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Abstract

The Mediterranean Sea (MS) is a large oligotrophic sea whose productivity is sensitive to riverine nutrient inputs. More
specifically, phosphorus (P) river supply is crucial for the MS, with an important role of the estuarine/deltaic filter especially
for the storage and recycling in sediments. A benthic dataset from the Rhone River prodelta was used to derive P budgets, by
means of an early diagenetic model including the benthic P cycle. The model was fitted to pore water profiles of oxygen, nitrate,
sulfate, dissolved inorganic carbon, ammonium, oxygen demand units, dissolved inorganic phosphorus (DIP) and solid data
(organic carbon (OC), Fe-bound P, Ca-bound P and organic P). Results indicated that the intensity of biogeochemical processes
occurring below the sediment-water interface decreased from the river mouth to the adjacent continental shelf with decreasing
integrated rates of OC mineralization (160—10 mmol m™ 2 day ). The organic P mineralization was intense near the river mouth
and decreased offshore (1196—80 pwmol m 2 day_l). Its contribution to DIP release was large (> 90%). Fe-bound P had a key role
in transferring P to deeper layers. These deltaic sediments played an important role as a source of regenerated DIP. A significant
part of DIP was recycled to the overlying waters (72-94%), representing 25% of the riverine DIP discharge. Simultaneously, 6—
28% of DIP produced in sediments was buried as Ca-bound P. Overall, this study highlighted the importance of deltaic sediments
as an additional source of DIP to the coastal sea, and a minor but permanent sink of phosphorus as solid P burial.
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Introduction

Communicated by Lijun Hou

Phosphorus is a key macronutrient for all life forms
(Ruttenberg 1992; Tyrrell 1999). It is a typical limiting ele-
ment of primary production in marine areas (Benitez-Nelson
2000), such as the Mediterranean Sea, with a prominent role in
the Eastern part (Krom et al. 1991). Overall, particulate phos-
phorus (P) is partitioned as P associated to organic matter, Fe
oxyhydroxides (henceforth called Fe oxides), aluminum ox-
ides, vivianite and apatite (Lebo 1991). Meybeck (1982)
showed on a global scale that rivers deliver globally 21 x
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10'2 g P year ' to the sea. However, only 10% of this flux is
available to the marine biota, because more than 90% of the P
load is bound to particles and, therefore, settles rapidly to the
seafloor in the coastal zones.

Although eutrophication has existed throughout the geolog-
ical times (Nixon 1995; Cloern 2001), the second half of the
twentieth century has witnessed the dramatic increase of an-
thropogenic activities (i.e. agricultural practice, industrial and
urban waste, dam building and perturbation of hydrological
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cycles and sediment loads) which degraded deltaic and coastal
ecosystems and altered biogeochemical cycles of carbon (C),
nitrogen (N) and P in these vulnerable areas (Howarth et al.
1996; Vitousek et al. 1997; Jackson et al. 2001; Diaz and
Rosenberg 2008; Wilkinson 2017). These anthropogenic
changes led also to large organic matter inputs (McKee et al.
2004; Canfield et al. 2005; Bianchi and Allison 2009; Syvitski
et al. 2009) and intense nutrient (N and P) loads to coastal
margins compared to the middle of the twentieth century
(Downing et al. 1999; Cloern 2001; Ludwig et al. 2009). The
nutrient enrichment stimulates primary production and phyto-
plankton growth in adjacent coastal waters (Milliman and
Meade 1983; Cloern 2001), which leads to phytoplankton pro-
liferation, alteration in species compositions, hypoxia and de-
terioration of water quality (Smith et al. 1999).

River-dominated Ocean Margins (RiOMar) are important
interfaces, connecting approximatively 87% of land surfaces
to the oceans (Ludwig and Probst 1998; McKee et al. 2004).
They support a large human population and provide ecological,
economical and societal development due to their richness
(Batker et al. 2014). They are important burial sites and pre-
serve more than 40% of organic matter in the world ocean
(Muller-Karger et al. 2005; Burdige 2007). Their sediments
are characterized by high spatio-temporal variability of riverine
discharge to the seafloor and strong biogeochemical gradients
offshore (McKee et al. 2004; Lansard et al. 2009; Rassmann
et al. 2016).

