation of irrigation (𝑐𝑚) below the depth of the irrigated layer 𝑍 𝑖𝑟𝑟 (𝑐𝑚). At depth, the bio-irrigation rate (𝐼 𝑟𝑟 ∞ ) is generally set to zero.

Model vertical grid

The model is vertically resolved with a grid divided into 100 layers (𝑁 ) of thickness (Δ𝑧) increasing geometrically from 0.01 cm at the sediment-water interface to 6 cm at the lower boundary. The result is a 100 cm model domain comprising a full grid with non-uniform spacing and maximum resolution near the SWI. Depth units are in centimeters. This choice of modelled depth allows for complete carbon degradation. This modelled grid is generated by the grid generation routine of the ReacTran R package (Soetaert and Meysman 2012a) -which implements many grid types used in early diagenesis modelling. During the time instance of the event specification, the added grid of new layers (𝑁 𝑝𝑒𝑟𝑡 ≈ 𝑍 𝑝𝑒𝑟𝑡 ) unit of sediment and the current grid (𝑁 𝑐𝑢𝑟 ≈ 𝑁 ) are rescaled to the model's common grid of 𝑁 layer by linear interpolation (see Section 3.2.2.6 and Fig. S1). The concentration of state variables is defined at the layer midpoints, whereas diffusivities, advection (sinking/burial velocities), and resulting transport fluxes are defined at the layer interfaces.

Deposition event

The inclusion of the deposition event as a separate external routine to modify the sediment properties (i.e., porewater species, 𝐶 𝑜𝑟𝑔 ) is a fundamental difference between our approach and the other previous early diagenesis model applied in the Rhone Delta, but it bears similarity to De Borger et al. (2021a). We assume the event occurred as an instantaneous deposition of organic carbon (𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 and 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 ) over a depositional layer, 𝑍 𝑝𝑒𝑟𝑡 (Figure 3.2).

The event calculation was carried out dynamically within the same simulation time. For the solid species, following the flux of organic carbon via the boundary condition (see Section 3.2.2.7), the portion of organic carbon is split between the fast and slow decaying components using a proportionality constant (𝑝𝑓 𝑎𝑠𝑡) as in Ait [START_REF] Ballagh | Spatial variability of organic matter and phosphorus cycling in rhône river prodelta sediments (NW mediterranean sea, france): A model-data approach[END_REF]. 𝑝𝑓𝑎𝑠𝑡 varies from 0 to 1 and it is expressed in percentage of carbon flux deposited associated with either fraction (fast and slow). However, at the time when the event is prescribed, the integrated profile of the solid specie, 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 and 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 from the previous time step, defined as 𝑡 -, are used to create a virtual composite of the deposited layer. This integral calculation was performed over a specified sediment thickness (𝑍 𝑝𝑒𝑟𝑡 ), which corresponded to the vertical extent of the depositional event. This average concentration for the solid, which we define exclusively at the time of deposition as (𝐶 𝑓𝑙𝑜𝑜𝑑 𝑜𝑟𝑔 ) is scaled with an enrichment factor (𝛼 see below) and then nudged on top of the old layer, which is supposed to be buried beneath after the event.

To avoid numerical issues caused by the discontinuity of both layers with different properties, an interpolation of the composite profile was performed over the modeling domain. This smooths the interface between the deposited layer's base and the current model grid's upper layer. This algorithmic procedure is schematically shown in Figure 3.2, and we summarized this process mathematically as:

𝐶 𝑓𝑙𝑜𝑜𝑑 𝑜𝑟𝑔 ≈ 𝛼𝐶 𝑖 𝑜𝑟𝑔 (𝑡)| 𝑧 𝑝𝑒𝑟𝑡 0 = 𝛼 ∫ 𝑧 𝑝𝑒𝑟𝑡 0 𝐶 𝑖 𝑜𝑟𝑔 (𝑡 -)𝑑𝑧 𝑍 𝑝𝑒𝑟𝑡 ⎧ { ⎨ { ⎩ 𝛼 < 1, if 𝑇 𝑂𝐶 𝑧 𝑝𝑒𝑟𝑡 < 𝑇 𝑂𝐶 𝑜𝑙𝑑 𝛼 > 1, if 𝑇 𝑂𝐶 𝑧 𝑝𝑒𝑟𝑡 > 𝑇 𝑂𝐶 𝑜𝑙𝑑 ; 𝑖 = 1(𝑓𝑎𝑠𝑡), 2(𝑠𝑙𝑜𝑤) (3.15)
where 𝑇 𝑂𝐶 𝑧 𝑝𝑒𝑟𝑡 corresponds to the TOC content introduced by the flood layer and 𝑇 𝑂𝐶 𝑜𝑙𝑑 represents the TOC in the previous layer prior to the flood deposition. The carbon enrichment factor (𝛼) denoted as confac in the model code is introduced here in order to scale the deposited OC with those observed from field data. This helps in calibrating the deposited organic matter concentration (𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 and 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 ) in the new layer relative to the previous sediment fraction, simulating the wide range of TOC content observed in the field. For instance, when the newly deposited organic matter is similar to the former sediment topmost layer (average pre-flood layer concentration over an equivalent 𝑍 𝑝𝑒𝑟𝑡 depth), an 𝛼 value of 1:1 is used. If the new material is lower in organic carbon content compared to what is near the sediment-water interface, then 𝛼 < 1, while if the newly deposited material is higher in carbon content than the sediment surface, 𝛼 > 1. This flexibility can be used to constrain the simulation to match the corresponding TOC profile from field observation. In the modelling application, this parameter is generally specified by using different values for the magnitude of OC in each fraction depending on the empirical observation of the TOC data. This quantity is therefore tunable, and the upper bound of this parameter is dictated by the maximum TOC in the sediment sample.

It is important to note that this parameter differs from 𝑝𝑓𝑎𝑠𝑡. This OC flux partitioning by 𝑝𝑓𝑎𝑠𝑡 occurs regardless of the event and is related to the carbon flux received at the boundary, but the carbon enrichment factor occurs only during the event. The carbon enrichment factor (𝛼) can be viewed as a method of imposing a new initial condition only at the time of the event by using the integral concentration from the previous time.

However, using the approach described here, all calculations can be done dynamically without stopping the model.

For the solutes species (𝑂 2 , 𝑁 𝑂 - 3 , 𝑁 𝐻 + 4 , 𝐷𝐼𝐶, 𝑆𝑂 2- 4 , 𝐻 2 𝑆, 𝐶𝐻 4 ), the bottom water concentration is mainly imposed through the perturbed layer at the time of the event by assuming this new layer is homogeneously mixed. 

Boundary Conditions

The boundary conditions for the model are of three type:

• At the sediment-water interface, a Dirichlet concentration condition for most solutes equaling the bottom water concentration was used.

𝐶| 𝑧=0 = 𝐶 𝑏𝑤 (3.16)

• Both pore water and solid have a zero-flux boundary condition at the bottom of the model:

𝑑𝐶 𝑑𝑧 | 𝑧=𝑧 ∞ = 0
(3.17)

• For solid, an imposed flux at the upper boundary for most of the year is used:

𝑓𝑙𝑢𝑥 𝑜𝑟𝑔 | 𝑧=0 = -(1 -𝜙 0 )𝐷𝑏 0 𝑑𝐶 𝑑𝑧 | 𝑧=0 + (1 -𝜙 ∞ )𝑤 ∞ 𝐶| 𝑧=0 (3.18)
The model also includes the ability to include time-varying organic carbon flux with a user-specific time-series or a functional representation such as a sinusoidal pattern. In the latter case, this carbon flux varies over the annual carbon flux (𝑓 𝑙𝑢𝑥 𝑜𝑟𝑔 ) in the region in question. This was expressed mathematically as:

𝑓𝑙𝑢𝑥 𝑜𝑟𝑔 (𝑡)| 𝑧=0 = [𝑓𝑙𝑢𝑥 𝑜𝑟𝑔 × (1 + 𝑠𝑖𝑛( 2 ⋅ 𝜋 ⋅ 𝑡 365 ))] (3.19)
At the time of the instantaneous deposition, this deposited carbon is treated as described in Section 3.2.2.6.

Model parameterization and verification

The model parameters in Table 3.3 (for full model parameters see Table S1 in supplementary) were derived from previously published models in the Rhône Delta (Pastor et al. 2011a; Ait Ballagh et al. 2021). The organic matter stoichiometry for both fractions is represented here by the NC ratio (NCrFdet and NCrSdet) with values of 0.14 and 0.1 respectively. The flux of carbon in the upper boundary of the model was defined using a yearly mean flux (𝑓 𝑙𝑢𝑥 𝑜𝑟𝑔 ) of 150 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 in Rhône prodelta (Pastor et al. 2011a). TOC (in % 𝑑𝑤) is estimated from both carbon fractions (𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 and 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 ) assuming a sediment density (𝜌) of 2.5 𝑔 𝑐𝑚 -3 and conversion from the model unit for detrital carbon fraction of 𝑚𝑚𝑜𝑙 𝑚 -3 to unit percent mass. The model diagnostic TOC value is then computed as follows:

𝑇 𝑂𝐶 = (𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 + 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 ) × 1200 × 10 -9 2.5 + 𝑇 𝑂𝐶 𝑟𝑒𝑓 (3.20)
with 𝑇 𝑂𝐶 𝑟𝑒𝑓 the asympotic TOC value at the deeper layer of the sediment, thus representing the concentration of refractory carbon not explicitly modelled. The sedimentation rate used in this modelling study was kept constant at 0.027 𝑐𝑚 𝑑 -1 (Pastor et al. 2011a). The decay rate constants for the labile and semi-labile detritus matter are set as 0.1 and 0.0031 𝑑 -1 respectively with both fractions split equally with a proportionality constant (𝑝𝑓 𝑎𝑠𝑡) of 0.5. Using parameters fitted by the model of [START_REF] Ballagh | Spatio-temporal dynamics of sedimentary phosphorus along two temperate eutrophic estuaries: A data-modelling approach[END_REF] to data observed in the Rhône prodelta area, the rate of bioturbation and bio-irrigation is fixed as 0.01 𝑐𝑚 2 𝑑 -1 and 0.23 𝑑 -1 with these fauna-induced activities occurring down to a depth of 5 and 7 cm respectively. decreases exponentially with depth, from 0.9 at the sediment water interface to 0.5 at the deeper layer with a decay coefficient of 0.3 cm (Lansard et al. 2009a).

For the verification of the model output, data from [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF]) corresponding to the diagenetic situation 26 days after an organic-rich flood were used. We restricted our benchmark to data from the proximal station (Station A) near the river mouth, where the impact of this flood discharge is more visible (Figure 3.1).

Numerical Integration, Application & Implementation

Because the procedure is based on OMEXDIA, complete details of the derivation can be found in that paper and are referenced therein (Soetaert et al. 1996a). Here we recap the mathematical formulation of the methodof-lines (MOL) algorithm used by FESDIA. Direct differencing of Equation 3.8 -Equation 3.10 results to:

𝜕𝐶 𝑖 𝜕𝑡 = Φ 𝑖,𝑖+1 𝐷 Φ 𝑖,𝑖+1 (𝐶 𝑖+1 -𝐶 𝑖 ) Φ 𝑖 Δ𝑧 𝑖,𝑖+1 Δ𝑧 𝑖 - 𝑤 ∞ Φ ∞ 𝜆 𝑖,𝑖+1 𝐶 𝑖 + (1 -𝜆 𝑖,𝑖+1 )𝐶 𝑖+1 Φ 𝑖 Δ𝑧 𝑖 - Φ 𝑖-1,𝑖 𝐷 Φ 𝑖-1,𝑖 (𝐶 𝑖 -𝐶 𝑖-1 ) Φ 𝑖 Δ𝑧 𝑖-1,𝑖 Δ𝑧 𝑖 + 𝑤 ∞ Φ ∞ 𝜆 𝑖-1,𝑖 𝐶 𝑖-1 + (1 -𝜆 𝑖-1,𝑖 )𝐶 𝑖 Φ 𝑖 Δ𝑧 𝑖 + 𝑅𝐸𝐴𝐶 𝑖 + 𝐽 𝑖𝑟𝑟 (3.21)
for a generic tracer 𝐶 with a phase properties index Φ and 𝐷 Φ denoting porosity and dispersive mixing term respectively for solid or liquid. This equation is calculated such that the variables and parameters are defined both at the centre of each layer 𝑧 𝑖 and at the interface between layers 𝑧 𝑖-1,𝑖 , 𝑧 𝑖,𝑖+1 . The position at the centre of the grid is then given as 𝑧 𝑖 = 𝑧 𝑖-1,𝑖 +𝑧 𝑖+1,𝑖 2

. Δ𝑧 𝑖 represents the thickness of the i-layer and Δ𝑧 𝑖,𝑖+1 is the distance between two consecutive grid layers. A Fiadeiro scheme [START_REF] Fiadeiro | On weighted-mean schemes for the finite-difference approximation to the advection-diffusion equation[END_REF] based on the model's Peclet number (a dimensionless ratio expressing the relative importance of advective over dispersive processes) is used to set 𝜆 𝑖,𝑖+1 , thus providing a weighted difference of the transport terms which reduces numerical dispersion.

Equations Equation 3.8 -Equation 3.10 implemented as Eq. Equation 3.21) are integrated in time using an implicit solver, called lsodes, that is part of the ODEPACK solvers [START_REF] Hindmarsh | ODEPACK: A systemized collection of ODE solvers[END_REF]. This solver uses a backward differentiation method (BDF), has an adaptive time step, and is designed for solving systems of ordinary differential equations where the Jacobian matrix has an arbitrary sparse structure. The model output time and its timestep (𝑑𝑡) are set by the user and are generally problem specific. Because of the aforementioned challenge in observability of the massive flood event deposition, daily resolution is most often used for 𝑑𝑡.

However, there is the possibility of obtaining higher resolution by decreasing 𝑑𝑡.

The model application starts by estimating the steady-state condition of the model using the high-level command FESDIAperturb(). This steady-state condition is calculated using iterative Newton-Raphson method [START_REF] Press | Numeric recipes in c: The art of scientific computing[END_REF]) and is then used as a starting point for a dynamic simulation, with perturbation times as in perturbTimes and depth of perturbation given as perturbDepth in the model function call. As the event can be given as a deposit and mixing process, further specification of the perturbation type (deposit and mix) is provided as an argument to the simulation routine. In our case, we used only the deposit mode. The event algorithm is used at the stated time point to estimate the model pore-water and solid properties driven by the instantaneous change in the boundary condition. The concentrations are successively updated by their diagenetic contributions during this time step. Afterward, this modified profile is integrated forward in time. The model is written in Fortran for speed and integrated using the R programming language (R Core Team 2021)

via the method-of-lines approach [START_REF] Boudreau | A method-of-lines code for carbon and nutrient diagenesis in aquatic sediments[END_REF]. In addition, the model made use of the event-handling capabilities specific numerical solvers written in the R deSolve package (Soetaert et al. 2010b). The R programming language is used in the preprocessing routine for model grid generation (Soetaert and Meysman 3.2.2.10 Quantification of sediment diagenetic relaxation timescale

Quasi-relaxation timescale

Given the strong non-linearity and coupled nature of the biogeochemical system in question, we used an approximate approach to define the timescale of relaxation. Recognizing that in a nonlinear system, a perturbed trajectory is frequently arbitrarily divided into a fast, transient phase and a slow, asymptotic stage that closes in on the attractor (i.e., steady state concentration; Kittel et al. ( 2017)), we proceeded to estimate the relaxation timescale by using the time for which the memory of the perturbed signature disappears. We estimate the relaxation timescale by first calculating the absolute difference (𝜑(𝑡)) between successive model outputs after the event, assuming that a slowly evolving state will eventually converge to the pre-perturbed state as time after the disturbance approaches infinity. This point-by-point concentration difference between two successive discretized profiles is then terminated at the point where the sum of absolute differences at each time point is less than the threshold (𝜑 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ) (i.e., given by the median over the entire time duration). The relaxation time, 𝜏 for each porewater profile species is then defined as the first time this threshold is crossed. Similar technique was employed by [START_REF] Rabouille | The validity of steady-state flux calculations in early diagenesis: A computer simulation of deep-sea silica diagenesis. Deep Sea Research Part A[END_REF].

𝜑(𝑡) = 1 𝑁 𝑁 ∑ 𝑖=1 ∥𝑋 𝑖 𝑡+1 -𝑋 𝑖 𝑡 ∥
In the limit of time (t):

𝜏 (𝑡) ⇒ 𝜑(𝑡) ≤ 𝜑(𝑡) 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑
where 𝜑(𝑡) 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 𝜑(𝑡) ≈ seasonal background

(3.22)
where N is the total number of grid points (𝑖) used to discretize the depth profile (𝑋 𝑡 ) and 𝑋 𝑡+1 is the depth profile at 𝑡 + 1 after the event.

This relaxation timescale calculation based on the disappearance of the perturbed signal (via successive profile similarity) may differ from an approach in which the profile returns to a pre-defined "old profile". Because the exactness of pre-flood and post-flood profiles is difficult to quantify numerically [START_REF] Wheatcroft | Preservation potential of sedimentary event layers[END_REF], and the return to the former is frequently driven by slow dynamics, the approach used here can provide a window of estimate for which a particular signal fades toward the background of a theoretically pre-perturbed signal.

Uncertainty in relaxation timescale estimate

The uncertainty introduced by this technique is quantified using a non-parametric bootstrap of the 𝜏 statistics.

The objective of bootstrapping is to estimate a parameter based on the data, such as a mean, median, or any scalar or vector statistic but with less restrictive assumptions about the form of the distribution that the observed data came from [START_REF] Efron | Bootstrap methods: Another look at the jackknife[END_REF].

In this case, we employ a modified bootstrapping technique to estimate the uncertainty in the relaxation timescale by resampling on the cutoff point introduced in Equation 3.22 (i.e., median, 𝜑 of a given reference simulation). This calculation takes advantage of the fact that the timeseries will be dominated by the slowly varying seasonal cycle over a long time period away from the point of perturbation, with the influence of the perturbation fading to the background. The variation of this reference time series over time reflects the uncertainty in this median threshold point. This variance, along with the reference cutoff value, can be used to generate n random perturbations varying about the normative threshold value. We can proceed to create a histogram of the replicate threshold(s) distribution. The histogram of this distribution is depicted schematically in the left margin of Figure 3.3). The relaxation time in each realization of the threshold is calculated ( τ 𝑖 ). The median absolute deviation from this ensemble of relaxation times is then used to calculate the level of uncertainty in the statistics of interest (timescale of relaxation -σ 𝜏 ). Figure 3.3 depicts this concept schematically. It should be noted that this method eliminates the need to rerun the deterministic model for each, reducing the computational burden of this technique. The 95 % confidence intervals ( σ 𝜏(𝑙𝑒𝑣𝑒𝑙/2) and σ 𝜏(1-𝑙𝑒𝑣𝑒𝑙/2) ) are reported in this paper by calculating the quantiles of this empirical distribution of σ 𝜏 .

Model simulation

The model is initialized as explained in Section 3.2.2.9. Thereafter, for the dynamic simulation, the model is spin-up for a sufficiently long-time to attain dynamic equilibrium (≥ 5 years). A 2-yr run is carried out for the respective model application. The timestep (𝑑𝑡) for dynamic simulation is daily in order to match the frequency at which observation of field data is possible. For specific numerical experiment, model configuration required for the simulation will be detailed in Section 3.2.2.11.1.

End-member type numerical experiment

For the numerical model experiment, we investigate the sediment's response to two end member types of deposition that can represent actual field observations in the Rhône prodelta [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF]).

• Low OC content with high sediment thickness scenario (EM1): In this scenario, we assume that a 30 cm new layer of degraded sediment was deposited. This scenario can describe old terrestrial material and is similar to the extreme case of flood event of May/June 2008 in the proximal outlet of Rhône River where lateral transfer of low TOC sediment (around 1%) was deposited on top of the previously deposited sediment (OC around 1.5-3%) [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF]. Using the partitioning of the carbon as explained in Section 3.2.2.6, An 𝛼 value of 0.5 and 0.7 for 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 and 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 respectively was used to scale the TOC profile in order to mimic this type of trend.

• High OC with low sediment thickness scenario (EM2): For this, we assumed a moderate 10 cm deposition of a new layer enriched in carbon during a flood discharge event. This scenario can correspond to the end-member case of November 2008 flood type with high TOC around 2.5%, reaching more than 6% in some sediment cores from the prodelta [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF], (most likely composed of freshwater phytoplankton detritus, debris and freshly dead organisms) overlain on a less labile layer. In order to simulate this type of pattern, an 𝛼 value of 20 and 10 for 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 and 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 respectively was used to adjust the TOC profile to such high deposit OC scenario.

Except for the 𝛼 and the thickness of the flood deposit, all other parameters were held constant in all numerical experiments. The time of the event occurrence in both scenarios was initialized at the period corresponding to the published date for May and November 2008 flood deposition as reported in [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF]. This helps to provide some realism to this hypothetical case study as well as appropriate context for the environmental regime when these events occur.

Sensitivity analysis

Lastly, we conducted a sensitivity analysis of the relaxation timescale for oxygen, sulfate, and DIC concentrations in terms of their variation with the thickness of the new sediment layer as well as the quantity of organic carbon introduced by the deposition.

We assumed a 15 cm average deposit thickness and conducted simulations with a thickness scale of 1 cm to 30 cm. A 5 cm increment was used for the sensitivity analysis. The 𝛼 value is calculated in the same way: assuming a 1:1 ratio in the fast and slow OC fractions, and because deposited sediment can be highly refractory in nature, we geometrically conducted simulations with values ranging from 0.3 to 35. This was done only by changing the 𝛼 corresponding to 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 with the slow fraction fixed at 1. We also made sure that both series are equilateral in length, and that the values were chosen to span the range of values in EM1 and EM2, thus bracketing the normative value for the end-member case. This range encompasses the large spectrum of flood deposits such as those experienced in the Saguenay Fjord, Canada (Mucci and Edenborn 1992 -landslide event; [START_REF] Deflandre | Early diagenetic processes in coastal marine sediments disturbed by a catastrophic sedimentation event[END_REF], the Rhône prodelta, France [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF], and in the Po River, Italy [START_REF] Tesi | Early diagenesis of recently deposited organic matter: A 9-yr time-series study of a flood deposit[END_REF].

Results

Qualitative model performance: Cevenol flood in the Rhône prodelta

In order to compare the model evolution to field data, we made a comparison between the simulated profiles 26 days after a flood layer deposition and data collected in the Rhône prodelta in December 2008 (observed data collected 26 days after a cevenol flood). During this flooding period, riverine discharge delivered 0.4 × 10 6 𝑡 of sediment which amounted to approximately 10 cm of sediment deposited in the site A of depocenter (Figure 3.4).

The general pattern of the simulated profile agrees well with the observed data (Figure 3.4). The newly introduced organic carbon-rich sediment resulted in rapid oxygen consumption. The data for Total organic carbon (TOC) shown in Figure 3.4 suggests a good agreement with the model, with high TOC (2.5wt% -2.0 wt%) de-posited at the upper 10 cm. 26 days after the flood, the oxygen concentration dropped from 250 𝜇𝑀 at the new sediment interface to nearly zero at 0.2 cm depth, and oxygen may have already returned to pre-flood levels; the simulated porewater profile was within the data's range (Figure 3.4). The model diffusive flux of oxygen at this period was 18 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 while the measured DOU flux was 16.6 ± 2.9 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 . Table 3.4 Overall, the model-Data trend was satisfactory, with observed depth distribution of sulfate (𝑆𝑂 2- 4 ) 26 days after the flood event fitted well, without much parameter fine-tuning. Only the advection rate of the sediment was changed from 0.027 to 0.06 𝑐𝑚 𝑑 -1 in order to match the observed distribution at depth. Sulfate reduction was high in the new layer. However, below the flood layer, the 𝑆𝑂 2- 4 concentration in the data seems to asymptote to a value of 10 mM at 25 cm, while the model simulates complete sulfate depletion below 20 cm (Figure 3.4). 

Numerical experiment on end-member scenarios

Low carbon, High Thickness scenario (EM1)

With a test case of 30 cm of new material deposited during the event (EM1) in the spring, the sediment changes as follows: Prior to the event, the oxygen penetration depth (OPD) was about 0.17 cm. The OPD increases to 1.17 cm after the deposition of these low OC materials. The model showed a gradual return to its previous profile within days, with the OPD shoaling linearly with time (Table 3.4). By day 5, oxygen had returned to the pre-flood profile with similar gradient to the pre-flood state.

Against a background OM flux following the introduction of the flood layer, the sediment responded quickly.

As a result, the perturbation has a significant effect on sulfate penetration depth, with concentration remaining nearly constant within the perturbed depth (≈ 20 𝑐𝑚). This corresponds to the bottom water concentration (30 𝑚𝑀 ) trapped within the flood deposit. Within that layer, sulfate reduction rate was low with an estimated integrated rate of 2.14 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 from the surface to 30 cm.

Below the interface with the newly deposited layer, the sediment is enriched in OM whose mineralization results in a higher sulfate reduction rate (SRR) at the boundary that delineates the newly deposited layer and the former sediment-water interface. The simulated SRR falls from 437 𝑚𝑚𝑜𝑙 𝐶 𝑚 -3 𝑠𝑜𝑙𝑖𝑑 𝑑 -1 at the former sediment-water interface (now re-located at 26 cm) to 24 𝑚𝑚𝑜𝑙 𝐶 𝑚 -3 𝑠𝑜𝑙𝑖𝑑 𝑑 -1 . This high interior sulfate consumption at the boundary correlates well with the higher proportion of reactive organic material buried by the new layer containing less reactive material. From day 10, the consumption of this OM stock by sulfate controls the shape of the profile (Figure 3.5). This anoxic mineralization via sulfate reduction will continue until the entire stock of carbon is depleted 50 days after deposition. Following that, OM mineralization via sulfate reduction shift; becomes more intense at the top layer by day 60 (two months after the event), then it begins to gradually evolve to the typical depth decreasing sulfate profile. By day 115 (~4 months), the profile had almost completely returned to its pre-flood state. We estimate that it took approximately 4 months for sulfate to relax back to within the range of background variability (with lower and upper bootstrap estimate between 92 -139 d).

Correspondingly, OC mineralization products (such as DIC) were significantly lower in the newly deposited 

High carbon, Low Thickness scenario (EM2)

A flood deposition scenario of 10 cm thick material with enhanced OC content was used for the other endmember case experiment (EM2) in autumn. In this scenario, the modelled sediment exhibits a variety of response characteristics. The newly introduced sediment resulted in rapid oxygen consumption. The OPD decreased to 0.74 cm shortly after the event, according to the model, and stabilized there for days. There was no visible deformation in the shape of oxygen during its recovery trajectory, and total oxygen consumption for organic matter mineralization decreased by 8 % during the first two days after the event, from 12 to 11 𝑚𝑚𝑜𝑙 𝑂 2 𝑚 -2 𝑑 -1 .

The 𝑆𝑂 2- 4 concentration that developed as a result of the deposition showed two gradients: a concentration gradient from 30 mM at the "new" sediment water interface to 26 mM in the newly deposited layer (Figure 3.7).

Accordingly, the DIC in the corresponding depth layer gradually increased up to 20 mM (Figure 3.8). An intermittent increase in 𝑆𝑂 2- 4 was simulated below the new interface, at the boundary with the "old" sediment-water interface (SWI), reaching up to 29 𝑚𝑀 from 9 cm to 12 cm (Fig. Figure 3.7). This layer, which corresponded to the depth horizon where the new layer gradually mixed with the old layer, resulted in less sulfate reduction and DIC production in comparison to the new layer. Porewater 𝑆𝑂 2- 4 concentrations decreased monotonically with depth from this interface, with a corresponding increase in DIC. Within 26 d of the event, the sulfate profile appears to be returning to its original shape. By then, 75 % of the newly introduced fraction of OM had been depleted, with OM remineralization in the upper layer fueled by the small amount of remaining detrital materials. As the temporal memory of the deposition fades, the profile continues to gradually evolve towards the background, fed by the slow decaying OM, up to day 90, when the sulfate profile appears to have reached a similar pre-flood state. In this scenario, the estimated 𝑆𝑂 2- 

Sensitivity of relaxation time to variation in enrichment factor (𝛼) and sediment thickness (𝑧 𝑝𝑒𝑟𝑡 )

We then examine the sensitivity analysis of the relaxation timescale (𝜏 ) for oxygen, sulfate, and DIC for variation in sediment deposit thickness (𝑍 𝑝𝑒𝑟𝑡 ) and the concentration factor for 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 enrichment (𝛼) covering values ranging between the two EM scenarios.

