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Abstract During extreme flood events, coastal deltas experience large sediment deposition within a short
time period. The biogeochemical consequences of these deposition-recycling-burial processes on carbon and
nutrient cycles are not fully understood. Using a coupled data model approach, we explore the early diagenetic
responses of deltaic sediments influenced by two intense floods (in spring and fall) on the Rhone River in 2008.
The data set shows that sediment porewater composition responded abruptly to this almost instantaneous change
in deposition. The model calculated that these flood-related depositions increased organic carbon mineralization
by a factor of 2-4 compared to preflood levels, and were dominated by sulfate reduction (68%), and
methanogenesis (16%). The two floods (organic-poor in spring and organic-rich in fall) cause different
diagenetic effects in terms of dissolved inorganic carbon (DIC) fluxes—the 30-cm organic-poor flood
deposition induced a large storage of DIC in porewaters, which largely decreased its flux to the water column,
whereas the 10-cm organic-rich sediment induced a large efflux of DIC. The model reveals the absence of
dissolved sulfide in porewaters after flood deposition due to iron bound precipitation. The sequential flood
depositions caused a temporary memory effect (i.e., interaction between two successive floods), with stronger
effect for methane (38%), whose longer relaxation timescale limits complete recovery before the next event
separated by 6 months. Increasing the frequency and intensity of these events in the future could lead to memory
accumulation of flood biogeochemical signatures.

Plain Language Summary Coastal sediments are important for their role in the global carbon cycle
as long-term sink of carbon. River deltas are major depositional sites of sediment, receiving large amounts of
sediment, particularly during periods of heavy flooding. These flood depositions can trigger biogeochemical
changes in the sediment. However, our understanding of the magnitude of the sediment response induced by
these events is still poorly known. To answer this question, numerical model and data sets from two floods in
2008 driven by discharges from the Rhone River were used to investigate the size of the biogeochemical
response following these events. Our findings suggest that these floods could cause differing responses, largely
driven by the nature of the deposited flood layer. Using the model, we found a 2—4 times increase in overall
bacterial recycling rates from preflood conditions, which resulted in different responses of dissolved inorganic
carbon (DIC) exchange of the sediment with seawater. In the event of sequential flood deposition, cumulative
biogeochemical changes can also occur and may affect the recovery of sediment after the flood. These effects
might be more consequential if these intense floods continue to increase due to climate change.

1. 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 continental 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 (Tegler et al., 2024), 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, 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 (McKee et al., 2004). Massive sediment inputs driven by these flood events
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have been observed in many deltaic systems, for example, Amazon River (Aller et al., 1996; Montanher
et al., 2018), Mississippi River (Morse & Rowe, 1999), Atchafalaya River (Allison et al., 2000), Eel River
(Bentley & Nittrouer, 2003), Po River (Palinkas et al., 2005; Tesi et al., 2012, 2013), Tét River (Bourrin
et al., 2008), Rhone River (Cathalot et al., 2010). These large transfers of sediment are projected to occur with
increasing frequency due to changing environmental landscapes and climate change (Tockner & Stanford, 2002).
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 (Cheng
et al., 2013), extreme precipitation events in the Mississippi River basin transferred large volume of terrestrial
organic carbon to the northern Gulf of Mexico (Bianucci et al., 2018), large quantities of sediment were trans-
ported on the northeastern Australian coast during Cyclone Winifred (Carter et al., 2009), 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 (Cheng et al., 2013), increasing OM mineralization
in bottom waters of the coastal ocean inducing hypoxic condition (Cheng et al., 2013; Moriarty et al., 2021), or
increased CO, flux to the atmosphere (Osburn et al., 2019).

In the Gulf of Lions (the southern part of France), about 80% of the annual terrigenous particulate input is
delivered by Rhone River floods (Antonelli et al., 2008) with a large majority of the materials deposited in the
prodeltaic zone (Estournel et al., 2023; Ulses et al., 2008). The terrestrial input is dominant at the station
investigated in the Rhone prodelta near the river mouth (station A in Wu et al. (2018)). The deposition of riverine
material carrying "Be is clearly visible with large inventories down to 15 cm for the two recorded events (June and
December 2008), which indicates intense deposition of sediment and carbon at the 20-m deep stations. The
sediment delivered by these flood events can differ in terms of its quantity and organic matter quality/reactivity,
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~!—Charmasson et al. (1998) and high carbon flux up to 54 mol C m~2yr~!—
Pastor et al. (2011b)), the underlying diagenetic sequence of sediment shows remarkable stationarity during
spring and summer (high concentration of DIC), dissolved iron and manganese, and strong sulfate reduction
(Rassmann et al. (2020)), despite short-term biogeochemical response of oxygen linked to fall and spring floods
(Cathalot et al., 2010). The reason for such long-term stability yet short-term response is still unknown (Pastor
et al., 2018); however, it has been linked to the system's shorter relaxation timescale (4—5 months) (Nmor
etal., 2022). In the context of a changing climate and increasing frequency and intensity of extreme events such as
floods, the central question is as follows: Does increasing frequency and magnitude of flood deposition influence
the biogeochemical functioning of coastal sediments?

While a proper understanding of the characteristics of this type of perturbation would require continuous
monitoring and observation, both on a long and short term (Ferreira et al., 2024; Toussaint et al., 2014), there is
still a scarcity of data on the estimated biogeochemical fluxes and rates caused by these flood events. Combination
of available data (Bonifécio et al., 2014; Bourgeois et al., 2011; Cathalot et al., 2010; Pastor et al., 2018), with
appropriate spatiotemporal scale, and numerical modeling can thus help to answer some of these questions.

This study aims at quantifying the size and scope of biogeochemical changes induced by significant flood events
in the Rhone prodelta region. A reaction-transport model with a nonsteady 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 these flood events on
carbon, iron, manganese, and sulfur cycling was then determined. The results of this model-data investigation
provides new insights into the consequences of these extreme events on sediment biogeochemical dynamics.

2. Materials and Methods
2.1. Data Description

The data set discussed in this paper covers the major flood deposition events, which occurred in the Rhone
prodelta in the year 2008 (Cathalot et al., 2010; Pastor et al., 2018). The data described the hydro-
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Figure 1. Time series of total suspended matter (TSM) river discharge by the Rhone River in year 2008. The red bar denotes the day of deposition used in the model, and
the green bar is the sampling date when measurement was carried out. The blue dashed line is the annual mean of TSM discharge. Data were obtained from the
Mediterranean Oceanic Observing System for the Environment (MOOSE database) provided by Mediterranean Institute of Oceanology. Insert: a map of the Gulf of
Lions showing the location of the station where the data used in this study was collected.

sedimentological and chemical situation of the prodelta sediment 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 (Pastor et al., 2018) with high apparent
accumulation rates up to 40 cm yr~! (Charmasson et al., 1998). It is worth noting that these proximal stations in
the Rhone prodelta are typical of sediments with large organic carbon inputs, which lead to large anoxic
diagenesis (Rassmann et al., 2016). These intense anoxic processes associated with large sedimentation rates
produce significant FeS precipitation and burial (Rassmann et al., 2020). This decouples the diffusive oxygen flux
from the DIC flux, therefore generating a DIC/O, flux ratio in the range of 2-7.

The present paper deals with the flood events of May/June 2008 (generalized flood) and November/December
2008 (Cenevol flood). Full description of the data set can be found in Cathalot et al. (2010) and Pastor
et al. (2018). The May/June generalized flood is referred to as the spring flood, whereas the November/December
cenevol flood is referred to as the fall flood. The sampling dates are specified in Figure 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 preflood 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
Isere 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 (5% d.w.; Cathalot et al. (2010)) and a large amount of young OC (Cathalot
et al., 2013). Porewater composition including dissolved iron (Fe>*) and manganese (Mn?*) profiles in both
events showed evidence of this flood perturbation, with these species responding sequentially to the deposition
(Pastor et al., 2018). This response was characterized by a slow buildup 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 (<0.5 pM).

