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Key Points:

e The study focuses on two different flood depositions (thick organic-poor and thin
organic-rich), with distinct biogeochemical responses

e Highlights the role of internal storage of DIC for organic-poor vs near surface effluxes of
carbon across the SWI and enhanced metal cycling

e Demonstrates the possibility of flood-induced memory effect on carbon mineralization
pathway with pronounced impact on methanogenesis

Abstract

Coastal deltas are depocenter for materials transported from riverine channels. Under regime of
extreme flood events, this zone can experience large sediment deposition 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 coastal sediment influenced by two intense flood discharges (in
spring and fall) by the Rhone river in 2008. The data set shows that biogeochemical fluxes and
rates responded abruptly to this almost instantaneous change in sediment deposition. These
flood-related depositions increased organic carbon mineralization by a factor of 2 to 6 compared
to pre-flood levels, previously dominated by sulfate reduction (72%), and methanogenesis (8%).
The two floods represented (organic-poor in spring and organic-rich in fall) cause different
responses of the diagenetic system in terms of dissolved inorganic carbon (DIC) fluxes - the
organic-poor flood deposition induced a large storage of DIC in porewaters, whereas the
organic-rich induced a large efflux of DIC along the entire relaxation. The model reveals that
intense redox cycling and mineral precipitation were responsible for the non-euxinic (sulfide-
free) sediment after flood deposition. The sequential flood depositions reveal a temporary
memory effect (i.e. an interaction between two successive floods), with stronger effect for

methane (44%), whose relatively long relaxation timescale limits complete recovery before the
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next event 6 months after the first one. Increasing frequency and intensity of these events could

lead to memory accumulation of flood biogeochemical signature.

Plain Language Summary

Coastal sediments are subject to episode of intense flood deposition which can triggers
biogeochemical changes in the sediment. However, our understanding of the response and
magnitude of the changes induced by these events is still poorly known. Here, we use a
numerical model of early diagenesis and dataset from two floods in 2008 driven by discharges
from the Rhéne river to investigate the size and scope of the biogeochemical dynamics
following these events. Our findings suggest that these floods could cause differing
biogeochemical responses, the extent of which is determined by the underlying characteristics
of the flood layer deposit. Using the model, we found a 2-6 times increase in overall bacterial
recycling rates from pre-flood condition which resulted to different response of dissolved
inorganic carbon (DIC) flux out of the sediment. Under this condition, significant internal metal
recycling and production of sulfide minerals can be enhanced. In the event of sequential flood
deposition, cumulative biogeochemical changes or “memory effect of flood deposition” can also
occur which affect the recovery of sediment after the flood. These effects might be more

consequential if these intense floods continue to increase.

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 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 €0, 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 have been observed in many of

such systems: for example, Amazon River (Aller et al., 1996; Montanher et al., 2018),
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Mississippi River (Morse and Rowe, 1999), Atchafalaya River (Allison et al., 2000), Eel River
(Bentley and Nittrouer, 2003), Po River (Palinkas et al., 2005; Tesi et al., 2012; Tesi et al.,
2013), Tét River (Bourrin et al., 2008), Rhéne River (Cathalot et al., 2010). These large and
nearly instantaneous transfers of sediment are projected to occur with increasing frequency due
to changing environmental landscapes and climate change (Tockner and 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 a large volume of terrestrial organic carbon to the
northern Gulf of Mexico (Bianucci et al., 2018), large volumes of sediment were transported 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 mineralization in bottom waters of the coastal ocean inducing hypoxic
condition (Cheng et al., 2013; Moriarty et al., 2021), or increased €O, 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 (Ulses et al., 2008). 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~2yr~1), the
underlying diagenetic sequence of sediment shows remarkable stationarity during spring and
summer (high concentration of DIC, dissolved iron and manganese, strong sulfate reduction
Rassmann et al. (2020)) despite short-term biogeochemical response linked to fall and winter
floods (Cathalot et al., 2010). The reason for such long-term stability but short-term response is
still unknown (Pastor et al., 2018), 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 (Nmor et al., 2022). The latter would help explain the maintenance of the

same diagenetic characteristic for multi-temporal data in non-steady conditions (Nmor et al.,
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2022). While a proper understanding of the characteristics of this type of perturbation requires
continuous monitoring and observation in both long- and short-term basis (Ferreira et al., 2023;
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 (Bonifacio et al., 2014;
Bourgeois et al., 2011; Cathalot et al., 2010; 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 Rhéne 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.