Over all runs varying the enrichment factor (𝛼) and the thickness of the flood input layer, relaxation time for oxygen varied from 2 d for a flood deposited layer consisting of a thin layer of high concentration of labile OC to 9 d for a thicker deposited layer with low concentration of labile OC. In contrast, the relaxation timescales for 𝑆𝑂 2- 4 and DIC were significantly longer than those for 𝑂 2 (3 to 4 months). In addition, the relaxation timescale surface structure for 𝑆𝑂 2- 4 appears complex with divergence gradient at mid-depth of 15 cm. For deposited depth layers above 5 cm and at low 𝛼 value, the relaxation time for 𝑆𝑂 2- 

Discussion

In highly dynamic coastal ecosystems, such as river-dominated ocean margins (RiOmar systems), driven by seasonal variability and meteorologically extreme events, the response of early diagenetic processes to timevarying deposition of organic matter is generally non-stationary [START_REF] Tesi | Early diagenesis of recently deposited organic matter: A 9-yr time-series study of a flood deposit[END_REF]. While dynamic equilibrium as a steady state condition may be reasonable in the case of seasonal variability, such an assumption may fail in cases of instantaneously event-driven deposition. An intermittent supply of sediment and OC, like those presented here, can cause a change in the system's properties on a short-or long-term basis. Previous works have highlighted excursions in sediment redox boundary [START_REF] Katsev | Modeling vertical excursions of the redox boundary in sediments: Application to deep basins of the Arctic Ocean[END_REF], flux of solutes at the sediment-water interface [START_REF] Rabouille | The validity of steady-state flux calculations in early diagenesis: A computer simulation of deep-sea silica diagenesis. Deep Sea Research Part A[END_REF] as well as modification of other system properties due to depositional flux of organic matter. Thus, the premise of steady state conditions in early diagenetic processes, which often depends on the temporal resolution of the observation, might need revisiting especially in areas of episodic sedimentation (Wheatcroft 1990; Tesi et al. 2012). Here, we discuss the evolution and dynamics of a non-stationary sedimentary system following a singular perturbation.

Model representation and utility

Non-steady state models are increasingly being applied in dynamic coastal environments, but they are still primarily based on forcing from smooth varying boundaries that mimic seasonal forcing or long-term variability (Soetaert et al. 1996b; Rabouille et al. 2001b; Zindorf et al. 2021) was also in agreement with the estimate from field data, as the diffusive oxygen uptake (DOU) rate sampled 26 d after the event (8th December 2008) was 16.6 ± 2.9 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF] while the estimate from the model was 18 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 . As the inclusion of such discontinuity in PDE(s) presents numerical challenges in classic solvers, the implementation utilized by our model ensures such difficulties are overcome. This is the result of improved development of solvers adapted to such problems (Soetaert et al. 2010b). This difference in the approach employed here distinguishes ours from other published models (e.g. [START_REF] Berg | Dynamic modeling of early diagenesis and nutrient cycling. A case study in an artic marine sediment[END_REF], [START_REF] Velde | Anthropogenic disturbance keeps the coastal seafloor biogeochemistry in a transient state[END_REF]) with similar scientific motivation for time dependent simulation. Overall, the validation of the model output with field observations lends some confidence in using the model in scenarios involving abrupt changes in boundary conditions and investigating biogeochemical changes in the sediment as a result of such an event. This is despite the model under-estimation of the amplitude of sulfate and DIC at depth which can be improved with better optimization of some parameters, especially those derived from previous studies that might not be suited for such a flooding regime or with better process resolution relating to these pathways. Nonetheless, there are advantages to this model especially in the case of episodic flood deposit event, where only a snapshot of data is available at any given time. Modelling tools capable of simulating this event with high fidelity can provide continuous information of the system state and help fill in data gaps needed to understand the sediment's response on different timescales.

Role of end-member flood input OM in the diagenetic relaxation dynamics

Flooding events can transport large amounts of material through the river to transitional coastal environments such as deltas and estuaries. River floods can account for up to 80% of terrigenous particle inputs (Antonelli et al. 2008; Zebracki et al. 2015), and they can have a significant impact on geomorphology [START_REF] Meybeck | Regional seas and their interception of riverine fluxes to oceans[END_REF]), ecosystem response, and biogeochemical cycles [START_REF] Group | Marine ecosystems' responses to climatic and anthropogenic forcings in the mediterranean[END_REF]). If the source materials have a different organic matter composition (Dezzeo et al. 2000; Cathalot et al. 2013), the rapid deposition of these flood materials can alter diagenetic reactions and resulting fluxes.

Furthermore, the relaxation timescale associated with the sediment recovery following this external perturbation can be important in terms of the process affecting the biogeochemistry of solid and solute species. With a series of numerical experiments ranging in between two end-members of the input spectrum for flood events such as those in the Rhône prodelta [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF], our study revealed contrasting sedimentary responses as well as associated typical time scales at which porewater profiles relax back to undisturbed state. Using a simple metric for estimating relaxation timescale of the perturbation, our calculations for the first end-member scenario (EM1) show that the upper bound of the timescale of relaxation for oxygen is 5 ± 3 d, whereas it was approximately 2 ± 2 d for the second end-member scenario (EM2). This reflects the property of oxygen, which quickly approaches a steady state situation after an event [START_REF] Aller | Mobile deltaic and continental shelf muds as suboxic, fluidized bed reactors[END_REF]. This viewpoint is supported by an ex situ controlled laboratory setup. In their studies, [START_REF] Chaillou | Transient states in diagenesis following the deposition of a gravity layer: Dynamics of o 2, mn, fe and n-species in experimental units[END_REF] demonstrated that after gravity levelled sediment was introduced, oxygen consumption quickly recovered to its first-day level, with a sharp response time of 50 minutes and gradual shoaling of OPD within five days. We conclude that the tiny difference in oxygen relaxation and diagenetic response between the two scenarios can be attributed to the slow kinetic degradability of the refractory carbon deposited in the first scenario versus the labile nature of the deposit in the second scenario. This kinetically driven OM degradation has been extensively studied and provides the basis for the reactive continuum in early diagenesis models (Jørgensen and Revsbech 1985; Middelburg 1989; Burdige 1991).

Other terminal electron acceptors (TEAs) such as 𝑆𝑂 2- than oxygen. For EM1, our simulation predicts a sulfate relaxation time of 117 days with a 95 % confidence interval (CI) estimate between 92 days (lower CI) and 139 d (upper CI) days) while in the case of EM2, we estimate a sulfate relaxation time of 91 d with comparatively low temporal variability (lower CI -80 and upper CI -103 d). This difference in relaxation time is caused by the differences in sediment characteristics and how their mineralization occurs over the sediment layer. In the first scenario, organic-rich sediment is buried by less reactive new material. The buried sulfate fraction is reduced faster than in the new layer above, and controls the short-term recovery. As the buried carbon stock depletes and the physical imprint of the flood deposition fades, the profile begins to revert to its pre-flood shape. The post-flood evolution for the second scenario (EM2), on the other hand, differs in that the OM is consumed in the classical manner, with decreasing sulfate consumption with depth, caused by top-down control of the OM flux that adds OM to the sediment surface.

Such a long-time lapse for the recovery of an element with a complex pathway, such as 𝑆𝑂 2- 4 , has been reported in the literature (Anschutz et al. 2002; Chaillou et al. 2007; Stumm and Morgan 2012). Similarly, estimates from our simulation for each end-member scenario indicate that mineralization products such as DIC have a longer relaxation time. This is especially true for the first scenario as opposed to the second, with evidence of slow convergence at depth within the simulation timescale for the first scenario. We estimate that DIC will recover to its pre-deposition state in 141 d or about 5 months for EM1 and in a comparatively shorter time for EM2 (102 d or about 3 months). This lag in DIC recovery could be attributed to the fact that its post-flood dynamics are governed by the slow decaying detrital material that contributes to the already buried refractory carbon. This long-term quasi-static behaviour of the porewater concentrations despite such dynamic introduction of flood input can be understood by introducing the concept of a "biogeochemical attractor" effect -a similar analogy to the Lorenz attractor [START_REF] Lorenz | Deterministic nonperiodic flow[END_REF]. This idea derived from the mathematical theory that describes chaos in the real world (Strogatz 2018; Ghil 2019). The existence of a "biogeochemical attractor" may explain why multiple temporal data sets in the Rhône River prodelta show a similar diagenetic signature from spring to summer (Rassmann et al. 2016; Dumoulin et al. 2018). Our timescale analysis estimates that such rapid system restoration is indeed plausible and of the correct order of magnitude, based on the range of uncertainty reported here.

In addition, our calculations show that the timescale of return to the previous "pre-flood" profile is bracketed by the range of recovery due to purely molecular diffusion, putting an upper bound on our estimate. For example, a species such as oxygen with a sediment diffusion coefficient (Ds) of 1.52 𝑐𝑚 2 𝑑 -1 takes approximately 300 d to be transported solely by diffusion through a 30 cm sediment column and approximately 30 days for a 10 cm sediment column. Similar scaling argument could be made for species such as 𝑆𝑂 2- 4 (Ds = 0.86 𝑐𝑚 2 𝑑 -1 ) with > 500 d to be transported through 30 cm and ≈ 60 d for 10 cm. Because our estimates are less than these values, it suggests that processes other than diffusion (Thickness effect) may contribute to relaxation control. It emphasizes the importance of biogeochemistry (OM kinetic) in modulating the response after the event. Besides that, any long-term recovery timescale is governed by the solid deposited. In comparison to the time scale of relaxation roughly estimated from field data [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF], our estimate shows the right order of magnitude.

The relaxation time may also vary depending on the diagenetic interaction, and the characteristics of the organic matter available for degradation. This difference in characteristics was partially imposed in our study by assuming variations of 𝛼 value in the new deposit. The empirical observation of sediment characteristics associated with flood input dictates this parametric turning to match the TOC characteristics (Mucci and Edenborn 

Control of relaxation time by sediment deposit properties

With the sensitivity analysis, we further explore the variation of relaxation timescale under variation of the thickness of the layer and enrichment factor of the input material given by 𝛼 in our model. The model's sensitivity analysis reveals that the thickness and concentration of the reactive fraction of TOC control the relaxation time across a wide range of deposited sediment perturbation characteristics (Figure 3.9).

In terms of the recovery time as a function of the availability of labile OC, our results revealed a contrasting pattern for oxygen and sulfate. Several factors related to how different oxidants react with sediment matrix disturbances can explain these differences:

• With oxygen that has a high molecular diffusion coefficient, variations in relaxation time depend on the levels of labile OC, with thin sediments containing a high level of labile OC showing a shorter recovery time than thicker sediments with a low OC content. This pattern can be attributed to the higher relative importance of oxygen consumption in OM poor sediment relative to OM rich sediment.

• For low thickness deposits, sulfate and DIC relaxation times were more or less constant. However, a longer relaxation time was simulated for larger deposits and higher labile OC. This can be attributed to the increased distance required for solutes to migrate back after the event. This is clearly the case for sediment thicknesses greater than 14 cm. Such two-way dynamics could be explained by the fact that biological reworking and physical mixing within the surface mixing layer (SML) can improve OC degradation by promoting the replenishment of electron acceptors (i.e., oxygen, sulfate, nitrate, and metal oxyhydroxides) (Aller and Aller 1992; Wheatcroft and Drake 2003; Aller 2004); resulting in a shorter recovery time for the porewater profile to reorganize when perturbed above this depth. This critical depth could also be the distance horizon at which the slow diffusion of the profile when retracting back to its pre-flood profile becomes an important factor in controlling the relaxation timescale. This is especially true for DIC, where the connection is more obvious. It has been proposed that when flood deposits extend beyond the sediment bio-mixing depth, the relaxation time for the constituent species is determined by the concentration gradient between the historic and newly deposited layers [START_REF] Wheatcroft | Preservation potential of sedimentary event layers[END_REF]). In our sensitivity analysis, higher 𝛼 corresponds to higher 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 concentrations at depth, resulting in a case of enhanced OC degradation (both at the surface and within the sediment matrix). This depletes electron acceptors such as sulfate, which are required for OM mineralization at this depth. The slow diffusion across the displaced distance, on the other hand, cannot quickly compensate for its demands, which may explain the longer relaxation time. In other words, a higher concentration of OC in a region where all oxidants are nearly consumed results in a profile that takes a relatively longer time to recover to its previous state due to the constraints imposed by oxidant availability. This viewpoint is consistent with previous research from the Rhône prodelta area, where a minimum transport distance of 20 cm is suggested for efficient connection with the SWI; above which several processes are decoupled [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF] as well as other eutrophic systems, where evidence of large accumulations of organic matter in subsurface sediments serves as a constraint on system restoration (Mayer 1994; Pusceddu et al. 2009).

Indeed, more observational and experimental studies are needed to better understand these processes.

Model limitations and future development

Because it is based on the well-established OMEXDIA model, FESDIA has several capabilities that make it suitable for a wide range of application domains for non-steady state early diagenetic simulation. However, due to assumptions made during model development, some limitations in model usage must be considered.

• First, we assumed that porosity is time independent. This may not be the case in some coastal systems that receive sediment materials from regions with distributary channels, which contribute particles of varying origin and grain size (Grenz et al. 2003; Cathalot et al. 2010). The composite sediment that is eventually transported to the depocenter by a flood event may differ in porosity and thus vary temporarily depending on when and where the source materials are derived during the flood event. In this case, model estimates of fluxes in dissolved species may be over/underestimated. However, the temporal variation in porosity is typically small, ranging from 0.6 to 0.9 in sediment depocenter sites such as the Rhône prodelta [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF], allowing us to justify our assumption.

• Second, in our examples, we assumed that the burial rate and bioturbation were constant. With the introduction of these flood events, such assumptions may be called into question [START_REF] Tesi | Early diagenesis of recently deposited organic matter: A 9-yr time-series study of a flood deposit[END_REF]). In addition, benthic animals respond to other perturbation events such as trawling in ways that may warrant explicit description of their recovery, which is linked to bioturbation (Sciberras et al. 2018; De Borger et al. 2021a). While some coastal sediment burial rates have been shown to vary seasonally (Boudreau 1994; Soetaert et al. 1996b), in the proximal zone of the Rhône prodelta, approximately 75% of sediment deposition can occur during the flood (e.g., 30 𝑐𝑚 𝑑 -1 ), with the remaining 25% distributed throughout the year at a low range daily constant rate (0.03 𝑐𝑚 𝑑 -1 ). The dominance of flood deposition over non-flood sedimentation, as well as the low bioturbation rate observed in the Rhône prodelta (Pastor et al. 2011a), prompted the use of a constant rate in the application shown here. Moreover, we designed the FESDIA model to allow for the use of a temporarily varying rate constant and coefficient for these processes, as well as the possibility of imposing an observational time series in cases where such data exists.

• The current FESDIA version does not include a diffusive boundary layer, which can be important for material exchange between the overlying bottom water and the sediment. This is critical for calculating fluxes of species such as 𝑂 2 , where the depth extent of the DBL (diffusive boundary layer) zone is comparable to the depth at which oxygen consumption occurs [START_REF] Boudreau | The benthic boundary layer: Transport processes and biogeochemistry[END_REF]. As a result, the current version of FESDIA may overestimate the flux of 𝑂 2 . However, because the primary focus of this paper is on the relaxation dynamics of species (𝑆𝑂 2- 4 and DIC), where the DBL has negligible impact on the relaxation time and overall diagenetic processes [START_REF] Boudreau | The benthic boundary layer: Transport processes and biogeochemistry[END_REF], the simplification presented here is justified. Even for oxygen, the inclusion of DBL which might result in a corresponding change in the concentration at the SWI only has a marginal effect on its relaxation time (< 2 d -within the range of uncertainty reported here), so the conclusion drawn in the case-studies discussed here is still valid.

In terms of future development, we hope to improve the model's diagenetic pathways, particularly for the Iron and Sulfur cycles. Furthermore, processes such as calcite formation have been shown to affect DIC profile by 10-15% in the proximal sites of Rhône prodelta [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF], thus might necessitate inclusion in future version of the model. This will enable FESDIA to account for carbonate system dynamics in marine sediment which can play an important role in the coastal carbon cycle [START_REF] Krumins | Dissolved inorganic carbon and alkalinity fluxes from coastal marine sediments: Model estimates for different shelf environments and sensitivity to global change[END_REF].

Relaxation time metric: Limitation and perspective

While one main focus of this study is on providing a quantitative estimate of relaxation time, the difficulty of objectively defining what "relaxation" means necessitates some commentaries. This difficulty is not unique to marine biogeochemistry, as accurate quantification of recovery time is an open research question in other fields. In the context of a sedimentary system, [START_REF] Wheatcroft | Preservation potential of sedimentary event layers[END_REF] proposed that determining "dissipation time" (analogous to our "relaxation time") can be subjective when it comes to signal preservation after sediment event layer deposition. The difficulties are exacerbated by previous work on episodic pulse on sediment biogeochemistry [START_REF] Rabouille | The validity of steady-state flux calculations in early diagenesis: A computer simulation of deep-sea silica diagenesis. Deep Sea Research Part A[END_REF], in which two metrics for estimating relaxation timescales for silica were proposed. Outside benthic early diagenesis, [START_REF] Kittel | Timing of transients: Quantifying reaching times and transient behavior in complex systems[END_REF] proposed two generic metrics for systems with well-defined asymptotic properties that can be applied to a distance function from a given target (subject to certain mathematical assumptions). Because porewater profiles are inherently nonlinear and biogeochemical pathways in sediment are tightly coupled, the mathematical suggestion of asymptoticity using such a distance metric for an evolving profile converging toward the "target" proposed in that paper is frequently not met. This is the case for our investigation. Overall, while we provide a first-order approximation of relaxation time following perturbation for some model state variables, these studies also highlight some of the challenges associated with defining the timescale at which a signal can be validly assumed to have returned to its prior state. However, our method allows a full discussion of relaxation times for the main biogeochemical pathways.

Conclusion

The need to comprehend extreme events and their relationship to marine biogeochemistry prompted the development of novel methods for diagnosing flood-driven organic matter pulses in coastal environments. In this paper, we propose a new model for characterizing flood deposition events and the biogeochemical changes that result from them. This type of event can have an impact on the benthic communities and the response of the whole ecosystem (Gooday 2002; Bissett et al. 2007; Smith et al. 2018). Our modelling study shows that the post-depositional sediment response varies depending on the input characteristics of the layer deposit.

For instance, we tested the combined effect of enrichment of labile organic carbon and deposit thickness on the space-time distribution and relaxation time of key dissolved species. This integral timescale of relaxation is constrained by the intrinsic properties of the solutes (diffusion) as well as the characteristics of the flood input (thickness and concentration of labile organic carbon). In essence, the findings from this study highlight the importance of the quantity and quality of organic carbon in modulating the sediment response following such a singular perturbation, as well as the role of flood events with heterogeneous quantitative contributions in the coastal ocean. in this paper. FESDIA users should cite both this publication and the relevant Zenodo reference.

Data availability. The data and paper used to evaluate the model [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF] Coastal deltas play an important role in the fate of materials transported to the sea through riverine channels. Under regime of extreme flood and storm events, this zone can experience large sediment deposition or resuspension within a short period. However, the biogeochemical consequences of such disturbances on the carbon and other element cycles are not fully understood. Using a coupled data-model approach, we explore the early diagenesis responses of shallow water sediment under the influence of massive flood-driven sediment inputs. The impact of this abrupt deposition of sediment is investigated using a case study of two intense flood discharges (in spring and fall) by the Rhône river in 2008and a new numerical model of early diagenesis. The model provides a reliable representation of the observed porewater profiles over time and a comparison to profiles measured before and after the flood. The data set from 2008 shows that biogeochemical fluxes and rates responded abruptly to this almost instantaneous change in sediment deposition. Using the model, we observed that the oxygen fluxes reacted differently depending on the composition of the flood material, with the spring flood decreasing by 55% from its pre-flood value but increasing 𝑂 2 consumption in the fall, a prominent feature in the dataset. The occurrence of these flood-related depositions induced an increase of anoxic mineralization by a factor of 2 to 6 from its pre-flood value which was previously dominated by sulfate reduction (72%) and methanogenesis (8%). After each flood deposition, the model suggests that strong internal cycling of iron (> 80%) and manganese (> 40%) and intense mineral precipitation were possibly responsible for the maintenance of the non-euxinic (sulfide-free) condition in the sediment. Examining the sequential manifestation of these flood-related depositions reveals a temporary memory effect (i.e. an interaction between two successive floods), which becomes more pronounced as the sequence of terminal electron acceptors for organic carbon oxidation increases. This effect is stronger for methane (44

Appendix

𝑅 𝑚𝑖𝑛 × 𝑂 2 𝑂 2 +𝑘 𝑂 2 × (1 -𝜙) × 𝑇 𝑂𝐶 𝑖 × 1 𝑙𝑖𝑚 Denitrification 𝑅 𝑚𝑖𝑛 × 𝑁𝑂 3 𝑁𝑂 3 +𝑘 𝑁𝑂 3 × (1 -𝑂 2 𝑂 2 +𝑘 𝑂 2 ) × 𝑇 𝑂𝐶 𝑖 × 1 𝑙𝑖𝑚 Iron reduction 𝑅 𝑚𝑖𝑛 × 𝐹 𝑒𝑂𝐻 3 𝐹 𝑒𝑂𝐻 3 +𝑘 𝐹 𝑒𝑂𝐻 3 × (1 - 𝑁𝑂 3 𝑁𝑂 3 +𝑘 𝑁𝑂 3 ) × (1 -𝑂 2 𝑂 2 +𝑘 𝑂 2 ) × 𝑇 𝑂𝐶 𝑖 × 1 𝑙𝑖𝑚 Sulfate reduction 𝑅 𝑚𝑖𝑛 × 𝑆𝑂 4 𝑆𝑂 4 +𝑘 𝑆𝑂 4 ×(1- 𝐹 𝑒𝑂𝐻 3 𝐹 𝑒𝑂𝐻 3 +𝑘 𝐹 𝑒𝑂𝐻 3 )×(1-𝑁𝑂 3 𝑁𝑂 3 +𝑘 𝑁𝑂 3 )×(1-𝑂 2 𝑂 2 +𝑘 𝑂 2 )×𝑇 𝑂𝐶 𝑖 × 1 𝑙𝑖𝑚 Methane formation 𝑅 𝑚𝑖𝑛 × (1 -𝑆𝑂 4 𝑆𝑂 4 +𝑘 𝑆𝑂 4 ) × (1 - 𝐹 𝑒𝑂𝐻 3 𝐹 𝑒𝑂𝐻 3 +𝑘 𝐹 𝑒𝑂𝐻 3 ) × (1 - 𝑁𝑂 3 𝑁𝑂 3 +𝑘 𝑁𝑂 3 ) × (1 -𝑂 2

Summary

The goal of this section of the thesis is to provide the first realistic application of the model developed in the previous section. We show how the model may be used to describe the biogeochemical dynamics peculiar to the response of porewater profiles observed following the massive flood events encountered in the proximal zone of the Rhône delta in 2008 (Cathalot et al. 2010; Pastor et al. 2018). A spring event with 30 cm thick sediment of old calcerous material and a fall event with 10 cm of fresh detrital material were both studied in depth. The interaction of the carbon, iron, manganese, and sulfur cycles was the subject of our discussion in this section.

Our findings suggest that these floods could indeed produce differing biogeochemical responses, the extent of which is determined by the underlying characteristics of the flood layer deposit. We found a 55% decrease in oxygen flux across the SWI during the 2008 spring flood event, as well as a two-fold increase in overall mineralization rates from pre-flood conditions in the spring, which increased further in the fall when a very labile carbon-enrichment sediment was deposited (up to a factor of 7). In addition, we showed that the significant internal redox cycling was possibly responsible for the distinct dissolved iron and manganese profiles reported in the Rhône prodelta sediment for the two floods Furthermore, we suggest that the significant precipitation of sulfide release from sulfate reduction contributes to the maintenance of the ferruginous condition in such a high organic carbon flux site.

Our findings further highlight the importance of successive flood deposition feedback on biogeochemical carbon mineralization pathways. We show that cumulative flood deposition has negligible effect on oxic and suboxic pathways, especially if their occurrence is temporally disconnected, but can be discernible for anoxic pathways like sulfate reduction and methanogenesis. This cumulative flood deposition effect on biogeochemical processes, referred to here as the "memory effect", may be significant in coastal sediments subject to increasing intensification of extreme flood and particulate matter discharge.

Introduction

River-dominated ocean margins (RiOMar) are important for connecting the terrestrial and marine organic carbon cycles (OC) (Mackenzie et al. 2004; Regnier et al. 2022) by filtering the transfer of material from the River systems on continent margins to the open ocean. They also serve as a major organic matter (OM) deposition center, which has implications for preservation and burial. Indeed, continental margins account for more than 85 % of all organic carbon burial in the ocean, with deltas (RiOMars) representing half of the shelf burial (Burdige 2005). At the same time, river deltas are active biogeochemical reactors that emit large quantities of 𝐶𝑂 2 to the atmosphere (Cai 2011; Dai et al. 2022).

These RiOMar systems are also vulnerable to extreme flood events, which are known to transport large amounts of sediment, carbon and nutrients from the land to the oceans, with their primary depositional zone occurring preferentially in the connecting deltas [START_REF] Mckee | Transport and transformation of dissolved and particulate materials on continental margins influenced by major rivers: Benthic boundary layer and seabed processes[END_REF]). Massive sediment inputs driven by these flood events have been observed in many of such systems: for example, Amazon River (Aller et al. 1996; Montanher et al. 2018), Mississippi River (Morse and Rowe 1999), Atchafalaya River [START_REF] Allison | Origin of amazon mudbanks along the northeastern coast of south america[END_REF], Eel River [START_REF] Bentley | Emplacement, modification, and preservation of event strata on a flood-dominated continental shelf: Eel shelf, northern california[END_REF], Po River (Palinkas et al. 2005; Tesi et al. 2012; Tesi et al. 2013), Têt River [START_REF] Bourrin | Sediment dispersal from a typical mediterranean flood: The têt river, gulf of lions[END_REF]), Rhône River [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF]). These large and nearly instantaneous transfers of sediment are projected to occur with increasing frequency due to changing environmental landscapes and climate change [START_REF] Tockner | Riverine flood plains: Present state and future trends[END_REF]. Indeed, the current trend in extreme precipitation from hurricanes and other storm events can result in large amounts of sediment being delivered in a short period of time, as documented in some coastal margins: Tropical Storm Lee transported sediment to a large portion of Cheapeake Bay via the Susquehanna River [START_REF] Cheng | Generation of an estuarine sediment plume by a tropical storm[END_REF], extreme precipitation events in the Mississippi River basin transferred a large volume of terrestrial organic carbon to the northern Gulf of Mexico [START_REF] Bianucci | Contribution of hurricane-induced sediment resuspension to coastal oxygen dynamics[END_REF], large volumes of sediment were transported on the Northeastern Australian coast during Cyclone Winifred [START_REF] Carter | Long-shelf sediment transport and stormbed formation by cyclone winifred, central great barrier reef, australia[END_REF], to name a few. All of these events have been shown to have a short (daily)-to-medium (yearly) impact on the ecosystem productivity, such as degrading water clarity and growth of phytoplankton [START_REF] Cheng | Generation of an estuarine sediment plume by a tropical storm[END_REF], increasing mineralization in bottom waters of the coastal ocean inducing hypoxic condition (Cheng et al. 2013; Moriarty et al. 2021), or increased 𝐶𝑂 2 flux to the atmosphere [START_REF] Osburn | Lingering carbon cycle effects of hurricane matthew in north carolina's coastal waters[END_REF]).