2.2. Model Description

The model used for this study is the time-dependent, one-dimensional reactive transport model, FESDIA (Nmor
et al., 2022). 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, detailed mass
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Table 1
State Variables Described in the Model
State variable Description Model notation Units
Cfest Fast decaying detritus FDET mmol C m~3 solid
org
Colow Slow decaying detritus SDET mmol C m~3 solid
org
FeOOH, Fast oxidized ferric iron FeOOHA mmol Fe m~3 solid
FeOOHp Slow oxidized ferric iron FeOOHB mmol Fe m~> solid
MnO,, Fast oxidized manganese MnO2A mmol Mn m~3 solid
MnO,5 Slow oxidized manganese MnO2B mmol Mn m~3 solid
0, Oxygen 02 mmol O, m~* liquid
NO3 Nitrate NO3 mmol N m~? liquid
NH/ Ammonium NH3 mmol N m~3 liquid
SO~ Sulfate S04 mmol S m™ liquid
H,S Hydrogen sulfide H2S mmol S m™3 liquid
Fe2t Reduced ferrous iron Fe mmol Fe m™3 liquid
Mn2+ Reduced manganese Mn mmol Mn m™3 liquid
DIC Dissolved inorganic carbon DIC mmol C m liquid
CH, Methane CH4 mmol CH4 m~3liquid
MnCO; Mn carbonate MnCO3 mmol Mn m~? solid
S0 Elemental sulfur SO mmol S m~ liquid
FeS Iron monosulfide FeS mmol S m~ solid
FeS, Pyrite FeS2 mmol S m~3 solid
balance equations, and reaction kinetics can be found in Nmor et al. (2022). Here, we recap the key biogeo-
chemical reactions and pathways necessary to simulate the flood data sets derived from Pastor et al. (2018).
The reactive transport model includes 9 solid phase state variables—fast ( f;‘:;l) and slow Cf,'r?g“’ degradable organic
matter, two pools of manganese oxide (MnO,, and MnO,p) and iron hydroxide (FeEOOH, and FeOOHp),
authigenic sulfide bounded iron mineral (iron monosulfide (FeS)), stable pyrite (FeS,), and manganese carbonate
(MnCQO3;) (Table 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 (Thamdrup, 2000). In
practice, the iron oxide pool broadly consists of highly reactive (amorphous and crystalline) oxides— ferrihydrite,
goethite, lepidocrocite, and hematite) with half-lives of <1 year (Canfield et al., 1992; Raiswell & Can-
field, 1998), moderately reactive component (magnetite and reactive silicate of half-life of 10? year), and poorly
reactive iron oxide with longer half-life, >10° year (Canfield et al., 1992; Poulton et al., 2004). Detrital iron
fraction bound within sheet silicates is nonreactive on the timescale of early diagenetic processes of concern to the
model (Poulton & Raiswell, 2002). The particulate iron bonded to sulfide (FeS formed via precipitation leads to
the buildup of FeS,) has great stability and poor solubility, and hence can be assumed to remain permanently
buried (see below and Rassmann et al. (2020)). Similarly, manganese oxides or (oxyhydroxides) in the sediment
span different reaction timescales, and only the reactive fractions were 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; van de Velde et al., 2018; Zhao et al., 2020).
Dissolved species included in the model are oxygen (O,), nitrate (NO3), ammonium (NH}), dissolved iron (Fe*t)
and manganese (Mn>"), sulfate (SO%‘), hydrogen sulfide (H,S), methane (CH,), dissolved inorganic carbon
(DIC), and intermediate elemental sulfur (S°) (Table 1).
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Degradation of organic matter (OM) occurs via the sequence of energy utilization of electron acceptors (Froelich
et al., 1979), with oxygen used first, followed by oxidation via NOj;. Thereafter, the model includes microbial-
mediated reduction of oxides of Mn and Fe (MnO, and FeOOH;) justified by the substantial release of their
respective reduced solutes during flood deposition (Pastor et al., 2018). Sulfate reduction and methanogenesis
close the carbon-based cycle of OM remineralization in the model (Equation 1).

1
oM + 02 g C02 + WNH3 + HQO

1
OM + 0.8NOj3 + 0.8H* — CO, + (g Vs 04N, + L4H,0

1
OM + 2MnO,, + 4H™ — CO, + WNH3 + 2Mn** + 3H,0

. ey
OM + 4FeOOH + 8H — CO, + WNH3 + 4Fe* + TH,0

1
OM + 0.5S03™ + H* - CO, + WNH3 + 0.5H,S + H,0

1

where OM is simply represented as ((CH,0) (NH3)y.c) and N:C is the Redfield nitrogen to carbon ratio (N:
C= 11T66)~ The reactive rates are represented by Michaelis-Menten type relationships with respect to the oxidant

concentrations.

The direct consequence of organic matter remineralization in the model is the production of reduced substances
(Equation 1). The model considers a series of subsequent processes connected to these reduced species (Equa-
tion 2). In order to reduce the degree of freedom for calibrating poorly constrained parameters and processes,
which govern many of the secondary reactions in the Rhone prodelta sediment, simplified representations of the
iron, manganese, and sulfur interactions were made.

Reoxidation of reduced species from OM mineralization via oxygen (Equation 2) and metallic oxides (Equa-
tion 2) is included while methane formed by fermentation of OM can be anaerobically oxidized (i.e., anaerobic
oxidation of methane, AOM) (Dale et al., 2006). Fe?* is oxidized to ferric iron (Fe>*), which precipitates out as
fresh iron oxide (FeOOH, ) minerals. Sulfide produced by sulfate reduction can be abiotically oxidized by both
pools of iron oxyhydroxydes and manganese oxides (i.e., sulfur-mediated iron and manganese reduction) (Berg
et al., 2003). As discussed in Burdige (1993) and Haese (2000), the interaction between dissolved Fe?* and H,S
happens in two stages, with the formation of intermediate dissolved elemental sulfur (S°) and dissolved FeS
(FeS,q)- These forms of sulfur are modeled in a sequential fashion and because of their relatively unstable state in
marine sediment, they can coprecipitate into its particulate form (FeS;) once a solubility threshold of ~2 pM is
reached (Rickard, 2006). Therefore, we assumed that dissolved FeS, upon formation, is subsequently transformed
into a stable form of particulate sulfur that can be eliminated from the porewaters via precipitation (Rickard, 1997,
2006). The kinetic rate expressions of all reoxidation processes and other secondary reactions are described by
standard second-order rate formulation.

The model also includes a simple representation of the formation and dissolution of manganese carbonates
(Rhodocrosite). However, the formation and dissolution of iron carbonate, known as siderite, were not included in
the model. This is because they play a small role in the redox cycling of iron in marine sediments (Haese, 2000).
This kinetics of dissolution and precipitation follow a similar formulation in Wang and Van Cappellen (1996),
where the reaction rates are dependent on the porewater 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 (Berg
et al., 2003; van de Velde & Meysman, 2016).
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NHj + 20, - NOj + H,0 + 2H*

2Mn** + 0, + 2H,0 — 2MnO,, + 4H"

4Fe™ + 0, + 6H,0 — 4FeOOH,, + 8H*
H,S + 20, — SO} +2H"
CH, + 20, - CO, + 2H,0

2Fe’* + MnO,, 5 + 2H,0 — 2FeOOH, + Mn** + 2H*
H,S + MnO,, 5 + 2H" - S° + Mn** + 2H,0 ©)
H,S + 2FeOOH, p + 4H" — S° + 2Fe’* + 4H,0
CH,4 + SO~ — HCO;3 + HS™ + H,0
Fe?* + H,S — FeS + 2H"
Mn** + HCO; < MnCO; + H*
FeS + S° — FeS,

FeS + 20, — Fe’* + 503~

2.3. Model Parameters

The key rate parameters for the biogeochemical processes are tabulated in Table 2. The environmental parameters
and boundary conditions were derived from previous steady-state modeling studies investigated in the Rhone
prodelta sediment (Ait Ballagh et al., 2021; Pastor et al., 2011c). For our model-data calibration, parameters
associated with the transport processes (advection, irrigation, and bioturbation) were first adjusted before path-
ways involving the carbon dynamics were fine-tuned (I and C in Table 2).

The carbon-based parameters were specified with respect to range of values reported in the aforementioned
studies with little modification (M in Table 2). Thus, for the processes associated with OM mineralization, our
model fitting procedure was constrained by these prior best fits (Ait Ballagh et al., 2021; Pastor et al., 2011c).
Thereafter, the processes affecting the iron and manganese cycles were then parameterized. As these previous
diagenetic modeling studies only capture the anaerobic processes by considering a lumped term, ODU (oxygen
demand unit), nominal additional parameters pertaining to the coupled iron-sulfur-manganese cycle were derived
from other published works (C in Table 2) (Berg et al., 2003; Dale et al., 2015; Wang & Van Cappellen, 1996;
Zhao et al., 2020).