2. Materials and Methods
2.1 Data description

The dataset discussed in this paper entails the flood driven deposition events which occurred in
the Rhéne prodelta in the year 2008 (Cathalot et al., 2010; Pastor et al., 2018). The data
described the hydro-sedimentological 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 (Pastor et al., 2018) with high apparent accumulation

rates up to 40 cm yr~! (Charmasson et al., 1998).

Our concern in this work is the flood events of May/June 2008 (Generalized flood) and
November/December 2008 (Cenevol flood) (Pastor et al., 2018). These two floods have been
dubbed the spring and fall floods, respectively. The sampling dates are specified in Fig. 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 Isére 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
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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 (Fe?*) and
manganese (Mn2*) 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 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
Cathalot et al. (2010) and Pastor et al. (2018).

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 can be found in Nmor et al. (2022) 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
Pastor et al. (2018).

The reactive transport model includes 16 state variables: fast (C{f;t) and slow cgﬁg,w degradable

organic matter, two pools of manganese oxide (Mn0,, and MnO,g) and iron hydroxide (FeOOH,
and FeOOHg), manganese carbonate (MnCO0;) all constitute the particulate solid modeled
(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.
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 (Canfield et al.,
1992; Raiswell and Canfield, 1998), moderately reactive component (magnetite and reactive
silicate of half-life of 102 yr), poorly reactive iron oxide with longer half-life, > 10° 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 (Poulton and Raiswell,
2002) while particulate iron bound to sulfide (FeS and FeS,) when formed via precipitation have
high stability and low solubility, thus can be permanently buried (see below and Rassmann et al.
(2020)). 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
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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 (0,), nitrate (NO3), ammonium (NH,),
dissolved iron (Fe?*) and manganese (Mn?*), sulfate (S0Z~), hydrogen sulfide (H,S), methane

(CH,) and dissolved inorganic carbon (DIC) (Table 1).

Table 1: State variables described in the model.

State variable Description Model notation Units
C({;‘;f Fast decaying detritus FDET mmol C m™3
Csiow Slow decaying detritus SDET mmol C m™3
FeOOH, Fast oxidized ferric iron FeOOHA mmol Fe m™3
FeOOHg Slow oxidized ferric iron FeOOHB mmol Fe m™3
MnO,, Fast oxidized manganese MnO2A mmol Mn m™3
MnO,g Slow oxidized mangenese MnO2B mmol Mn m™3
0, Oxygen 02 mmol 0, m™3
NO3 Nitrate NO3 mmol N m™3
NH} Ammonium NH3 mmol N m™3
N Sulfate S04 mmol S m™3
H,S Hydrogen sulfide H2S mmol S m™3
Fe?* Reduced ferrous iron Fe mmol Fe m™3
Mn?* Reduced manganese Mn mmol Mn m™3
DIC Dissolved inorganic carbon DIC mmol C m™3
CH, Methane CH4 mmol C m™3
MnCO, Mn carbonate MnCO3 mmol Mn 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 NO5. Thereafter, the model includes
microbially mediated reduction by the oxides of Mn and Fe (Mn0O, and FeOOH;) with this
justification largely dictated 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 (Eqg. 1).
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1
OM + 0, - CO, +mNH3 + H,0

1
OM + 0.8N03 + 0.8H* - CO, + oy VHs + 04N, + 1410

1
OM + 2Mn0,, + 4H* - CO, + —— NH; + 2Mn?* + 3H,0
(C:N) (1)
1
OM + 4FeOOH + 8H* - €O, +mNH3 + 4Fe?t + 7H,0

1
OM + 0.5502~ + H* - CO, + vy VHa + 0.5HaS + Hy0

1
oM - 05C02 + m[\”‘h + 05CH4,

where OM is simply represented as (CH,0)(NH3)y.c) and N:C is the redfield nitrogen to carbon
ratio respectively (N:C = %). 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 (Eg. 1). The model considers a series of subsequent processes connected
to these reduced species (Eq. 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
Rhéne prodelta sediment, a simplified representation of the iron, manganese and sulfur

interactions was made.