In the Gulf of Lions (the southern part of France), about 80% of the annual terrigenous particulate input is delivered by Rhône river floods [START_REF] Antonelli | Suspended sediment and 137Cs fluxes during the exceptional december 2003 flood in the rhone river, southeast france[END_REF]) with a large majority of the materials deposited in the prodeltaic zone (Ulses et al. 2008b). The sediment delivered by these flood events can differ in terms of its quantity and quality, as they represent a conglomeration of different particles originating from different regions of the catchment (Eyrolle et al. 2012; Pont et al. 2017). In addition, given the unique sedimentary characteristics of the prodelta (high sedimentation up to 40 𝑐𝑚 𝑦𝑟 -1 , high carbon flux up to 650 𝑔𝐶 𝑚 -2 𝑦𝑟 -1 ), the underlying diagenetic sequence of sediment shows remarkable stationarity (high concentration of DIC, dissolved iron and manganese, strong sulfate reduction) during spring and summer [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF]) despite short-term biogeochemical response linked to fall and winter floods [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF]. The reason for such longterm stability but short-term response is still unknown [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF]), but has been linked to a rather short system's relaxation timescale (4-5 months) and the existence of a possible "Biogeochemical attractor"a hypothetical concept basically associated with the rapid reorganisation of the perturbed porewater profiles to their pre-flood condition despite being affected by such massive depositional event [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF].

The latter would help explain the maintenance of the same diagenetic characteristic for multi-temporal data in non-steady conditions [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]. While a proper understanding of the characteristics of this type of perturbation requires continuous monitoring and observation in both long-and short-term basis (Toussaint et al. 2014; Ferreira et al. 2023), there is still a scarcity of data on the estimated biogeochemical fluxes and rates caused by these flood events. Combination of available data (Cathalot et al. 2010; Bourgeois et al. 2011; Bonifácio et al. 2014; Pastor et al. 2018), with appropriate spatio-temporal scale, and numerical modelling can thus help to answer some of these questions.

This study aims to quantify the size and scope of biogeochemical changes brought about by significant flood events in the Rhône prodelta region. A reactive transport model with a non-steady state approach was used to investigate how the diagenetic mineralization of organic matter can explain porewater data obtained from observations of two distinct flood deposition events in 2008. We also calculated the biogeochemical fluxes and rates associated with these events, as well as the system's temporal evolution after this perturbation. The effect of this phenomenon on carbon, iron, manganese, and sulfur cycling was then determined. The results of this model-data investigation give new insights on the consequences of these extreme events on sediment biogeochemical dynamics.

Materials and Methods

Data description

The dataset discussed in this paper entails the flood driven deposition events which occurred in the Rhône prodelta in the year 2008 (Cathalot et al. 2010; Pastor et al. 2018). The data described the hydrosedimentological and chemical situation of the sediment in the proximal station within 2 km from the river mouth (Station A: 4°51.099 °E and 43°18.751 °N). The average depth at this location is 23 m [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF] with high apparent accumulation rates up to 40 𝑐𝑚 𝑦𝑟 -1 [START_REF] Charmasson | Long-core profiles of 137 cs, 134 cs, 60 co and 210 pb in sediment near the rhone river (northwestern mediterranean sea)[END_REF].

Our concern in this work is the flood events of May/June 2008 (Generalized flood) and November/December 2008 (Cenevol flood) [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF]). These two floods have been dubbed the spring and fall floods, respectively. The sampling dates are specified in Figure 4.1. In the spring flood, 30 cm of sediment was deposited. The average organic carbon content in this layer of sediment (1% d.w.) was lower than the average OC in pre-flood sediment (> 2% d.w.); Cathalot et al. ( 2010)), with deposited materials primarily composed of aggregated siliceous and carbonate crystalline rocks from nearby tributaries (Durance and Isère rivers) containing large amounts of refractory carbon (Cathalot et al. 2013; Copard et al. 2018). During the fall flood, a sediment layer of 10 cm thickness was deposited mostly composed of silicate minerals and organic debris with a high OC content sediment containing large amounts of young OC (5% d.w.; Cathalot et al. ( 2010)). Porewater composition including dissolved iron (𝐹 𝑒 2+ ) and manganese (𝑀 𝑛 2+ ) profiles in both events showed evidence of this flood perturbation, with these species responding sequentially to the deposition [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF]. This response was characterized by a slow build-up of iron following manganese release in the first 30 cm of porewater. Furthermore, significant sulfate reduction was observed within the sediment, with sulfide concentrations below the detection limit. Full description of the dataset can be found in [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF] and [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF].

Model description

The model used for this study is the time dependent, one dimensional reactive transport model, FESDIA [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]. This model described the transformation of OC within the sediment column with well adapted capabilities for usage in sudden flood depositional scenarios. The full description of the model can be found in [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF] and detailed mass balance equations and reaction kinetic is provided in the Appendix. Here, we basically recap the key biogeochemical reactions and pathway necessary to simulate the flood datasets derived from [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF].

The reactive transport model includes 16 state variables: fast (𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 ) and slow 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 degradable organic matter, two pools of manganese oxide (𝑀 𝑛𝑂 2𝐴 and 𝑀 𝑛𝑂 2𝐵 ) and iron hydroxide (𝐹 𝑒𝑂𝑂𝐻 𝐴 and 𝐹 𝑒𝑂𝑂𝐻 𝐵 ), manganese carbonate (𝑀 𝑛𝐶𝑂 3 ) all constitute the particulate solid modeled (Table 4.1). The choice of iron and manganese fractions was dictated by the assumption that the short-term path of Fe and Mn dynamics is driven by the reactive pool of their respective oxides. In practice, iron oxide pool broadly consists of highly reactive (amorphous and crystalline) oxides -ferrihydrite, goethite, lepidocrocite and hematite) with half-life of < 1 yr [START_REF] Canfield | The reactivity of sedimentary iron minerals toward sulfide[END_REF][START_REF] Raiswell | Sources of iron for pyrite formation in marine sediments[END_REF], moderately reactive component (magnetite and reactive silicate of half-life of 10 2 yr), poorly reactive iron oxide with longer half-life, > 10 5 yr (Canfield et al. 1992; Poulton et al. 2004). Detrital iron fraction bound within sheet silicates are nonreactive on the timescale of early diagenetic processes of concern to the model [START_REF] Poulton | The low-temperature geochemical cycle of iron: From continental fluxes to marine sediment deposition[END_REF] while particulate iron bound to sulfide (𝐹 𝑒𝑆 and 𝐹 𝑒𝑆 2 ) when formed via precipitation have high stability and low solubility, thus can be permanently buried (see below [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF]). As such, these solid phases of iron are not modeled. Similarly, manganese oxides or (oxyhydroxides) in the sediment span different reactive timescales and only the reactive fractions are considered in the model. Our modeling strategy is analogous to other diagenetic models that describe metal cycling in marine sediment (Berg et al. 2003; Dale et al. 2015; Zhao et al. 2020).

Dissolved species included in the model are oxygen (𝑂 2 ), nitrate (𝑁 𝑂 3 ), ammonium (𝑁 𝐻 + 4 ), dissolved iron (𝐹 𝑒 2+ ) and manganese (𝑀 𝑛 2+ ), sulfate (𝑆𝑂 2- 4 ), hydrogen sulfide (𝐻 2 𝑆), methane (𝐶𝐻 4 ) and dissolved inorganic carbon (𝐷𝐼 𝐶) (Table 4.1). 𝑚𝑚𝑜𝑙 𝑀 𝑛 𝑚 -3 𝑀 𝑛𝑂 2𝐵

Slow oxidized mangenese MnO2B

𝑚𝑚𝑜𝑙 𝑀 𝑛 𝑚 -3 𝑂 2

Oxygen O2

𝑚𝑚𝑜𝑙 𝑂 2 𝑚 -3 𝑁 𝑂 - 3

Nitrate NO3

𝑚𝑚𝑜𝑙 𝑁 𝑚 -3 𝑁 𝐻 + 4 Ammonium NH3

𝑚𝑚𝑜𝑙 𝑁 𝑚 -3 𝑆𝑂 2- 4 Sulfate SO4

𝑚𝑚𝑜𝑙 𝑆 𝑚 -3 𝐻 2 𝑆

Hydrogen sulfide H2S

𝑚𝑚𝑜𝑙 𝑆 𝑚 -3 𝐹 𝑒 2+

Reduced ferrous iron Fe

𝑚𝑚𝑜𝑙 𝐹 𝑒 𝑚 -3 𝑀 𝑛 2+

Reduced manganese Mn

𝑚𝑚𝑜𝑙 𝑀 𝑛 𝑚 -3 𝐷𝐼𝐶

Dissolved inorganic carbon DIC

𝑚𝑚𝑜𝑙 𝐶 𝑚 -3 𝐶𝐻 4

Methane CH4

𝑚𝑚𝑜𝑙 𝐶 𝑚 -3 𝑀 𝑛𝐶𝑂 3

Mn carbonate MnCO3

𝑚𝑚𝑜𝑙 𝑀 𝑛 𝑚 -3

Degradation of organic matter (OM) occurs via the sequence of energy utilization of electron acceptors, with oxygen used first, followed by oxidation via 𝑁 𝑂 3 . Thereafter, the model includes microbially mediated reduction by the oxides of Mn and Fe (𝑀 𝑛𝑂 2 and 𝐹 𝑒𝑂𝑂𝐻 3 ) with this justification largely dictated by the substantial release of their respective reduced solutes during flood deposition [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF] where OM is simply represented as (𝐶𝐻 2 𝑂)(𝑁 𝐻 3 ) 𝑁∶𝐶 ) and N:C is the redfield nitrogen to carbon ratio respectively (N:C = 16 106 ). The reactive rate is represented by a Michaelis-Menten type relationship with respect to the oxidant concentration (see Appendix).

The direct consequence of organic matter remineralization in the model is the production of reduced substances (Equation 4.1). The model considers a series of subsequent processes connected to these reduced species (Equation 4.2). In order to reduce the degree of freedom for calibrating poorly constrained parameters and processes which govern many of the secondary reaction in the Rhône prodelta sediment, a simplified representation of the iron, manganese and sulfur interactions was made.

Re-oxidation of reduced species from OM mineralization via oxygen (Equation 4.2) and metallic oxides (Equation 4.2) is included while methane formed by fermentation of OM can be anaerobically oxidized (i.e anaerobic oxidation of methane, AOM) [START_REF] Dale | Bioenergetic controls on anaerobic oxidation of methane (AOM) in coastal marine sediments: A theoretical analysis[END_REF]. 𝐹 𝑒 2+ is oxidized to ferric iron (𝐹 𝑒 3+ ), which precipitates out as fresh iron oxide (𝐹 𝑒𝑂𝑂𝐻 𝐴 ) minerals. Sulfide produced by sulfate reduction is abiotically oxidized by both pools of iron oxyhydroxydes and manganese oxides (i.e sulfur-mediated iron and manganese reduction) [START_REF] Berg | Dynamic modeling of early diagenesis and nutrient cycling. A case study in an artic marine sediment[END_REF]. As discussed in [START_REF] Haese | The reactivity of iron[END_REF], the interaction between dissolved 𝐹 𝑒 2+ and 𝐻 2 𝑆 happens in two stages, with the formation of intermediate dissolved elemental sulfur (𝑆 0 ) and dissolved FeS (𝐹 𝑒𝑆 𝑎𝑞 ). However, these forms of sulfur are not modeled because of their unstable nature in marine sediment as well as the possibility of 𝐹 𝑒𝑆 𝑎𝑞 to precipitate to its particulate form (𝐹 𝑒𝑆 𝑝 ) once a solubility threshold of ~2 µM is reached [START_REF] Rickard | The solubility of FeS[END_REF]. Therefore, we assumed that dissolved FeS, upon formation, is subsequently transforms into a stable form of particulate sulfur that can be eliminated from the porewaters via precipitation [START_REF] Rickard | Kinetics of pyrite formation by the H2S oxidation of iron (II) monosulfide in aqueous solutions between 25 and 125 c: The rate equation[END_REF][START_REF] Rickard | The solubility of FeS[END_REF]. The kinetic rate expressions of all re-oxidation processes and other secondary reaction are described by standard second-order rate formulation.

The model also includes a simple representation of the formation and dissolution of Mn carbonates. However, iron carbonate (siderite) formation and dissolution was not considered in the model since siderite precipitation is inhibited by low levels of sulfide [START_REF] Haese | The reactivity of iron[END_REF]. This is precisely the situation in the Rhône pro-delta sediment in which FeS precipitation is the dominant sink for dissolved iron and is produced through the sediment column [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF]. This kinetics of dissolution and precipitation follow a similar formulation in [START_REF] Wang | A multicomponent reactive transport model of early diagenesis: Application to redox cycling in coastal marine sediments[END_REF], where the reaction rates are dependent on the pore water saturation state. Here, the pH of the porewater was not explicitly modeled but was fixed at a constant value of 7.5 in order to reduce the complexity of the model [START_REF] Berg | Dynamic modeling of early diagenesis and nutrient cycling. A case study in an artic marine sediment[END_REF].

𝑁 𝐻

+ 4 + 2𝑂 2 → 𝑁 𝑂 - 3 + 𝐻 2 𝑂 + 2𝐻 + 2𝑀 𝑛 2+ + 𝑂 2 + 2𝐻 2 𝑂 → 2𝑀 𝑛𝑂 2𝐴 + 4𝐻 + 4𝐹 𝑒 2+ + 𝑂 2 + 6𝐻 2 𝑂 → 4𝐹 𝑒𝑂𝑂𝐻 𝐴 + 8𝐻 + 𝐻 2 𝑆 + 2𝑂 2 → 𝑆𝑂 2- 4 + 2𝐻 + 𝐶𝐻 4 + 2𝑂 2 → 𝐶𝑂 2 + 2𝐻 2 𝑂 2𝐹 𝑒 2+ + 𝑀 𝑛𝑂 2𝐴/𝐵 + 2𝐻 2 𝑂 → 2𝐹 𝑒𝑂𝑂𝐻 𝐴 + 𝑀 𝑛 2+ + 2𝐻 + 𝐻 2 𝑆 + 𝑀 𝑛𝑂 2𝐴/𝐵 + 2𝐻 + → 𝑆 0 + 𝑀 𝑛 2+ + 2𝐻 2 𝑂 𝐻 2 𝑆 + 2𝐹 𝑒𝑂𝑂𝐻 𝐴/𝐵 + 4𝐻 + → 𝑆 0 + 2𝐹 𝑒 2+ + 4𝐻 2 𝑂 𝐶𝐻 4 + 𝑆𝑂 2- 4 → 𝐻𝐶𝑂 - 3 + 𝐻𝑆 -+ 𝐻 2 𝑂 𝐹 𝑒 2+ + 𝐻 2 𝑆 → 𝐹 𝑒𝑆 + 2𝐻 + 𝑀 𝑛 2+ + 𝐻𝐶𝑂 - 3 ↔ 𝑀 𝑛𝐶𝑂 3 + 𝐻 + (4.2)

Model Parameters

The key rate parameters for the biogeochemical processes are tabulated in Table 4.2 . The environmental parameters and boundary conditions were derived from previous steady-state modelling studies investigated in the Rhône prodelta sediment (Pastor et al. 2011a; Ait Ballagh et al. 2021). For our model-data calibration, parameters associated with the transport processes were first adjusted before pathways involving the carbon dynamics were fine-tuned.

The specification of the carbon-based parameters was carried with respect to range of value reported in the aforementioned studies with little modification. Thus, for the processes associated with OM mineralization, our model fitting procedure was constrained to these prior best-fit (Pastor et al. 2011a; Ait Ballagh et al. 2021).

Thereafter, the processes affecting the iron and manganese cycle were then parameterized. As these previous modelling studies only capture the anaerobic diagenesis processes by considering a lumped term, ODU (oxygen demand unit), nominal additional parameters pertaining to the coupled iron-sulfur-manganese cycle is derived from other published works (Berg et al. 2003; Dale et al. 2015; Zhao et al. 2020).

However, because the boundary flux for other particulate species besides carbon in the Rhône prodelta sediments is largely unknown, the parameters involving sulfur, iron and manganese interactions were fine-tuned to adapt to the data at hand using both manual and automatic fitting procedures provided by the R package FME (Soetaert and Petzoldt 2010), while accounting for the constraints present in the study site (e.g low sulfide system [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF], high sedimentation rate and carbon flux (Pastor et al. 2011a), low bioturbation [START_REF] Pruski | Biogeochemistry of fatty acids in a river-dominated mediterranean ecosystem (rhône river prodelta, gulf of lions, france): Origins and diagenesis[END_REF] and possibly high iron flux [START_REF] Roussiez | Fate of metals in coastal sediments of a mediterranean flood-dominated system: An approach based on total and labile fractions[END_REF]. 2020), ( 5) [START_REF] Wang | A multicomponent reactive transport model of early diagenesis: Application to redox cycling in coastal marine sediments[END_REF] and ( 6) [START_REF] Wijsman | A model for early diagenetic processes in sediments of the continental shelf of the black sea[END_REF]. 

Description

Characterization of flood dynamics

As introduced in Nmor et al. ( 2022), the dynamics of the flood deposition events is driven by the characteristics of the sediment delivered (such as the deposit thickness, organic carbon content and reactivity). In that study, the mechanism of flood-induced sediment deposition was modeled as a single massive event against an underlying background variation. However, in this paper, this singular flood prescription is expanded to include multiple events in one simulation run, thereby allowing a chain of event-driven simulation to be performed with their respective characteristics. As a consequence, the so-called enrichment factor (𝛼) -a scaling parameter linked to the quantity of carbon within the flood layer -becomes a time dependent parameter (𝛼(𝑡)) in tandem with the thickness extent of the depositional depth (𝑍 𝑝𝑒𝑟𝑡 (𝑡)). This advance in the event-depositional algorithm provides some realism to how natural dynamic sedimentary systems work, albeit with an extra layer of complexity and parameterization constraint to the model. The numerical procedure for solving the underlying reactive transport equation capturing the processes in Section 4.3.2 have been previously discussed [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]. In summary, the simulation was carried out in the sediment grid layer of 100 cm thickness with intermittent deposition events treated as an abrupt change to the model dynamics at specified time interval (see Figure 4.1).

The model simulation was conducted over two years starting in January 2008 in order to capture the hydrological regime of this particular year. It was started with a steady-state simulation and dynamic spin-up for two years to achieve a dynamic equilibrium. Thereafter, the main simulation was run for two years (January 2008-December 2009). Because the model can be configured to include multiple events, the decision on when, where, and how many such depositions to implement to adequately describe the observed data was made considering the prevailing hydrodynamical and sedimentological constraints within the sampling time-window (Cathalot et al. 2010; Pastor et al. 2018). We used data from the nearest river monitoring site in Arles (40 km upstream the river mouth) to calculate river discharge and total suspended matter (TSM). Figure 4.1 depicts the constraints on the timing and magnitude of the deposits. A detailed analysis of the river discharge and the corresponding TSM data suggests a power law relationship [START_REF] Pont | Medium-term changes in suspended sediment delivery to the ocean: Consequences of catchment heterogeneity and river management (rhône river, france)[END_REF], and examination of the temporal variability in both datasets indicates the occurrence of a minor flood event between the two major deposits (spring and fall deposition) (Figure 4.1). Following this analysis, three sequential flood deposition simulations were performed.

The first corresponds to a major spring flood event with low organic carbon content and a sediment deposition of 30 cm. The second event is associated with a minor flood deposits of limited thickness [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF] and organic carbon. The fall flood, which delivered 10 cm of sediment enriched in organic carbon and reactive Because the intermediate second event was missed by the sampling campaign in 2008, we chose a simple approach by assuming that the event is relatively mild in comparison to the two major floods, as evidenced by discharge and TSM data, as well as down core sediment retrieved in September and October (around the limited deposition event) which show little evidence of deposition [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF]. The enrichment factor (𝛼) used in the simulations as well as the thickness of the deposited layer is provided in Table 4.3. These enrichment factors are basically parameterization of the carbon content in the newly deposited sediment layer relative to the ancient layer and is dependent on the source region of the flood [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]). Furthermore, model analysis performed within this simulation was decomposed into 2 components corresponding to the spring and fall flood event. This calculation was done by integrating any model quantity, variable or metric of interest over a relaxation timescale window. The relaxation interval is defined as the timescale over which a particular variable subject to the perturbation signal caused by flood deposition becomes indistin-guishable from background variation (see [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF] for introduction and Section 4.3.5.1.2). Thus, the biogeochemical effects of the different flood deposition events can be compared.

Relaxation time

The relaxation timescales of the various biogeochemical pathways are calculated in the same way as [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]. However, a minor change in the methodology is presented using a more analytical rather than numerical approach in order to consider processes or rates which may have a longer timescale of relaxation beyond the interval of two successive deposition. Thus, given that the shape of the so-called "point-by-point" concentration difference between two successive profiles (𝜙) following the perturbation can be approximated as a first order exponential decay:

𝑑𝜙 𝑑𝑡 = -𝜆𝜙 (4.3)
a secular rate of decay 𝜆 can be estimated from the curve. This is especially true for situations where there is no internal background forcing, such as the configuration investigated in this work. This decay coefficient can be calculated by fitting the distance function 𝜙(𝑡) to the solution of this exponential decay, such as:

𝜙 = 𝜙 0 𝑒 -𝜆𝑡 (4.4)
where 𝜙 denotes the point-by-point differences in successive profiles for any given variable/rate for which the relaxation timescale is estimated (see Eq 22 in Nmor et al. ( 2022)), and 𝜙 0 denotes the initial value of the difference between the preflood profile and just after the deposition. This equation can be used to fit a nonlinear regression to determine 𝜆. The distance function's characteristic timescale can then be defined as the timescale over which a fixed percentage of the profile is said to be similar to previous profiles. For example, if the profile has recovered 95% of its pre-flood state, then for all practical purposes, the variable/rate profile in question is more or less indistinguishable from its pre-flood state.

An advantage of this approach is that we can derive an analytical formulation of this relaxation timescale using Equation 4.4. For example, a relaxation timescale ( τ 𝜂 ) for any arbitrary time threshold 𝜂 can be written as:

τ 𝜂 = 1 𝜆 𝑙𝑛 100 100 -𝜂 (4.5)
where 𝜏 𝜂 is the relaxation timescale required to restore the system to 𝜂 % of its preflood state. This analytical derivation allows us to infer the long-term outcomes of these repeated transient responses to constant environmental perturbation. Another advantage of this method is the possibility to investigate the temporal characteristics of the variability of the sediment biogeochemistry if a perturbed system never reaches an ultimate asymptotic state (as in the case of an environment that is sufficiently variable).

Memory effect for flood deposition 2008

A natural consequence of the chain of instantaneous flood depositions at various times in the simulation is the possibility of the different biogeochemical processes incorporating a memory effect (i.e. processes at previous time-step might affect processes at future time). Given that relaxation times for some species such as DIC and 𝑆𝑂 2- 4 are up to 5 months [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF], they may overlap with other deposition events. The occurrence of these multiple flood deposition events and their interactions could be important drivers of biogeochemical processes in coastal sediment and the resulting fluxes.

We investigate to what extent these sequential flood events might influence the biogeochemical pathways of carbon by conducting another slightly different simulation from the nominal reference simulation detailed above by omitting the first deposition (i.e. spring flood). This provides a way to quantify the changes in the reaction pathways with regard to different situations in a given hydrological year: two successive floods (spring and fall) which relaxation may overlap or one flood only (fall). The comparison of the two situations can provide some suggestion of the possibility of flood-feedback dynamics on the biogeochemistry (Figure 4.2). Given the occurrence of two characteristic flood events in one hydrological year, we proceeded to diagnose the effect of succession of floods on the biogeochemical rates. To this end, we estimated the memory effect of the flood by simulating two flood events: The first simulation is the same as the simulation performed above where the two depositions occurred within the simulation window, i.e. initialized with spinup profiles and two sequential flood event). The second simulation is performed without the first spring flood (i.e. only second flood effect initialized from the spinup profiles) (Figure 4.2). The difference in the integrated rates of biogeochemical processes averaged from the start of the fall flood deposition (t1) to the end of the relaxation (t2) in both scenarios indicates the magnitude of the memory effect (𝑀 𝐸):

Spring + Fall

𝑀 𝐸 = ∫ 𝑡2 𝑡1 𝑅 𝑠𝑝𝑟𝑖𝑛𝑔+𝑓𝑎𝑙𝑙 𝑑𝑡 -∫ 𝑡2 𝑡1 𝑅 𝑓𝑎𝑙𝑙 𝑑𝑡 ∫ 𝑡2 𝑡1 𝑅 𝑓𝑎𝑙𝑙 𝑑𝑡 × 100 (4.6)
where 𝑡1 and 𝑡2 is the time interval in which the memory effect of the spring flood on the fall flood is estimated.

The numerator in Equation 4.6 is basically the time-integrated difference of any vertical integrated rate biogeochemical process 𝑅 𝑖 within a time window between 𝑡1 and 𝑡2. 𝑡1 is the fall flood deposition and 𝑡2 is 6 months later, encompassing the relaxation time of the system. In essence, this numerical experiment implicitly assumed no other intense deposition occurs in between the period when this calculation is performed. deviation by the observation's standard deviation (N.sd). The centred root-mean square error (RMSE) is the concentric dashed lines originating from the "observed" point. The further the model is from the observed point, the bigger its bias is. As such, a value close to 0 reflects a good fit of the model to the observation. The "observed" point is plotted on the x-axis at a unit length distance from the origin in this case. As such, we can succinctly visualize, by how much the model under/over-estimates the variability in the data. This nondimensional deviation also has the advantage of allowing model-data statistics for different flood types/events to be compared on the same plot. The model-data correlation is captured by the correlation coefficient and is shown on the arc line; with points which lies closest to the x-axis, having the highest correlation.

Results

Model

Here, the simulation of oxygen profiles during the spring flood show lesser bias to the oxygen data compared to the fall despite the fact that both events display reasonably high and similar correlations. The model prediction for 𝑆𝑂 2- 4 performed better in both deposition periods with a correlation of 0.66 and 0.96 for spring and fall flood respectively with a better overall metrics in the fall compared to the spring (Figure 4.3). Similarly, DIC simulated by the model during the fall deposition showed better correspondence with the measured data (high correlation = 0.96) and reasonable representation of the variability in the porewater DIC (± 0.5 from true variation i.e half the true variability observed in the data) in comparison to the spring model prediction (Nsd ± 0.8). Among the reduced metal species, the predicted profile for dissolved Mn was significantly more faithful to the data across both events (with a higher correlation coefficient and lower RMSE) than the predicted profile for dissolved Fe.

The vertical variability observed in the fall porewater data is better captured in both cases. Ammonium showed decent model fit with the data in both events with moderate correlation (𝑟 > 0.4) (Figure 4.3).

Evolution of porewater profiles

Preflood situation

The porewater profiles prior to the occurrence of the massive flood input in May-June indicated a fairly steadystate condition Figure 4.4. In this preflood situation, the model captured the main biogeochemical features of the Red and grey dots denote the spring and fall deposition simulation with the normalized observed standard deviation shown in purple. See text for explanation and interpretation. 

Fe-Mn cycling under episodic flood event

The difference between the flood deposits of the spring and fall floods can also be revealed in the distribution and concentration of dissolved iron and manganese. In general, when compared to the measured porewater profiles during the spring flood, the model simulation in the fall event moderately reproduced the vertical structure of the data and suggest a transiently, non-steady state condition of the dissolved Fe and Mn. In order to simulate this different flood deposit, a fixed particulate oxide flux of 50 and 10 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 for iron and manganese respectively was imposed in the model upper boundary. The availability of this particulate Fe and Mn as well as organic carbon generates a release of dissolved metal in the porewater. Our model simulation indicates that at the time of sampling in June 2008, the peak Mn concentration had already migrated from a depth of 30 cm (below the newly deposited layer) to around 10 cm where the observed Mn maximum was detected (Figure 4.5).

At this particular depth of 10 cm, the model matches the trend but not exactly the amplitude of the observed variation (data -537 vs model -399 µM). Below this reactive front, Mn decrease with depth was observed and simulated. Both the measured data and model prediction suggest a complete exhaustion of 𝑀 𝑛𝑂 2 and negligible release of dissolved Mn at depth.

In contrast, dissolved Fe in the spring flood period was comparatively low at the surface in the measured data and increased with depth to a concentration of 980 µM at the former SWI (now buried underneath the deposited layer) (Figure 4.5). In this zone, non-steady dynamics was simulated by the model as can be seen in Figure 4.5, probably driven by a combination of diagenetic processes involving microbial iron oxide reduction, dissolved sulfide reoxidation by Fe oxides and FeS precipitation Equation 4.2. This geochemical horizon in the subsurface layer where dissolved Fe is maximum only migrate slowly and persist for a longer period after the spring flood deposition. The value inside the bar represents the vertically integrated time-snapshot rate.