The Mediterranean Sea is a quasi-enclosed marginal sea
(0.8% of the world ocean surface; Powley et al. 2017), often
characterized as a replicate of an open ocean (Antoine and
Morel 1995). This regional sea is oligotrophic, with lower nu-
trient concentrations (N and P) compared to oceanic areas
(Dugdale and Wilkerson 1988), especially for dissolved inor-
ganic phosphorus. A west—east gradient of decreasing P con-
centrations (Moutin et al. 2012) leads to higher primary pro-
duction in the western Mediterranean Basin (Van Den Broeck
and Moutin 2002; Moutin and Raimbault 2002). Overall, it has
been shown that the P availability plays a key role as a limiting
nutrient in the entire Mediterranean Sea (Krom et al. 1991;
Diaz et al. 2001).

Rivers discharge large amounts of sediment and freshwater
in the Mediterranean Sea (Ludwig et al. 2009). After the Nile
damming, the Rhone River became the most important source
of terrestrial organic matter, nutrients and freshwater to the
Mediterranean Sea (Antonelli et al. 2008; Ludwig et al.
2009). The average particulate discharge from the Rhone
River to the Mediterranean was estimated to be 7.4 Mt year '
(Pont et al. 2002), with large seasonal and interannual variabil-
ity. Overall, riverine fluxes at the Mediterranean Sea’s bound-
aries and the controlling processes at the river—sea connection
are a key for understanding P cycling and its control in this
oligotrophic sea, especially sediments where particulates from
the river rapidly settle and are biogeochemically transformed.

@ Springer

Reactive P reaching the sediment—water interface is mainly
associated to organic matter with a molar C/P ratio that is
determined by its origin. Additional inputs of P are bound to
Fe oxides and as carbonate fluorapatite (CFA; Emsley 1980;
Sundby et al. 1992; Ruttenberg and Berner 1993; Slomp et al.
1996; Delaney 1998; Andrieux-Loyer and Aminot 2001;
Slomp et al. 2004; Ruttenberg 2014). As organic matter is
progressively buried below the sediment—water interface, the
non-refractory fraction is degraded via a sequence of biogeo-
chemical processes, releasing dissolved inorganic phosphorus
(DIP) to the pore waters (Krom and Berner 1981; Sundby
etal. 1992; Joshi et al. 2015). In the oxic zone of sediments,
this dissolved phase may diffuse to the overlying waters or
be adsorbed onto sediment Fe oxide surfaces reversibly and
irreversibly (Fe-bound P; Syers et al. 1973; Froelich 1988;
Fox 1990; Balls 1994; Filippelli and Delaney 1996;
Anschutz et al. 1998; Slomp et al. 1998; Cade-Menun
et al. 2019). In the anoxic layers, DIP concentrations gen-
erally show a large increase due to organic P mineralization
and P release from Fe oxide dissolution, as the latter are
used as a terminal electron acceptor in the mineralization
process (Krom and Berner 1981). Therefore, iron reduction
can have a significant role in phosphorus cycle as it has
been shown for sulfur cycle (Thamdrup et al. 1994). DIP
can ultimately be taken up by an authigenic mineral such as
CFA through precipitation with Ca* (Ruttenberg and
Berner 1993) or by vivianite (Emerson and Widmer 1978;
Egger et al. 2015; Dijkstra et al. 2016; Lenstra et al. 2018).
This “sink-switching” represents the main long-term sink
of reactive P, as long as the authigenic mineral acts as an
insoluble phase in deep sediments without being
reprocessed during the diagenetic processes (Ruttenberg
and Berner 1993; Slomp et al. 1998; Kraal et al. 2015).
The P regeneration and sink-switching need to be better
studied in subaqueous deltaic sediments subjected to high
nutrient loads. Considering the large P inputs from the
Rhoéne River, it is necessary to determine the biogeochem-
ical P dynamics and the fate of P input to the deltaic sedi-
ments: release versus burial with authigenic minerals.

Biogeochemical modelling by reactive transport models
has been largely used to the early diagenesis studies in the
aquatic sediments (Berner 1980; Rabouille and Gaillard
1991; Tromp et al. 1995; Boudreau 1996; Soetaert et al.
1996; Wang and Van Cappellen 1996; Boudreau 1997,
Wijsman et al. 2002; Berg et al. 2003; Canavan et al. 2006),
but the benthic P cycle is rarely incorporated as a function of
organic matter mineralization (Canavan and Slomp 2006;
Gypens et al. 2008; Lenstra et al. 2018) especially in a highly
dynamic system. Here, we analysed spatial variability in the
sediment composition, the organic matter transformation and
nutrient retention in the Rhéne prodelta sediments, in order to
quantify the intensity of biogeochemical processes and its
effect on the benthic P cycle.