Re-oxidation of reduced species from OM mineralization via oxygen (Eg. 2) and metallic oxides
(Eq. 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
(Fe3t), which precipitates out as fresh iron oxide (FeOOH,) 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) (Berg et al., 2003). As discussed in
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). However,
these forms of sulfur are not modeled because of their unstable nature in marine sediment as
well as the possibility of FeS,, to precipitate to its particulate form (FeS,) once a solubility
threshold of ~ 2 UM is reached (Rickard, 2006). 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 (Rickard, 1997, 2006). The Kkinetic rate
expressions of all re-oxidation processes and other secondary reaction are described by

standard second-order rate formulation.
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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 (Haese, 2000). This is
precisely the situation in the Rhéne pro-delta sediment in which FeS precipitation is the
dominant sink for dissolved iron and is produced through the sediment column (Rassmann et
al., 2020). This kinetics of dissolution and precipitation follow a similar formulation in Wang and
Van Cappellen (1996), 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 (Berg et al., 2003).

NHf +20, - NO3 + H,0 + 2H*

2Mn?* + 0, + 2H,0 — 2Mn0,, + 4H*

4Fe** + 0, + 6H,0 > 4FeO0H, + 8H*

H,S + 20, » SO~ + 2H*

CH, + 20, > CO, + 2H,0

2F€2++Mn02A/B+2H20—>2F€00HA+M112++2H+ (2)

H,S + MnOy4/p + 2H* - S° + Mn** + 2H,0

H,S + 2FeO0H, 5 + 4H* — S° + 2Fe?** + 4H,0

CH, + S0~ - HCO3 + HS™ + H,0

Fe?** + H,S > FeS + 2H*
Mn?* + HCO; & MnCO; + H*

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
modelling studies investigated in the Rhéne prodelta sediment (Ait Ballagh et al., 2021; Pastor
et al.,, 2011b). 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 (Ait Ballagh et al., 2021; Pastor et al., 2011b). 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).
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However, because the boundary flux for other particulate species besides carbon in the Rhéne
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 (Pastor et al., 2018), high
sedimentation rate and carbon flux (Pastor et al., 2011b), low bioturbation (Pruski et al., 2015)
and possibly high iron flux (Roussiez et al., 2011).

Table 2: Summary of parameters used in the FESDIA model. (l) 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. (2011b), (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).

Model

Description name Parameters Units Type Source
total organic C deposition Cflux 10000 nmol C cm™ d™! I 1
part FDET in carbon flux pFast 0.5 - C 1
deposition rate of FeOH3 FeOH3flux 5000 nmol cm™2 d~1 M -
decay rate FDET rFast 0.05 d-! C 1
decay rate SDET rSlow 0.0031 dt C 1
NC ratio FDET NCrFdet 0.14 moIN/molC I 2
NC ratio SDET NCrSdet 0.1 moIN/molC I 2
upper boundary 02 O2bw 238 mmol m™3 M -
upper boundary NO3 NO3bw 0 mmol m™3 M -
upper boundary NH3 NH3bw 0 mmol m™3 M -
upper boundary CH4 CH4bw 0 mmol m™3 M -
upper boundary DIC DICbw 2360 mmol m™3 M -
upper boundary Fe2 Febw 0 mmol m™3 M -
upper boundary H2S H2Sbw 0 mmol m™3 M -
upper boundary SO4 SO4bw 30246 mmol m™3 M -
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Model
Description name Parameters Units Type Source

upper boundary Manganese Mnbw 0 mmol m™3 M -
advection rate w 0.027 cmd™t M -
bioturbation coefficient biot 0.05 cm? d1 C 1
depth of mixed layer biotdepth 5 cm I 3
attenuation coeff below biotdepth biotatt 1 cm I 3
bio-irrigation rate irr 0.3 d-1 M -

depth of irrigated layer irrdepth 7 cm I 3
attenuation coeff below irrdepth irratt 1 cm I 3
Max nitrification rate step (NH30x) rnitri 10 d-1 M -
temperature temperature 15.6 dgC M -
salinity salinity 37.8 psu M -

refractory Carbon conc TOCO 1 % I 5
maximum rate FeS production rFeS 0.5 cm3 nmol~t d~t I 4