In the fall flood, a different vertical profile of the reduced metabolites emerged. Like the measured data, the model predicted a sub-surface Mn peak of 912 µM within the vicinity of 5 cm which shows a good correspondence with the data (840 µM). Dissolved iron (𝐹 𝑒 2+ ) gradually increased from the surface up to 834 µM at 5 cm in contrast with the spring flood where dissolved iron was confined below the new flood layer. This gradient in measured and simulated 𝐹 𝑒 2+ data stabilized to this asymptotic concentration albeit with a tendency of a slight departure from the model (Figure 4.6). Comparison of combined source and sink of the biogeochemical rate involving iron corresponding to the time of fall sampling (8th December 2008), indicates that the source term for iron contribute to a total depth integrated rate of 156 𝑚𝑚𝑜𝑙 𝐹 𝑒 𝑚 -2 𝑑 -1 compared to the sink (199 𝑚𝑚𝑜𝑙 𝐹 𝑒 𝑚 -2 𝑑 -1 ) (Figure 4.7). On the other hand, the source of Mn (135 𝑚𝑚𝑜𝑙 𝑀 𝑛 𝑚 -2 𝑑 -1 ) was by far greater than the sink (36 𝑚𝑚𝑜𝑙 𝑀 𝑛 𝑚 -2 𝑑 -1 ) (Figure 4.7).

The source of these metals in porewaters is linked to the reduction of iron and manganese oxides which differs from the other oxidants utilized because of the relative importance of microbial-mediated and chemical reduction pathways. The depth-integrated rate of microbial iron reduction during the spring flood event ( 39𝑚𝑚𝑜𝑙 𝐹 𝑒 𝑚 -2 𝑑 -1 ) was lower than in the fall (44 𝑚𝑚𝑜𝑙 𝐹 𝑒 𝑚 -2 𝑑 -1 ) while microbial manganese reduction varies little across time but chemical Mn reduction was three times higher in the fall (45 𝑚𝑚𝑜𝑙 𝑀 𝑛 𝑚 -2 𝑑 -1 ) compared to spring (19 𝑚𝑚𝑜𝑙 𝑀 𝑛 𝑚 -2 𝑑 -1 ). The model calculation suggests that more than two-third of the depth-integrated reduction of 𝐹 𝑒𝑂𝑂𝐻 during the spring deposition is due to the chemical oxidation of 𝐻 2 𝑆 (83 𝑚𝑚𝑜𝑙 𝐹 𝑒 𝑚 -2 𝑑 -1 ) while it increased to 82 % during the fall flood event (207 𝑚𝑚𝑜𝑙 𝐹 𝑒 𝑚 -2 𝑑 -1 ). This caused by the dynamic modification of the sediment, which results in a greater amount of 𝐶𝐻 4 produced by different flood types. 4 with an increased consumption afterwards. Throughout the simulation period, the sediment was a source of DIC for the bottom water. The DIC exchange showed a strong contrast between the two floods: during the spring depositional event, the DIC flux dropped to a very low value (139 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 to 8 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 ) whereas it jumped to a much higher efflux estimated after the fall flood (745 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 ) (Figure 4.9).

The magnitude of dissolved Fe and Mn release associated with the spring flood deposit was weakened. In contrast, the sediment acted as a strong source of dissolved Fe and Mn to the bottom water during the fall which can be driven by the reduction of freshly supplied oxides. As this new layer is smaller in thickness in the fall (10 cm), the diagenetic transformations of OM and associated oxides result in an instant enhancement of the sediment inventory of dissolved Fe and Mn (Figure 4.9). A burst in Fe and Mn release was simulated immediately after the deposit, which quickly rebounds to its background flux of 11 𝑚𝑚𝑜𝑙 𝑀 𝑛 𝑚 -2 𝑑 -1 . For manganese, this stock of reduced metabolites was quickly re-oxidized within the sediment. The dynamics of the TOC mineralization and the partitioning in the different biogeochemical pathways are shown in Figure 4.10. Before the event, the preflood sulfate reduction (75 %) was the dominant mechanism of carbon oxidation, with minor contribution from aerobic respiration (7 %) and methanogenesis (13 %). The contribution from metal reduction was equally low (3 %). During the first 10 days after the spring flood deposition, oxic mineralization dropped to 5 % with similar marginal change in metal reduction. After this initial drop, aerobic respiration increased up to pre-flood level and stabilized. Similar asymptoticity of reaction rate was observed in metal reduction at short interval after the deposition.

The most remarkable change occurring during this flood is observed in the change in anoxic contribution to carbon mineralization rate (sulfate reduction and methanogenesis). The model simulated 50 % increase ( 227𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 versus 151 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 ) in sulfate reduction from its pre-flood rate due to the perturbation while methanogenesis doubled as a result of the deposition (Figure 4.10). About 20 days after this spring perturbation, both pathways for total carbon mineralization begins to decline as the signature of the deposition begins to wane. Beyond two months, methanogenesis becomes more prominent equaling the contribution of sulfate reduction.

In fall, the large delivery of labile OM produces the greatest change in sulfate reduction (increased from 94 to more than 1000 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 ) and although the rate of methanogenesis almost doubled, the contribution of methanogenesis to total mineralization declined by six-fold from its pre-flood level (Panel b 41 % to 7 % Panel c). During this fall flood, only minor changes in aerobic mineralization as well as metal reduction were

Discussion

In RiOMar systems prodeltas and depocenters are zones of rapid accumulation of sediment along the continentocean interface that are typically of terrestrial origin [START_REF] Blair | The fate of terrestrial organic carbon in the marine environment[END_REF]. The quantity and quality of sediment deposited in these depocenters are determined by a variety of parameters, including precipitation pattern in the watershed and river discharge, river network and size, and the sedimentological composition of the watershed from which it originates (Aller 1980; Chakrapani 2005). As a result, the materials deposited in the river-ocean margins reflect the source and transit path taken, and so differ in the properties of organic matter supplied in the majority of depocenters (LaRowe et al. 2020).

The amount of organic matter deposited near the river mouth in the Rhône prodelta varies with the flood type.

The component of the material deposited in 2008, for example, distinguishes the spring flood from the fall flood [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF]. In comparison to the fall flood, which was characterized by labile OM with enriched Δ 14 𝐶 [START_REF] Cathalot | The fate of river organic carbon in coastal areas: A study in the rhône river delta using multiple isotopic (𝛿13C, Δ14C) and organic tracers[END_REF], the spring consists primarily of refractory debris with depleted Δ 14 𝐶 (-500 ‰) whereas the fall flood has Δ 14 𝐶 of -90‰, indicating a mix with labile organic matter. These disparities in OM properties can lead to distinct sediment responses, as evidenced by discrepancies in porewater profiles. The difference is reflected in the model by the carbon enrichment factor (𝛼) imposed in both events, with a greater value in the fall compared to the spring (Table 4.3), indicating that the organic matter delivered during these events can have significantly different features. However, this relationship is not known and certainly complex as other factors like deposit thickness might influence sediment dynamics in response to flood deposition [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]). Here we discuss the implication of these flood event deposition and their types on the biogeochemical processes in the sediment.

Early diagenesis of Rhône prodelta sediments

The Rhône prodelta sediment is a highly dynamic environment driven by episodic flood discharge. This flooddriven phenomenon delivers considerable amounts of sedimentary materials which drives the biogeochemical characteristics of the zone. Integrating observed data with numerical modelling as done here sheds light on the different diagenetic processes that operate during periods of flood-induced organic matter input. However, this data-driven modelling approach can only be validated by the fidelity of the model in capturing the observed trend and variability present in the data. In this study, we provide some objective metrics to assess the skillfulness of the numerical model in reproducing the spatio-temporal pattern of the dataset (Figure 4.3). Our findings demonstrate that the model porewater profile for sulfate, DIC and manganese were well represented in both flood events in term of their adjustments to the data as well as the variability with depth.

In contrast, despite their correlation with the data, the overall model skillfulness of the simulated results for ammonium and iron during spring deposition is less impressive. This is especially true for iron, where the vertical variability of the porewater profile suggests a system still in the process of slow evolution that is tightly coupled to other cycles (Figure 4.5). With more data constraints for such evaluation (i.e. FeOx and MnOx deposition flux and reactivity), the model's performance could be improved through better characterization of the Fe dynamics during this time period. The lesser known dynamics and forcings (transient phases, OM lability) at the start of the perturbation, as well as the uncertainty about when this specific event occurred, may also be responsible for the bias in the May-June flood. Furthermore, our preliminary test carried with and without the inclusion of an intermediate flood deposition (around September) between the two events highlights the important of data coverage and timescale of investigation for capturing the key features of the interstitial porewater signature arising from this type of event [START_REF] Romans | Environmental signal propagation in sedimentary systems across timescales[END_REF].

Moreover, the model-data assessment showed much better fit in the fall flood suggesting that the model is not far off from describing the general pattern in sediment dynamics during this flood year. Furthermore, the 𝑂 2 flux temporal patterns have been well-studied in this region in 2008 and shows temporal variability linked to extreme events [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF]. Our model 𝑂 2 flux (accounting for both diffusive and irrigative flux) in both flood event slightly overestimate the observed diffusive oxygen uptake (DOU) flux reported in [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF] and [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF] for this particular prodelta site but much closer to the average TOU observed in this site (about 24 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 ) [START_REF] Lansard | In situ oxygen uptake rates by coastal sediments under the influence of the Rhône River (NW Mediterranean Sea)[END_REF], 2009b; Pastor et al. 2011b). This range of oxygen flux Within the Rhône prodelta, the sediment biogeochemical dynamics is closely coupled to the underlying transport and biogeochemical changes linked to massive depositional event. As in the case described in the fall flood, a strong oxygen consumption ensued in the first few days after the events via immediate degradation of organic carbon driven by oxic mineralization. Our model in agreement with the data showed substantial temporal variability in the 𝑂 2 flux driven by the variability in organic carbon input associated with the flood event. Especially, the lowering of 𝑂 2 fluxes observed after the spring flood is well represented by the model.

Organic carbon mineralization in general was dominated by sulfate reduction in both spring and fall events. In both cases, the total mineralization increased by a factor of 2 in spring and 7 in winter reflecting the amount and lability of the OM deposited with a much larger increase to the total carbon mineralization during the fall depositional event compared to the spring one. During the spring event, a significant portion of the total mineralization was induced at the old sediment-water interface where a layer of degradable organic matter was buried by the flood deposit. This layer is located at 30 cm depth after the flood, therefore lowering the transfers at the present sediment-water interface. This organic-rich material fuels the intense subsurface sulfate reduction. Similar trapping and enhanced biogeochemical activities have also been reported in flooded organic rich sediment in the Saguenay fjord (Deflandre et al. 2002; Mucci et al. 2003).

This trend, however, was in contrast with the fall flood where the majority of the mineralization took place in the first 10 cm of the sediment. This is the result of the deposition of organic-rich material during this fall flood. As a result of this dissimilar pattern, DIC production revealed that with organic-rich sediment deposition, particularly during the fall period, a strong DIC efflux across the sediment-water interface (445 𝑚𝑚𝑜𝑙 𝐷𝐼𝐶 𝑚 -2 𝑑 -1 ) can be expected. On the contrary in spring, recycling is internal (below the 30 cm flood layer) and leads to reduced exchange with the water column. While benthic release of DIC in this proximal zone of the Rhône delta is not as frequently measured as oxygen flux (and especially in the flood period), reported measurement estimate that DIC flux ranges between 18 and 78 𝑚𝑚𝑜𝑙 𝐷𝐼𝐶 𝑚 -2 𝑑 -1 before the usual flood season of late summer [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF]). As the model is dynamic in time and linked by successive episodic flood event, an hindcast of DIC flux before this flood season showed better correspondence (55 𝑚𝑚𝑜𝑙 𝐷𝐼𝐶 𝑚 -2 𝑑 -1 ) with reported values for this site.

Short term dynamics in manganese and iron redox cycling was assessed with the model constrained by the available data and empirical observations at this proximal site. The porewater chemistry in the prodelta was altered by the spring (generalized) and fall (cevenol) floods, with differing responses for Mn and Fe. Model Mn oxides reduction rate was estimated around 26 𝑚𝑚𝑜𝑙 𝑀 𝑛 𝑚 -2 𝑑 -1 in the spring compared to 52 in the fall. Chemical reduction via oxidation of sulfide accounted for about 72% while microbially mediated reduction of organic carbon accounted for 28% during the spring deposition. The latter had a much lower contribution in fall (14%) despite having a slightly higher organoclastic Mn reduction rate compared to the spring event with a stronger contribution by 𝐻 2 𝑆 oxidation via Mn oxides. This fall enrichment of dissolved Mn in the upper sediment layer (up to 800 µM Figure 4.6) is driven by the strong imbalance between the sources and sinks (Figure 4.7) resulting in its unique shape with the contribution from the reoxidation of dissolved 𝐹 𝑒 2+ by 𝑀 𝑛𝑂 2 as the major driver. In contrast, dissolved iron porewater profile is primarily controlled by the reoxidation of sulfides (68 %). However, in the fall event, this large iron release is balanced in deeper layers by precipitation to a stable form of FeS and lost by burial to deeper layers. This dynamic diagenetic balance could be responsible for the peculiarity of the observed pattern of the dissolved iron profile (Figure 4.5). Indeed, other previous studies in the Rhône prodelta have alluded to this routing of iron-sulfide precipitation as a possible mechanism for the maintenance of the observed ferruginous condition and the alkalinity fluxes (Pastor et al. 2018; Rassmann et al. 2020).

Furthermore, recent research by Van de [START_REF] Velde | Bistability in the redox chemistry of sediments and oceans[END_REF] has demonstrated that oscillating redox circumstances can affect remineralization processes where a dominating Fe state with regard to sulfide can occur due to the sediment's inherent bistability. This bistability condition is determined by the particulate carbon to iron input ratio. In our example, with significant carbon (Pastor et al. 2011a; Ait Ballagh et al. 2021) and iron flux (Marin and Giresse 2001; Radakovitch et al. 2008; Roussiez et al. 2011), this ratio is 5, and such Fe-rich and sulfide-free condition is observed, as theoretically predicted by Van de [START_REF] Velde | Bistability in the redox chemistry of sediments and oceans[END_REF] when combined with kinetically fast FeS formation as in the natural environment. Thus, our results highlight the suggested possibility of chemical reduction of the metal oxides as well as precipitation of FeS (and subsequent pyrite formation) (Pastor et al. 2011a; Rassmann et al. 2020). These secondary reactions (especially chemical reduction of manganese oxide by reduced iron) may help explain the elevated 𝑀 𝑛 2+ concentration in the sediment after both floods with higher values in the fall [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF].

In general, the high metal reduction is a consequence of two factors: Firstly, the large deposition of terrigenous materials linked to high sedimentation rate and possibly large concentrations of reducible iron terrestrially transferred to this depocenter (Roussiez et al. 2011; Pastor et al. 2018) as implied by the relatively higher 𝛼 value imposed in November deposit in order to simulate such observed trend. Secondly, the importance of secondary reactions involving cycle of Fe and Mn as an efficient metal cycling in the area (Figure 4.8). This view of metal cycling has also been previously suggested to be responsible for the rapid recycling of manganese and iron in the seafloor (Rabouille and Gaillard 1991; Van Cappellen and Wang 1996; Wang and Van Cappellen 1996).

These two factors could be critical in sustaining the porewater profiles of the dissolved species as observed in Figure 4.5 and Figure 4.6 and the absence of ∑ 𝐻 2 𝑆 in the porewater (Pastor et al. 2011a). This modelling insight on the role of combined factor in redox cycle of metals is also supported by observation in other dynamic sedimentary systems subject to episodic of flood events [START_REF] Blair | The fate of terrestrial organic carbon in the marine environment[END_REF].

Implication of extreme flood deposition in biogeochemical cycle

As discussed previously, river dominated margins serve as retention zones for riverine borne particulate matter and are subject to both anthropogenic and natural perturbation [START_REF] Dai | Carbon fluxes in the coastal ocean: Synthesis, boundary processes, and future trends[END_REF]). These extreme events bring large quantities of sediment within a short timeframe which has the possibility to induce changes in the biogeo-chemical properties of the sediment. In the Rhône River prodelta, the annual flood can deliver up to 5.4 × 10 6 tons of sediment in 10 days period [START_REF] Antonelli | Suspended sediment and 137Cs fluxes during the exceptional december 2003 flood in the rhone river, southeast france[END_REF]. This large volume of sediment delivered is also seen in similar river systems with rapid sedimentation of riverine materials: Pô river flood in 2007 [START_REF] Miserocchi | Content and isotopic composition of organic carbon within a flood layer in the po river prodelta (adriatic sea)[END_REF]), Saguenay Fjord, Canada (Mucci andEdenborn 1992; landslide -Deflandre et al. 2002). Thus, the introduction of these new materials can affect not only the carbon cycle but also the other elemental cycles such as iron and manganese as demonstrated in this paper.

Under this flood regime, biogeochemical processes undergo sudden change linked to biogeochemical conditions in the sediment. For example, the oxygen flux decreases by 55 % during the spring flood event and depending on the prevailing characteristics of the particulate input, strongly anoxic condition with greater propensity for methanogenesis can be induced. Our result shows that this is the case for pathways affecting the carbon cycle where sulfate reduction and methane production can double or even quadruple at short time interval following these massive sediment depositions. The substantial changes in carbon mineralization results to enhanced DIC production and can have a considerable effect on DIC flux across the sediment-water interface.

Our findings reveal that the intensity of DIC exchange varies with the flood type, with a much higher flux of DIC in the fall compared to the spring, reflecting the contrast in the nature of materials deposited. Such abrupt changes in the recycling of carbon in the sediments has been observed in other region where the seafloor is disturbed by anthropogenic forcing such as disposal activities and dredging where average OC mineralization rate can be enhanced by a factor 2.5 Van de [START_REF] Velde | Anthropogenic disturbance keeps the coastal seafloor biogeochemistry in a transient state[END_REF].

Furthermore, the difference in DIC flux simulated by these floods indicates that different carbon cycling mechanisms are at work in the deposited materials. The spring deposition resulted in slow internal production and porewater storage of the DIC, possibly due to the mineralization of trapped reactive materials buried beneath the newly deposited refractory layers, resulting in a decrease in exchange across the SWI. Mineralization of carbon-rich OM in the fall resulted in a significant increase in DIC release in the flood layer and an increased exchange with the bottom water. These two dissimilar responses demonstrate that these floods might have a diverse impact on material exchange with the water column, which has a considerable impact on coastal carbon dynamics (Cai 2011; Bauer et al. 2013).

In addition, the sediment acting as a bioreactor for exchange of flux of dissolved metals can change depending on the characteristics of the flood type: serving as a large source of iron and manganese during the organicrich fall flood event and a reduced to insignificant source during the spring flood that is characterized mostly of refractory material. This exchange of flux when coupled to other elemental pathways, such as phosphate can play a role in the retention and mobilization of phosphorus in marine sediment (Reed et al. 2011; Slomp et al. 2013). Massive sediment deposition can also trigger changes in metal recycling efficiency of the sediment.

This can result in a diagenetic response of iron and manganese which has consequences on the long-term fate of their respective cycle. For example, metal reduction during non-steady state condition have been shown

to be a source of dissolved organic carbon accumulation [START_REF] Deflandre | Early diagenetic processes in coastal marine sediments disturbed by a catastrophic sedimentation event[END_REF]. Furthermore, some of the reduced Fe within the sediment column is sequestered with sulfides which can be critical for the perennial burial of sulfur in the sediment [START_REF] Jørgensen | The biogeochemical sulfur cycle of marine sediments[END_REF]). This might be the case in deltaic systems connected to river mouths which are dominated by anoxic diagenesis, with intense sulfate reduction and iron oxide reduction which generates an efficient precipitation and burial of 𝐹 𝑒𝑆/𝐹 𝑒𝑆 2 . This is actually the scenario for the Rhône prodelta sediment. This precipitation of particulate FeS (𝐹 𝑒𝑆 𝑝 ) have also been detected in the proximal and prodelta stations which indicates that the immobilization of iron bound sulfide could well be active in this sediment and be related to a large alkalinity release [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF]. Flood inputs can deeply modify the internal Fe/S cycling, favor FeS production and contribute to reduced species burial, thus controlling alkalinity fluxes to the water column [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF].

Interaction between successive floods

As our understanding of rapidly accumulating sedimentary system continues to improve as a result of better observing systems (Viollier et al. 2003; Maillet et al. 2006; Toussaint et al. 2014; Zebracki et al. 2015) and greater appreciation for the non-stationarity in benthic biogeochemical processes (Mucci et al. 2003; Tesi et al. 2012; Pastor et al. 2018; Nmor et al. 2022), the influence of successive depositions of OM materials via these extreme flood events needs to be investigated. One widely recognized consequence of this phenomenon is the decoupling of oxygen consumption from carbon mineralization during transient flood condition [START_REF] Aller | Mobile deltaic and continental shelf muds as suboxic, fluidized bed reactors[END_REF]. Another ramification of this back-to-back occurrence of flood deposition is the cumulative impact induced on the biogeochemical processes. This is demonstrated in our experimental simulation Figure 4.11 where the co-occurrence of sequential flood deposition initiates a temporal lag in the carbon mineralization pathway.

Interestingly, the memory effect is visible only for the slow relaxing species (methane). For sulfate, the memory effect is limited because its relaxation time nears 5 month which is the interval between the two floods in 2008.

The successive use of terminal electron acceptors for the breakdown of organic matter in the sediment appears to have an intriguing side effect related to these series of flood and follows in the opposite direction of their energy yield [START_REF] Froelich | Kinetic control of dissolved phosphate in natural rivers and estuaries: A primer on the phosphate buffer mechanism 1[END_REF]). As such, anaerobic processes (methanogenesis and sulfate reduction) have a longer memory lag brought forth by the sediment deposition. This might be the case because the activities involving this pathway take place significantly deeper in the sediment generating a longer relaxation time dictated by their longer diffusive time [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]. Such timescale-dependent recovery of the mineralization pathways has also been attributed to either the depletion of electron acceptors or colonization due to microbial community ( [START_REF] Velde | Anthropogenic disturbance keeps the coastal seafloor biogeochemistry in a transient state[END_REF]). In general, our results show that episodic events such as those observed in the Rhône prodelta and other similar regions can lead to transient states within a perturbation window [START_REF] Velde | Anthropogenic disturbance keeps the coastal seafloor biogeochemistry in a transient state[END_REF]. Although in the scenario explored here, the interval between the flood input are far apart for the effect to be consequential and thus the system might have been reset Figure 4.11. The possibility of this "memory effect" on the carbon mineralization pathways and even in other cycles will therefore raise a pertinent question:

To what extent does increasing frequency and magnitude of the flood deposition influence the biogeochemical functioning of the coastal sediment especially in the context of changing environmental forcings? Further investigation on the role of this flood-modulated interaction should be conducted to ascertain the biogeochemical implication of this phenomenon.

Conclusion

Floods in the river-ocean continuum can deposit sediment materials of several tens of centimeters in a short period of time. As particulate OM is tightly coupled to carbon mineralization in the Rhône River prodelta sediment, this study focuses on two unique flood depositions with variable sediment characteristics, resulting in distinct biogeochemical responses. The labile nature of the OM provided during the 2008 fall season leads in increased oxygen consumption when compared to the spring flood. The porewater profile of sulfate and DIC also vary between the two flood periods, indicating a differing degree of oxidation of organic carbon. Furthermore, total carbon oxidation, which is dominated by sulfate reduction, was much higher in the fall than in the spring. The different nature of the two floods (thick organic-poor in spring versus thin organic-rich in fall) induced opposite effects on DIC release from sediments with burst of DIC release in the fall versus a decrease in spring. This highlights the importance of internal vs near surface recycling of carbon in controlling the solute exchange across the SWI. Despite the substantial sulfate reduction, no dissolved sulfide was detected in the porewater, indicating strong precipitation with Fe and, eventually, reoxidation with manganese/iron oxides. The model supporting this paradigm emphasizes the involvement of secondary redox mechanisms (representing > 75% of metal reduction) in sustaining the observed profiles in both flood situations. In addition, the sequential accumulation of sediment can also trigger an interaction between two independent flood deposition if the frequency of their occurrence is high enough to cause an overlap between them. In this case, we demonstrated that anoxic mineralization processes such as sulfate reduction and, in particular, methanogenesis can be influenced by this consecutive flood if it occurs more frequently in the future.

Chapter 5

Characterization of the benthic biogeochemical dynamics after flood events in the Rhône River prodelta -A

data-model
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Abstract:

At the land-sea interface, the benthic carbon cycle is strongly influenced by the export of terrigenous particulate material across the river-ocean continuum. Episodic flood events delivering massive sedimentary materials can occur, and their short-term impact on carbon cycling is poorly understood. In this paper, we use a coupled data-model approach to estimate the temporal variations of sediment-water fluxes, biogeochemical pathways and their reaction rates, during these abrupt phenomena. We studied one episodic depositional event in the vicinity of the Rhône River mouth (NW Mediterranean Sea) during the fall-winter season of 2021-2022. The distribution of dissolved inorganic carbon (DIC), sulfate (𝑆𝑂 2- 4 ) and methane (𝐶𝐻 4 ) were studied in sediment porewater collected every 2 weeks. The impact of 25 cm sediment layer deposition was studied after the main winter flood event. Significant changes in the distribution of 𝐶𝐻 4 , DIC and 𝑆𝑂 2- 4 concentrations were observed. The use of an early diagenetic model (FESDIA) to calculate biogeochemical reaction rates and fluxes revealed that this type of flooding event can increase the total organic carbon mineralization rate in the sediment by 75% a few days after deposition, with an increase of sulfate reduction contribution to the total mineralization by 25% relative to non-flood depositional period. It predicts a short-term decrease of the DIC flux out of the sediment from 100 to 55 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 after the deposition of the new layer with a longer-term increase by 4%. Furthermore, examination of the stoichiometric ratios of DIC and 𝑆𝑂 2- former buried surface. This depth-wise bifurcation of both pathways of sulfate reduction in the sediment column is clearly related to the deepening of the sulfate-methane transition zone (SMTZ) by 25 cm after the flood deposition. Our findings highlight the significance of short-term transient biogeochemical processes at the seafloor and provide new insights on the benthic carbon cycle in the coastal ocean.

Summary

The objective of this section of the thesis is to expand our knowledge of flood events and their impact on anoxic diagenesis. In this paper, we broaden our technique to include longer, continuous time-series data from the Rhône prodelta. This chapter offers new datasets collected during the winter sampling session of 2021. The dataset contains sulfate (𝑆𝑂 2- 4 ), Dissolved inorganic carbon (DIC) and Methane (𝐶𝐻 4 ) measured repeatedly during 4 months at a biweekly period. Furthermore, data from the radionuclide Beryllium-7 ( 7 𝐵𝑒)

and organic carbon content were used to better constrain the thickness and content of the new deposit. This data-driven approach is supplemented by the numerical model built in the thesis to comprehend the function of major depositional events in the temporal dynamics of porewater solutes. Of emphasis in this section is the role of flood deposition on the anoxic processes operating deep down in the sediment. In this chapter, we look at the potential mechanisms that govern the response of sulfate, DIC, and methane in porewater after a winter deposition. Our findings show that this flood deposition event can result in substantial modification of the porewater solutes. Following deposition, we observed an enhanced mineralization of carbon characterized by a 75% of total carbon mineralization rate, with sulfate reduction dominating the biogeochemical pathway.

We also observed a limited sensitivity of DIC flux to the introduction of this new deposit with a 4% increase experienced shortly afterward. Because of the temporal nature of the data collected in this winter campaign, we were able to detect transient features involving sulfate reduction in the sediment. A distinct spatial decoupling of organoclastic sulfate reduction, mostly occurring in the first few cm of the sediment, and anaerobic oxidation of methane occurring at depth was found after the flood deposited. This separation, which is linked to the movement of the sulfate-methane transition zone (SMTZ) as a result of this deposition, indicates that biogeochemical processes such as AOM, which functions as a "filter" to the methane flux diffusing from below, may be influenced in the short term. Because the relative position of this SMTZ and the magnitude of the AOM maximum determine the flux of methane reaching the sediment-water interface, the occurrence of this type of perturbation at the seafloor can thus play a role in the modulation of biogeochemical cycles of carbon, sulfur and methane.