Estuaries and Coasts (2021) 44:1765-1789

1767

The present paper aims at quantifying the biogeochemical
processes that control phosphorus recycling and trapping in
these sediments and at determining the spatial impact of riv-
erine organic matter from the river mouth to the adjacent con-
tinental shelf. To this end, we used an early diagenetic model
(OMEXDIA, Soctaert et al. 1996), with P diagenesis (Ait
Ballagh et al. 2020), and applied it to a dataset of sediment
and pore water composition in the biogeochemical gradient of
the Rhone River prodelta and shelf sediments, including par-
ticulate P speciation.

Materials and Methods
Study Site

The Rhone River (RR; Fig. 1) is the largest river in the
Mediterranean Sea in terms of sediment loads, nutrient and
freshwater fluxes (Antonelli et al. 2008; Ludwig et al. 2009).
The RR is 812 km long, characterized by a catchment area of
97,800 km? originating in the Alps and ending in a delta of

1455 km? (Pont et al. 2002; Antonelli et al. 2004). Fifty kilo-
meters upstream from the river mouth, the Rhéne River splits
into two unequal branches: the eastern channel (Grand Rhone,
50 km long, also called Rhone), which discharges 80-90% of
the freshwater in the Gulf of Lions, and the western channel
(Petit Rhone, 70 km long) that carries 10-20% of total dis-
charge (Ibafiez et al. 1997; Sabatier et al. 2006; Provansal et al.
2012). During flood events, 80 to 90% of annual particulate
loads are discharged into the Rhone River delta, from the
catchment area (Arnau et al. 2004; Ollivier et al. 2010;
Eyrolle et al. 2012). The remaining loads originate from the
soil erosion in the catchment area, in stream production or
resuspension of river sediments from the upstream during
lower freshwater discharges (Eyrolle et al. 2012). Overall,
the mean water discharge at the Rhone River mouth is
1700 m> sfl, with a peak discharge of 13,000 m’ s in
December 2003 (Lochet and Leveau 1990; Ibanez et al.
1997; Pont et al. 2002; Arnau et al. 2004).

Generally, the Rhone River’s plume extends towards the
southwest (SW), as it is oriented by wind regimes close to the
Rhone River mouth and by the River flow (Estournel et al.
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Fig. 1 Location of the sampled stations in proximal (stations A, Z and AZ), prodelta (stations AK, K, B and L) and distal (stations C and E) domains of

the Rhone River delta
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1997; Naudin et al. 1997; Gatti et al. 2006). Consequently, the
delivered loads of particulate material to the delta are mostly
transported in the SW direction and some are ultimately driv-
en to the adjacent continental shelf. The largest share of the
riverine inputs is deposited at the seafloor near the river
mouth, leading to the formation of a deposition fan called
prodelta (Got and Aloisi 1990; Lansard et al. 2007).
Consequently, the water depth increases from 10 m at the river
mouth to 75-90 m on the adjacent continental shelf.

The decrease of sediment loads with distance from the
Rhone River mouth is accompanied by a progressive aging
of organic particles (Cathalot et al. 2013). The decreasing
sediment deposition offshore gives rise to a large biogeochem-
ical gradient from the Rhone River mouth to the continental
shelf (Cathalot et al. 2010; Pastor et al. 2011; Rassmann et al.
2016). Concerning the DIP inputs from the Rhone River,
Ludwig et al. (2009) showed an increase of DIP loads from
1970 to around 1985, followed by a decrease that may be
related to the mitigation of pollution (i.e. the ban of P deter-
gents and/or the upgrading of the waste water treatment
plants).

The Rhone prodelta (named because of its prograding
properties) is characterized by two regions: the proximal zone
located near the river mouth at a water depth of around 20 m
and a sedimentation rate of 2035 cm year ' depending on the
period investigated and the tracer used (Charmasson et al.
1998; Radakovitch et al. 1999; Miralles et al. 2005; Lansard
et al. 2007) whereas the prodelta zone is located further at 30—
65 m depth and displays sedimentation rates of 1-2 cm year .
The adjacent continental shelf extends further away from the
prodelta and has sedimentation rates of less than

0.1 cm year .