Max rate anaerobic oxidation Methane rAOM 30x107¢  cm3nmol™td™? I 1/4

surface porosity por0 0.83 - I 1/4

deep porosity pordeep 0.65 - M/C -/5

porosity decay coefficient porcoeff 2 cm M/C -/5

Rate of Sulfide-mediated iron reduction rH2Sfeox 0.00121 cm® nmol~1d™t  M/C -/5

(oxyhydr)oxides
Flux of Mn Oxides MnO2flux 1000 nmolcm™2d"1  M/C -5
Rate of Reoxidation of H2S by MnOx rH2SMnox  0.001728  cm® nmol™1d~?! C 6
Rate of Reoxidation of Fe with MnOx rMnFe 6.5x107¢ cm?® nmol™td™? C 2

241

242 2.4 Characterization of flood dynamics

243  As introduced in Nmor et al. (2022), the dynamics of the flood deposition events is driven by the
244  characteristics of the sediment delivered (such as the deposit thickness, organic carbon content
245  and reactivity). In that study, the mechanism of flood-induced sediment deposition was modeled
246  as a single massive event against an underlying background variation. However, in this paper,

247  this singular flood prescription is expanded to include multiple events in one simulation run,
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thereby allowing a chain of event-driven simulation to be performed with their respective
characteristics. As a consequence, the so-called enrichment factor (a) - a scaling parameter
linked to the quantity of carbon within the flood layer - becomes a time dependent parameter
(a(t)) in tandem with the thickness extent of the depositional depth (Z,,.(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.

2.5 Model simulation

2.5.1 Simulation strategies

2.5.1.1 Nominal simulation for flood deposition 2008

3000

2000

TSM discharge kg 5'1)

1000

Jun 2008 Aug 2008 Oct 2008 Dec 2008

Figure 1: Timeseries of total suspended matter (TSM) river discharge by the Rhéne 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.

The numerical procedure for solving the underlying reactive transport equation capturing the

processes in Section 2.2 have been previously discussed (Nmor et al., 2022). In summary, the
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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 Fig. 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 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 (Pont et al., 2002), 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) (Fig. 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 (Cathalot et al., 2010) and organic carbon. The fall flood, which delivered 10
cm of sediment enriched in organic carbon and reactive minerals, was described as the third

event (see Cathalot et al. (2010) for sediment deposition in May and November 2008).

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 (Cathalot et al., 2010). The enrichment factor («) used in the simulations
as well as the thickness of the deposited layer is provided in Table 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 (Nmor et al.,
2022).
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Table 3: Event specific enrichment factor () used in model simulation for spring and fall flood

oo Calow FeOOH, FeOOH, Mno,, MnO,p
Spring 0.5 0.7 0.3 0.3 1 2
Intermediate 0.5 0.7 1.0 15 1 2
Fall 20.0 5.0 8.0 2.0 10 5

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 indistinguishable from background

variation (see Nmor et al. (2022) for introduction and Section 2.5.1.2). Thus, the biogeochemical

effects of the different flood deposition events can be compared.
2.5.1.2 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 deposition.
Thus, given that the shape of the so-called “point-by-point” concentration difference between
two successive profiles (¢) following the perturbation can be approximated as a first order
exponential decay:

Z—f =—Ap (3)
a secular rate of decay A 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 ¢(t) to the solution

of this exponential decay, such as:

¢ = ¢03_M (4)
where ¢ 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 ¢,

denotes the initial value of the difference between the preflood profile and just after the
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deposition. This equation can be used to fit a non-linear regression to determine A. 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
guestion 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
Eq. 4. For example, a relaxation timescale (£,)) for any arbitrary time threshold  can be written as:

1. 100
T, =

=7 00-,

where 7, is the relaxation timescale required to restore the system to n % 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).
2.5.1.3 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~ are up to 5 months (Nmor et al., 2022),
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 (Fig. 2).
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Figure 2: Schematic of the interaction between two floods 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.