Introduction

River-dominated ocean margins (RiOMars) are crucial areas linking land and open ocean. They play a key role in marine nutrient and carbon cycles (Rabouille et al. 2001b; McKee et al. 2004; Cai 2011; Bauer et al. 2013; Gruber 2015; Bianchi et al. 2018). These dynamic environments are known to have high riverine input and sedimentation rate [START_REF] Aller | Mobile deltaic and continental shelf muds as suboxic, fluidized bed reactors[END_REF]. Furthermore, coastal sediments account for 85% of long-term oceanic organic carbon burial, with deltaic environments accounting for the majority [START_REF] Burdige | Burial of terrestrial organic matter in marine sediments: A re-assessment[END_REF]), but they are also powerful biogeochemical reactors (Aller et al. 1996; Rassmann et al. 2016). The large deposition of riverine (or terrigenous) particulate organic matter (POM) on the seafloor can result in strong benthic mineralization rates, dominated by sulfate reduction and methanogenesis (Mucci et al. 2000; Burdige and[START_REF] Burdige | Anaerobic oxidation of methane and the stoichiometry of remineralization processes in continental margin sediments[END_REF].

In deltaic sediments, which receive large amounts of POM, anaerobic respiration is one of the most important pathways for the remineralization of organic carbon (Canfield 2004; Canfield and Thamdrup 2009; Pastor et al. 2011a). As an example, the prominent anoxic pathway in the Rhône River prodelta is sulfate reduction accounting for approximately 70% of the total organic carbon mineralization rate in sediments (Pastor et al. 2011a). This anoxic mineralization of organic carbon is supplemented by methanogenesis which can account for up to 35% of total organic matter degradation in sediment where a portion of reactive organic matter remains after complete sulfate exhaustion [START_REF] Egger | Rapid sediment accumulation results in high methane effluxes from coastal sediments[END_REF]. The methane fluxes are controlled by the anaerobic oxidation of methane (AOM) in the subsurface sulfate-methane transition zone (STMZ; [START_REF] Boetius | A marine microbial consortium apparently mediating anaerobic oxidation of methane[END_REF]).

Together, these processes modulate anoxic-based carbon cycling in coastal and deltaic sediments, therefore generating large quantities of dissolved inorganic carbon (DIC), and RiOMar systems are considered as 𝐶𝑂 2 sources to the atmosphere (Cai 2011; Bauer et al. 2013).

Flood events are especially significant along river-dominated margins and particularly for smaller river systems where sediment transport to the ocean preferentially occurs during extreme precipitation events (Bourrin et al. 2008; Lee et al. 2015). These materials can be subjected to secondary transport by waves and currents with a repeated cycle of resuspension and deposition [START_REF] Moriarty | The roles of resuspension, diffusion and biogeochemical processes on oxygen dynamics offshore of the rhône river, france: A numerical modeling study[END_REF] as they discharge to the adjacent shelves and deltas. Furthermore, episodic events can be important in determining the locations and magnitude of hotspots for OC burial on the coastal margin. This is especially true during large storms that can greatly increase both river discharge and sediment load, resulting in increased sediment discharge to depositional zones along the shelf [START_REF] Eglinton | Tempestuous transport[END_REF]. During flood periods, large amounts of sediment and terrigenous OM are delivered to the adjacent delta and shelf. For example, the Eel river, in Northern California serves as a major source-to-sink conduit for large sediment transport, delivering between 60-80 % of discharged fine-grained sediment to the adjacent marine depocenter during large winter storms [START_REF] Wheatcroft | River sediment flux and shelf sediment accumulation rates on the pacific northwest margin[END_REF].

Similar large deposition of sediment over a relatively short period of time have been documented elsewhere:

Mekong delta [START_REF] Manh | Large-scale suspended sediment transport and sediment deposition in the mekong delta[END_REF] or the Yangtze river-estuary depositional system [START_REF] Dai | Fluvial sediment transfer in the changjiang (yangtze) river-estuary depositional system[END_REF] to name a few.

In the Rhône River, these flood events can account for 80% of annual terrigenous particle inputs (Antonelli et al. 2008; Eyrolle et al. 2012), which at times can deliver up to 30 cm of sediment to the Rhône River prodelta in the Gulf of Lion (Antonelli et al. 2008; Cathalot et al. 2010; Eyrolle et al. 2012). These sediments are mostly deposited in the prodelta as previously shown by [START_REF] Wu | Constraining the origin of recently deposited particles using natural radionuclides 7Be and 234Thex in deltaic sediments[END_REF] using beryllium-7 ( 7 𝐵𝑒), natural short-life radionuclide to trace deposits of riverine suspended particulate matter (SPM). These winter events are abrupt and therefore difficult to document precisely. As a result, few studies have been conducted on the biogeochemical response of coastal sediment following intense export of sediment and organic carbon (Cathalot et al. 2010; Pastor et al. 2018). Furthermore, we can expect that these types of extreme events will increase as a result of climate change (Day et al. 2019; Lionello et al. 2023). However, due to the unpredictable nature of meteorological and flood events, it is difficult to monitor these intense events.

Many efforts have been made to incorporate biogeochemical processes operating in the sediment into mathematical models [START_REF] Berner | Early Diagenesis: A Theoretical Approach[END_REF]). These early diagenetic models have been heavily used to investigate the fate and transport of a selected set of chemical species in the seafloor [START_REF] Aguilera | A knowledge-based reactive transport approach for the simulation of biogeochemical dynamics in earth systems[END_REF]. Recent nonsteady-state diagenetic models based on previous numerical representations of sediment transport and reactions (Rabouille and Gaillard 1991; Soetaert et al. 1996a; Wang and Van Cappellen 1996; Berg et al. 2003) have demonstrated the importance of explicitly depicting event-driven processes (De Borger et al. 2021b; Nmor et al. 2022). The benefit of these models is that they take deposition thickness into consideration as a vital parameter for reproducing such an episodic event [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]. Combining sediment and porewater data can help constrain model inputs and aid in the simulation of such depositional events.

The goal of this study is to examine the transient evolution of benthic carbon mineralization processes and their impact on sediment-water exchange during a flood event marked by large sediment deposition. We intend to characterize and quantify the changes that occur on several biogeochemical pathways and fluxes during these periods of substantial deposition of sedimentary material. We use a dualistic approach to solve this question by combining bi-monthly observational data on sediment evolution with a non-steady state early diagenetic model that calculates biogeochemical rates and fluxes. This multivariate perspective gives us a better understanding of the factors that control anaerobic oxidation of methane (AOM) and organoclastic-related sulfate reduction (OSR), as well as how massive material deposition affects coastal sediment.

Materials and Methods

Study site, Rhône prodelta

The Rhône River is the main source of freshwater, nutrients, organic matter and sediment for the Mediterranean Sea [START_REF] Madron | Particulate matter and organic carbon budgets for the gulf of lions (NW mediterranean)[END_REF]. It is characterized by a drainage basin of 97800 𝑘𝑚 2 and an average water discharge of 1700 𝑚 3 𝑠 -1 with a marked seasonality between low water-discharge (<700 𝑚 3 𝑠 -1 ) in summer and high water-discharge (>3000 𝑚 3 𝑠 -1 ) in fall and winter [START_REF] Pont | Medium-term changes in suspended sediment delivery to the ocean: Consequences of catchment heterogeneity and river management (rhône river, france)[END_REF]. The Rhône River turbidity plume extends mainly southwestward into the Gulf of Lion, with an average thickness of 1 m (up to 5 m) [START_REF] Many | Glider and satellite monitoring of the variability of the suspended particle distribution and size in the rhône ROFI[END_REF].

The Gulf of Lion is a microtidal, wave-dominated system, with a tidal range of 30 to 50 cm. Due to salt induced flocculation [START_REF] Thill | Evolution of particle size and concentration in the rhône river mixing zone:: Influence of salt flocculation[END_REF], most suspended particulate matter (SPM) carried out by the Rhône River settle in front of the mouth, on the prodelta (Maillet et al. 2006; Estournel et al. 2023). The study site (station Z, water depth 20 m, Figure 5.1) is located on the delta front, at a distance of 2 km from the river mouth, and is characterized by a mean apparent accumulation rate of up to 35 to 48 𝑐𝑚 𝑦𝑟 -1 [START_REF] Charmasson | Long-core profiles of 137 cs, 134 cs, 60 co and 210 pb in sediment near the rhone river (northwestern mediterranean sea)[END_REF].

The site is defined by geographic coordinates (lat. 43°19.135N/ long. 04°52.974E), but the constraints of sea work (e.g. ship drift) lead to a positioning variability estimated at a perimeter of 60m around these coordinates. The fall-winter monitoring (AMOR SB) took place bi-monthly from November 2021 to March 2022 (Table 5.1)

with the sampling cruises onboard the RV Antédon II (IFREMER-FoF). The Rhône River flows were recovered from the Hydroréel database at the Tarascon-Beaucaire station (hydrometric station V720001002). The SPM content was recovered from the database of the Rhône sediment observatory. Missing data are estimated empirically using the relationship between flows and Cs determined from sediment rating curves (Horowitz 2003; Sadaoui et al. 2016; Lepage et al. 2022).

Sediment and porewater sampling and analyses

Sediment cores were collected at each of the cruises reported in Table 5.1 with an UWITEC single corer (USC 09000) equipped with a weight of 30 kg. The length of the coring tubes was 120 cm with an internal diameter of 9 cm. At least, two sediment cores were retrieved with a well-preserved sediment-water interface (SWI). One core was dedicated to the sampling of sediment porewaters and the second core was cut into slices for further laboratory analysis. Sediment porewaters were extracted using syringes connected to porous Rhizon with an average pore diameter of 0.1 µm [START_REF] Seeberg-Elverfeldt | Rhizon sampling of porewaters near the sediment-water interface of aquatic systems[END_REF]. The vertical sampling resolution was 2 cm for the first 10 cm and then 4 cm down to the end of the core. At each sampled depth between 12 and 15 mL of porewater were extracted. The content of each syringe was immediately subsampled after extraction.

For dissolved inorganic carbon (DIC) analysis, 5 mL samples were poisoned with 10 µL of supersaturated mercuric chloride (𝐻𝑔𝐶𝑙 2 ) and stored in 10 mL glass vials and stored at 4°C until analysis. Concentrations of DIC were analyzed by a LI-COR infrared detector with a DIC Analyzer ASC-1 (Apollo SciTech) on 0.75 mL samples, as described in [START_REF] Rassmann | Carbonate chemistry in sediment porewaters of the rhône river delta driven by early diagenesis (northwestern mediterranean)[END_REF]). The relative uncertainty was ± 0.2 %. For sulfate analysis, 2 mL were subsampled and acidified with 8 µL 𝐻𝑁 𝑂 3 and stored in Eppendorf tubes at 4°C until analysis. Concentrations of 𝑆𝑂 2- 4 were analyzed on 100 µL samples with a liquid phase ion chromatography (ICS 1000 𝐷𝑖𝑜𝑛𝑒𝑥 𝑇 𝑀 ) with AG14 precolumn, AS14 column and AERS 500 suppressor configuration at Geosciences Paris-Saclay laboratory, as described in [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF]. The relative uncertainty was ± 0.3%.

On the same core, sub-core samples were taken for 𝐶𝐻 4 with a 5 cm resolution in side holes using two sharpened 5 mL syringes of 1 cm diameter. The contents of two syringes of the same level were quickly introduced into empty pre-weighed 60 mL vials with 35 mL of potassium hydroxide (KOH 1 𝑚𝑜𝑙 𝐿 -1 ). The vials were then directly sealed, shaken and stored in the dark. Back in the laboratory, 𝐶𝐻 4 concentrations were analyzed with a micro-gas chromatograph Agilent Technologies® 490 GC. Measurements were made in three 60-second analyses, with 1.5 ml gas samples taken from the "headspace". The calibration was performed with a standard gas of 𝐶𝐻 4 at 104 ppm with a reproducibility of 0.1 %. Data obtained indicate a percentage of 𝐶𝐻 4 in the headspace which allows the calculation of 𝐶𝐻 4 quantity in headspace by dividing the volume of 𝐶𝐻 4 by the molar volume of a gas at 1 atm. This quantity is the used to calculate the 𝐶𝐻 4 concentration in the porewater using porosity and sediment weight, with an estimated accuracy of 5 %.

The second sediment core was sliced as follows: every 0.5 cm for the first 2 cm of the core, every 1 cm down to the 10 cm, every 2 cm down to the 20 cm and finally 5 cm on the rest of the length. Sediment samples were stored in freezer bags preserved at -20 °C. One part of the sediment samples was used to determine the organic carbon (OC) content, reported in % dry weight sediment. Sediment layers were freeze-dried, crushed and decarbonated by successive acidification baths (HCl 1%) over several days after rinsing. Homogenized and accurately weighed subsamples were analyzed by a Carlo-Erba NA-1500 Elemental Analyzer. The average OC contents are calculated for the first 30 cm sediment before and after the flood.

Another part of this sediment core was used to analyze the beryllium-7 ( 7 𝐵𝑒) activity within three months after sample collection by using low-background gamma-ray spectrometry at the LAFARA underground laboratory [START_REF] Van Beek | LAFARA: A new underground laboratory in the french pyrénées for ultra low-level gamma-ray spectrometry[END_REF]. Between 8.0 and 12.5 g of dry sediment were analyzed during 48 h using a Mirion-Canberra planar detector (germanium crystal of 230 𝑐𝑚 3 ) equipped with LYNX (Mirion-Canberra) electronics and an electric cooling system (CryoPulse® 5 plus provided by Mirion-Canberra). The 7 𝐵𝑒 activities are reported with 2 sigma uncertainties.

Stoichiometric ratio

The aerobic mineralization of buried organic matter by sulfate reduction (Equation 5.1) and the anaerobic methane oxidation (AOM, Equation 5.1) reactions provide theoretical, stoichiometric ratio (𝑟 𝑐∶𝑠 ) of 𝑆𝑂 2- 4 consumption to bicarbonate ion production.

2𝐶𝐻 2 𝑂 + 𝑆𝑂 2- 4 → 2𝐻𝐶𝑂 - 3 + 𝐻 2 𝑆 𝐶𝐻 4 + 𝑆𝑂 2- 4 → 𝐻𝐶𝑂 - 3 + 𝐻𝑆 -+ 𝐻 2 𝑂

(5.1)

This ratio can be used to identify the key process that dominates mineralization in sediments from porewater measurements [START_REF] Burdige | Anaerobic oxidation of methane and the stoichiometry of remineralization processes in continental margin sediments[END_REF]. The 𝑟 𝑐∶𝑠 ( Equation 5.2) were calculated as described by Burdige and Komada (2011). The slope of the property-property plot of Δ𝐷𝐼𝐶 versus Δ𝑆𝑂 2- 4 was corrected by the diffusion coefficient ratio at in situ temperature (Yuan-Hui and Gregory 1974) in order to eliminate the effect of transport by diffusion [START_REF] Burdige | Anaerobic oxidation of methane and the stoichiometry of remineralization processes in continental margin sediments[END_REF].

𝑟 𝑐∶𝑠 = 𝐷 𝐻𝐶𝑂 - 3 𝐷 𝑆𝑂 2- 4 . Δ𝐷𝐼𝐶 Δ𝑆𝑂 2- 4 (5.2)
Before the flood event 𝑟 𝑐∶𝑠 were calculated on the whole core. After the deposition event, two 𝑟 𝑐∶𝑠 were calculated as a function of depth, the first on a surface layer between 1 and 25 cm and the second from 25 cm to the bottom of the core.

Numerical modelling

The model used here is FESDIA, an early diagenesis model designed for perturbation studies. This model is made up of a set of coupled nonlinear partial differential equations that describe the distribution of porewater species at different depths. This model is notable for its ability to simulate event-driven dynamics such as sudden sediment deposition as a result of flood input. Details of the model formulations and equations are described in [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]. Here, we briefly outline important processes involving sulfur and methane cycle as well as parameterization considered necessary for the representation of the winter flood situation in the Rhône River prodelta.

The model considers the entire sequence of OM remineralization pathways in the sediment, including OM remineralization coupled to oxygen, nitrogen, iron and manganese oxides, sulfate, and, finally, methane production.

In general, organic matter oxidation follows the formalism of a cascading sequence of these terminal electron acceptors. The organic matter modelled is made up of two degradable fractions with different reactivities. This decay is modelled as a first-order rate law and is dependent on the limitations of specific oxidants and their inhibition. Secondary reactions involving reduced species include nitrification, reoxidation of reduced metals, methane oxidation (see below) via oxygen, sulfide reoxidation by iron and manganese hydr(oxides), and ironsulfide precipitation. Table 5.2 contains a summary of the parameters used in the model. These values were either derived from previous steady-state modeling works in the Rhône prodelta sediment (Pastor et al. 2011a; Ait [START_REF] Ballagh | Spatial variability of organic matter and phosphorus cycling in rhône river prodelta sediments (NW mediterranean sea, france): A model-data approach[END_REF] or in other cases, where no model parameter value was known a priori in the Rhône prodelta sediment, values from other literature sources were calibrated with the observed data. 2020) and ( 5) [START_REF] Wang | A multicomponent reactive transport model of early diagenesis: Application to redox cycling in coastal marine sediments[END_REF]. 

Methanogenesis

Below the sulphidic zone, organic carbon that remains is subsequently remineralized via methanogenesis. The product of this fermentation of organic matter in depth by anaerobic archaea is methane (𝐶𝐻 4 ) and can be represented in Equation 5.3:

2𝐶𝐻 2 𝑂 → 𝐶𝐻 4 + 𝐶𝑂 2

(5.3)

In the Rhône river proximal prodelta, evidence of high apparent sedimentation deposition ( > 30 𝑐𝑚 𝑦𝑟 -1 ) and high particulate organic carbon flux (657 𝑔𝐶 𝑚 -2 𝑦𝑟 -1 ) has been observed (Madron et al. 2000; Pastor et al. 2011b). As a result, high methane production in deeper sediment is likely (Garcia-Garcia et al. 2006; Pozzato et al. 2018; Rassmann et al. 2020). In the model, the accumulation of methane derived from carbon remineralization is limited by the equilibrium between dissolved and free gas, which can occur at around 90 ppm (or 6 mM) in shallow sediments of Rhône prodelta [START_REF] Garcia-Garcia | Shallow gas off the rhône prodelta, gulf of lions[END_REF]. This is done by considering methane removal into either free gas as Equation 5.4:

pumping via bio-irrigation was also modelled. A summary of the parameters used in the model is described in Table 5.2.

The deposition of flood materials was carried out in a similar manner as described in [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]. Here, we imposed a singular flood scenario with a thickness of 25 cm. The inclusion of this single event was dictated by the dominant presence of an abnormally high suspended particulate matter (SPM) observed during the winter flooding season recorded at the SORA monitoring station located in Arles, 40 km upstream from the river mouth (Figure 5.2). As such, we assumed that deposition during this flood period only lagged by a few days from the observance of high TSM load. This forces the date used for the deposition in the model (2022-01-03). The deposited material thickness in the model is indirectly diagnosed using measurement of porewater solute distribution and strengthened by Beryllium-7 ( 7 𝐵𝑒) data collected after particle settling (see Section 5.4).

As described in [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF], the deposited flood layer can have a different particulate composition than the pre-existing sediment. Depending on the nature of the flood, it can be enriched or depleted in reactive compounds (two pools of organic matter (𝐶 𝑜𝑟𝑔 𝑓𝑎𝑠𝑡 , 𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔 ), of manganese (𝑀 𝑛𝑂 2𝐴 and 𝑀 𝑛𝑂 2𝐵 ) and amorphous iron (𝐹 𝑒𝑂𝑂𝐻 𝐴 and 𝐹 𝑒𝑂𝑂𝐻 𝐵 )) which is translated in the model by the enrichment factor (𝛼). This 𝛼 factor was set to the values reported in Table 5.2.

Results

Water discharge, SPM concentrations

During the sampling period (November 2021 -March 2022), the discharge rate of the Rhône River varied significantly with monthly fluctuations (Figure 5.2). The average river discharge during this period was about 1800 𝑚 3 𝑠 -1 . Monthly discharges ranged from 553 𝑚 3 𝑠 -1 during the low flow period to 5045 𝑚 3 𝑠 -1 in January 2023. This maximum river discharge is 3 times higher than the mean discharge experienced during this period and 2 times higher than the other monthly peak observed in November, December and February.

This highest discharge coincides with the maximum of suspended particulate matter (SPM) which is as high as 1420 𝑚𝑔 𝐿 -1 . This high load of SPM is clearly discernible compared to the average SPM of 64 𝑚𝑔 𝐿 -1 experienced within the 5-month duration of the sampling campaign. The other peak in SPM of November 2022 was small (91 𝑚𝑔 𝐿 -1 ).

Porewater composition of dissolved inorganic carbon, sulfate and methane and its comparison to model outputs

The depth profiles of measured and simulated concentrations of DIC, sulfate, and methane are presented in Figure 5.3 for all time points during the winter monitoring.

Prior to the flood deposition, porewater sulfate concentrations were constant in the first 5 cm of the sediment with concentration of 31-32 𝑚𝑀 . Below, 𝑆𝑂 2- 4 concentrations decrease smoothly with depth to 40 cm where no/little sulfate was detected. The model reproduces a strong gradient of sulfate consumption between 5 and 30 cm. This gradient associated with sulfate reduction results in a modelled vertically-integrated sulfate consumption rate due to bacterial metabolism of 97 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 prior to the deposition event. In contrast, methane was virtually zero in the upper 20 cm of the sediment. From 25 cm onward, methane builds up in the porewater with 𝐶𝐻 4 rising up to 5 -6 𝑚𝑀 with depth. The trend in the data, supported by the model, indicates that a linearly diffusing methane gradient exists at depth (Figure 5.3). At depth, the entire contribution of methanogenesis to organic carbon mineralization as calculated by the model was 9 𝑚𝑚𝑜𝑙 𝐶 𝑚 -3 𝑑 -1 .

The net product of reactions involving both methane and sulfate is DIC. The measured DIC concentrations in the bottom waters was 2.2 𝑚𝑀 but gradually increases with depth up to 40 𝑚𝑀 at the base of the sediment core. This DIC maximum at 40 cm was largely reproduced by model simulations as a result of organic matter mineralization. In general, DIC and sulfate profiles are symmetrical throughout the time series. In period of time preceding the major flood deposition, the changes of DIC, sulfate and methane profiles were limited. However, slight heterogeneity in porewaters leads to slightly less remarkable agreement between both model and data.

Nonetheless, significant degrees of correspondence between the model and data were generally observed with correlation higher than 0.8.

After the flood deposition at the end of December 2022, all chemical species in the sediment porewater showed significant changes in their concentration profiles. The flood input resulted in the intrusion of sulfate-rich porewater (> 25 𝑚𝑀 ) deep down to 25 cm together with relatively low DIC concentration (< 10 𝑚𝑀 ). This nearly constant sulfate concentration in the data was clearly reproduced by the model (Figure 5.3). Below this depth, the profile is similar to the pre-flood situation with a slightly less steep gradient. This strong sulfate consumption between 40 and 75 cm is observed in the data and simulated by the model. For all three species (DIC, 𝑆𝑂 2- 4 and 𝐶𝐻 4 ), the correlation between observed data and model was high (r > 0.8), with a consistent increase to 6 𝑚𝑀 and 50 𝑚𝑀 for 𝐶𝐻 4 and DIC respectively while 𝑆𝑂 2- 4 reached zero at 60 cm. The depth of appearance of 𝐶𝐻 4 is also shifted from an average position of 30 cm before the flood to a depth of 60 cm after the flood deposition. The maximum in both methane and DIC concentrations occur at 70 and 60 cm respectively. In addition, the model reproduced the sulfate-methane transition zone observed in the data. The model was able to obtain a satisfactory fit generally over the 60 cm depth. Below this depth, the simulated profiles obtained in January show a slight deviation from the measured profiles. The sediment barely changed profiles 15 days after its initial deposition. An excellent agreement between the model and data is observed. Furthermore, little change in the SMTZ was observed over the two months following flood deposition. The upward diffusion of methane was virtually not discernible on the methane profiles. Two months after the event, the slow sediment upward shift in methane was still undetectable and the depth of appearance of 𝐶𝐻 4 was still around 60 cm.

In the upper layer, all solutes were slowly and steadily reorganized one month after deposition. Sulfate was still present up to 60 cm with significant decrease in the top 20 cm, and DIC accumulation in this layer of the sediment was obvious in both data and model results. However, the gradual establishment of a new gradient in this layer begins after that. As of February 2022, two gradients can be seen, one between 19 and 29 cm and the other between 40 and 61 cm.

Beryllium 7 ( 7 𝐵𝑒)

The vertical distribution of Beryllium ( 7 𝐵𝑒) measured after the flood showed significant activity with sediment depth down to 25 cm (Figure 5.4). The presence of 7 𝐵𝑒 within this active upper zone suggests a recently deposited layer.

Examination of the 7 𝐵𝑒 profile delineates two section within this active zone. In the upper section which extends from the surface to 10 cm of the sediment, 7 𝐵𝑒 activities vary between 60 to 20 𝐵𝑞 𝑘𝑔 -1 and decline linearly with depth. The uncertainty in these measurements was ± 20 𝐵𝑞 𝑘𝑔 -1 . The lower section of the profile extends from 10 cm to 20 cm, with 7 𝐵𝑒 profile slightly increasing with subsurface maximum of 50 ± 15 𝐵𝑞 𝑘𝑔 -1 at 19 cm. The uncertainty in 7 𝐵𝑒 activity (represented by the error bar) makes determining a significant decrease between 10 and 20 cm difficult. However, an examination of the profile reveals that 7 𝐵𝑒 activity below 25 cm decreases, with no significant activity measured at 30 cm. Thus, the detection of 7 𝐵𝑒 activities indicate a likely estimate of thickness of the flood layer. As large and constant 7 𝐵𝑒 activities were measured, a significant and instantaneous deposition is likely. 

Organic carbon content

The average organic carbon (OC) content of sediment cores collected before and after the main flood event is

shown Table 5.3. The pre-flood sediment has an average OC of 1.3 ± 0.4 % dw. The shape of the pre-flood OC profile shows a decrease with depth, starting at 1.8 % dw at the SWI and declining to 0.9 % dw at 22 cm.

In contrast to the pre-flood sediment, post-flood OC exhibits a less clear pattern in its variation with depth with overall larger OC content of 1.7 ± 0.3 % dw. Like the 7 𝐵𝑒 profile, two possibly distinct regions are delineated in the OC content profile. In the upper 10 cm of sediment, organic carbon content after deposition varies from 2 to 1.3% dw. Below, a slight increase in OC concentration is observed with a subsurface maximum of 1.6 % dw. In the bottom layer, the average OC concentration is larger after the flood (1.5% dw) than before the flood (0.95% dw) and is similar to the average OC concentration in the top layer before the flood (1.6% dw). As the vertical resolution of the measurement of OC content is coarse in comparison to the beryllium profile, we did not attempt to correlate these two profiles. 

Discussion

Extreme events, such as floods and storms, have measurable impacts on coastal benthic ecosystems near large river mouths and deltas (Tesi et al. 2012; Pastor et al. 2018). The present study provides a temporal picture of the dynamics of large sediment deposition during the winter flooding event of 2021-2022 at a shallow station in the Rhône River prodelta. Using a combined data-model approach, we describe prominent features of this flood and their implications for carbon cycling in sediments, the evolution of diagenetic pathways and sulfate/methane transformation during early diagenesis.

Disturbance identification, flood and its deposit

The massive deposition of fresh sediments deeply modifies the quantity and quality of the OM and defines the so-called flood layer. Accurate identification of the flood signature, its thickness and deposition timing which is essential for proper model calibration is challenging. In most instances, the exact specification of when and where the sediment delivered via flood event is permanently deposited on the seafloor is highly uncertain [START_REF] Tesi | Early diagenesis of recently deposited organic matter: A 9-yr time-series study of a flood deposit[END_REF]) due to possible physical mixing with underneath layer or biomixing [START_REF] Wheatcroft | Preservation potential of sedimentary event layers[END_REF]). Furthermore, while the thickness of the massive deposited materials during this type of event is an important marker that can be clearly distinguished, it can be smudged by other related events such as fluctuating deposition-erosion event [START_REF] Bentley | Emplacement, modification, and preservation of event strata on a flood-dominated continental shelf: Eel shelf, northern california[END_REF]Nittrouer 2003; Wheatcroft et al. 2006). For large gauged rivers, water discharge that characterizes floods are generally well documented [START_REF] Zebracki | Tracing the origin of suspended sediment in a large mediterranean river by combining continuous river monitoring and measurement of artificial and natural radionuclides[END_REF]. However, the solid discharge is generally less known due to difficulties in accurately sampling particles during the flood periods.