However, because the boundary flux for other particulate species besides carbon in the Rhone prodelta sediments
is largely unknown, the parameters involving sulfur, iron, and manganese interactions were fine-tuned to the data
at hand using both manual and automatic fitting procedures provided by the R package FME (Soetaert & Pet-
zoldt, 2010), while accounting for physical/biogeochemical constraints intrinsic to the study site (e.g., low sulfide
system; <2 uM (Pastor et al., 2018)), high sedimentation rate and carbon flux; 10-40 cmy~! (Pastor
et al., 2011c), low bioturbation; 0.05 cm? d~! (Pruski et al., 2015), and possibly high iron flux; ~53,300 t (Marin
& Giresse, 2001; Roussiez et al., 2011). The boundary condition for dissolved species (e.g., oxygen, sulfate, and
DIC) are directly inferred from the observed data (O in Table 2).

2.4. Modeling Flood Deposition and Sediment Biogeochemical Dynamics

As introduced in Nmor et al. (2022), the diagenetic 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 enrichment factor («), which is the ratio of organic carbon
(OC) in the new layer (TOC,) compared to the layer below (TOC,4), becomes a value that changes over time.
Its value depends on how thick the new deposit layer is and how much reactive carbon it contains. As the layer
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Table 2
Summary of Parameters Used in the FESDIA Model
Description Model name Parameters Units Type Source
Total organic C deposition Cflux 10,000 nmol C cm~2 d~! I 1
Part FDET in carbon flux pFast 0.2 - C 1
Deposition rate of FeEOOH FeOH3flux 5,000 nmol Fe cm=2 d™! M -
Flux of MnO2 MnO2flux 1,000 nmol Mn cm~—2 d~! M 1
Decay rate FDET rFast 0.03 4! C 1
Decay rate SDET rSlow 0.0031 d! C 2
NC ratio FDET NCrFdet 0.14 molN/molC I 2
NC ratio SDET NCrSdet 0.1 molN/molC I -
Oxygen O2bw 238 pM (6] -
Nitrate NO3bw 0 M (0] -
Ammonium NH3bw 0 M (6] -
Methane CH4bw 0 M (0] -
DIC DICbw 2 mM (¢} -
Dissolved iron Febw 0 M (6] -
Hydrogen sulfide H2Sbw 0 M (6] -
Sulfate SO4bw 30 mM (6] -
Manganese Mnbw 0 pM (6] -
Advection rate w 0.027 cmd! M 1
Bioturbation coefficient biot 0.05 cm2 d7! C 3
Depth of mixed layer biotdepth 5 cm I 3
Attenuation coefficient below depth of mixed layer biotatt 1 cm I -
Bio-irrigation rate irr 0.3 q-! M 3
Depth of irrigated layer irrdepth 7 cm I 3
Attenuation coeff below irrdepth irratt 1 cm I -
Max nitrification rate stepl (NH3o0x) rnitri 100 q-! M -
Temperature temperature 15.6 dgC M -
Salinity salinity 37.8 psu M 5
Refractory carbon conc TOCO 1 % I 4
Maximum rate FeS production rFeS 0.5 cm? nmol™! d~! I 1/4
Max rate anaerobic oxidation methane rAOM 800 x 1076 em3 nmol™! d~! I 1/4
Surface porosity por0 0.83 - I -5
Deep porosity pordeep 0.65 - M/C -5
Porosity decay coefficient porcoeff 2 cm M/C —/5
Rate of sulphide-mediated iron reduction (oxyhydr)oxidesA rH2Sfeoxa 1.2 x 1073 em3 nmol™! d7! M/C /5
Rate of reoxidation of H2S by MnOxA rH2SMnoxa 1.7 x 1073 cm? nmol™! d7! C 6
Rate of reoxidation of Fe with MnOx rMnFe 6.5 x 107° cm?® nmol~! d~! C 2

Note. (I) independent parameters derived from experiment or field observation external to actual data being simulated (C) constrained parameters obtained from a range
of literature sources (M) model-derived parameters fitted to the observed data (O) imposed from observed field data. FDET stands for fast detritus (labile carbon) and
SDET for slow detritus (semirefractory carbon). Literature sources includes (1) Pastor et al. (2011c), (2) Soetaert et al. (1996), (3) Ait Ballagh et al. (2021), (4) Rassmann
et al. (2020), (5) Wang and Van Cappellen (1996), and (6) Wijsman et al. (2002).
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grows, both the enrichment factor and the thickness of the deposit (Zye(t)) are linked, making the enrichment
factor a time-dependent parameter (a(t)).

, ) Get O (1) dz a®) < 1, if TOC,,, < TOCgq
I % ) Ly O = oo

; i = 1(fast),2(slow) (3)
Zpen(1) a()> 1, if TOC, > TOCqq

where C' (7)) is TOC just before the deposition event (7). See Nmor et al. (2022) for further detailed

org

implementation of this instantaneous flood deposition formulation.

The advancement in this event-driven deposition algorithm provides some realism to how natural dynamic
sedimentary systems work, albeit with an extra layer of complexity and parameterization constraint to the model.
It is important to note that the model assumes net deposition here while ignoring erosion, particle reworking, and
redistribution of the material following these pulse events. This simplification is apt here, where sedimentological
references to the deposition-erosion cycle indicate that erosion after each large storm event is at most 2—4 cm,
while sediment deposition could be more than 10-30 cm during this kind of event (Dufois et al., 2014; Marion
et al., 2010).

2.5. Model Simulation
2.5.1. Simulation Strategies
2.5.1.1. Nominal Simulation for Flood Deposition 2008

The numerical procedure for solving the underlying reactive transport equation capturing the processes in Sec-
tion 2.2 have been previously discussed (Nmor et al., 2022). 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 intervals (see Figure 1).

The model simulation was conducted over 2 years starting in January 2008 in order to capture the hydrological
regime of 2008. It was started with a steady-state simulation and spin-up for 2 years to achieve dynamic equi-
librium, thereafter called the “initial state.” The main simulation was then run for 2 years (January 2008—
December 2009). The model can be configured to include multiple events; therefore, the decision on the num-
ber and timing of deposition events to implement in order 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 last river gauging station in Arles (40 km
upstream the river mouth) to examine river discharge and total suspended matter (TSM). Figure 1 depicts the
timing of the deposits. While the TSM data may constrain timing and not necessarily the magnitude of deposition
at any particular site, a detailed analysis of the river discharge and the corresponding TSM data suggests a power-
law relationship (Pont et al., 2002), and further examination of the temporal variability in both data sets indicates
the occurrence of a minor flood event between the two major deposits (spring and fall deposition) (Figure 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 fall flood,
which delivered 10 cm of sediment enriched in organic carbon and reactive minerals, was described as the second
major event (see Cathalot et al. (2010) for sediment deposition in May and November 2008).

Because the intermediate third 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 sediments retrieved in September and October (around the limited deposition
event), which show little evidence of a large deposition (Cathalot et al., 2010). The enrichment factor (a—see
section-Section 2.4 for definition) used in the simulations as well as the thickness of the deposited layer is
provided in Table 3.

With the simulation strategy discussed above, our goal is to obtain the best possible representation of transient
dynamics associated with these short-term events. To that end, it is critical to distinguish between the initial state
(i.e., preflood) and the solution from steady state.
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Table 3
Event-Specific Parameters Used in the Model
a
Data collection Thickness (cm) Cf;;‘ C;lr‘;;w FeOOH, FeOOHpg MnO,, MnO,5
Spring 08 June 2008 30 0.5 0.7 0.3 0.3 1 2
Intermediate 05 September 2008 06 September 2008 3 0.5 0.7 1.0 1.5 1 2
Fall 08 November 2008 08 December 2008 10 20.0 5.0 8.0 2.0 10 5

Note. Deposit thickness (cm) and the enrichment factor (a) as well as timing of event and data collection.