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) (Fig. 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):

t2 i t2
Rsprmg+fall dt — Rfall dt
ME(%) — ftl - ftl
ftl Rfall gt

x100  (6)

where t1 and t2 is the time interval in which the memory effect of the spring flood on the fall
flood is estimated. Each term of the numerator in Eg.6 is basically the time-integrated
difference of any vertical integrated rate biogeochemical process R! 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.
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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. 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 axis of the graphs) with its
magnitude measured as the radial distance from the origin of the plot (dashed line in Fig. 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 under-estimation 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 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 O 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 non-dimensional 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.
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Figure 3: Taylor diagram of Goodness of fit between model simulation and data for (a) Oxygen,
0, (b) Dissolved inorganic carbon DIC (c) Sulfate SO~ (d) Ammonium NH; (e) Manganese
Mn?* and (f) Iron Fe?*. 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.

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;~ performed better in both deposition periods with a
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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 (Fig. 3). 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) (Eig. 3).

3.2 Evolution of porewater profiles

3.2.1 Preflood situation

2
O, (kM) TOC (%) DIC (mM) SO, (mM)
(b) (c) (d)

@ Measured data
— Model

H,S (mM)
(below detection)

200 ' 400 600
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Figure 4: Model data fit against observed data for (a) Oxygen, 0, (b) Total organic carbon, TOC
(c) Dissolved inorganic carbon DIC (d) Sulfate SO;~ and Hydrogen sulfide H,S () Ammonium
NH; (f) Manganese Mn?* (g) Iron Fe?*. Data collected the 29¢" of May 2008 at Station A
before spring flood (Pastor et al., 2011b).

The porewater profiles prior to the occurrence of the massive flood input in May-June indicated
a fairly steady-state condition (Fig. 4). In this preflood situation, the model captured the main
biogeochemical features of the 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 NH; 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 pM. However, this Mn maximum (179 pM) was overestimated by the model (Fig. 4). The
model dissolved Fe profile, on the other hand, demonstrated better agreement with the
measured porewater Fe, with a subsurface maximum of 653 uM 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.
3.2.2 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
(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 sediment down to mm (Fig. 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 0, m~2d~! while the measured diffusive flux
was 9.2 + 3.1 mmol 0, m~2d~1. The spatial variation of ammonium was well captured by the
model with the low but constant (NH;) at the surface down to the depth of the newly deposited
layer (30 cm). However, the model seems to suggest a subsurface peak in NH; at the former

sediment water interface (SWI) which is unobserved in the data.
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Figure 5: Model data fit against observed data for (a) Oxygen, 0, (b) Total organic carbon, TOC
(c) Dissolved inorganic carbon DIC (d) Sulfate SOz~ and Hydrogen sulfide H,S (€) Ammonium
NH; (f) Dissolved manganese Mn?* (g) Dissolved iron Fe?* during the May/June flood. Data
were collected the 6" of June 2008 at Station A. The orange section represents the new flood

deposit.

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 (Fig. 5).
Underneath the layer, the sulfate concentration in the model as well as the data decline with
depth characterized by strong sulfate reduction (168 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. Total DIC

production beyond this depth was 190 mmol € m~2d~! and was majorly driven by the relatively
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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;~ and DIC indicates that the additional flood deposition induced an enhanced DIC
due to the complete exhaustion of SO~ and a growing importance of methanogenesis (20

mmol m~2d~1), especially just slightly below the zone of sulfate depletion (45 cm) (Fig. 5).
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. The total oxygen uptake rate calculated by the model during this
fall flood was higher (21 mmol 0, m~2d~') in comparison to the spring deposition. DIC
increased with depth, with the model matching the spatial variation of the measured porewater
DIC. The sulfate concentration decreased from 30 mM at the SWI to about 15 mM at a depth of
10 cm (Eig. 6). During this period, sulfate reduction accounted for 94 % with flood-induced
mineralization rate of 450 mmol m~2 d~*. Below this gradient, SOZ~ was largely constant with

porewater concentration of 15 mM (Fig. 6).
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Figure 6: Model data fit against observed data for (a) Oxygen, 0, (b) Total organic carbon, TOC
(c) Dissolved inorganic carbon DIC (d) Sulfate SOz~ and Hydrogen sulfide H,S (€) Ammonium
NH} (f) Manganese Mn?* (g) Iron Fe?* during the November flood collected the 8th of
December 2008 (26 days after the flood event - 11th of November 2008) at station A.