The average Rhône River water flow was 1470 𝑚 3 𝑠 -1 in the winter season of 2021-2022, with short periods of significant higher discharge. There were four periods of increased flow, but only one exceeded the flood threshold of 3000 𝑚 3 𝑠 -1 at the end of December. This main winter flood corresponds well with the high concentrations of suspended particulate materials observed in the Rhône River (Figure 5.2). Furthermore, the work of [START_REF] Pont | Medium-term changes in suspended sediment delivery to the ocean: Consequences of catchment heterogeneity and river management (rhône river, france)[END_REF] highlighted the non-linear relationship between flows and SPM concentrations which corresponds to large particle discharge at the end of December. Accordingly, a period of time with a single large flood (that is simulated in the model) in the Rhône River prodelta station characterizes this study. This assumption is furthermore supported by the work of [START_REF] Miralles | 210Pb sedimentation rates from the Northwestern Mediterranean margin[END_REF].

In the absence of visual determination of the deposited flood layer, such as sediment color, we investigated multiple indicators to determine flood layer thickness. The downward shift of the gradient of sulfate (𝑆𝑂 2- 4 ) decrease as well as the gradient of 𝐷𝐼𝐶/𝐶𝐻 4 increase recorded 15 days after the flood is used to determine the extent of the flood deposition. Our estimate amounts to approximately 25 cm in agreement with the downward shift of methane gradient (Figure 5.5).

This deposition thickness was validated by analyzing 7 𝐵𝑒 concentrations measured during this time period, which revealed significant radiotracer activities in the first 25 cm of the sediment (Figure 5.4). This latter method that allows for the identification of recent sediment deposition has been widely used in other studies document- ing flood deposition processes over short time scales (Feng et al. 1999; Palinkas et al. 2005; Wu et al. 2018).

Indeed, the 7 𝐵𝑒 is significantly detected until 30 cm depth (Figure 5.4), which indicates newly deposited particles originating from the river down to this particular depth. However, the event layer thicknesses using 7 𝐵𝑒 can be overestimated in locations where bioturbation activity by benthic fauna is non-negligible. In the Rhône River prodelta, this is strictly not the case as previous studies have shown that bioturbation rate in this location is low (Pastor et al. 2011a; Pruski et al. 2015) and probably even lower during flood deposition due to habitat disturbance. In general, combining the qualitative assessment of the shift in the post-flood profile relative to the pre-flood, as well as 7 𝐵𝑒 event-based data, helps in defining our estimate for the deposit thickness. The accurate establishment of this thickness deposit by the flood provides an important constraint to the numerical model and increases its overall skillfulness.

The organic carbon concentration (Table 5.3) also indicate a change of concentration at depth due to the flood deposit. Indeed, the low concentration observed below 25 cm before the flood are refilled by larger OC concentration after the deposit. Furthermore, these new OC concentrations at depth are similar as those found in the top layer before the flood. This may indicate a downward shift of the former interface to a depth of 20-25 cm.

Transient evolution and mineralization pathways and rates

The accumulation of large amounts of terrigenous materials in the proximal region of deltaic depocenter has large implication on the carbon cycle [START_REF] Hedges | Sedimentary organic matter preservation: An assessment and speculative synthesis[END_REF]. This routing of carbon to the depocenter sediments results in substantial organic matter degradation despite acting as accumulation site (Jahnke et al. 1990; Cathalot et al. 2010; Cai 2011; Blair and Aller 2012). The transformation and short-term fate of riverine-OC under episodic events, on the other hand, is largely unknown [START_REF] Carlin | Evidence of recent flood deposits within a distal shelf depocenter and implications for terrestrial carbon preservation in non-deltaic shelf settings[END_REF] After the flood, the deposition of a thick sediment layer drastically alters the vertical distribution of all profiles with a deeper sulfate penetration, a lower DIC concentration in the top 25 cm of sediment porewaters and a deeper depth of 𝐶𝐻 4 appearance. The addition of sulfate resulted in intense anoxic-favorable mineralization of degradable OC. As a result, model calculations suggest an immediate burst followed by an increase of sulfate reduction rates by 75% (Figure 5.6) in comparison to the pre-flood period. As the total rate of OC mineralization increases, the share of OSR in the total mineralization jumps from 65% before the flood to 81% after the flood.

The relative contribution of methanogenesis to the total OC mineralization rate decreased from 4% to 2% after the flood. At the same time, oxic mineralization which accounts for around 19% of total mineralization before the flood is not modified after the flood due to its very short (daily) relaxation time [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF], and its share in total mineralization decreases to 11%. Thus, immediately after the flood and in the following two months, the organoclastic sulfate reduction is largely favored among the diagenetic pathways in the sediments. This can be related to the large quantity of sulfate available after the flood deposition which traps sulfate-rich bottom water over the 25 cm sedimentary column, and to its thermodynamically favorable energy yield compared to methanogenesis. These differences in carbon oxidation pathways before and after the flood also reflect the amount and quality of organic matter deposited in the sediment due to the flood input (Marvin-DiPasquale and Capone 1998; Nmor et al. [START_REF] Smeaton | Quality not quantity: Prioritizing the management of sedimentary organic matter across continental shelf seas[END_REF][START_REF] Smeaton | Quality not quantity: Prioritizing the management of sedimentary organic matter across continental shelf seas[END_REF]. Indeed, these winter floods carry large amounts of metabolizable organic matter originating from terrestrial organic debris or riverine organic matter (Cathalot et al. 2010; Bourgeois et al. 2011; Pozzato et al. 2018) which may trigger intense recycling once deposited in the sediment [START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF]. In a second time period, unfortunately not covered by the data set, model simulations indicate that methane contribution increases following complete sulfate relaxation to its pre-flood levels 5.5 month later. The rate of 𝐶𝐻 4 production by methanogenesis increases, reaching 50 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 , i.e. 27 % of total mineralization at until 8 months after the event. This secondary increase of methanogenesis needs to be confirmed with new data, it could maintain the long-term relaxation of the system over more than a year, therefore contributing to the accumulation of methane in prodelta sediments 

Sulfate-Methane dynamics before and after the flood

In anoxic sediments, the carbon cycle is tightly coupled to sulfur/methane cycles [START_REF] Jørgensen | Sulfur cycling and methane oxidation[END_REF].

The present dataset and model can be used to understand the impact of flood deposition on these coupled cycles. In the case of the sulfur cycle, 90 % of oceanic sulfate reduction takes place in sediments of the continental shelves (Jørgensen 1982; Jørgensen et al. 2019). The two main pathways for sulfate reduction is organoclastic sulfate reduction (OSR) that depends on the lability and amount of degradable organic matter and anaerobic oxidation of methane (AOM) where methane is anaerobically oxidized to bicarbonate using 𝑆𝑂 2- 4 as electron acceptor by a consortium of microbes including bacteria and archaea [START_REF] Jørgensen | The biogeochemical sulfur cycle of marine sediments[END_REF].

Although AOM and OSR can coexist, AOM frequently produces a second-deep sulfate reduction peak different from the near-surface maximum of sulfate reduction by carbon oxidation, and it requires considerably lower 𝑆𝑂 2- 4 concentrations. The relative degree of sulfate reduction in both modes regulates the flux of 𝑆𝑂 2- 4 and 𝐶𝐻 4 across the SWI [START_REF] Egger | Global diffusive fluxes of methane in marine sediments[END_REF].

Because the sedimentary 𝐶𝐻 4 flux is largely controlled by the rate of AOM, it is critical to understand how 𝐶𝐻 4 and 𝑆𝑂 2- 4 fluxes are regulated (Dale et al. 2008b) especially during flood times and following evolution which disrupts the steady-state control of the 𝐶𝐻 4 flux. In sediments of the Rhône River prodelta, while bacterial-mediated sulfate reduction is the main oxidation of OC, the quantification of the contribution of anaerobic oxidation of methane is missing from previous studies (Pastor et al. 2011a; Zhuang et al. 2018; Ait Ballagh et al. 2021). In this study, the data-model approach allows us to quantify the magnitude of the rate of AOM in the sediment.

The depth of maximum AOM before the winter deposition was situated at 35 cm (Figure 5.7). The rate of AOM at this depth was 16 𝑚𝑚𝑜𝑙 𝑚 -3 𝑑 -1 . This is higher than values reported in marine sediments from the Skagerrat (5 𝑚𝑚𝑜𝑙 𝑚 -3 𝑑 -1 ; Knab et al. Depth (cm) the seafloor acts as a proxy for methane fluxes [START_REF] Borowski | Global and local variations of interstitial sulfate gradients in deep-water, continental margin sediments: Sensitivity to underlying methane and gas hydrates[END_REF]. In general, the presence or absence of externally compressed upward fluid flow [START_REF] Regnier | Quantitative analysis of anaerobic oxidation of methane (AOM) in marine sediments: A modeling perspective[END_REF], localized pockmark where advective transport occurs [START_REF] Knab | Anaerobic oxidation of methane (AOM) in marine sediments from the skagerrak (denmark): I. Geochemical and microbiological analyses[END_REF]) and organic matter load all influence the depth of SMTZ. In our case, the observation of the porewater profiles and the SMTZ suggests a deepening with depth following the introduction of the flood 25 cm layer. Prior to the flood deposition, the SMTZ was located between 30 and 40 cm. The model estimated the location of SMTZ at 39 cm, which is within the interval of the data. This SMTZ depth shifted to 60 cm after the deposition. This vertical shift of the SMTZ in RiOMars system like Rhône prodelta differs from other coastal areas where a shoaling of the SMTZ is experienced as a result of high load of organic matter driven by eutrophication [START_REF] Crill | Spatial and temporal fluctuations of methane production in anoxic coastal marine sediments[END_REF]. In our case, the deep penetration of bottom water sulfate following the event indicate that methane generating processes occurs much deeper. Furthermore, the upward diffusion of the released 𝐶𝐻 4 [START_REF] Borowski | Global and local variations of interstitial sulfate gradients in deep-water, continental margin sediments: Sensitivity to underlying methane and gas hydrates[END_REF]) is rather slow. This sluggish flux of methane to the SMTZ due to slow molecular diffusion of methane [START_REF] Regnier | Quantitative analysis of anaerobic oxidation of methane (AOM) in marine sediments: A modeling perspective[END_REF]) is linked to the long relaxation timescale associated with processes occurring deep in the sediment [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]. Our data provide support to this hypothesis, which shows that the SMTZ in the pre-flood profiles changed little. It is noteworthy that in some other rapidly accumulation setting, increased organic matter load can change the depth of the SMTZ by bringing it closer to the sediment surface (Crill and Martens 1983; Dale et al. 2019; Myllykangas et al. 2020). The dynamics of this change is unknown and depends on 𝑆𝑂 2- 4 exhaustion by early diagenesis processes. If this is the case, our observation here offers a different view on the role of instantaneous massive flood on sulfur-methane dynamics.

This may be due to the "reactivity" of the organic matter or the short time scale associated with the present study but further investigation of this topic needs to be done to understand the impact of large deposition events. Qualitative assessment of DIC:𝑆𝑂 2- 4 ratio (𝑟 𝑐∶𝑠 ) in the sediment core between pre-and post-flood profiles reveals an imbalance in the stoichiometric ratios involving sulfate reduction observed in the measured data partitioned by the depth of the new sediment layer (Figure 5.8). Before the winter flood, the 𝑟 𝑐∶𝑠 varies between -1.7 and -1.4 with no clear pattern distinguishing between zones of the sediment favored by either organoclastic sulfate reduction or anaerobic methane oxidation. The sudden occurrence of this large deposition of materials triggers a post-flood bifurcation in sulfate reduction delineated by the SMTZ. In the newly deposited layer, the 𝑟 𝑐∶𝑠 decreases from -1.8 to -2.0, thus showing a strong tendency toward OSR with time, whereas deeper sediment was AOM-favored with 𝑟 𝑐∶𝑠 slowing drifting to -1.1 in February (Figure 5.8).

The implication of this event-driven drift between the upper and lower sediment is still unclear. However, the link between the temporal movement of the methane front and the migration of the AOM community adaptation to changing conditions has been highlighted [START_REF] Regnier | Quantitative analysis of anaerobic oxidation of methane (AOM) in marine sediments: A modeling perspective[END_REF]). While the model used here does not explicitly resolve the biomass involved in the reactions [START_REF] Dale | ): II. Further insights with a reactiontransport model. Controls of anaerobic oxidation of methane in ocean margin sediments 91[END_REF] or consider the impact of bioenergetics [START_REF] Dale | Bioenergetic controls on anaerobic oxidation of methane (AOM) in coastal marine sediments: A theoretical analysis[END_REF], we can show that a shift in the SMTZ seen correlated with the depth of model estimate of the maximum AOM zone before and after the deposition Figure 5.7. Since the 𝑆𝑂 2- 4 and 𝐶𝐻 4 data are correctly reproduced by the model, the depth of the maximum rate of AOM is thus essentially controlled by substrate availability. This deepening of the AOM maximum suggests that in the advent of flood deposition, the AOM traps the upward flux of methane. It has been suggested that the shallower the SMTZ, the more chance of escape of methane from the sediment to the overlying water and, ultimately, to the atmosphere [START_REF] Borges | 5.04-carbon dioxide and methane dynamics in estuaries[END_REF]. Thus, the occurrence of this large deposition could increase the efficiency of the trapping of methane in sediments.

Flood induced fluxes and link to carbonate chemistry

Because of their high load of mineralizable organic matter, coastal sediment represents an important source of 𝐶𝑂 2 and methane to the coastal ocean and to the atmosphere [START_REF] Egger | Rapid sediment accumulation results in high methane effluxes from coastal sediments[END_REF]. Changes in the intensity of various mineralization processes in response to flood deposition raise concerns about the consequences on fluxes of dissolved greenhouse gases at the sediment-water interface. These fluxes may have also a broader impact on benthic-pelagic biogeochemistry, such as ocean acidification (𝐶𝑂 2 ) of the coastal waters. Current estimate of solutes release does not explicitly account for these event-driven sedimentations which might have different geochemical properties depending on the type of flood (Cathalot et al. 2010; Pruski et al. 2015). For example, our results show that the event deposits have higher % OC values and drive larger mineralization This change of DIC flux in response to the abrupt introduction of flood-driven deposit can have an impact on the contribution of the coastal sediment to the release of 𝐶𝑂 2 to the coastal zone and potentially later to the atmosphere. The extent of this gas exchange is determined by several factors, including the DIC/TA flux ratio [START_REF] Andersson | Revisiting four scientific debates in ocean acidification research[END_REF]). In the Rhône prodelta sediments at steady-state, the alkalinity flux ranges from 14 to 74 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 thus acting as an efficient counteracting mechanism controlling DIC fluxes to the overlying water [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF]. As most of the increase of DIC production arises from organoclastic sulfate-reduction which has a DIC/Alk production ratio of 1 [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF], the flux of alkalinity out of the sediment will probably follow the DIC flux, therefore bringing little changes to the DIC/Alk ratio in the coastal bottom waters [START_REF] Hu | The impact of denitrification on the atmospheric CO2 uptake potential of seawater[END_REF]. However other contributors to sediment alkalinity such as calcium carbonate dissolution as well as potential coupling processes involving 𝐹 𝑒𝑆 and 𝐹 𝑒𝑆 2 burial might well affect the alkalinity during relaxation of the system after the flood (Nmor et al., in prep). This is likely the case in the Rhône River prodelta sediment were substantial pyrite burial at depth have been reported [START_REF] Rassmann | Benthic alkalinity and dissolved inorganic carbon fluxes in the Rhône River prodelta generated by decoupled aerobic and anaerobic processes[END_REF]. As measurements of DIC and alkalinity flux at this winter flood are unavailable, and porewater iron and sulfide were not monitored during the time series, we can only speculate with the model results. In any case, this highlight the need to better study this phenomenon and provide better constraints on their contribution to coastal carbon cycle. 

Conclusion

Extreme flood deposition events produce transient dynamics in biogeochemical processes in coastal marine environment. In this paper, we document the temporal features of porewater short-term response over 2 months to organic matter flood input at a station located in the Rhône prodelta. Using a data-model approach, we showed that the introduction of this new layer of OM input from flood deposition can alter the porewater profile of sulfate, DIC and methane. Although the model incorporates some simplifying assumptions, FESDIA is able to reproduce accurately the measured concentration depth profiles, including time and space variations. This reflects the capability of the model to capture nonsteady-state dynamics driven by abruptly changing boundary condition.

Our modelling results indicate that large amounts of sediment can also trigger intense biogeochemical processes with stimulation of sulfate reduction and immediate decline of DIC flux out of the sediment. The internal storage of DIC in porewaters indicates a relative decoupling of sediment organic matter mineralization and fluxes to the water column. By considering the measured porewater profiles and the reactions stoichiometry, we showed that massive deposition of sediment can results in the disconnect between anaerobic oxidation of methane and organoclastic pathway for sulfate reduction in the sediment. This decoupling of AOM and OSR implies an increase in the efficiency of the sediment capacity to trap incoming flux of methane from below.

The immediate consequence of the changes in the porewater chemistry and processes following these events highlights their importance in the short to medium term response and system functioning in the respective biogeochemical cycle. On a broader scale, the long-term fate of such events on sediment biogeochemical processes will require better and more continuous field monitoring to help future model development addressing the biogeochemical consequences of these flood events.

Chapter 6

Conclusion and perspectives

Un peu de science éloigne de Dieu, beaucoup de science y ramène.

Louis Pasteur

The overarching goal of this thesis was to gain a better understanding of the influence of flood deposition on sediment biogeochemistry at river-dominated ocean margins. To that effect, this thesis attempted to advance the science of modelling early diagenetic processes by developing tools to address the numerous challenges surrounding large flood deposits with the end goal of understanding the biogeochemical implications of this phenomenon. The thesis was separated into three key sections, each of which built on the previous one, from the conceptual development of FESDIA to its implementation in the Rhône prodelta area across historical and present flood events. In the following sections, I present a synthesis of my current research, key findings from this project and future outlook.

Conclusion

This thesis concludes by providing new tools for investigating the impact of flood deposition on sediment biogeochemistry (Chapter 3). These tools have been applied to understand the dynamics of sediment porewaters Numerical experiments performed on a suite of parameters demonstrated that the characteristics timescale of recovery of the porewater profiles to their pre-flood condition are in alignment with expectations observed in the natural world. These parameters -the nature of the newly deposited layer in terms of their carbon enrichment (which is associated with the quality and source-origin of the materials) and the thickness of the new layer (associated with the quantity of sediment deposited) -are responsible for the apparent quick relaxation of the coastal sediment under such extreme deposition. This is certainly the case for the Rhône prodelta sediment, where models and observations from field campaigns suggest a time-window of about 6 months for some porewater profiles (DIC and 𝑆𝑂4 2-) to show a rather steady-state behavior despite the occurrence of massive deposition from Rhône River floods. This finding highlights the possible occurrence of a so-called "biogeochemical attractor" pulling the system back to a stable state within a short period of time. This is a new understanding of the biogeochemical importance of flood deposition in deltaic sediment regarding its relaxation timescale, biogeochemical dynamics and impact on exchange fluxes with the water column.

In Chapter 4, using the FESDIA model, we demonstrate the utility of the model in explaining transient behaviors of two contrasting flood events. More specifically, the model result suggests that during the spring flood of May 2008 where 30 cm sediment comprising highly refractory carbon was deposited, a comparatively less biogeochemical modification of the examined porewater was found and can be characterized by low superficial sulfate reduction within the newly deposited layer in comparison to the buried layer as well as a moderate release of porewater dissolved metals induced by biotic and abiotic metal reduction. By contrast, in the fall of the same year, where a 10 cm sediment of mostly labile materials was deposited, more intense biogeochemical processes ensued, mostly marked by a strong oxygen consumption, a more substantial metal reduction, and strong anoxic diagenesis dominated by sulfate reduction. This contrast gave rise to a two-order of magnitude difference in the response of several biogeochemical pathways of carbon mineralization with remarkable changes observed in anoxic contribution to carbon mineralization rate (sulfate reduction >70% and methanogenesis >8%). In both instances, I demonstrated that the strong internal cycling and the role of secondary redox processes such as pyrite precipitation might be responsible for the maintenance of non-sulfidic conditions observed in Rhône prodelta sediment (Pastor et al. 2018; Rassmann et al. 2020). In addition, numerical experiments performed with scenarios of multiple sequential flood depositions show that the effect of flood interaction on biogeochemical processes (coined "Memory effect") can be substantial for processes operating in the deeper layers (such as methanogenesis and sulfate reduction) but negligible for superficial oxic and suboxic processes on the timescale of the observed frequency of flood deposition. The biogeochemical ramifications of this might be more pronounced in the future, where an increasing frequency of these extreme events is likely.

In Chapter 5, I focused my attention on a more recent flood phenomenon, which occurred in the winter of 2021.

Here, bi-weekly sampling campaigns were carried out to investigate the temporal evolution of the sediment porewater following a single massive flood deposition at the proximal station of the Rhône delta. The unique timeseries of porewater data for dissolved inorganic carbon, sulfate and methane was further analyzed with the model developed earlier in the thesis. Our data suggest that this winter flood can induce temporal modification of the interstitial porewater profile of DIC, 𝑆𝑂 2- 4 and 𝐶𝐻 4 to a remarkable extent distinguishable from the pre-flood situation. An accurate estimation of the deposited layer thickness was confirmed (25 cm) using radionuclide and organic carbon data, thus fingerprinting the impact of this winter flood deposition. The model indicates that these winter events can result in as much as a 75% increase in total carbon mineralization resulting in a strong production of DIC and a longer term increase of DIC flux out of the sediment by 4%. With this data-model approach, we observed that in the event of the flood deposit, a decoupling of the two pathways for sulfate reduction -organoclastic sulfate reduction and anaerobic oxidation of methane -ensued. This disconnection of both mechanisms of sulfate reduction correlated with a vertical migration of the sulfate-methane transition zone. The implication here is that the further deepening of the AOM maximum zone caused by the flood deposition could enhance the effective trapping of methane flux out of the sediment.

This thesis illustrates for the first time the role of this episodic event on the temporal and spatial dynamics of the biogeochemical processes operating in the sediment. Future works on extrapolating the results and methods obtained here on other similar river-ocean dominated regions will further build upon our understanding of these phenomena on sediment biogeochemistry. Upscaling our approach to a wider spatial extent and coupling with pelagic biogeochemistry will highlight the extent to which these events can affect coastal ecosystem functioning. With increasing frequency of these events due to changing environmental conditions, the long-term consequences of these events will be better understood. These future perspectives and pathways to approach them will be discussed in the next section.

Perspectives

Here, I present potential future perspectives on coastal biogeochemistry as it relates to episodic events. The immediate continuation of the study undertaken in this thesis may aim to concentrate on the three topics listed below: (1) Extend the main ideas and questions given in this thesis to additional coastal regions and time scales linked to typological features peculiar to River-dominated ocean margins (RiOMar) (2) Integrate and extend our 1D approach to improve spatial coverage by linking the benthic component to the pelagic domain (i.e a coupled benthic-pelagic biogeochemical model) for a better understanding of the impact of extreme events on coastal ecosystem functioning (3) Long simulations and futuristic scenarios to better understand the longterm consequences of an episodic event on inter-annual and climate change timescales. We proceed to briefly discuss these three research priorities and some preliminary steps taken in these directions during the thesis.

Event-driven flood typologies for Rhône River and beyond

The transport of suspended sediment from large rivers to marine environments has important environmental impacts on coastal zones. In this context, quantifying the sources of sediment supplying the Rhone River and, ultimately, the Mediterranean Sea is a critical prerequisite for better understanding riverine transfer and its potential role in global biogeochemical cycles, as well as for implementing effective control strategies to improve water and sediment quality [START_REF] Walling | The catchment sediment budget as a management tool[END_REF]. Records of these flood events exist, and their role in the eventual transport of sedimentary particulate matter has been well-studied (Eyrolle et al. 2012; Zebracki et al. 2013; Pont et al. 2017).

To synthesise the work done in the thesis on the impact of Rhône River sediment deposition on the biogeochemical dynamics in the surrounding delta, we proposed a biogeochemical typology that incorporates the spectrum of flood features established in this region. To progress from the specific scenarios encountered in the dataset used in this thesis to a comprehensive coverage of all possible situations, previous studies must be aggregated and data describing the hydrological, geochemical and sedimentary properties of the deposition during this type of event must be integrated. For example, four types of climatological regimes can be distinguished based on the prior studies of flood types [START_REF] Zebracki | Radionuclide contents in suspended sediments in relation to flood types in the lower rhone river[END_REF]):

• Oceanic pluvial regime derived from northern tributaries in the winter (Saône and Ain rivers).

• Mediterranean flash flood coming from Mediterranean Sea and generally observed in autumn, that occur in the southeastern part of the watershed (Durance, Drôme and Ouvèze rivers)

• Extensive Cevenol Mediterranean rainfalls with similar characteristics as the mediterranean flood but with a sharper flow variation which occur early in fall season and are more located around the Cevennes mountains (Ardèche, Cèze and Gardon rivers).

• Generalized floods that encompasses a combination of floods coming from a majority of tributaries.

Furthermore, by combining the work of [START_REF] Zebracki | Tracing the origin of suspended sediment in a large mediterranean river by combining continuous river monitoring and measurement of artificial and natural radionuclides[END_REF] on tracing the origin of flood materials delivered to the Rhône basin and quantifying the relative contribution of the different catchment watersheds, as well as the recent work of [START_REF] Bodereau | Hydrological classification by clustering approach of time-integrated samples at the outlet of the rhône river: Application to Δ14C-POC[END_REF]) classifying Δ 14 𝐶 -𝑃 𝑂𝐶 based on flood types, a meta-classification of the biogeochemical flood inputs can be established. Both classifications provide a hydrological (river flow rate, sediment export, and suspended particle matter) and geochemical (radionuclide) marker typology that is closely related to the flood typology and its carbon load. To upscale beyond this independent but related classification, a combination of both data to yield a linear superposition of typology can be achieved. For example, we can combine the two typologies to derive a biogeochemical typology defined from the linear combination between the "flood-hydrology" space typology and "flood-carbon" typology. To obtain this biogeochemical typology, we proceed by calculating the total carbon mineralization rate expected from the distribution of sediment export from 2001 to 2011 for each flood type [START_REF] Zebracki | Tracing the origin of suspended sediment in a large mediterranean river by combining continuous river monitoring and measurement of artificial and natural radionuclides[END_REF]. This sediment load is normalized to the range of thicknesses deposited from field observation discussed in previous chapters. Similar mapping from the Δ 14 𝐶 -𝑃 𝑂𝐶 -denoting the sediment source contribution derived from clustering analysis [START_REF] Bodereau | Hydrological classification by clustering approach of time-integrated samples at the outlet of the rhône river: Application to Δ14C-POC[END_REF] to the carbon enrichment factor (as discussed in Chapter 3) was done. Together, the thickness and carbon enrichment proxy can be used to estimate the expected rate of carbon mineralization from the observed intensity and composition of the flood materials as discussed in chapter 3. Hierarchial clustering of the OC mineralization rates derived from these simulations can provide a simple classification of the sediment response intensity to the flood deposition, with the result serving as a basis for extrapolating the biogeochemical implication of the deposition.

In Figure 6.1, the range of expression in terms of the flood type and sediment source on the total carbon mineralization rate is shown. Clearly, we see a linear tendency between sediment thickness linked to flood-hydrology and the flood-carbon typologies related to the enrichment factor on the biogeochemical rate with a stronger effect at higher flood-hydrology-carbon type (see inset in Figure 6.1). This typology suggests that for the Rhône area, the river input to the deltas with its associated source-type modulated by the varying age and degree of reactivities of sediment carbon deposited could have a substantial range of impact on biogeochemistry. This preliminary analysis is in agreement with previous work in this area and the works of chapter 4-5 demonstrating that the carbon arriving from the Rhone river in the prodeltaic area carry sediment of different properties related to the flood history (type of flood, the composition of the eroded catchment area), which exhibit a wide range of biogeochemical response (Lansard et al. 2009a; Bourgeois et al. 2011; Cathalot et al. 2013).