Measurements
Sampling Stations

The sampling cruise MissRhoDia was carried out aboard the
RV Tethys II in May 2018. Nine stations were sampled be-
tween 2 and 18 km from the Rhone River mouth, in the prox-
imal (stations A, Z and AZ), prodelta (stations AK, K, B and
L) and distal (stations C and E) domains over a southwest
transect, corresponding to the main direction of the river
plume. The locations of sampling stations are shown in
Fig. 1, and the main characteristics are in Table 1. Sediment
cores were collected using an UWITEC® single corer (9.5 cm
of inner diameter, 60 cm of length) for pore water and solid-
phase analysis. Bottom water samples were taken with a 12-1
Niskin® bottle as close as possible to the seafloor (approxi-
mately 1 m). Salinity and temperature (°C) were measured
using a salinometer with a precision of £0.1 and a thermom-
eter with a precision of £0.1 °C, respectively (Table 1).

@ Springer

Table1  Sampling site locations and environmental parameters (bottom
water temperature (7},,) and salinity (S)) for each station during the
benthic sampling

Site Lat. °N)  Long. (°E) Dist. (km) Depth (m) T, (°C) S

Z  43°19.062" 4°52.034" 1.8 20.2 15.7 38

A 43°18.680" 4°51.038" 1.9 21 15.6 37.8
AZ 43°18.742" 4°51.400" 23 20 20 37.8
AK 43°18.426" 4°51.300" 2.7 43.7 15.6 37.9
B 43°18.262" 4°49.938 3 48.5 15.8 37.9
K 43°18.111" 4°51.361" 3.3 57.3 15.7 38.5
L 43°18270" 4°53.106" 4 60.8 15.1 38.1
C  43°16237" 4°46.379" 8.6 72.5 14.7 38.2
E  43°13.333" 4°41.897" 16.6 72 14.8 383

In Situ Microelectrode Measurements

The distribution of O, and pH at the sediment—water interface
was measured using in situ microelectrode with a benthic
microprofiler (Unisense®) (Rabouille et al. 2003; Lansard
et al. 2008; Cathalot et al. 2010; Rassmann et al. 2016,
2020). The measurements of 45 vertical depth O, profiles
per station and 2 pH profiles were achieved with a vertical
resolution of 200 um near the sediment—water interface. The
dissolved O, concentrations were measured by polarographic
oxygen microelectrodes that were provided with a built-in
reference and internal guard cathode (Revsbech 1989). The
microelectrodes were calibrated with a 2-point calibration
technique using the bottom water oxygen concentration deter-
mined by the Winkler titration (Grasshof et al. 1983) and the
anoxic pore waters of the sediment (Cai and Sayles 1996). The
pH microelectrodes were calibrated by NBS pH buffers
(pH 4.01, 7.00 and 9.00) which provided the slope of the
sensor response to pH and which estimated the pH variation.
The measurement of seawater pH in bottom waters was car-
ried out by spectrophotometry with unpurified m-cresol purple
(Clayton and Byrne 1993; Dickson et al. 2007) and is reported
on the total proton scale (pHt). The precision of the dissolved
0, measurement was of + 0.5 uM, whereas the uncertainty of
measured pH was =£0.01 pH units.

Ex Situ Measurements of Solid and Pore Water Profiles

In order to determine the sediment porosity, a core was
sliced with a resolution of 2 mm for 0—10 mm depth,
5 mm for 10-60 mm depth and 10 mm until the bottom of
the core. The sediment porosity was calculated using water
contents (the difference between the wet and dry weights
after 1 week at 60 °C) and an averaged sediment density of
265¢g cm . The sediment porosity was then corrected by
the bottom water salinity.
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A second sediment core was processed within 1-2 h after
sampling for the extraction of pore waters by its introduction
in a glove bag flushed with N, atmosphere in order to avoid
oxidation of reduced compounds. The extraction of pore wa-
ters was conducted by rhizons with a mean pore size of 0.1 um
(Seeberg-Elverfeldt et al. 2005). After collection, the pore
water Fe?* and the total dissolved Fe were measured using
the ferrozine method (Stookey 1970). Pore waters were poi-
soned using HgCl, for total alkalinity (TA) and dissolved
inorganic carbon (DIC), acidified with HCI for SO427 mea-
surements and stored at 4 °C until laboratory analysis.
Subsamples for NH;", NO;~ and DIP measurements were
frozen on board. The pore water NH,* concentration was di-
luted and quantified by the indophenol blue method (Grasshof
et al. 1983), while the pore water NO; concentration was
measured using the vanadium chloride reductant after dilu-
tion, followed by the addition of NEDD/sulphanilamide and
the colorimetric method (Hansen and Koroleff 1999;
Schnetger and Lehners 2014). The uncertainties of the
methods for NH," and NOs~ were 5% and 2%, respectively.