3.2.4 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. A striking feature in the
Spring flood is the rapid and large accumulation of Mn in the newly deposited layer (well
reproduced by the model) and the depletion 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 porewaters.
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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~? 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 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 got enriched by a factor of 4 to around 10 cm where the observed Mn maximum was
detected (Fig. 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 uM). Below this reactive
front, Mn decrease with depth was observed and simulated. Both the measured data and model
prediction suggest a complete reduction of Mn0O, and negligible release of dissolved Mn at
depth.

In contrast, dissolved Fe during the spring flood period was comparatively low in the new flood
layer in the measured data and increased with depth to a concentration of 980 uM at the former
SWI (now buried underneath the deposited layer) (Fig. 5). In this zone, non-steady dynamics
was simulated by the model as can be seen in Figure 5, probably driven by a combination of
diagenetic processes involving microbial iron oxide reduction, dissolved sulfide reoxidation by
Fe oxides and FeS precipitation Eq. 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.

In the fall flood, a different vertical profile of the reduced metals emerged. Like the measured
data, the model again predicted a large accumulation of dissolved Mn in the flood layer sub-
surface Mn peak of 912 uM within the vicinity of 5 cm which shows a good correspondence with
the data (840 uM). In contrast to the spring flood where dissolved iron was confined below the
new flood layer, Fe?* also accumulated in the fall with a gradual increase from the surface up to
834 uyM at 5 cm. This gradient in measured and simulated Fe?* data stabilized to this

asymptotic concentration albeit with a tendency of a slight departure from the model (Fig. 6).
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Table 4: Depth-Integrated biogeochemical processes associated to Iron and Manganese in
spring and fall calculated from time of the event deposition up to a relaxation timescale window

of 4 months. Relaxation timescale calculated using Eq. 2.5. Rates are in units of mmol m=2 d~1.

Processes Spring Fall
Fe

FeOOH reduction 39.0 445
H,S oxidation via FeOOH 83.0 207.1
Total FeOOH reduction 122.0 251.6
Fe” oxidation by O, 6.1 6.7
FeS production 48.1 94.8
Fe®* oxidation via MnO, 0.1 0.1
Mn

MnO, reduction 7.2 7.1
H,S oxidation via MnO, 19.0 45.0
Total MnO, reduction 26.3 52.1
Mn®" oxidation by O, 0.3 0.2
MnCOs; precipitation 18.3 27.1

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. Integrating the various biogeochemical
processes over a 4 months window linked to the relaxation timescale of iron and manganese
shows a sediment that is sufficiently reducing with the dissolved metals accumulating at a faster
rate relative to their sink following the event (Table 4). The model calculation suggests that more
than two-third of the depth-integrated reduction of FeOOH during the spring deposition is due to
the chemical oxidation of H,S (83 mmol Fe m~2d~') while it increased to 82 % during the fall
flood event (207 mmol Fe m~2d~1) while the depth-integrated rate of microbial iron reduction
during the spring flood event (39 mmol Fe m~2d ') represented a limited amount of FeOOH
reduction. The proportion of chemical versus microbial reduction of Mn oxides is similar,

showing the importance of sulfide as a reducer for metal oxides in these dynamic conditions.
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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.

This redox cycling in the sediment can be quantified using the recycling efficiency number, E!
(Eq. 7) (Rabouille and Gaillard, 1991; Wang and Van Cappellen, 1996) adapted for a time

dependent model:

i R;'ed
E' = 7T R 7

red

where R.,, 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 (Fig. 7).

3.3 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.
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3.3.0.1 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 as observed by the oxygen flux across the SWI. Model sediment 0,
flux declined from 18.43 to 8.4 mmol 0, m~2d~! immediately after the first major deposition;
rebounding back within 15 days to its pre-flood level. It is worth noting that this range of 0, flux

encompasses the measured flux snapshot (see: Section 3.2.2 and Fig. 8). The fall perturbation

induced a 39 % increase in oxygen flux which relaxes in 40 days. Oxygen consumption was
dominated by oxic mineralization accounting for 76 and 71 % of the total oxygen consumption
during the spring and fall flood event respectively. Aerobic oxidation of methane doubled
between the spring and fall flood accounting for 0.3 and 2 % respectively. This shift in methane
reoxidation is caused by the dynamic modification of the sediment, which results in a greater

amount of CH, produced by different flood types.
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Figure 8: 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 0, flux signifies

measurement made during this sampling point while red dot is the model equivalent as the
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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 depositions.