Furthermore, clustering analysis of the total carbon oxidation rate reveal three degree of the intensity of sed- Although, the processes operating in the sediment are often non-linear and complex, such classification underscores how the intensity of flood deposition and its history upon deposition can affect biogeochemical processes in the sediment. Beyond this ad-hoc analysis of the typology of sediment response, future work for a better understanding of the coupling between the flood history, characteristics of the deposited sediment and the sediment biogeochemistry needs to be prioritized. Table 6.1: : Major characteristics of some major river systems classified by annual river and sediment discharge, drainage basin area and flux of particulate organic carbon. 𝑎 Milliman and Meade (1983); McKee et al. (2004), [START_REF] Milliman | River discharge to the coastal ocean: A global synthesis[END_REF]. 1 Cai et al. (2008) and references herein, Lena, Russia In addition, simple extrapolation to other coastal and shelf area can be done. For example, Table 6.1 shows how the Rhône river compares with other river-dominated ocean margin (RiOMar) regions. Although the Rhône river is comparatively different from other RiOMar systems in terms of its functioning [START_REF] Rabouille | Comparison of hypoxia among four river-dominated ocean margins: The changjiang (yangtze), mississippi, pearl, and rhône rivers[END_REF], we can speculate how flood deposition might affect biogeochemical processes in the adjacent coastal zone.

As the Rhône River has similar sediment load to drainage surface area ratio with the Yangtze and Pearl River, we can expect some similarity in the biogeochemical classification. However, such transfer of knowledge from the Rhône prodelta sediment to other similar region ought to be taken with caution as the drivers of some of these RiOMar systems are different [START_REF] Rabouille | Comparison of hypoxia among four river-dominated ocean margins: The changjiang (yangtze), mississippi, pearl, and rhône rivers[END_REF]. For examples, the Rhone River and its adjacent basin differs in terms of their basin area, seasonality in their discharge, magnitude of sediment export, nutrient input as well as physical and biogeochemical functioning (Estournel et al. 2001; Yin et al. 2004; Rabouille et al. 2008). These differences would make such extrapolation difficult as site-specific assumption have to be accounted for in models [START_REF] Mieleitner | Analysis of the transferability of a biogeochemical lake model to lakes of different trophic state[END_REF]. Indeed, this demands that more in-depth research should be conducted in order to understand how coastal deltas behave under episodic deposition of sediment.

Benthic-pelagic coupling

The pelagic and benthic ecosystems are strongly connected in shallow coastal and shelf areas, where a large portion of primary production occurs. This is due to the fact that organic matter that escapes degradation in the water column and reaches the sediment undergoes biogeochemical transformation in the sediment, as well as the existence of a dual exchange of materials between both compartments. Furthermore, lateral transport of particulate matter across the river-ocean continuum results in considerable POC transfer in coastal locations [START_REF] Aufdenkampe | Riverine coupling of biogeochemical cycles between land, oceans, and atmosphere[END_REF]. The extent and unpredictability of this vertical and horizontal coupling which very often occurs as events (storms and dense water cascading (Ulses et al. 2008a), algal bloom (Karlson et al. 2021; Li et al. 2022)) have significant implications for coastal issues such as eutrophication, carbon capture, and deoxygenation.

As the flux of solutes (e.g. oxygen, sulfate, DIC) across the sediment-water interface determined via measurements such in-situ benthic chambers, or ex-situ core-incubation are limited in space and time and only offers a snapshot of benthic-pelagic exchanges, the need of augmenting observational data with numerical models is increasingly emphasized (Middelburg and Soetaert 2004; Brady et al. 2013; Lessin et al. 2018). Despite this thesis showcasing the use of sediment biogeochemical model for understanding the temporal variability of the sediment response to external perturbation, only a limited spatial information is offered and the feedback with the overlying bottom water is crudely modelled. Future progression of this thesis ought to consider the horizontal distribution of these fluxes on a basin scale as organic carbon distribution and the resulting diffusive flux of solutes can display variability with respect to proximity to the coast and the associated carbon flux (Cathalot et al. 2010; Many et al. 2021; Estournel et al. 2023). The next frontier of challenge to overcome lies in upscaling FESDIA model towards the entire prodelta area and possibly the shelf portion of the Gulf of Lion.

To achieve this goal, it is important to acknowledge that although pelagic and benthic models have both substantially progressed, their coupling (especially in 3D models) is by far less advanced. In most coupled model, the choice of a lower boundary condition in water column models is often simplified without careful representation of the essentials of sediment-water exchange [START_REF] Soetaert | On the coupling of benthic and pelagic biogeochemical models[END_REF]. In these simplified models, benthic systems are generally under-represented and mostly modelled as a simple closure term for mass conservation [START_REF] Lessin | Modelling Marine Sediment Biogeochemistry: Current Knowledge Gaps, Challenges, and Some Methodological Advice for Advancement[END_REF]. Despite these drawbacks, attempts at fully coupled regional 3D pelagic-benthic models have been successfully developed and applied (Baretta et al. 1995; Wakelin et al. 2012; Capet et al. 2016; Moriarty et al. 2017) illustrating that there is no fundamental barrier between the two domains.

In the Rhône area, we have begun attempting to push this limit further (Figure 6.2). Here, work is currently underway to integrate the hydrodynamic regional ocean circulation SYMPHONIE [START_REF] Marsaleix | Energy conservation issues in sigma-coordinate free-surface ocean models[END_REF], a 3D primitive equation, free surface, and generalized sigma vertical coordinate model. This model has previously been used to simulate Mediterranean Sea hydrodynamic conditions and specific processes such as Rhône River plume dynamics [START_REF] Estournel | The rhone river plume in unsteady conditions: Numerical and experimental results[END_REF], coastal dense water formation (Ulses et al. 2008c), wind-induced circulation over the Gulf of Lion shelf (Estournel et al. 2003; Ulses et al. 2008a), shelf-slope exchanges, and along-slope circulation [START_REF] Mikolajczak | Impact of storms on residence times and export of coastal waters during a mild autumn/winter period in the gulf of lion[END_REF].

This model has been coupled to the pelagic ecosystem model Eco3M-S, a multi-plankton and multi-nutrient dynamics model that simulates the dynamics of biogenic element (carbon, nitrogen, phosphorus, silicon, and oxygen) and plankton group biogeochemical cycles (Auger et al. 2011; Ulses et al. 2016). This model includes seven compartments: one with four dissolved nutrients (nitrate, ammonium, phosphate, and silicate), a three phytoplankton size classes (pico-, nano-, and micro-phytoplankton), a three zooplankton size classes (nano-, micro-, and meso-zooplankton), a bacterial compartment, a dissolved organic matter compartment, a compartment with particulate organic matter, and a compartment with dissolved oxygen.

For this ongoing project, the attempt to couple the pelagic biophysical model with the sediment model have been prototyped for OMEXDIA model (Soetaert et al. 1996a) with the next step toward implementing the full FESDIA model developed in this thesis. Preliminary results from our analysis are shown in Figure 6.2 highlight-ing the regional scale distribution of the benthic variables. Here, the importance of the transported particulate organic carbon (POC) on the prodelta superficial chemistry is obvious. The response of oxygen, nutrient and reduced species shows an offshore gradient in agreement with observation in the prodeltaic (Lansard et al. 2009b). Further work beyond this thesis will continue to extend this model to provide greater realism of the processes operating in this region and better understanding of the system complexity and feedbacks with pelagic ecosystem dynamics. Preliminary output from a 5 year simulation over the Gulf of Lions.

Long-term impact of flood deposition

With the entire thesis outcome limited to the short to intermediate-term effects of the massive flood deposition (< 1 year), another near-term goal for the advancement of this work will be to investigate the multi-year impact of the extreme events on the sediment biogeochemistry. To go beyond the site-specific studies outlined in previous chapters and analyse past, present and futures changes of the marine biogeochemistry [START_REF] Arndt | Quantifying the degradation of organic matter in marine sediments: A review and synthesis[END_REF]), model simulations with longer timescale are required. This is important because sediment burial is the ultimate sink for the biogeochemical cycle of carbon, iron and sulfur as well as other cycles not considered in this thesis (e.g. silica), and is thus a crucial factor in the establishment of the long-term mass balance of elements in the coastal ocean. Unfortunately, the temporally short simulation done in prior chapters does not effectively depict this long-term burial sink.

In addition, the future trajectory of the different biogeochemical pathways in sediment following this increasing frequency of large flood deposition is still unclear. Questions of the eventual fate of some deep-lying diagenetic processes (e.g. Methanogenesis or mineral precipitation/dissolution) were not easily diagnosed from the simulations performed in earlier chapters. For some processes, the final convergence or divergence to a stable, pre-flood situation or an entirely new state is still largely unknown.

To overcome this limitation, and evaluate the long-term response and fate of associated biogeochemical processes affecting the sediment porewater and solid phase, work on longer timescale simulations should be conducted. For example, a reanalysis of model simulation without multi-flood interaction, such as that performed in Chapter 4, at a longer timescale revealed that within the order of a year, most pathways for carbon mineralization rate are well within their pre-flood value. However, in the absence of other flood deposition during the five-year simulation, methanogenesis takes a substantially longer time to reach a stable pre-flood state (almost 2 years) (Figure 6.3). This example highlights the importance of lengthier simulations, particularly for investigations concentrating on diagenetic processes working in deeper sediment or biogeochemical cycles with long-term fate (e.g., carbon, silicate (Heinze et al. 2003; Bernard et al. 2010)). Indeed, this simplistic scenario ignores the effect of increasing flood frequency or the intensity and amount of deposited sediment. It still provides insights into the type of behaviour shown by porewater in terms of organic carbon oxidation over longer timescales. In addition, the intrinsic characteristics of the Rhône prodelta sediment such as its apparent stability (thus the aforementioned term -"biogeochemical attractors") despite such large quantities of sediment deposition can
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 11 Figure 1.1: Conceptual representation of river-dominated ocean margin and connection to coastal ocean dynamics.

  deposition on both short and long timescale -Explicate the pattern and dynamics of short-term sediment porewater chemistry • What are the primary drivers of the sediment response and recovery in the aftermath of these massive episodic flood deposition -Characterize and analyse the phase space and recovery dynamics after massive sediment deposition • What is the size and scope of the biogeochemical changes caused by significant flood events in the Rhône prodelta region -Quantify of the different biogeochemical pathways, rates and fluxes in event-driven context
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 21 Figure 2.1: Idealized representation of the distribution of biogeochemical reaction processes in the sediment (Adapted from Canfield and Thamdrup (2009)).
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 22 Figure 2.2: Conceptual model of organic matter (OM) degradation and reoxidation pathways in the sediment (Middelburg and Levin 2009).
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 24 Figure 2.4: Map of the Rhone river delta. The prodelta is an area within 3 km of the Rhône River outlet with water depths of < 60 m. Stations A and Z are located inside the prodelta and are area of focus for the following chapters.

  H2S with MnO2) 𝐻2𝑂𝑥𝑖𝑑𝐹 𝑒𝑂𝑂𝐻 = 𝑅 𝐻2𝑆𝑜𝑥𝑖𝑑 × 𝐻2𝑆 × (𝐹 𝑒𝑂𝑂𝐻 𝐴 + 𝐹 𝑒𝑂𝑂𝐻 𝐵 ) (Reoxidation of H2S with FeOOH) 𝐹 𝑒𝑂𝑥𝑖𝑑𝑀 𝑛 = 𝑅 𝑀𝑛𝐹 𝑒 × (𝑀 𝑛𝑂 2𝐴 + 𝑀 𝑛𝑂 2𝐵 ) × 𝐹 𝑒 (Reoxidation of Fe with MnO2)

  .13 were implemented. In addition, the initial version of the model developed in Chapter 3 and originally published as a research article was only capable of simulating multiple event-driven depositions per simulation but with a similar flood-input characteristic in all instances of the deposition. Subsequent iterations of the model build on this to simulate the sequential manifestation of flood deposition with variable flood-input characteristics across all temporal instances of the deposition. Nmor, S. I., E. Viollier, L. Pastor, B. Lansard, C. Rabouille, and K. Soetaert. 2022. FESDIA (v1. 0): "Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling." Geoscientific Model Development 15: 7325-7351.
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 31 Figure 3.1: Map showing the locations of sampling sites in the proximal area off the Rhône River mouth.

  specifies concentration of fast and slow degradable organic matter immediately after the event.

  (2012b)), porewater chemistry parameter(Soetaert et al. (2010a)), steady state calculation[START_REF] Soetaert | Package rootSolve: Roots, gradients and steady-states in r[END_REF]), and time integration(Soetaert et al. (2010b)). Further information about the model usage can be found in the model user vignette found on the code development page (R-forge).
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 33 Figure 3.3: The bootstrapping technique used to calculate the uncertainty in the relaxation timescale. The resampled median about a reference provides a replicate over which the standard error estimate is defined. The solid red represents the expected value of the quantity estimated while the vertical red line is the deviation from this expected value.

  : Short term response and flux of Oxygen penetration depth (OPD), 𝑂 2 , 𝑆𝑂 2- 4 and DIC for endmember scenario experiment. Time one day before the event is denoted by -1 and Time 1 -26 is the elapsed time, in days after the perturbation. Positive fluxes are directed IN the sediment while negative fluxes are directed OUT from the sediment to the overlying water.
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 3 Figure 3.4: Model and observation depth profile of TOC (%), 𝑆𝑂 2- 4 , DIC, 𝑁 𝐻 + 4 and 𝑂 2 for November/December Event in Station A (Rhône Prodelta). Model results are at 26 days after flood event in blue line. Data collected in December 8, 2008 showed in black circle. The red lines represent the evolution of the model from the deposition (day -0 and 10).
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 353 Figure 3.5: Scenario 1 (EM1): Model evolution for sulfate following deposition. Relative deviation of successive profile with time shown below. Dashed vertical line signify cutoff point by the median (Dashed horizontal line). Inset: Histogram of bootstrap estimate of sulfate relaxation timescale for EM1 with 95 % confidence interval.
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 338 Figure 3.7: Scenario 2 (EM2): Model evolution for sulfate following deposition. Relative deviation of successive profile with time shown below. Dashed vertical line signifies cutoff point by the median (Dashed horizontal line). Inset: Histogram of bootstrap estimate of sulfate relaxation timescale for EM2 with 95 % confidence interval.
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  varied between 75 -100 days (2 -3 months). Below 5 cm (bioturbated depth imposed in the model), relaxation time was constant across all 𝛼 variations (100 d). As organic enrichment (𝛼) and thickness increase, the model estimates a longer relaxation time with a maximum time span of 105 d. Similar variations of relaxation time for DIC were simulated for different 𝛼 and sediment deposit thicknesses. However, unlike 𝑆𝑂 2- 4 , relaxation time for DIC varies smoothly across the range of 𝛼 and thickness combinations, with relatively constant relaxation time (100 d) at low thickness and 𝛼 combinations. The relaxation time increased exponentially as sediment deposit thickness and labile OC concentration increased (𝛼), with maximum recovery time (171 d / 6 months) simulated at the extremes of both combinations (Figure 3.9).

Figure 3

 3 Figure 3.9: Relaxation timescale (𝜏 ) in days as function of deposited sediment thickness and enrichment factor (𝛼) for degradable OM.

  . Explicit consideration of abrupt changes in the upper boundary of the model caused by events such as landslides, flash flooding, turbiditic transfer of materials on a continental slope, and trawling is still relatively uncaptured by these models (but see De Borger et al. (2021a) for inclusion of erosion events). In this paper, we adapt OMEXDIA (Soetaert et al. 1996a), a well-known reaction transport model, to investigate the changes in the solid and liquid phases during massive deposition and mixing event. Our efforts highlight the algorithm's utility in incorporating this process with minimal numerical issues. The model represented the basic characteristics of the data derived from the November/December 2008 flood event at Station A in the Rhône Delta's depocenter (Figure 3.4). The simulated flux

1992;

  Deflandre et al. 2002; Bourgeois et al. 2011; Tesi et al. 2012; Pastor et al. 2018). However, more data from the field and laboratory experiments that resolve the OM composition of flood deposits are required to constrain the choice of this numerical parameter.

  can be found in the Zenodo link (). Users of the data should cite the Pastor et al., 2018 and Ait-Ballagh et al 2021. This paper was developed with literate programming concept in mind to encourage open-science and reproducibility. Full Rmarkdown files and model pipeline to fully reproduce the results here is available on Github. Financial support This research has been supported by grant from INSU EC2C0 DELTARhône and PhD grant from Ecolé doctorale des science de l'environment, Ile de France (SEIF) N°129.

  . I., E. Viollier, L. Pastor, B. Lansard, C. Rabouille: "Biogeochemical implication of massive episodic flood deposition: Model-Data integration" In: Journal of Geophysical Research: Ocean. (to be submitted) Abstract:
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 141 Figure 4.1: Timeseries of total suspended matter (TSM) river discharge by the Rhône River in year 2008. Red bar denotes the day of deposition used in the model and green bar is the sampling date when measurement was carried out. Blue dashed line is the annual mean of TSM discharge. Data was obtained from the Mediterranean Oceanic Observing System from the Environment (MOOSE database) provided by Mediterranean institute of oceanology.
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 42 Figure4.2: Schematic of the interaction between two flood on biogeochemical process in the sediment. The memory effect of the spring flood on subsequent fall period flood is defined as the time-integrated rate of biogeochemical process between t1 and t2.
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 1 Global performance of model predictionThe model was validated with the complete data presented in the two flood events in 2008 as described in[START_REF] Pastor | Transient early diagenetic processes in Rhône prodelta sediments revealed in contrasting flood events[END_REF] for station A . The skillfulness of the model in describing the observed vertical distributions and their temporal variations was diagnosed using a Taylor diagram (Taylor 2001), which summarizes the goodness of model fit relative to the data. We considered the depth-dependence variability, model-data bias and modeldata correlation as three different measures of the model's performance. The variability is represented by the standard deviation of the observed and modeled values (x and y axis of the graphs) with its magnitude measured as the radial distance from the origin of the plot (dashed line in Figure 4.3). A value of 1 indicates a fair representation of vertical variability in the data while value above and below 1 signifies an over or underestimation of the true variability in the data. The bias measured as the model-data difference (Root Mean Square, RMS) as well as the model standard deviation are normalized by dividing the RMS and standard
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 43 Figure 4.3: Taylor diagram of Goodness of fit between model simulation and data for (a) Oxygen, 𝑂 2 (b) Dissolved inorganic carbon DIC (c) Sulfate 𝑆𝑂 2- 4 (d) Ammonium 𝑁 𝐻 + 4 (e) Manganese 𝑀 𝑛 2+ and (f) Iron 𝐹 𝑒 2+ .
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 44 Figure 4.4: Model data fit against observed data for (a) Oxygen, 𝑂 2 (b) Total organic carbon, TOC (c) Dissolved inorganic carbon DIC (d) Sulfate 𝑆𝑂 2- 4 (e) Ammonium 𝑁 𝐻 + 4 (f) Manganese 𝑀 𝑛 2+ (g) Iron 𝐹 𝑒 2+ (h) Hydrogen sulfide 𝐻 2 𝑆. Data collected the 29 𝑡ℎ of May 2008 at Station A before spring flood (Pastor et al. 2011a).
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 45 Figure 4.5: Model data fit against observed data for (a) Oxygen, 𝑂 2 (b) Total organic carbon, TOC (c) Dissolved inorganic carbon DIC (d) Sulfate 𝑆𝑂 2- 4 (e) Ammonium 𝑁 𝐻 + 4 (f) Dissolved manganese 𝑀 𝑛 2+ (g) Dissolved iron 𝐹 𝑒 2+ (h) Hydrogen sulfide 𝐻 2 𝑆 during the May/June flood. Data were collected the 6 𝑡ℎ of June 2008 at Station A. The orange section represents the new flood deposit.
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 46 Figure 4.6: Model data fit against observed data for (a) Oxygen, 𝑂 2 (b) Total organic carbon, TOC (c) Dissolved inorganic carbon DIC (d) Sulfate 𝑆𝑂 2- 4 (e) Ammonium 𝑁 𝐻 + 4 (f) Manganese 𝑀 𝑛 2+ (g) Iron 𝐹 𝑒 2+ (h) Hydrogen sulfide 𝐻 2 𝑆 during the November/December flood collected the 8th of December 2008 (26 days after the flood event -11th of November 2008) at station A.

Figure 4 . 7 :

 47 Figure 4.7: The geochemical balance between source and sink for 𝐹 𝑒 2+ , 𝑀 𝑛 2+ and 𝐻 2 𝑆 for fall flood event.
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 49 Figure 4.9: Temporal magnitude of flux (in absolute value) across the sediment-water interface for (a) Oxygen (b) iron and manganese (c) DIC (d) Sulfate. Black dot in 𝑂 2 flux signifies measurement made during this sampling point while red dot is the model equivalent as the measured sampling date. Vertical error bar represents the flux uncertainty in the exact date when this flood occurs. Flux for DIC, Iron and Manganese are directed out of the sediment while Sulfate and Oxygen flux are directed into the sediment. The gray bar indicates the time of the major flood deposition
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 4 Figure 4.10: Dynamic evolution of total organic carbon mineralization rate. (a) steady state of total organic carbon mineralization rate and different portion of the mineralization pathways. Oxic = aerobic mineralization, Denit = Denitrification, Mnred = Mn oxides reduction, Fered = Fe oxides reduction, SO4red = Sulfate reduction, Meth = Methanogenesis. (b and c) Dynamic evolution of total organic carbon mineralization rate and relative importance of the carbon biogeochemical pathways following the successive flood in spring (b) and fall (c) period. The beginning date is the day of major flood deposits for each event. The insert zooms in on the pathways with lower carbon mineralization rate.

  compared favorably to other RiOMar systems characterized by high sedimentation rate and particulate carbon flux: Amazon delta (6 -25 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 Aller et al. (1996)), Mississippi delta (2 -56 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 Morse and Rowe (1999)) and other coastal areas with pulse cycle of resuspension and deposition such as in Göteborg harbour, Sweden (8 -23 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 Tengberg et al. (2003)), Gulf of Finland, Baltic sea (5 -20 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 Almroth et al. (2009)), Gulf of Mexico (7 -50 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 Moriarty et al. (2018)).
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 51 Figure 5.1: Map of the Gulf of Lion (Rhone prodelta) including the location of the sampling station (Z).

Table 5. 2 :

 2 Summary of parameters used in the FESDIA model. (I) independent parameters derived from experiment or field observation external to actual data being simulated (C) constrained parameters obtained from range of literature sources (M) model-derived parameters fitted to the observed data. Literature sources includes (1) Pastor et al. (2011a), (2) Soetaert et al. (1996a), (3) Ait Ballagh et al. (2021), (4) Rassmann et al. (

Figure 5

 5 Figure 5.2: (a) Mean daily water discharge of the Rhône River at Beaucaire-Tarascon, located 60 km upstream the river mouth. The grey dotted line symbolizes the average water discharge level. The red dotted line symbolizes the flood level at Beaucaire-Tarascon with the flood period symbolizes with the red bar. (b) Total suspended particulate matters (SPM) in the Rhône River at Beaucaire-Tarascon. The 7 cruises are indicated by the black points.

Figure 5 . 3 :

 53 Figure 5.3: Vertical distribution of Dissolved Inorganic Carbon (DIC), sulfate (𝑆𝑂 2- 4 ) and methane (𝐶𝐻 4 ) concentrations in sediment pore waters. Dots represent the measured porewater data and lines denote the model result.
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 54 Figure 5.4: Vertical distributions of Berrylium-7 activities in the 01/07/2021 sediment core.

Figure 5

 5 Figure 5.5: Concentration profiles of DIC, 𝑆𝑂 2- 4 and 𝐶𝐻 4 in sediments porewaters from station Z. The dashed lines correspond to the position of the main gradient before (blue dots) and after (red dots) the flood. The arrow symbolizes the shift of this main gradient following the main winter flood.

Figure 5 . 6 :

 56 Figure 5.6: Vertically integrated rate of organic carbon mineralization and relative contribution by different pathways. The gray bar and dashed line reflect the date of the main flood (06/01/2022).

(

  [START_REF] Garcia-Garcia | Shallow gas off the rhône prodelta, gulf of lions[END_REF]; Nmor et al., In prep) 

  (2008)), the Baltic sea (14 𝑚𝑚𝑜𝑙 𝑚 -3 𝑑-1 ; Treude et al. (2005)), but significantly lower than AOM activities in the Gulf of Mexico or the hydrate ridge off the coast of Oregon (500 𝑚𝑚𝑜𝑙 𝑚 -3 𝑑-1 ; Treude et al. (2003)).After the deposition, the AOM maximum rates remains the same in intensity but occur deeper in the sediment (Figure5.7). Further cross-examination of the sulfate and methane concentration profiles reveals physical imprint of the flood deposit on the porewater chemical composition. Our data show that penetration depth of 𝑆𝑂 2- Methane (AOM) mmol m -3 d -1

Figure 5 . 7 :

 57 Figure 5.7: Vertical distribution of anaerobic oxidation of methane (AOM) for pre-flood and post-flood period.

Figure 5 . 8 :

 58 Figure 5.8: Temporal variation of DIC:𝑆𝑂 2- 4 porewater ratio (𝑟 𝑐∶𝑠 ) calculated on the surface or depth layer. The red bar indicates the flood period, before the flood the entire core is considered like the surface layer. The blue line indicates the theoretical stoichiometric ratio of the anaerobic oxidation of methane (-1) and the red line indicates the theoretical stoichiometric ratio of the sulfate reduction (-2).

  rates (Figure 5.6) which result in substantial change of the sediment interstitial composition and possibly fluxes.A remarkable change in the benthic exchange across the sediment-water interface was observed for DIC. Before the flood deposition, the DIC flux out of the sediment amounts to 101 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 . This calculated DIC efflux is larger than previous data based estimate but remains in the same order of magnitude as flux estimate reported in this proximal zone (18 -78 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 ; Rassmann et al. (2020)) as well as other river deltas: Mississippi delta sediment (36 -53 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 ; Rowe et al. (2002)), Fly River delta (35-42 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 ; Aller et al. (2008)) and Guadalquivir River estuary (36-46 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 ; Ferrón et al. (2009)). After the flood deposition, the model estimates of DIC benthic flux decreases from 101 to 55𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 in response to the new input. This is largely related to the large decrease of the DIC gradient in porewaters after the flood (Figure5.3) and represents a 45% reduction in DIC flux out of the sediment shortly after flood deposition. The reduced DIC flux quickly resumes to the previous situation after a week of lower fluxes and stabilizes to a value a few percent above the initial value. Yet, the production of DIC in the sediment column has increased by 43% due to the sudden increase of OC recycling activity following the introduction of fresh organic carbon contained in the flood deposit (Figure5.9). The initial decrease of the flux of DIC followed by a slight increase of about 4% and then a stabilization at almost the same initial value as before the flood indicates that most of the DIC produced by the flood deposit is stored in the sediment porewaters. This is obvious from the DIC profile (Figure5.3) which clearly indicates an accumulation of DIC in porewaters after the flood along the measurement period (from January to March).

Figure 5 . 9 :

 59 Figure 5.9: Flux of DIC across the sediment-water interface. Here, positive flux is directed out of the sediment. The gray bar reflects the date of the main flood (06/01/2022).

  during the floods of 2008 (Chapter 4) and 2021-22 (Chapter 5). Hereafter, I briefly review the main conclusion established during the thesis.Given the importance of understanding extreme episodic deposition events on coastal river deltas and the lack of tools tailored to describing these phenomena (Chapter 1 -2), this thesis seeks to develop a new framework for coupling early diagenesis processes in the sediment with explicit representation of event-driven sediment deposition (Chapter 3). This model, called FESDIA comprises 21 variables encompassing the carbon, nitrogen, manganese, iron and sulfur cycle. In Chapter 3, we showed how this model was developed and validated by a data snapshot of flood deposition in the Fall of 2008. The model post-flood evolution highlights salient features (e.g. slow but steady re-organizsation of the perturbed profiles) which characterized the sediment porewater behavior following these events. This re-organization resulted in the model predicted relaxation timescale of about a few days for oxygen and between 4-5 months for deeper solutes like DIC and 𝑆𝑂4 2-with variation in this estimate depending on deposition thickness and the reactivity of OM.

  iment response induced by these flood depositions: A low intensity response characterized by lower carbon mineralization rate possibly driven by refractory materials (e.g. sediment delivered in spring 2008), a high intensity response modulated by enriched organic matter in high deposited sediment (e.g. sediment input in the fall 2008) and an intermediate biogeochemical type response possibly comprising the mixture of both sediment characteristics (e.g. winter 2021-22 Figure 6.1).