The initial state after the spin-up is stable and represents a long-term stable state. It is compared to the data
collected a few days before the spring flood in May, which might still be undergoing some evolution linked to the
previous winter/early spring flood deposition. Therefore, the match between the initial state of the model and the
data collected before the flood can be suboptimal. Nevertheless, the data set from late May is the closest to the
initial state and is used in this paper. Furthermore, to comprehend the evolution of the diagenetic system after
flood depositions, this study attempted to find a solution that described the overall features and the general pattern
observed in the entire data set including initial and postflood states, with a focus on the spring and fall events.
Hence, each model outputs before and after the floods can show some level of discrepancy with the observations,
but the general pattern of evolution needs to be adequately represented by the model.

Furthermore, the model analysis performed within this simulation was decomposed into two components cor-
responding to the spring and fall flood events. This calculation involved integrating any model quantity, variable
or metrics of interest over a relaxation timescale. The relaxation interval is defined as the timescale over which a
particular variable subject to the perturbation signal caused by flood deposition becomes indistinguishable from
background variation (see Nmor et al. (2022) for introduction and Section 2.5.2). Thus, the biogeochemical
effects of the different flood deposition events can be compared.

2.5.2. Relaxation Time

The relaxation timescales of the various biogeochemical pathways are calculated in the same way as Nmor
et al. (2022). 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 depositions. Thus, assuming that the difference between two consecutive
porewater profiles (P) will diminish over time following a perturbation (see an equivalent representation in
Equation 22 in Nmor et al. (2022)). This diminishing difference between the profiles, when vertically integrated
will follow an exponential trend relaxing toward its preflood state. Such a pattern can be approximated by a first-
order differential equation as follows:

dpP
— =P 4
dt @
A secular rate of decay A can be estimated from the time series of the successive concentration profile captured by
P. 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 solving Equation 4 as follows:

P =Py )

where P, denotes the initial value of the vertically integrated differences between the flood and preflood profiles.
This equation can be regressed to determine the A that best matches the distribution of P. The 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 (Equation 6). For example, in this paper, a 95% recovery is assumed; thus, for all practical
purposes, the profiles for a variable/rate in question is more or less indistinguishable from its preflood state.
Similar analogy to e-folding timescale can be made here.
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Figure 2. Schematic of the interaction between two floods on biogeochemical processes in the sediment. The memory effect of the spring flood on the subsequent fall
period flood is defined as the difference between time-integrated rate of biogeochemical process between t1 and t2 for one flood (fall) and two successive floods

(spring + fall).

An advantage of this approach is that we can derive an analytical formulation of this relaxation timescale using
Equation 5. For example, a relaxation timescale (7,) for any arbitrary time threshold # can be written as follows:

1 100

’L',7 = Elﬂ m (6)

where 7, is the relaxation timescale required to restore the system to 7 % of its preflood state. This analytical
derivation allows us to infer the long-term outcomes of these repeated transient responses to constant environ-
mental perturbation. Another advantage of this method is the possibility to investigate the temporal characteristics
of sediment biogeochemistry if a perturbed system never reaches an ultimate asymptotic state (as in the case of an
environment that is sufficiently variable). It is important to note that 7 should not be fixed at a 100% recovery as
this will equate to an infinite relaxation timescale. Discretion on the reasonable limit of threshold to which system
can be deemed representative of the preflood scenario should be applied here. For the application discussed in this
paper, a 95% recovery threshold was used.

2.5.3. Memory Effect for Flood Deposition in 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., the time influence of a
former event on the evolution of the current one). Given that relaxation times for some species such as DIC and
SOi_ are up to 5 months (Nmor et al., 2022), they may overlap with other deposition events. The occurrence of
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)
for which their relaxation may overlap or one flood only (fall). The comparison of the two situations can provide a
quantification of the feedback dynamics of floods and their succession on sediment biogeochemistry (Figure 2).

Given the occurrence of two 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
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depositions occurred within the simulation window, that is, initialized with spin-up profiles and two sequential
flood events. The second simulation is performed without the first spring flood (i.e., only second flood effect
initialized from the spin-up profiles) (Figure 2). The relative 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 (ME):

ft? Repring+fall 7 [;2 Rfall 7y
ME(%) = 12 pfall
[ R dt

x 100 @)

where 1 and 2 are the time intervals in which the memory effect of the spring flood on the fall flood is estimated.
Each term of the numerator in Equation 7 is basically the time-integrated difference of any vertical integrated rate
biogeochemical process R’ within a time window between ¢1 and 2. ¢1 is the fall flood deposition and #2 is
6 months later, encompassing the relaxation time of the system. In essence, this numerical experiment implicitly
assumed no other deposition occurs in between the period when this calculation is performed.

3. Results
3.1. Model-Data Evaluation
3.1.1. Global Performance of Model Prediction

The model was validated with the complete data presented in the two flood events in 2008 as described in Pastor
et al. (2018) for station A. Here, we only show results for key porewater species that capture the sediment
response following these events. 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
model-data 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 axes of the graphs) with its magnitude
measured as the radial distance from the origin of the plot (dashed line in Figure 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 underesti-
mation of the true variability in the data. The bias measures the model-data difference (root mean square, RMS) as
well as the model standard deviation, which are normalized by dividing the RMS and standard deviation by the
observation's standard deviation. The centered 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 fits to 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 lie closest to the x-axis, having the highest
correlation.

Here, the simulation of oxygen during the spring flood shows lesser bias to the oxygen data than the fall despite
the fact that both events display reasonably high and similar correlations. The model prediction for SOi’ per-
formed better in both deposition periods with a correlation of 0.96 and 0.94 for spring and fall floods, respectively,
and a slightly better overall metrics in the former than the latter (Figure 3). DIC simulated by the model during the
spring deposition showed better correspondence with the measured data (high correlation = 0.98) in terms of
correlation with the data and a reasonable representation of the variability in the porewater DIC (£0.8 from true
variation i.e., more than half the true variability observed in the data) in comparison to the fall model prediction.
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 strong correlation observed across both
seasons (r > 0.7) (Figure 3).
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Figure 3. Taylor diagram of goodness of fit between model simulation and data for (a) oxygen, O,, (b) dissolved inorganic carbon, DIC, (c) sulfate, SO2~,
(d) ammonium, NHZ, (e) manganese, Mn?*, and (f) iron, Fe?*. Gray and red dots denote the spring and fall deposition simulation with the normalized observed standard
deviation shown in purple. See text for explanation and interpretation.

3.2. Evolution of Porewater Profiles
3.2.1. Preflood Situation

The porewater profiles prior to the occurrence of the massive flood input in May—June, referred to as the “initial
state,” reflected a system at the end of relaxation after a winter perturbation or the “quasi-steady-state” condition
(Figure 4). Given this before spring deposition, the model preflood situation managed to capture the essence of the
main biogeochemical features inherent in the prodelta sediment. A simulated TOC profile follows the basic trend
in TOC with higher OC content (2%) below 5 cm and high concentration around 20 cm. This vertical variability is
typical of sediment accumulation under flood regimes. The initiation of OC oxidation led to a shallow oxygen
penetration depth (1.5 mm) before the flood and complete sulfate exhaustion around 20 cm. It is noteworthy that
no dissolved sulfide is simulated which reflects the observed absence of sulfide in porewaters. DIC and NH}
increased with depth to an asymptotic concentration of 60 mM and 3 mM respectively, a feature captured by the
model. Furthermore, dissolved Mn was observed with enhanced concentration between 5 and 10 cm with
maximum concentration of 100 pM, which was captured by the model (Figure 4). The model dissolved Fe profile,
similarly, demonstrated agreement with the measured porewater Fe in the upper 10 cm, with a subsurface
maximum of 560 uM fed by iron reduction linked to the mineralization of organic carbon-enriched sediment.
However, below this subsurface peak, predicted dissolved Mn and Fe deviated systematically from the data with
lower simulated dissolved Mn and larger dissolved Fe than measured at depth.

3.2.2. Generalized Flood Deposition (Spring 2008)

The delivery of terrestrially derived sediment particles peaked within 10 days after the flood began, with a
massive accumulation of sediment as high as 30 cm observed at the study site (Cathalot et al., 2010).

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
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Figure 4. Model-data fit against observed data for (a) oxygen, O,, (b) total organic carbon, TOC, (c) dissolved inorganic carbon, DIC, (d) sulfate, SOﬁ_ and hydrogen
sulfide, H,S, (¢) ammonium, NH}, (f) manganese, Mn?*, and (g) iron, Fe?*. Data collected on the 29th of May 2008 at Station A before spring flood (Pastor
et al., 2011c). Note, the vertical scale of O, extend to the overlying bottom water.

sediment down to 6.8 £ 0.04 mm (Figure 5). The model estimate of the oxygen penetration depth is 6.3 mm. The
spatial variation of ammonium was well captured by the model with the low but constant (NHJ) at the surface
down to the depth of the newly deposited layer (30 cm).