The pore water DIC concentrations were quantified with a
DIC analyser (Apollo SciTech®), by the use of 1 ml of the
sample volume with 4—7 replicates as described previously by
Rassmann et al. (2016). The DIC method was calibrated using
certified reference materials (oceanic CO, measurements,
Scripps Institution of Oceanography-batch no. 136) which
provided an uncertainty of 0.3%. The pore water SO4> con-
centrations were diluted by a factor of 100 and measured using
ion chromatography on an ICS 1000 chromatograph with an
AS14 column and an AG14 guard column, both in 4 mm
diameter (Dionex) (Rassmann et al. 2020). The uncertainty
of this method was of + 1.6%.

For the pore water DIP, the measurements were performed
spectrophotometrically (Murphy and Riley 1962) at 880 nm
on 3 ml of each sample, using a mixed reagent prepared daily
from sulfuric acid (H,SO4), potassium antimony(III)
oxytartrate hemihydrate (K(SbO)C4H40Og4 1/2H,0), ammoni-
um molybdate ((NH4)sMo0-,0,4-4H,0) and ascorbic acid
(C¢HgOg). The precision of the method was 1%.

Sequential Extraction of P Forms

Another sediment core was sampled and freeze-dried for 48 h
and ground for further analysis of the P solid forms. The
sedimentary P pools were separated using the sequential ex-
traction method as detailed in Andrieux-Loyer et al. (2008)
and adapted from widespread extraction methods (Psenner
et al. 1988; Ruttenberg 1992).

Fe-bound P (including the Fe oxide—bound P and the
vivianite) was extracted by 0.1 mol 1"" of dithionite—
bicarbonate (8 h, 20 °C). In a second step, authigenic Ca-
bound P (including carbonate fluorapatite Cas(PO4, CO3)5F,
biogenic hydroxyapatite Ca;o(PO4)s(OH), and CaCO3; bound

P) was quantified on the remaining fraction by 1 mol I"' of Na
acetate buffer (pH =4, 6 h, 20 °C) then washed by 1 mol ' of
MgCl, (pH =38, 0.5 h, 20 °C). Then, the detrital P was extract-
ed using 1 mol I"' of HCI (overnight). Total P was determined
non-sequentially by 1 mol 1! HCI treatment overnight after
sediment ignition at 550 °C (4 h), while the inorganic P refer-
ring to the sum of P forms (Fe-bound P, Ca-bound P and
detrital P), was extracted with 1 mol 1! HCI before sediment
ignition, in order to ensure the measurements’ efficiency.
Organic P was then quantified by the difference between total
P and inorganic P (Andrieux-Loyer et al. 2008).

Model Description

The modelling was performed by a steady-state version of the
diagenetic model OMEXDIA (Soetaert et al. 1996; Khalil
etal. 2018), implemented in the R software, using the R pack-
age ReacTran (Soetaert and Meysman 2012) and extended to
include the benthic P cycle (Slomp et al. 1996; Ait Ballagh
et al. 2020). The steady-state model assumption in our study
allowed to understand the relative contribution of biogeo-
chemical processes involved in the benthic P cycle in dynamic
system outside flood events. This assumption is based on a
stationary state observed over several years (2007-2015) dur-
ing the spring—summer season, which allows typical diagenet-
ic situation to be investigated using a steady-state model
(Rassmann et al. 2020). This condition was achieved by set-
ting the rates of changes to 0 (i.e. 0Ci/0t=0). The model
outputs were fitted to the measurements of organic carbon,
terminal electron acceptors (O,, NO3 , SO42_), products of
mineralization (NH,*, DIP, DIC and oxygen demand units
(ODU; reduced substances during anoxic mineralization))
and solid P fractions (organic P, Fe-bound P and Ca-bound
P). The model solves a set of general diagenetic equations
(Berner 1980; Boudreau 1997) for dissolved Cy4 and solid C;
concentrations (Egs. (1) and (2)), as described in the follow-
ing:

—a% [—@DS%A— w@Cd} + YRy + a(Cyy—Cq) =0 (1)
0 0(1-D)Cs
L [_DB% + w(l—@)cs} +(IFO)SR = 0 (2)

where C4 and C; denote the concentrations of the dissolved
and solid species, respectively (in mol per volume of pore
water or dry sediment ). & is the sediment porosity
(cm® cm ), x is the sediment depth (cm), D is the diffusion
coefficient (cm? dayfl), Dg is the bioturbation coefficient
(cm?® dayfl), w represents the sedimentation rate (cm dayfl)
and Y R4 and Y R, denote the sum of the biogeochemical reac-
tions occurring to dissolved and solid species, respectively. «
is the depth-profile bioirrigation rate, while Cgy, is the bottom
water concentration of dissolved phases (umol 17").
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The dissolved species are transported by molecular diffu-
sion and bioirrigation, whereas bioturbation is the main trans-
port process for solid phases. In addition, advection is a com-
mon process for all species (Berner 1980; Boudreau 1997,
Rabouille and Gaillard 1991). The sediment compaction is
represented in the model by the exponential decrease of po-
rosity (Berner 1980; Rabouille and Gaillard 1991). Below the
sediment—water interface, all the mineralization pathways pro-
duce NH,* and DIP (Table 2). The labile (FDet) and semi-
labile (SDet) fractions of organic carbon are mineralized in the
oxic zone by oxygen (OxicMin; Table 2, R1). Once the oxy-
gen is totally consumed, the denitrification takes place in
suboxic zone and is limited by nitrate concentration
(Denitrif; Table 2, R2; Emerson et al. 2004). In the anoxic
zone, metal oxides and sulfate are used as next terminal elec-
tron acceptors in the mineralization (AnoxicMin; Table 2, R3—
R4). The ammonium and the other reduced compounds
expressed as ODU (Berner 1989; Soetaert et al. 1996) are
reoxidized by oxygen in the oxic zone (Nitrif and ODUoxid,
respectively; Table 2, R5—R6). The stoichiometry of organic
matter is represented by coefficients x and y denoting molar C/
P and N/P ratios, respectively.

The diagenetic equations in Table 2 take into account all
transport and reactive processes for the compounds; the labile
and semi-labile fractions of organic carbon (Egs. (3) and (4)),
oxygen (Eq. (5)), nitrate (Eq. (6)), sulfate (Eq. (7)), ammoni-
um (Eq. (8)), the dissolved inorganic carbon (Eq. (9)) and the
ODU that are produced by anoxic mineralization and may be
lost from the system to form solid substances as a pyrite
(Eq. (10); Berner 1970; Soetaert et al. 1996; Rassmann et al.

Table 2  Mineralization pathways and diagenetic equations in the model

2020). These equations are depending on the conversion be-
tween solid and liquid units (19).

where p; denotes the average density of the sediment particles
(g cm ).

Benthic Phosphorus Cycle

The benthic P cycle is included in the model to obtain more
insight into the P transformation in the Rhone prodelta sedi-
ments. The present model describes the concentration change
with depth of pore water DIP (umol 1) and three forms of
particulate P (organic P, Fe-bound P and Ca-bound P
(umol g")). All the equations are detailed in Table 3 (see
also Ait Ballagh et al. 2020). Figure 2 illustrates the biogeo-
chemical processes of the benthic P cycle.

In the model, the P settling at the sediment—water interface is
either associated to the organic matter by C/P ratios for the
labile and semi-labile OC fractions or bound to Fe oxides
(Emsley 1980; Sundby et al. 1992; Ruttenberg and Berner
1993; Slomp et al. 1996; Delaney 1998; Andrieux-Loyer and
Aminot 2001; Slomp et al. 2004; Ruttenberg 2014). A refrac-
tory part Pegac (umol g ') which is not degraded in the sedi-
ments is added to the labile fraction (Table 3, Eq. (11)).

Below the sediment—water interface, organic matter miner-
alization releases DIP (cm > liquid day ') in the pore waters
(Table 3, Eq. (12)). In the oxic zone, the DIP may diffuse to

Mineralization pathways Reactions
Oxic mineralization

(CH,0),(NH3),(H3PO,) +x0,— xCO, +yNH; + H3PO,+xH,0

Limitation and inhibition functions
KSOZ oxic R1

Denitrification (CH,0),(NH3),(H3P04)+0.8 x xHNO3 —xCO,+yNH;3+H3PO4+0.4 xNo+1.4 xH;O Ksnoydenit KN, denit R2
Metal reduction (CH,0),(NH3),(H3PO4)+1 oxidant — 1 ODU+xCO,+yNH; + H3PO4+5 x xH,O Kino, anox R3
KinNo, anox
Sulfate reduction (CH,0),(NH3;),(H3P04)+0.5 S0, —0.5 ODU+xCO,+yNH; + H3PO,4+5 x xH,O Ksgo, R4
Nitrification NH;+20,—HNO;+H,0 K0, nitri> 7nit RS
Reoxidation of ODU ODU +0,— oxidant Ks0,0DU0x» *oDUOx R6
Diagenetic equations
dEDet — @~ x FDet = 0 3
dSDC‘ = @—7gow X SDet =0 4)
dO“ = @-OxicMin—2 x Nitrif-ODUoxid + aj; x (0,,,—0,) =0 5)
dNO3 = @—0.8 x Denitrif + Nitrif—~Anammox + i X (NO3,,—NO3) =0 (6)
dSO4 = @—0.5 x AnoxicMin + iy X (SO4,,—SO4) = 0 @)
dl\é?3 —@+ (DINpin I\JlrltrllfAn)ammox) + Qi X (NH3W—NH3) =0 ®
@DIC _ @ 4 DIC,piy + iy % (DIChy~DIC) = 0 )
dODU