Over the same interval, the flux of SO;~ into the sediment follows the same pattern as above but
with a larger increase during the fall flooding where S0O;~ exchange across the SWI first jumped
to a very high values (x 7), then decreases, thus temporarily increasing the overall sediment
stock of SO;~ 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~2d~! to 8 mmol C m~2d~1) whereas it jumped to a much higher

efflux estimated after the fall flood (745 mmol C m~2d~1) (Fig. 8).

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 (Eig. 8). A burst in Fe and Mn release was simulated immediately after the deposit,
which quickly rebounds to its background flux of 11 mmol Mn m~2d~1. For manganese, this

stock of reduced metabolites was quickly re-oxidized within the sediment.
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3.3.0.2 Temporal evolution of biogeochemical pathways
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Figure 9: 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 ¢) 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.

The dynamics of the TOC mineralization and the partitioning in the different biogeochemical
pathways are shown in Fig. 9. 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.
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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 (227 mmol m~2 d~! 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 (Fig. 9). 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 simulated except in the very first days.
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3.4 Numerical experiment: Memory effect of flood deposition on biogeochemical
processes
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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 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
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little sign of memory effect of the flood deposition (Fig. 10). 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.

4. Discussion

In RiOMar systems prodeltas and depocenters are zones of rapid accumulation of sediment
along the continent-ocean interface that are typically of terrestrial origin (Blair and Aller, 2012).
The gquantity 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 Rhéne prodelta varies with
the flood type. The component of 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 labile OM with relatively recent A**C (-90%. Cathalot et al. (2013)), the spring
consists primarily of refractory debris with depleted 4'*C (-500 %o), 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 (a) imposed in both events, with a greater value in the fall compared
to the spring (Table 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 (Nmor et al., 2022). Here we discuss the implication of these flood event deposition

and their types on the biogeochemical processes in the sediment.

4.1 Early diagenesis of Rhéne prodelta sediments

The Rhbéne prodelta sediment is a highly dynamic environment driven by episodic flood
discharge. This flood-driven 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
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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 (Fig. 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 (Fig.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 (Romans et
al., 2016).

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 0, flux temporal patterns have been well-studied in this region in
2008 and shows temporal variability linked to extreme events (Cathalot et al., 2010). Our model
0, flux (accounting for both diffusive and irrigative flux) in both flood event slightly overestimate
the observed diffusive oxygen uptake (DOU) flux reported in Cathalot et al. (2010) and Pastor et
al. (2018) for this particular prodelta site but much closer to the average TOU observed in this
site (about 24 mmol C m~2d~1) (Lansard et al., 2008, 2009; Pastor et al., 2011a). This range of
oxygen flux compared favorably to other RiOMar systems characterized by high sedimentation
rate and particulate carbon flux: Amazon delta (6 - 25 mmol C m~2d~! Aller et al. (1996)),
Mississippi delta (2 - 56 mmol C m~2d~! Morse and Rowe (1999)) and other coastal areas with

pulse cycle of resuspension and deposition such as in Goéteborg harbour, Sweden (8 - 23
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mmol C m~2d~! Tengberg et al. (2003)), Gulf of Finland, Baltic sea (5 - 20 mmol C m~2d~!
Almroth et al. (2009)), Gulf of Mexico (7 - 50 mmol C m~2d~! Moriarty et al. (2018)).