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 5). Underneath the layer, the sulfate
concentration in the model as well as the data decline with depth and were characterized by strong sulfate
reduction (80 mmol C m=2d™") 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 and a large increase below. Total DIC production beyond this depth was 90 mmol C m~2d~!
and was majorly driven by the relatively rich buried OM below the former interface. The model-calculated
correlation between porewater SO%‘ and DIC indicates that the additional flood deposition induced an
enhanced DIC production due to the complete exhaustion of SO%‘ and a growing importance of methanogenesis
(10 mmol m=2d~"), especially just slightly below the zone of sulfate depletion (45 cm) (Figure 5). Fe>* and Mn?**
are described in a separate section (Section 3.2.4).
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Figure 5. Model-data fit against observed data for (a) oxygen, O,, (b) total organic carbon, TOC, (c) dissolved inorganic carbon, DIC, (d) sulfate, SOﬁ‘ and hydrogen
sulfide, H,S, (¢) ammonium, NHI, (f) manganese, Mn?*, and (g) iron, Fe2t during the May/June flood. Data were collected on the 6th of June 2008 at Station A. The
orange section represents the new flood deposit. Note that the vertical scale of O, extends to the overlying bottom water.

3.2.3. 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
2.2 mm with stronger oxygen demand due to the labile nature of the deposited OM. This is larger, but close to the
range of the observed in situ/ex situ oxygen penetration 1.6 = 0.3 mm. DIC increased with depth including the
flood layer, with the model matching the spatial variation of the measured porewater DIC. The sulfate concen-
tration decreased from 30 mM at the SWI to about 15 mM at a depth of 10 cm (Figure 6) and remained constant.
During this period, sulfate reduction accounted for 94% of a flood-induced mineralization rate of
370 mmol m~2 d~! (Figure 6).

3.2.4. Fe-Mn Cycling Under the Episodic Flood Event

The difference between the flood deposits of the spring and fall floods is also revealed in the distribution and
concentration of dissolved iron and manganese. A striking feature in the spring flood is the rapid and large
accumulation of dissolved Mn in the newly deposited layer (well reproduced by the model) and the lack of
dissolved iron in this same layer, also captured by the model. On the contrary, after the fall flood, the situation, a
month after deposition, shows a large accumulation of both dissolved Fe and Mn in the porewater, also well
captured by the model.
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Figure 6. Model-data fit against observed data for (a) oxygen, O,, (b) total organic carbon, TOC, (c) dissolved inorganic carbon, DIC, (d) sulfate, SOZ’ and hydrogen
sulfide, H,S, (¢) ammonium, NHJ, (f) manganese, Mn?*, and (g) iron, Fe>* during the November flood collected on the 8th of December 2008 (26 days after the flood
event—11th of November 2008) at station A. Note that the vertical scale of O, extends to the overlying bottom water.

In general, when compared to the measured porewater profiles during the two floods, the model simulation
reproduced the vertical structure of the data and suggest a transient, nonsteady state condition of the dissolved Fe
and Mn. In order to simulate these different flood deposits, a background flux of 50 and 10 mmol m~2 d~! for iron
and manganese oxides, respectively, was imposed in the model upper boundary. The availability of this partic-
ulate Fe and Mn as well as organic carbon at the initial state resulted to a release of dissolved metals in the
porewater. Our model simulation indicates that at the time of sampling in June 2008, the dissolved Mn peak had
already migrated from a depth of 30 cm (below the newly deposited layer) and was enriched by a factor of 4 to
around 10 cm where the observed Mn maximum was detected (Figure 5). At this particular depth of 10 cm, the
model matches the trend but not exactly the amplitude of the observed variation (data—540 vs. model— 320 uM).
Below this reactive front, Mn decreases with depth in both the observed and simulated porewater. Both the
measured data and model prediction suggest a complete reduction of reactive MnO, and negligible release of
dissolved Mn at depth.

In contrast, dissolved Fe during the spring flood period was lower in the new flood layer in the measured data and
increased with depth to a concentration of 850 pM at the former SWI (now buried underneath the deposited layer)
(Figure 5). In this zone, nonsteady dynamics was simulated by the model as can be seen in Figure 5, driven by a
combination of diagenetic processes involving microbial iron oxide reduction, sulfide reoxidation by Fe oxides,
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Table 4 and FeS precipitation Equation 2. This geochemical horizon in the subsurface
Depth-Integrated Biogeochemical Processes Associated to Iron and layer where dissolved Fe is maximum migrates slowly and persists for a
Manganese in Spring and Fall Calculated From Time of the Event longer period after the spring flood deposition.
Deposition Up to a Relaxation Timescale Window of 4 Months
In the fall flood, a different vertical profile of the reduced metals emerged.
Processes Spring Fall . . . .
Like the measured data, the model again predicted a large accumulation of
Fe dissolved Mn in the flood layer. The subsurface Mn peak of 766 pM within
Organoclastic FeOOH reduction 25 65 the vicinity of 5 cm shows a good correspondence with the data (840 pM). In
FeOOH reduction by H,S 53 153 contrast to the 2spring flood where dissolved iron was confined below the new
+ . . .
Total FeOOH reduction 78 218 flood layer, Fe”* also accumulated in t_he fall with a gradual increase fr(?m t}'IC
surface up to 920 pM (vs. 1,100 pM in the model) at 5 cm. The gradient in
Fe?* oxidation by O, 4 6 . 2t - . . .
measured and simulated Fe“" data stabilized to this asymptotic concentration
FeS production 29 73 albeit with a slight departure from the model at depth (Figure 6).
Fe?* oxidation via MnO 0.2 0.1 . - . .
e oxcation via Mt The source of these metals in porewater is linked to the reduction of iron and
Mn manganese oxides, which differs from the other oxidants utilized because the
Organoclastic MnO, reduction 8 7 reductive pathways can occur via biotic and abiotic pathways. By integrating
MnO, reduction by H,S 8 % the various reaction pathways affecting dissolved Mn and Fe released over a
MnO, reduction by Fe2* 02 01 4-month window 1.1nked .to thel.r .respectlve rélaxatlon timescale, our result
Total MO, reducti 6 20 shows that the sediment is sufficiently reducing to allow the release of the
otal Mn0, reduction dissolved metals at a faster rate than their removal rate (Table 4). The model
Mn?* oxidation by O, 0.3 02 calculation suggests that around three-fourth of the depth-integrated reduc-
MnCO; precipitation 10 24 tion of FeOOH during the spring deposition is due to the abiotic reduction by

2 -1 . . .
Note. Relaxation timescale calculated using Equation 6. Rates are in units H,S (53 mmol Fe m~2d™") with a large release of dissolved iron to the

of mmol m=2d~!.

porewater during the fall flood event (218 vs. 78 mmol Fe m~2d~!). Mean-
while, the depth-integrated rate of microbial iron reduction during the spring
flood event (25 mmol Fe m2d™") represented a limited amount of FeOOH
reduction.

This redox cycling in the sediment can be quantified using the recycling efficiency number, E' (Equation 8)
(Rabouille & Gaillard, 1991; Wang & Van Cappellen, 1996), adapted for a time-dependent model as follows:

Ei — R;vedA (8)
J+ R,

where R’ is the depth-integrated rate of Fe or Mn reduction at each time point, i and J are the deposition fluxes of
reactive metal oxides. Values near 1 indicate a very strong internal cycle, whereas values below 0.2 indicate that
metal oxide reduction is driven by the input flux. Using this calculation, the model suggested that the sediment
reactivity is under intense recycling in both flood events (>0.5) especially right after the flood deposition. In this
case, the efficiency number jumps from 0.58 to 0.65 for Fe and from 0.26 to 0.71 for Mn in the spring. The
recycling potential was slightly higher during the fall flood event for both Mn and Fe (0.71 and 0.97, respectively)
than the spring flood (Figure 7).

3.3. Mineralization Pathways and Biogeochemical Fluxes
Following calibration of the model with the data, we extracted time series fluxes of dissolved species across the
SWI, as well as calculated vertically integrated rates.