= @ + AnoxicMin—ODUoxid—ODUDepo + vy X

(ODU,,—ODU) = 0, with ODUdepo=rpepo X ODU+ppepo X AnoxicMin

10)

The commercial at sign (@) denotes the transport of dissolved and solid species
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Table 3  The phosphorus equations in the model

P equations

Porg = Corgmst X %fast + Corgslow x %slow + Prefrac an
PO"gmm = Rﬁm X C"fgfm X %fast + RSIOW x Corgslow X %slow x 0 (12)
Fe-bound Pormaion = Ree-bound Pramien X (DIP=DIP) x Oxfunc, where O func = % (13)
Fe-bound Preicase = Rpreuma r,, X (F e-bound P—Fe-bound Pasymp) x (1-O,func) (14)
Ca-bound Pprecipitatjon = Rca-bound Pprecip X (DLP*DLPeq) (15)

% = @ + Py, —Fe—boundP tormation + Fe—boundP ejease X 9—Ca—boundPprecipitation + Qi (DIPpy,—DIP) = 0

dFe-bgrund P_ @ 4+ Fe—boun% Promaion —Fe-hound Pretease = 0

dCabound P _ @ - Ca-bound Pprecipitation __ 0
= 5 =

dt

16
an
18

The commercial at sign (@) denotes the transport of dissolved and solid species

the overlying waters or be adsorbed onto sediment Fe oxide
surfaces, which leads to Fe-bound P formation (pmol cm >
liquid day_l) (Table 3, Eq. (13)) (Syers et al. 1973; Froelich
1988; Fox 1990; Balls 1994; Filippelli and Delaney 1996;
Anschutz et al. 1998; Slomp et al. 1998; Cade-Menun et al.
2019). The Fe oxides are used as next terminal acceptors once
oxygen, nitrate and manganese oxides are totally consumed
(Canavan and Slomp 2006; Krom and Berner 1981).
Therefore, the adsorbed DIP is released by the dissolution of
Fe-bound P (umol cm > solid day ') (Table 3, Eq. (14)).

In the anoxic zone, the concentrations of DIP increase
through organic matter mineralization and Fe-bound P dissolu-
tion. The pore waters are supersaturated with respect to carbo-
fluorapatite (DIPbw >DIP.y) and form an authigenic mineral

with Ca** (Ruttenberg and Berner 1993). The authigenic Ca-
bound P (Ca-bound P,,4,) does not dissolve once it is formed,
and represents a permanent sink for reactive P in the sediments
(pnmol cm > liquid day_l) (Table 3, Eq. (15); Slomp et al.
1996). The coupling of the biogeochemical processes takes into
account the conversion from solid units to the liquid ones (%)
when it is necessary, and the stoichiometric conversion factors
(Table 3, Egs. (16)~(18); Soctaert et al. 1996).

Benthic Budget Calculation

The steady-state benthic budgets of all simulated dissolved
and solid compounds were calculated by the model with a
focus on P budget: the deposition flux, the integrated rates

- £
% g Organic P oie Fe-bound P Ca-bound P
= § g L Molecular
Bioirrigation diffusion ‘ '
,§ § Organic P (E— DIP =) Fe-bound P Ca-bound P
N
l Mineralization H Release ‘ ‘
Organic P = DIP <= Fe-bound P Ca-bound P
< o
S § ‘ lPrecipitation ‘ ‘
N
<
Organic P Ca-bound P Fe-bound P Ca-bound P
Ca-bound P
mmm) Source mmm)> Burial mmm) Mixing m==)> Reaction

Fig. 2 Schematic representation of the benthic P cycle
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of the biogeochemical processes and burial for each state var-
iable. Total oxic mineralization, total denitrification, total an-
oxic mineralization, total organic P mineralization, total Fe-
bound P formation, total Fe-bound P release and total Ca-
bound P precipitation, expressed in pmol m 2 day ', are the
depth-integrated values of oxic mineralization (OxicMin), de-
nitrification (Denitrif), anoxic mineralization (AnoxicMin),
organic P mineralization (P, . ), Fe-bound Pgymation, Fe-
bound Picjease and Ca-bound Pprecipitation depth profiles
expressed in the model in nmol cm > day ', respectively.