Within the Rhoéne 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 0, flux driven by
the variability in organic carbon input associated with the flood event. Especially, the lowering of
0, 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 of 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~?d~') 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 Rhéne 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~2d~! before the
usual flood season of late summer (Rassmann et al., 2020). 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~2d~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
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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 Mn m~2d~! 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%) compared to the spring event with a stronger contribution by H,S
oxidation via Mn oxides. This fall enrichment of dissolved Mn in the upper sediment layer (up to
800 uM Fig. 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 reoxidation of dissolved Fe?* by Mn0, 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 (Fig. 5). Indeed, other previous studies in the Rhéne 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 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 sediment’s inherent bistability. This bistability condition is
determined by the particulate carbon to iron input ratio. In our example, with significant carbon
(Ait Ballagh et al., 2021; Pastor et al., 2011b) 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 Velde et al. (2020) 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., 2011b; Rassmann et al., 2020). These
secondary reactions (especially chemical reduction of manganese oxide by reduced iron) 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 linked to high sedimentation rate and possibly large concentrations of
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reducible iron terrestrially transferred to this depocenter (Pastor et al., 2018; Roussiez et al.,
2011) as implied by the relatively higher a 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 (Fig. 7). 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). The second factor could be critical after flood deposition during the most
dynamic part of the transient state in maintaining the dominance of dissolved reduced metals in

porewaters as observed in Figure 5 and Figure 6 and the absence of YH,S in the porewater

(Pastor et al., 2011b). 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 flood events (Blair and Aller, 2012).

4.2 Implication of intense 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 (Dai et al.,
2022). These extreme events bring large quantities of sediment within a short timeframe 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 10 days
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 and 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 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
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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 Velde et al. (2018)).

Furthermore, the difference in DIC flux simulated by these floods indicates that different carbon
cycling mechanisms are at work in the deposited materials. According to the model, the spring
deposition resulted in an internal production and porewater storage of the DIC, possibly due to
the mineralization of trapped reactive materials buried beneath the newly deposited refractory
layers. This resulted in a decrease in exchange across the SWI. Mineralization of carbon-rich
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 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 (Bauer et al., 2013; Cai, 2011).

We can appreciate this differential response of the coastal sediment to episodic carbon input by
means of an integrated view of DIC in terms of the ratio of efflux (Fig. 8) out of the sediment and

accumulation (Fig. 5 and Fig. 6) in the porewater. Assuming that the DIC flux trended toward a

value before the flood with a timespan associated with the relaxation timescale for DIC (~ 4
months Nmor et al. (2022)) and accumulation of porewater DIC within the new flood layer
represents a significant share of DIC produced during the OC mineralization, we can provide a
synthesis of how these flood events affect the short term dynamics of DIC. This is shown in
Figure 11. We observed that during the spring flood, DIC flux out of the sediment integrated and
averaged over 4 months was 68 mmol m~2 d~! whereas in that same timeframe, about 30
mmol m~2 d~! of DIC accumulate in the sediment interior. This amount to a flux/accumulation
ratio of 2 in the spring. In contrast, the fall deposition presented a different picture with a higher
efflux to accumulation ratio of about 100 (285/3). This burst of DIC out of the sediment column
in response to the intense recycling of carbon in organic-rich sediments deposited with the flood
led to little accumulation in the sediment. The conclusion we can draw from here is that these
different type of flood events could instantiate two modes of carbon cycling in sediment: an
internal cycling driven by large accumulation of DIC in the sediment interior versus an interface

cycling characterized by strong flux out of the sediment (Rabouille et al., 2021).
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Figure 11: Synthesis of DIC dynamics for the Spring (left) and Fall (right) depositional events.

The calculation is made 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 vs postflood time and divided by the relaxation time (4t,;s =4
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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 organic-rich 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
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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 (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 reduction and iron oxide reduction which generates an
efficient precipitation and burial of FeS/FeS,. This is actually the scenario for the Rhéne prodelta
sediment. This precipitation of particulate FeS (FeS,) 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 (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).

4.3 Interaction between successive floods

As our understanding of rapidly accumulating sedimentary system 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 the non-stationarity in benthic
biogeochemical processes (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). 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 (Fig. 10) 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 (Froelich, 1988). 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
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longer diffusive time (Nmor et al., 2022). 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 (Van Velde et al. (2018)). In general, our results 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 (Velde et al., 2018). 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 (Fig. 10). 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.

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 Rhéne 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 leads to a much higher increase in organic carbon mineralization
when compared to 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 flood. 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 vs 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, indicating strong precipitation with Fe and,
eventually, reoxidation with manganese/iron oxides. The model supporting this paradigm
emphasizes the involvement of secondary redox mechanisms during non steady-state
(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
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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.
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