3.3.1. Exchange Across the Sediment-Water Interface

The model indicates that a reduced oxygen consumption follows the introduction of the 30-cm deposit of the
spring flood sediment as observed by the total oxygen flux or total oxygen uptake (TOU) across the SWI. Model
sediment O, flux declined from 14.67 to 6.59 mmol O, m—2d™"
rebounding back within 15 days to its preflood level. It is worth noting that this range of O, flux encompasses the

immediately after the first major deposition

measured flux snapshot (see: Section 3.2.2 and Figure 8). Modeled total oxygen flux across the sediment-water

interface (SWI) during this period was 9 mmol O, m~2d~' while the measured diffusive flux was

NMOR ET AL.

16 of 28

8518017 SUOUIWIOD 3A 181D 8|l jdde ayy Aq pausenob afe ssppiie O ‘8sn Jo SaINJ 10} Aeiq 1 8UIUO /8|1 UO (SUOTIPUOD-PUR-SLLBYWI0D A8 |IMAReiq U |UO//Sd1y) SUORIPUOD pue swie | 8y} 88s *[9202/T0/20] Uo Arelqiauljuo A8 |1M eaulol|qigsieIseAlN Aq ¥T¥Z2000G202/620T OT/I0p/woo A 1m Ariq1jeutjuosgndnBe;/sdny wouy papeojumoq ‘9 ‘520z ‘16266912



I.Yedd )
M\I Journal of Geophysical Research: Oceans 10.1029/2025JC022414
e
© | V\
o ©°
g [\/\
c
o
)
. |
>
0
oo
o
— Fe
o [ — Mn
o
I I I I I I I I I I I I I I I I I
O O O O o o g o S & O » O o N o & & O
Q Q N N Q N O O Q N Q N Q N Q Q Q O
PN S S S S S RO N S S S S
5’0(\ B‘b(\ <<é-° @‘b @’b ?Q @’bﬁ @0* 3\)0 » » VQQ G.,Q‘Q G_,Q'Q oo éo OQ‘O OQO 5(b(\
SO N R T NN N SN ®° S NN A

Figure 7. Temporal evolution of recycling efficiency of the metals (iron and manganese) in the sediment. Increasing efficiency numbers imply that the sediment has a
high recycling capacity, with a limiting value of 1 indicating that ions cycle only between oxidized and reduced forms inside the sediment without external inputs. The
gray bar indicates the time of the flood deposition.
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9.2 + 3.1 mmol O, m2d~". The fall perturbation induced a 65% increase in TOU, which relaxes in 40 days.
During this period, modeled O, flux (20 mmol O, m~2d™") compares well with the observed DOU
(16.6 + 2.9 mmol O, m~2d™"). In general, oxygen consumption was dominated by oxic mineralization ac-
counting for 56% and 37% of the total oxygen consumption during the spring and fall flood events, respectively.

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 (86 to 5 mmol C m—2d~!) limited by the large influx of semireactive and refractory carbon,
whereas in the fall, a large efflux of DIC was estimated (up to 380 mmol C m~2d™") driven by intense surficial
production of DIC by microbial activity (Figure 8).
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Figure 8. Temporal magnitude of flux (in absolute value) across the sediment-water interface for (a) oxygen and (b) DIC. The red dot in O, flux signifies measurement
made during this sampling point. The vertical error bar represents the uncertainty in the measured flux. DIC flux is directed out of the sediment while oxygen flux is
directed into the sediment. The gray bars indicate the times of the major flood depositions.
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Figure 9. Dynamic evolution of the integrated OC mineralization rate. (a) Initial state of the total organic carbon mineralization rate and different portions of the
mineralization pathways. Oxic = aerobic mineralization, Mnred = Mn oxides reduction, Fered = Fe oxides reduction, SO4red = sulfate reduction, and

Meth = methanogenesis. (b and ¢) Dynamic evolution of the total organic carbon mineralization rate and relative importance of the carbon biogeochemical pathways
following the successive flood in spring (b) and fall (c) periods. The beginning date is the day of major flood deposits for each event. The insert focuses on pathways with

a lower carbon mineralization rate.

3.3.2. Temporal Evolution of Biogeochemical Pathways

The dynamics of the OC mineralization and the partitioning of the different biogeochemical pathways are shown
in Figure 9. Before the event, the preflood sulfate reduction (70%) was the dominant mechanism of carbon
oxidation, with notable contribution from methanogenesis (14%) and a minor contribution from aerobic respi-
ration (7%). The contribution from metal reduction was equally low (4%). During the first 10 days after the spring
flood deposition, oxic mineralization dropped by 25% with only a marginal change in metal reduction. After this
initial drop, aerobic respiration increased up to preflood level and stabilized. Similar asymptoticity in metal
reduction at a short interval after the deposition was also predicted by the model.

The most remarkable change occurring during this flood is observed in the change in anoxic contribution to the
carbon mineralization rate (sulfate reduction and methanogenesis). The model simulated 53% increase
(112 mmol m~2 d~! vs. 73 mmol m~2 d™') in sulfate reduction from its preflood rate due to the perturbation while
methanogenesis is 13% as a result of the deposition (Figure 9). About 20 days after this spring perturbation, both
pathways for total carbon mineralization begin to decline as the signature of the deposition begins to wane. By
August, the sulfate reduction rate is lower, which reflects the fact that the newly deposited layer in May is poor in
labile carbon. The methanogenesis rate still doubles over the same period as it is located below the flood layer
where the reactive carbon is located. At this stage, AOM probably peaks and contributes to the consumption of the
sulfate below the former interface.

In fall, the large delivery of labile OM produces the greatest change in the sulfate reduction rate (increased from
84 to more than 260 mmol m~2 d~') and although the rate of methanogenesis almost doubled, the contribution of
methanogenesis to total mineralization declined by twofold from its preflood level (Panel b 36%-9% Panel c).
During this fall flood, only minor changes in aerobic mineralization were simulated except in the first few days.
Metal reduction increased tremendously over the first few days after the flood by a factor of 25.
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Figure 10. 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 (green dots) versus another simulation with only the fall flood deposition (purple dots). Relaxation timescale is calculated
according to Section 2.5.2, and refer to the combined spring + fall perturbation.

3.4. Numerical Experiment: Memory Effect of Flood Deposition on Biogeochemical Processes

Lastly, we examine the effect of cumulative floods (spring and fall) compared to a single fall flood. The memory
effect is the relative difference of the cumulative fluxes for the two scenarios (see Section 2.5.2). Results from this
analysis show that within the time window after the event, the residual effect of the first flood on biogeochemical
pathways was substantial for the anoxic pathways (i.e., sulfate reduction and methanogenesis) 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 scenarios compared to second flood (fall event) alone except for iron
oxide reduction. Our results indicate that methanogenesis has the largest of the residual effect of the flood with
memory-induced influence of 38%. The memory effect seems to be positively correlated with the relaxation
timescale calculated for these diagenetic pathways. Indeed, the relaxation period ranges from less than 2 weeks
for oxic mineralization, which has <1% memory effect, to 37 months for methanogenesis, which shows a 38%
memory effect (Figure 10).

Interestingly, we observed a negative memory effect (—10%) for sulfate reduction following the spring and fall
depositions. This follows from the elevated carbon mineralization from this fall deposition enriched with OM rich
sediment. In this fall only scenario, sulfate reduction accounts for 77% of total OC mineralization. This is higher
than is simulated during the spring and fall combined, where the contribution drops to 68%.

NMOR ET AL.

19 of 28

85UD| T SUOLULLIOD BAIEBID 8|qedl|dde 8y} Aq pausench a1 sapiie YO ‘88N JO SaIn1 104 A%eiq ) 8UIIUO /81 UO (SUORIPUOD-PUe-SWe}W00" 43| Im" AR 1 [eu|uo//SdnU) SUORIPUOD pue SWB L 8U3 85 *[9202/T0/20] U0 Arelgi@uliuO AB|IM BaLIolqIgsHRYS AN AQ #TY22000G202/620T OT/10p/L0d A8 1M Azeiq1jeuluo'sqndnBe//sduy woy pepeoumoq '9 ‘520z ‘16266912



NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/2025JC022414

4. Discussion

In RiOMar systems, prodeltas and depocenters are zones of rapid accumulation of sediment along the continent-
ocean interface, which are typically of terrestrial origin (Blair & Aller, 2012). The quantity and quality of
sediment deposited in these depocenters are determined by a variety of parameters, including the precipitation
pattern in the watershed and river discharge, the 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 the transport process and hence differ in the properties of organic
matter supplied in the majority of depocenters (Bao et al., 2019; LaRowe et al., 2020).