2

  [START_REF] Moreira-Turcq | Exportation of organic carbon from the amazon river and its main tributaries[END_REF],3 Ludwig et al. (1996) and references herein,4 Dittmar and Kattner (2003),5 Gebhardt et al. (2004), 

Figure 6

 6 Figure 6.2: (Left) Basin scale sediment porewater surface composition from a coupled early diagenetic model (OMEXDIA) with 3D hydrodynamic model (SYMPHONIE / ECO3M). (Right) Zoom into the prodelta region. Preliminary output from a 5 year simulation over the Gulf of Lions.

Figure 6

 6 Figure 6.3: Long term view of carbon cycling following a single depositional event. Parameters and forcing is similar to model simulation performed in Chapter 6 but over a five-year period.
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 2 1: Comparison of five early diagenetic model codes: OMEXDIA
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		.2: State variables described in the model.
	State variable	Model notation	Units	Description
	𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔	FDET	𝑚𝑚𝑜𝑙 𝐶 𝑚 -3	Fast decaying detritus
	𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔	SDET	𝑚𝑚𝑜𝑙 𝐶 𝑚 -3	Slow decaying detritus

  The different mineralization pathways encompass aerobic mineralisation, denitrification, manganese and iron reduction, sulfate reduction and methanogenesis. The order of the primary redox reactions indicates the sequence in which they occur as sediment depth increases, in accordance with the
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	Figure 2.5: Conceptual schematic of the FESDIA biogeochemical model of organic matter (OM) degradation
	in the sediment. See text for description of model formulation of the different biogeochemical processes.
	diminishing free energy released during OM mineralization. These mineralization pathways can be described
	by a set of standard overall reactions:							
	Aerobic respiration ∶ (𝐶𝐻 2 𝑂) 𝑥 (𝑁 𝐻 3 ) 𝑦 (𝐻 3 𝑃 𝑂 4 ) + 𝑥𝑂 2 + 𝑦𝐻 + → 𝑥𝐶𝑂 2 + 𝑦𝑁 𝐻 + 4 + 𝐻𝑃 𝑂 2-4 + 2𝐻 + + 𝑥𝐻 2 𝑂
	Denitrification ∶ (𝐶𝐻 2 𝑂) 𝑥 (𝑁 𝐻 3 ) 𝑦 (𝐻 3 𝑃 𝑂 4 ) +	4 5	𝑥𝑁 𝑂 -3 + (	4 5	𝑥 + 𝑦)𝐻 + → 𝑥𝐶𝑂 2 + 𝑦𝑁 𝐻 + 4 +	2 5	𝑥𝑁 2 + 𝐻𝑃 𝑂 2-4 + 2𝐻 + +	7 5	𝑥𝐻 2 𝑂
	Dissimilatory manganese reduction ∶ (𝐶𝐻 2 𝑂) 𝑥 (𝑁 𝐻 3 ) 𝑦 (𝐻 3 𝑃 𝑂 4 ) + 2𝑥𝑀 𝑛𝑂 2 + (4𝑥 + 𝑦)𝐻 + → 𝑥𝐶𝑂 2 + 2𝑥𝑀 𝑛 2+ + 𝑦𝑁 𝐻 + 4 + 𝐻𝑃 𝑂 2-4 + 2𝐻 + + 3𝑥𝐻 2 𝑂 Dissimilatory iron reduction ∶ (𝐶𝐻 2 𝑂) 𝑥 (𝑁 𝐻 3 ) 𝑦 (𝐻 3 𝑃 𝑂 4 ) + 4𝑥𝐹 𝑒𝑂𝑂𝐻 + (8𝑥 + 𝑦)𝐻 + → 𝑥𝐶𝑂 2 + 4𝑥𝐹 𝑒 2+ + 𝑦𝑁 𝐻 + 4 + 𝐻𝑃 𝑂 2-4 + 2𝐻 + + 7𝑥𝐻 2 𝑂	(2.2)
	Sulfate reduction ∶ (𝐶𝐻 2 𝑂) 𝑥 (𝑁 𝐻 3 ) 𝑦 (𝐻 3 𝑃 𝑂 4 ) + Methanogenesis ∶ (𝐶𝐻 2 𝑂) 𝑥 (𝑁 𝐻 3 ) 𝑦 (𝐻 3 𝑃 𝑂 4 ) + 𝑦𝐻 + → 1 2 𝑥𝑆𝑂 2-4 + (𝑥 + 𝑦)𝐻 + → 𝑥𝐶𝑂 2 + 1 2 𝑥𝐶𝑂 2 + 1 2 𝑥𝐶𝐻 4 + 𝑦𝑁 𝐻 + 1 2 4 + 𝐻𝑃 𝑂 2-𝑥 ∑ 𝐻 2 𝑆 + 𝑦𝑁 𝐻 + 4 + 𝐻𝑃 𝑂 2-4 + 𝑥𝐻 2 𝑂 + 2𝐻 + 4 + 2𝐻 +
	Unlike the model of Soetaert et al. (1996a) with an anoxic mineralization closure and the state variable, 𝑂𝐷𝑈 ,
	this model includes the full diagenetic pathways necessary to resolve the interactions between the carbon,
	sulfur, iron and manganese cycles. Together, these coupled equations uniformly produced inorganic carbon
	together with other reduced species in the form of a by-product which can be mathematically described as:
	𝐶𝑝𝑟𝑜𝑑 = (𝑟𝐹 𝑎𝑠𝑡 × 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 + 𝑟𝑆𝑙𝑜𝑤 × 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 ) ×	(1 -𝜙) 𝜙	(2.3)
	and upon stoichiometric consideration, total nitrogen production is given as:
	𝑁 𝑝𝑟𝑜𝑑 = (𝑟𝐹 𝑎𝑠𝑡 × 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 × 𝑁 𝐶𝑟𝑎𝑡𝑖𝑜 𝐶 𝑓𝑎𝑠𝑡 + 𝑟𝑆𝑙𝑜𝑤 × 𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔 × 𝑁 𝐶𝑟𝑎𝑡𝑖𝑜 𝐶 𝑠𝑙𝑜𝑤 ) ×	(1 -𝜙) 𝜙
										(2.4)

  Fe re-oxidation ∶ 𝐻 2 𝑆 + (𝐹 𝑒𝑂𝑂𝐻 𝐴 + 𝐹 𝑒𝑂𝑂𝐻 𝐵 ) + 4𝐻 + → 𝑆 0 + 2𝐹 𝑒 2+ + 4𝐻 2 𝑂 Fe oxidation by Mn-oxide ∶ 2𝐹 𝑒 2+ + (𝑀 𝑛𝑂 2𝐴 + 𝑀 𝑛𝑂 2𝐵 ) + 2𝐻 2 𝑂 → 2𝐹 𝑒𝑂𝑂𝐻 𝐴 + 2𝐻 + + 𝑀 𝑛 2+

	whereas reduced iron is
	oxidized by 𝑀 𝑛𝑂 2𝐴 .
	Mn re-oxidation ∶ 𝐻 2 𝑆 + (𝑀 𝑛𝑂 2𝐴 + 𝑀 𝑛𝑂 2𝐵 ) + 2𝐻 + → 𝑆 0 + 𝑀 𝑛 2+ + 2𝐻 2 𝑂

Table 3 .

 3 2: State variables described in the model.

	State variable	Model notation	Units	Description
	Solid			
	𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔	FDET	𝑚𝑚𝑜𝑙 𝐶 𝑚 -3	Fast decaying detritus
	𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔	SDET	𝑚𝑚𝑜𝑙 𝐶 𝑚 -3	Slow decaying detritus
	𝐹 𝑒(𝑂𝐻) 3	FEOOH	𝑚𝑚𝑜𝑙 𝐹 𝑒 𝑚 -3	Fast oxidized ferric iron
	Liquid			
	𝑂 2			

Table 3 .

 3 3: Core parameters used in the model.

	Model parameters	Model	Values Units	Description	References
		notation				
	𝑓𝑙𝑢𝑥 𝑜𝑟𝑔	CFlux	150	𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 total organic C	Pastor et al.
					deposition	(2011a)
	pfast	pFast	0.5	-	part FDET in carbon	Pastor et al.
					flux	(2011a)
	𝑓𝑙𝑢𝑥 𝐹 𝑒(𝑂𝐻) 3	FeOH3flux 0.01	𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 deposition rate of	Assumed
					FeOH3	
	rFast	rFast	0.1	𝑑 -1	decay rate FDET	Ait Ballagh et al.
						(2021)
	rSlow	rSlow	0.0031 𝑑 -1	decay rate SDET	Ait Ballagh et al.
						(2021)
	NCrFdet	NCrFdet	0.14	𝑚𝑜𝑙𝑁 /𝑚𝑜𝑙𝐶 NC ratio FDET	Pastor et al.
						(2011a)
	NCrSdet	NCrSdet	0.1	𝑚𝑜𝑙𝑁 /𝑚𝑜𝑙𝐶 NC ratio SDET	Pastor et al.
						(2011a)
	𝑂 2 𝑏𝑤	O2bw	197	𝑚𝑚𝑜𝑙 𝑚 -3	upper boundary 𝑂 2	

Ait

Ballagh et al. 

Table 4 .

 4 1: State variables described in the model.

	State variable	Description	Model notation	Units
	𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔	Fast decaying detritus	FDET	𝑚𝑚𝑜𝑙 𝐶 𝑚 -3
	𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔	Slow decaying detritus	SDET	𝑚𝑚𝑜𝑙 𝐶 𝑚 -3
	𝐹 𝑒𝑂𝑂𝐻 𝐴	Fast oxidized ferric iron	FeOOHA	𝑚𝑚𝑜𝑙 𝐹 𝑒 𝑚 -3
	𝐹 𝑒𝑂𝑂𝐻 𝐵	Slow oxidized ferric iron	FeOOHB	𝑚𝑚𝑜𝑙 𝐹 𝑒 𝑚 -3
	𝑀 𝑛𝑂 2𝐴	Fast oxidized manganese	MnO2A	

Table 4 .

 4 2: Summary of parameters used in the FESDIA model. (I) independent parameters derived from experiment or field observation external to actual data being simulated (C) constrained parameters obtained from range of literature sources (M) model-derived parameters fitted to the observed data. FDET stands for Fast detritus (labile carbon) and SDET for slow detritus, semi-refractory carbon. Literature sources includes (1) Pastor et al. (2011a), (2) Soetaert et al. (1996a), (3) Ait Ballagh et al. (2021), (4) Rassmann et al. (

Table 4 .

 4 3: Event specific enrichment factor (𝛼) used in model simulation for spring and fall flood

		𝐶 𝑓𝑎𝑠𝑡 𝑜𝑟𝑔	𝐶 𝑠𝑙𝑜𝑤 𝑜𝑟𝑔	𝐹 𝑒𝑂𝑂𝐻 𝐴 𝐹 𝑒𝑂𝑂𝐻 𝐵	𝑀 𝑛𝑂 2𝐴	𝑀 𝑛𝑂 2𝐵
	Spring	0.5	0.7	0.3	0.3	1	2
	Intermediate	0.5	0.7	1.0	1.5	1	2
	Fall	20.0	5.0	8.0	2.0	10	5

Table 5 .

 5 1: Temporal sampling coverage and location of sampling sites during the winter season of 2021-2022.

			Rhône river water flow			
	Cruises	Date (dd-mm-yy)	(𝑚 3 𝑠 -1 )	Lat (°N)	Lon (°E)	Depth (m)
	SB7	03-Nov-2021	2057	43°19.066'	4°52.023'	20
	SB7bis	19-Nov-2021	830	43°19.066'	4°52.023'	20
	SB8	01-Dec-2021	905	43°19.032'	4°51.952'	20
	SB9	07-Jan-2022	2533	43°19.111'	4°52.048'	20
	SB9bis	19-Jan-2022	1318	43°19.096'	4°52.034'	20
	SB10bis	23-Feb-2022	1972	43°19.131'	4°52.071'	20
	SB11	08-Mar-2022	1110	43°19.108'	4°52.089'	20

Table 5

 5 

	Depth interval(cm)	Pre-flood OC content (%)	Post-flood OC content (%)
	0-1	1.8	1.9
	4-5	1.5	2.0
	9-10	1.5	1.3

.3: Organic carbon content at selected sediment depth (% dry weight) before and after the flood

  𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 while integrated mineralization rate in Ait[START_REF] Ballagh | Spatial variability of organic matter and phosphorus cycling in rhône river prodelta sediments (NW mediterranean sea, france): A model-data approach[END_REF] averaged around 145 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 for the proximal zone of the prodelta. As reported for other coastal systems with organicrich sediments, anoxic diagenetic pathways involving organoclastic sulfate reduction (OSR) dominates in terms of contribution to total OC mineralization. In the present study, estimate of OSR indicate a contribution of nearly 65% to the total OC mineralization rate while methanogenesis accounts for only 8% (Figure5.6).Prior to the flood event, strong sulfate consumption in the surficial sediment was observed in the measured data, as evidenced by a significant decrease in concentration between 5 and 30 cm, accompanied by as significant increase of DIC concentration. DIC accumulation in intermediate sediment layers was also very large for this time period. This pre-flood situation hints at a system under steady state condition. This combined combination of sulfate reduction and methanogenesis (> 70% of total mineralization rate) corresponds with values observed in other studies in this shallow region of the prodelta where the anoxic contribution to OC mineralization ranged from 75 % to 89 %(Pastor et al. 2011a; Ait Ballagh et al. 2021).

	d -1		Mineralization pathway	Oxic mineralization	SO 4 2-reduction	Methanogenesis
	OC Mineralization rates mmol m -2	0 100 200 300 400	Nov 21 Dec 21 Jan 22 Feb 22 Mar 22 Apr 22 May 22 Jun 22	Jul 22	Aug 22

. In the Rhône River prodelta, model estimate of total organic carbon mineralization is around 148 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 before the flood deposition. This estimate is comparable to the total mineralization rate reported in previous studies in the Rhône River prodelta. Under steady state condition,

Pastor et al. (2011a) 

reported a total mineralization rate of 150

par rapport à la situation antérieure à la crue. La nature temporelle des données observées sur l'eau interstitielle a montré qu'à la suite de cette crue hivernale, une lente réorganisation des profils de concentration dans l'eau interstitielle commence à émerger, principalement sous l'effet du transport diffusif et des réactions biogéochimiques dans la colonne sédimentaire. En utilisant le modèle diagénétique développé dans cette étude pour calculer les taux et les flux de réactions biogéochimiques, mes recherches ont montré que cette crue hivernale particulière peut augmenter le taux de minéralisation du carbone organique total dans les sédiments de 75% quelques jours après le dépôt, avec une augmentation de la contribution de la réduction du sulfate à la minéralisation totale de 25% par rapport à la période de dépôt sans la crue. En outre, les résultats des modèles ont révélé que cette crue peut induire une diminution à court terme du flux de DIC hors des sédiments de 100 à

𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 après le dépôt de la nouvelle couche, avec une augmentation à plus long terme de 4%. En reliant le cycle du carbone à d'autres cycles élémentaires, mon travail a montré qu'en comparant les variations du rapports DIC et du 𝑆𝑂 2- 4 aux bornes stoechiométriques et en examinant les résultats du modèle sur cette fenêtre de cinq mois, un découplage vertical dans les deux modes de réduction du sulfate après le dépôt se produit. La réduction organoclastique des sulfates (OSR) s'est intensifiée dans la couche nouvellement déposée, tandis que l'oxydation anaérobie du méthane (AOM) s'est intensifiée en profondeur sous l'ancienne interface enfouie. Cette bifurcation en profondeur des deux voies de réduction du sulfate dans la colonne sédimentaire est clairement liée à l'approfondissement de la zone de transition sulfate-méthane (SMTZ) de 25 cm après le dépôt de la crue. Cette observation a des implications importantes car un approfondissement supplémentaire de la zone maximale de l'AOM dû au dépôt de la crue pourrait renforcer le piégeage efficace du méthane (un gaz à "effet de serre" crucial dans le contexte du changement climatique) qui s'échappe des sédiments.En conclusion, mes recherches ont jeté une lumière nouvelle sur les conséquences de ces événements épisodiques imprévisibles sur la dynamique biogéochimique des sédiments. Il est recommandé d'étendre ces travaux à d'autres marges dominées par les fleuves, au couplage avec les processus pélagiques et aux perspectives à long terme de cet événement abrupt. Je propose plusieurs feuilles de route pour atteindre cet objectif scientifique qui consiste à mieux comprendre comment ces événements peuvent affecter le fonctionnement des écosystèmes côtiers dans un monde naturel en pleine mutation.

), dissolved inorganic carbon (DIC), following the classic early diagenetic equation of(Berner 1980; Boudreau 1997). In addition to the model from De Borger et al. (2021a), our model includes sulfate (𝑆𝑂 2- 4 ), hydrogen sulfide (𝐻 2 𝑆) and methane (𝐶𝐻 4 ), as well as iron species (𝐹 𝑒 2+ 𝑎𝑛𝑑 𝐹 𝑒(𝑂𝐻) 3 ) (Table4.1).

, DIC) because they serve as indicators of the integrated effect of the main diagenetic processes.

in its return to the previous pre-flood state.

, relax toward natural variation over a longer timescale

as well as model output over this five-month window shows a decoupling in the two modes of sulfate reduction following the deposition -organoclastic sulfate reduction (OSR) intensified in the newly deposited layer below the sediment surface, whereas anaerobic oxidation of methane (AOM) intensified at depth below the

and appearance of methane exhibited a shift downward relative to the pre-flood situation confirming the AOM rate calculation by the model. This generated a downward shift of the sulfate-methane transition zone (SMTZ), defined as the area where sulfate and methane are consumed simultaneously. This SMTZ depth below
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All authors contributed to the paper in several capacity. The project was supervised by CR and EV. SN, CR, EV conceptualized the method design, result interpretation, and assist in the initial draft of the paper. Model development was jointly designed by KS and SN. LP and BL provided insight on the data used in the model. prodelta sediment. Simulated TOC profile follows the basic trend in TOC with higher OC content (2%) below 5 cm and high concentration around 20 cm. This variability is typical of sediment accumulation under flood regimes. The deposition of sediment initiated the oxidation of OC which led to a shallow oxygen penetration depth (3.5 mm) before the flood and complete sulfate exhaustion around 20 cm. DIC and 𝑁 𝐻 + 4 increased with depth to an asymptotic concentration of 60 𝑚𝑀 and 3 𝑚𝑀 respectively. Furthermore, dissolved Mn was observed with enhanced concentration between 5 and 10 cm with maximum concentration of 100 µM. However, this Mn maximum (127 µM) was overestimated by the model (Figure 4.4). The model dissolved Fe profile, on the other hand, demonstrated better agreement with the measured porewater Fe, with a subsurface maximum of 629 µM fed by iron reduction linked to the mineralization of organic carbon-enriched sediment. This peak is however shifted at 20 cm depth in the model versus 10 cm in the data. It is noteworthy that no dissolved sulfide is simulated which reflects the observed absence of sulfide in porewaters.

Generalized flood deposition (Spring 2008)

The delivery of terrestrially-derived sediment particles peaked within ten days after the flood began, with a massive accumulation of sediment as high as 30 cm observed at the study site [START_REF] Cathalot | Temporal variability of carbon recycling in coastal sediments influenced by rivers: Assessing the impact of flood inputs in the Rhône River prodelta[END_REF].

The simulated profiles 10 days after the flood event were able to capture the dominant spatial variation in the porewater species. Given the refractory nature of the deposited sediment, oxygen was present in the surface sediment down to 9.2 mm (Figure 4.5). The model estimate of the oxygen penetration depth is 3.8 mm. Modelled total oxygen flux across the sediment-water interface (SWI) during this period was 13 𝑚𝑚𝑜𝑙 𝑂 2 𝑚 -2 𝑑 -1 while the measured diffusive flux was 9.2 ± 3.1 𝑚𝑚𝑜𝑙 𝑂 2 𝑚 -2 𝑑 -1 . The spatial variation of ammonium was well captured by the model with the low but constant (𝑁 𝐻 + 4 ) at the surface down to the depth of the newly deposited layer (30 cm). However, the model seems to suggest a subsurface peak in 𝑁 𝐻 + 4 at the former sediment water interface (SWI) which is unobserved in the data. Sulfate concentration during this spring event was constant in the upper 30 cm of the sediment, equaling the value of the bottom water concentration trapped in by the flood layer (Figure 4.5). Underneath the layer, the sulfate concentration in the model as well as the data decline with depth characterized by strong sulfate reduction (160 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 ) within this zone. The by-product of this mineralization, dissolved inorganic carbon (DIC) showed a mirrored pattern: with a low but almost constant concentration from the surface down to the depth of 30 cm. Total DIC production beyond this depth was 183 𝑚𝑚𝑜𝑙 𝐶 𝑚 -2 𝑑 -1 and was majorly driven by the relatively rich buried OM below the former interface. As for other compounds, the presence of a subsurface peak in the model is noteworthy. The model-calculated correlation between porewater 𝑆𝑂 2- 4 and DIC indicates that the additional flood deposition induced an enhanced DIC due to the complete exhaustion of 𝑆𝑂 2- 4 and a growing importance of methanogenesis (20 𝑚𝑚𝑜𝑙 𝑚 -2 𝑑 -1 ), especially just slightly below the zone of sulfate depletion (45 cm) (Figure 4.5).

Cenevol flood deposition (fall 2008)

The contrasting flood deposition observed in the fall of 2008 and the subsequent evolution of the sediment and porewaters, were well-reproduced by the model. One month after the flood, oxygen penetrated down to a depth of 9.6 mm with stronger oxygen demand due to the labile nature of the deposited OM. The total oxygen uptake rate calculated by the model during this fall flood was higher (21 𝑚𝑚𝑜𝑙 𝑂 2 𝑚 -2 𝑑 -1 ) in comparison to the spring deposition. DIC increased with depth, with the model matching the spatial variation of the measured is linked to the internal cycling involving changes in redox state of Mn and Fe. This redox cycling in the sediment can be quantified using the recycling efficiency number, 𝐸 𝑖 (Equation 4.7) (Rabouille andGaillard 1991; Wang andVan Cappellen 1996) adapted for a time dependent model:

where 𝑅 𝑖 𝑟𝑒𝑑 is the depth integrated rate of Fe or Mn reduction at each time point, 𝑖 and J is the deposition flux of reactive metal oxides. Values near 1 indicate a very strong internal cycle, whereas values below 0.2 indicate flux dominated metal oxide reduction. Using this calculation, the model suggested that the sediment reactivity is under intense recycling in both flood events (> 0.5) especially after the flood deposition. In this case, the efficiency number jumps from 0.7 to 0.92 for Fe and 0.38 to 0.62 for Mn in the spring. The recycling potential was slightly higher during the fall flood event for both Mn and Fe (0.87 and 0.94 respectively) compared to the Spring flood (Figure 4.8).

Mineralization pathways and biogeochemical fluxes

Following calibration of the model with the data, we extracted timeseries fluxes of dissolved species across the SWI, as well as calculated vertically integrated rates.

Exchange across the sediment-water interface

The model indicates that a reduced oxygen consumption follows the introduction of the 30 cm deposit of the Figure 4.11: Differential 'memory effect' of flood deposition on biogeochemical pathways of carbon. This is calculated as the relative difference between a reference simulation with both spring and fall flood versus another simulation with only the fall flood (green dots) deposition (purple dots).

We examine the effect of cumulative floods (spring anf fall) compared to a single fall flood. The memory effect is the relative difference of the cumulative fluxes for the two scenarios (see methods). Results from this analysis show that within the time window after the event, the residual effect of the first flood on biogeochemical pathways is large for the anoxic pathways but limited for the other pathways. The succession of two floods lead to limited increase/decrease of mineralization rates for all oxidants between the spring+fall floods scenario compared to second flood (fall event) alone. Our results indicate that methanogenesis has the largest of the residual effect of the flood with memory-induced influence of 44 %. Aerobic mineralization rate shows little sign of memory effect of the flood deposition (Figure 4.11). In similar manner, the relaxation timescale calculated for these processes in the first scenario shows that the recovery period ranges from 6 months for methanogenesis and less than 2 weeks for oxic mineralization.

𝐶𝐻 4𝑔𝑎𝑠 = 𝑚𝑎𝑥(0, 𝑘 𝑔𝑎𝑠 * (𝐶𝐻 4 -𝐶𝐻 4𝑒𝑞𝑢𝑖𝑙 ))

(5.4) where 𝐶𝐻 4𝑒𝑞𝑢𝑖𝑙 is the equilibrium concentration for which observed/simulated methane transition to hydrate or gas phases.

Methane oxidation

The methane produced deep down in the sediment can diffuse upward and be re-oxidized in the presence of oxygen with a simple first-order rate expression used in the model:

However, an important part of this investigation involves the interaction between the sulfur and methane cycle.

Critical to this link is the role of anaerobic oxidation of methane (AOM) (Equation 5.1). The AOM is a vital microbial process which acts as a barrier to the extent of the upward methane flux from the deeper sediment.

The AOM occurs at the nexus of sulfate depletion and methane production; at a depth horizon typically referred to as the sulfate-methane transition zone (SMTZ). In this SMTZ, methane produced below the sulfate depleted sub-surface sediment diffuses upward and is oxidized by sulfate according:

This reaction is modelled as a first-order process involving both 𝐶𝐻 4 and 𝑆𝑂 2- 4 .

𝐴𝑂𝑀 = 𝑅 𝐴𝑂𝑀 × 𝐶𝐻 4 × 𝑆𝑂 2-

4

(5.7)

where 𝑅 𝐴𝑂𝑀 is the apparent rate constant for reaction and as this pathway of sulfate reduction occurs at a much slower rate than the sulfate reduction coupled to organic carbon oxidation (Van Cappellen and Gaillard 2018), a value 𝑅 𝐴𝑂𝑀 set to 3 × 10 -5 𝑐𝑚 -3 𝑚𝑚𝑜𝑙 -1 𝑑 -1 .

Model configuration

The model was implemented in a 1 m sediment domain with variable depth resolution. Sediment thickness increases from 1 mm at the surface to about 6 cm at the base of the domain. For our application, we used a sedimentation rate of 30 𝑐𝑚 𝑦𝑟 -1 (Lansard et al. (2009b)) and the degradation constant of the labile carbon (𝑟𝐹 𝑎𝑠𝑡) was also tuned to 0.05 𝑑 -1 . Other parameters relevant for this particular simulation were derived from other literature sources and a listing is provided in Table 5.2.

Porosity was modelled as an exponential decay with depth increasing from 0.83 at the surface to an asymptotic value of 0.65 at depth following the obtained data. Bioturbation was constant in the first 5 cm with a rate of 0.05 𝑐𝑚 2 𝑑 -1 and exponentially attenuated below with reduced fauna activity. Based on the low bioturbation rate observed at station Z and the dominance of flood deposition on sedimentation (Pastor et al. 2011a), the FESDIA model is used with a constant bioturbation rate over the study period [START_REF] Nmor | FESDIA (v1. 0): Exploring temporal variations of sediment biogeochemistry under the influence of flood events using numerical modelling[END_REF]). Solutes for continuous research on transient events impacting benthic mineralization rates and associated relaxation processes (Berg et al. 2013; Toussaint et al. 2014). The integration of these measurements techniques over the long term and model should be the next frontier.

To conclude this subsection, in anticipating longer diagenetic simulation under this massive deposition and changing environmental condition, certain factors which might affect organic matter upon deposition need to be considered. For example, the temperature dependency of organic matter mineralization needs to be accounted for (Arnosti et al. 1998; Robador et al. 2010), although there are observational evidences that the effect of seasonal temperature variations cannot be easily translated to long-term temperature increases induced by either slow burial of organic matter along geothermal gradient or by climate change (Tabuchi et al. 2010; Kirschbaum 2013). Better model parameterization, as well as including the source-origin and reactivity of organic matter arriving at the depocenter, are also required (Magen et al. 2010; Arndt et al. 2013; Toussaint et al. 2013b; Zhang et al. 2014) whereas calibration data is required for accurately comparing the model output [START_REF] Smeaton | Quality not quantity: Prioritizing the management of sedimentary organic matter across continental shelf seas[END_REF]. Our ability to quantify carbon cycling in deep sediments or under changing climate conditions will thus be heavily reliant on a better mechanistic understanding of the effect of long-term environmental changes, relevant high-throughput data, and modelling advances [START_REF] Arndt | Quantifying the degradation of organic matter in marine sediments: A review and synthesis[END_REF]).