The amount and reactivity of organic matter deposited near the river mouth in the Rhone prodelta varies with the
flood type. The material deposited in 2008, for example, distinguishes the spring flood from the fall flood
(Cathalot et al., 2010). In comparison to the fall flood, which was characterized by large concentrations of labile
OM with relatively recent A'*C (—90%o Cathalot et al. (2013)), the spring consists primarily of refractory debris
with depleted A'*C (=500%o), and low OM concentration. 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 (a) imposed in both events, with a greater value in the fall than the spring
(Table 3), indicating that the organic matter delivered during these events can have significantly different fea-
tures. However, this relationship is not known and certainly complex as other factors like deposit thickness might
influence sediment biogeochemical dynamics in response to flood deposition (Nmor et al., 2022). Here, we
discuss the implication of these flood depositions and their types on the biogeochemical processes in the
sediment.

4.1. Early Diagenesis of Rhéne Prodelta Sediments

The Rhone prodelta sediment is a highly dynamic environment in which flood-driven phenomena deliver
considerable amounts of sedimentary materials that drive the biogeochemical characteristics of the zone. Inte-
grating observed data with numerical modeling as done here can shed light on the different diagenetic processes
that operate during periods of flood-induced organic matter input. However, this data-driven modeling 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 spatiotemporal pattern of the data set (Figure 3). Our findings demonstrate that the model
porewater profiles for sulfate, DIC, iron, and manganese were well represented in both flood events in terms of
their overall adjustment to the data and the variations with depth.

In contrast, despite their fair correlation with the data in the first 10 cm, the model skillfulness of the simulated
results for manganese and iron at the initial state is less impressive. The vertical distribution of Mn and Fe
porewater suggests a system in the process of slow evolution tightly coupled to other cycles (Figure 5). This could
be related to the influence of previous limited floods (January and April 2008), which would still be in the
relaxation process and not fully adjusted to the “average” forcings as simulated after the spin-up. 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. The lesser known dynamics and forcings
(transient phases and 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 importance of data coverage and timescale of investigation for capturing the key
features of the interstitial porewater signature arising from this type of event (Romans et al., 2016). In addition,
the impact of the variable bio-irrigation rate for the different solutes can also have a profound effect on the
modeled profiles and fluxes. Our experimentation showed that in reducing the bio-irrigation rate, the simulated
fluxes were lowered in all dissolved species (results not shown). However, the porewater profiles simulated at this
reduced irrigation rate is qualitatively less impressive than the reference irrigation rate employed here (Table 2).
Furthermore, using a solute-specific irrigation rate have negligible difference in terms of simulated flux compared
to the results presented here. Thus, from this ad hoc experiment, we note the trade-offs in fitting multicomponent
reactive transport species in coastal sediment as well as the practical identifiability of true bio-irrigation coef-
ficient profiles in the case of limited data (Meile et al., 2005), and more work is required to improve our rep-
resentation of this process and better constrain Fe and Mn cycles in the region.
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In terms of the benthic fluxes, sediment O, flux patterns have been measured in this region in 2008 and shows
temporal variability linked to events of variable intensities (Cathalot et al., 2010). Our model O, flux (accounting
for both diffusive and irrigative flux) in both flood events slightly overestimate the observed diffusive oxygen
uptake (DOU) fluxes reported in Cathalot et al. (2010) and Pastor et al. (2018) for this particular prodelta site
Figure 8. Upper values correspond to TOU already observed at this site (about 24 mmol C m~2 d~!) (Lansard
et al., 2008, 2009; Pastor et al., 2011a). This range of oxygen flux compared favorably to other RiOMar systems
characterized by a high sedimentation rate and particulate organic carbon flux: Amazon Delta (6—
25 mmol C m~2 d~!; Aller et al. (1996)), Mississippi Delta (2-56 mmol C m™> d™!; Morse and Rowe (1999)),
and other coastal areas with a pulse cycle of resuspension and deposition such as in Goteborg harbor, Sweden (8—
23 mmol Cm=2d~!; Tengberg et al. (2003)), Gulf of Finland, Baltic Sea (5-20 mmol C m~2d~!; Almroth
et al. (2009)), and Gulf of Mexico (7-50 mmol C m~2 d~}; Moriarty et al. (2018)).

Within the Rhone prodelta, the dynamical character of the porewater 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 vari-
ability in the O, flux driven by the variability in organic carbon input associated with the flood event. Especially,
the lowering of O, 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 1.5 in spring and 3 in fall (Figure 9) reflecting the amount and lability of
the OM deposited—a much larger increase of the total carbon mineralization during the fall depositional event
than the spring. 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 spring 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, resulting from the deposition of organic-rich material during this 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 (up to 320 mmol DIC m=2 d~!) can be
expected. On the contrary in spring, recycling is internal (below the 30 cm flood layer), which should lead to
reduced exchange with the water column (see below).

Short-term dynamics in manganese and iron redox cycling were 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 contrasted responses for Mn and Fe. The model
Mn oxides reduction rate was estimated around 16 mmol Mnm=2d~! in the spring compared to
31 mmol Mn m~2 d~! in the fall. Chemical reduction by sulfide accounted for about 50% while microbially
mediated reduction of organic carbon accounted for 49% during the spring deposition. The latter had a much
lower contribution in fall (23%) than the spring event with a stronger contribution by Mn oxides reduction by H,S.
This fall enrichment of dissolved Mn in the upper sediment layer (up to 800 pM Figure 6) also seen in the
Saguenay Fjord after a large depositional event (Deflandre et al., 2002) is driven by the strong imbalance between
the sources and sinks (Table 4), resulting in its unique shape with the contribution from the MnO, reduction by
H,S as the major driver. In contrast, dissolved iron porewater profile is primarily controlled by the reductive
dissolution of FeOOH by 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 5). Indeed,
other previous studies in the Rhone 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 work by van de Velde et al. (2020) has demonstrated that oscillating redox circumstances can
affect remineralization processes where a dominating Fe?* state with regard to sulfide can occur due to the
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sediment's inherent bistability. This bistability condition is determined by the ratio of particulate carbon to iron
input. In our example, with significant carbon (Ait Ballagh et al., 2021; Pastor et al., 2011c) and iron flux (Marin
& Giresse, 2001; Radakovitch et al., 2008; Roussiez et al., 2011), this ratio is 5, and such Fe-rich/sulfide-free
condition is observed, as theoretically predicted by van de Velde et al. (2020) when combined with kinetically fast
FeS formation as in the natural environment. Thus, our results highlight the suggested possibility of abiotic
reduction of the metal oxides as well as precipitation of FeS (and subsequent pyrite formation) (Pastor
etal., 2011c; Rassmann et al., 2020). These secondary reactions (especially abiotic reduction of manganese oxide
by sulfide) may help explain the elevated Mn?* concentration in the sediment after both floods with higher values
in the fall (Pastor et al., 2018).

In general, the high metal reduction is a consequence of two factors: Firstly, the large deposition of terrigenous
materials, which is linked to the high sedimentation rate and possibly large concentrations of reducible iron
terrestrially transferred to this depocenter (Pastor et al., 2018; Roussiez et al., 2011). This is also implied by the
higher a value imposed in November deposit in order to simulate such observed trend. The second factor is the
highlighted role of secondary reactions in the diagenetic alteration of organic matter. This process involves the
cycles of iron (Fe) and manganese (Mn), which are active and efficient in this region (Figure 7). These factors
have been previously suggested to be responsible for the rapid recycling of manganese and iron in surface
sediments (Rabouille & Gaillard, 1991; Van Cappellen & Wang, 1996; Wang & Van Cappellen, 1996). The
second factor could be critical after flood deposition during the most dynamic part of a transiently changing
system in maintaining the dominance of dissolved reduced metals in porewaters as observed in Figures 5 and 6
and the absence of ), H,S in the porewater (Pastor et al., 2011c). This modeling insight into the role of the
combined factor in the redox cycle of metals is also supported by observation in other dynamic sedimentary
systems subject to episodic flood events (Blair & Aller, 2012).

4.2. Implication of Intense Flood Deposition in Biogeochemical Fluxes

As discussed previously, river-dominated margins serve as retention zones for riverine borne particulate matter
and are subject to both anthropogenic and natural perturbations (Dai et al., 2022). Extreme flood events can bring
large quantities of sediment within a short time frame, which has the possibility to induce changes in the
biogeochemical properties of the sediment. In the Rhone River prodelta, the annual flood can deliver up to
5.4 x 10° tons of sediment in a 10-day period (Antonelli et al., 2008). This large volume of sediment delivered is
also seen in similar river systems with rapid sedimentation of riverine materials: P6 River flood in 2007
(Miserocchi et al., 2007), Saguenay Fjord, Canada (landslide—Deflandre et al., 2002; Mucci & Edenborn, 1992).
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 the previous sections.

Under a flood regime, biogeochemical processes undergo sudden change linked to biogeochemical conditions in
the sediment. For example, the TOU rate initially decreases by 56% during the spring flood event and depending
on the characteristics of the particulate input, strongly anoxic condition with greater propensity for methano-
genesis can be induced. Our results (Figure 9) show that this is the case for pathways affecting the carbon cycle
where sulfate reduction and methane production can be stimulated over short time intervals following massive
sediment depositions. This decoupling of aerobic and anaerobic processes is rather unique to this particular site
where the core incubation DIC:DOU ratio could be up to 7 and could lead to mismatch between DIC and diffusive
oxygen fluxes (Rassmann et al., 2020). The substantial change in carbon mineralization results in 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 than
the spring, reflecting the contrast in the thickness and nature of deposited materials.

Furthermore, the contrast in DIC flux simulated during these contrasted floods (Figure 8) indicates that different
combinations of organic carbon mineralization and DIC transport mechanisms are at work in the deposited
materials. Model simulations indicate that the spring deposition resulted in a decrease of the DIC flux after flood
deposition, suggesting an internal production and porewater storage of the DIC, due to the mineralization of
trapped reactive materials buried beneath the newly deposited refractory layer. On the contrary, mineralization of
newly deposited labile OM in the fall resulted in a significant and rapid increase in DIC release in the flood layer
and an increased exchange with the bottom water. These two contrasted responses demonstrate that different
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Figure 11. Synthesis of DIC dynamics for the spring (left) and fall (right) depositional events. The calculation is based on model outputs and integrated over the
relaxation timescale (rts) of 4 months. The accumulation of DIC in the porewater was estimated by the change in inventory of DIC over the depth of the new deposit

between the preflood time versus postflood time and divided by the relaxation time (At,, = 4 months) that is, -1 (

E ‘/(-)Zpel‘l C(tevent+ns) dZ - ozpenc(tevent) dZ) . The DIC

flux out of the sediment was calculated using model result in Section 3.3.1 integrated and averaged over the relaxation timescale that is, f ftlml"‘*“‘ DICydt. All units are
s feven

in mmol m™2d~!.

types of floods might have a diverse influence on material exchange with the water column, which has a
considerable impact on coastal carbon dynamics (Bauer et al., 2013; Cai, 2011).

We can appreciate this differential response of the coastal sediment to episodic carbon input of contrasted
thickness and lability by comparing the different fluxes constituting the mass balance as calculated by the model
(accumulation in porewaters and flux at the sediment-water interface) over the time span of DIC relaxation
(~4 months; (Nmor et al., 2022)). Figure 11 indicates that during the spring flood, DIC flux out of the sediment
integrated and averaged over 4 months was 40 mmol m~2 d~' whereas in that same time frame, about
23 mmol m~2 d™! of DIC accumulated in the sediment interior driven by diffusion from below in the more re-
fractory flood layer. This amounts to a DIC efflux/accumulation ratio of 2 in the spring. In contrast, the fall
deposition presented a different picture with a higher efflux to the accumulation ratio of about 78 (228/3) related
to the intense mineralization of labile and organic-rich flood layer near the sediment-water interface.

In addition, 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 nonsteady state condition has been shown to be a
source of dissolved organic carbon (Deflandre et al., 2002). 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 (Jgrgensen et al., 2019). This might be the case in deltaic systems connected to river mouths, which are
dominated by anoxic diagenesis, with intense sulfate and iron oxide reduction, as this can lead to the precipitation
and burial of FeS/FeS, (Aller et al., 1996). This is actually the scenario for the Rhone prodelta sediment where the
precipitation of particulate FeS (FeS,) has been detected and is linked to a large alkalinity release (Rassmann
et al., 2020). 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 (Rassmann et al., 2020).
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4.3. Interaction Between Successive Floods

As our understanding of rapidly accumulating sedimentary systems continues to improve as a result of better
observing systems (Maillet et al., 2006; Toussaint et al., 2014; Viollier et al., 2003; Zebracki et al., 2015) and
greater appreciation for transient benthic biogeochemical processes (Cathalot et al., 2010; Mucci et al., 2003;
Nmor et al., 2022; Pastor et al., 2018; Tesi et al., 2012), 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
(Aller, 1998; Rassmann et al., 2020). 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 10) where the cooccurrence of sequential flood deposition initiates a temporal lag in the carbon
mineralization pathways. Interestingly, the memory effect is visible only for the slow relaxing species (methane
and sulfate). As such, biogeochemical species associated with anaerobic processes (methanogenesis and sulfate
reduction) have a larger memory effect brought forth by the sediment deposition. This might be the case where the
activities involving these pathways take place significantly deeper in the sediment generating a longer relaxation
time dictated by their longer diffusive time (Nmor et al., 2022). In this regard, methanogenesis, which has the
largest relaxation time, also shows the largest memory effect (38%). This is clearly a cumulative effect from the
first flood to the second flood as methanogenesis is around 4 times larger at the start of the second flood than the
initial preflood state.

However, this link between successive flood deposition and cumulative impact of diagenetic cycling of organic
carbon is not entirely positive for all OC degradation pathways (i.e., sequential deposition of new sediment
materials does not always relate to significant biogeochemical imprint of past flood input). We see in the case of
sulfate, for example, where negative memory effect can arise. While it is not entirely clear what mechanism is
responsible for this effect, one possibility could be attributed to the greater intensification of sulfate reduction
following the introduction of OM-rich sediment during the fall deposition. The existence of this reactive OC in
this fall-only scenario causes the system to favor sulfate reduction as the principal pathway for OM minerali-
zation, as opposed to the spring + fall scenario, where sulfate reduction contributes 10% less. Indeed, the rela-
tionship between flood input parameters (thickness, OM lability), flood event frequency, and sediment
biogeochemical changes is complicated and tightly coupled.

In general, results here show that episodic events such as those observed in the Rhone prodelta and other similar
regions can lead to transient states within a perturbation window of a few months (2—-6 months) (van de Velde
etal., 2018) and in the occurrence of multiple events, stimulate enhanced anoxic mineralization of carbon. Recent
flood event in the western Mediterranean indicates the recurrent nature of these types of episodic flood event
similar (Ferreira et al., 2024) as fall winter floods are a major feature of this geographical area (Zebracki
etal., 2015). Further investigation on the role of this flood-modulated interaction should be conducted to ascertain
the biogeochemical implication of this phenomenon especially on a longer timescale.

5. 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 Rhone River prodelta sediment, this
study focuses on two unique flood depositions with variable sediment characteristics (thick organic-poor in spring
and thin organic-rich in fall), resulting in distinct biogeochemical responses. The labile nature of the OM provided
during the 2008 fall season led to a much higher increase in organic carbon mineralization than the spring flood.
The diagenetic pathway supporting this OC mineralization increase was mostly sulfate reduction as indicated by
changes in porewater profiles of sulfate and DIC between the two floods. The different nature of the two floods
induced opposite effects on DIC release from sediments with burst of DIC release in the fall versus a decrease of
DIC efflux in spring. This highlights the importance of internal versus near-surface recycling of carbon in
controlling the solute exchange across the SWI. Despite substantial sulfate reduction, no dissolved sulfide was
detected in the porewater, perhaps indicating strong precipitation with Fe and H,S-mediated reduction of man-
ganese and 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 depositions if the frequency of their occurrence is high enough to cause an overlap between them. In this
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case, we demonstrated that anoxic mineralization processes such as sulfate reduction and, in particular, meth-
anogenesis can be influenced by this consecutive flood if it occurs more frequently in the future.

Data Availability Statement

The data used in this study can be retrieved from Pastor et al. (2018) and can be downloaded from https://doi.org/
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