Results

Model-Data Comparison of Dissolved and Solid
Phases

The measured and simulated concentration-depth profiles of
oxygen, nitrate, sulfate, DIC, ammonium, ODU and total or-
ganic carbon (TOC) are presented in Fig. 3 for all sampling
stations. The O, concentrations depleted rapidly from 185 to
235 umol 1! in bottom waters (at stations C and L,
respectively; Table 5) to 0 pmol I'! (at all stations). The O,
penetration depth into the sediment ranged from 2 mm in the
proximal domain at station Z to 12.5 mm in the distal domain
at station E, a pattern which was well represented by the model
(Fig. 3). Nitrate concentrations were low at all stations and
showed an increase with the distance from the river mouth
to the adjacent continental shelf, without exceeding
15 umol ! (Fig. 3). The measured nitrate concentrations in
the bottom waters never exceeded 3 pmol 1! (Table 5) and
showed a peak below the sediment—water interface, indicating
nitrification, followed by denitrification, which was
reproduced by the model (Fig. 3). The depth of the nitrate
peak increased in line with the increase of oxygen penetration
from the river mouth to continental shelf, an evolution that
was well reproduced by the model. The measured SO, pro-
files highlighted a sharp decrease with sediment depth at sta-
tions Z and A in the proximal zone; the SO427 concentrations
ranged from about 30 mmol I"' in the bottom waters to con-
centrations below 5 mmol I"" in deeper layers. The SO,
profiles showed a slighter decrease with sediment depth in
the prodelta and distal domains (Fig. 3b, c; stations AK, B,
K, L, C and E). The model was in good agreement with the
SO427 measurements.

The measured and simulated DIC profiles indicated an in-
crease with depth at all stations: concentrations were extreme-
ly high in the proximal domain (around 50 mmol I " at stations
Z and A below 15 cm, Fig. 3). DIC concentrations in pore
waters at depth decreased according to distance from the river
mouth to about 5 mmol 17! in the distal domain (Fig. 3c,
station E). This pattern linked to the diagenetic intensity was
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Fig.3 a Simulated (grey lines) and measured (symbols (grey circles)) O, | 2
NO;™, SO4>", DIC, NH,*, ODU and TOC in the proximal domain
(stations Z, A and AZ). b Simulated (grey lines) and measured
(symbols (grey circles)) O, NO3 -, SO,>", DIC, NH,*, ODU and TOC
in the prodelta domain (stations AK, B, K and L). ¢ Simulated (grey lines)
and measured (symbols (grey circles)) O,, NO;, S0,%", DIC, NH,*,
ODU and TOC in the distal domain (stations C and E)

also well reproduced by the model. The same biogeochemical
gradient was observed for the pore water NH4* profiles, with
concentrations increasing with sediment depth at all stations.
A gradient of NH," concentrations at sediment depth (15 cm)
from up to 3000 pmol 1™ (station Z) until about 100 pmol 1!
(station E) was visible, similar to the DIC profiles. Therefore,
a larger production of DIC and NH,* was clearly observed in
the proximal domain compared to the prodelta and distal do-
mains. Overall, the model was in good agreement with pore
water DIC and NH,4" profiles at all stations (Fig. 3). The ODU
concentrations (mainly Fe?*) displayed an increase with sed-
iment depth, with about 150 pmol 1! close to the river mouth,
but this maximum decreased in continental shelf stations to
less than 5 pmol 1! (station E; Fig. 3c). The simulated TOC
profiles never exceeded 2% at the sediment-water interface
and showed a decrease with sediment depth at all stations
(Fig. 3).

Figure 4 shows the measured and simulated profiles of
DIP, organic P, Fe-bound P and Ca-bound P. DIP concentra-
tions were low near the sediment-water interface then showed
an increase with sediment depth. In deeper sediment layers of
the proximal domain, DIP concentrations were extremely high
(about 250 pmol 1" at stations Z, A and AZ). These deep DIP
maximum concentrations decreased with water depths and
distance from the river mouth until about 25 pmol 1" at sta-
tion E (Fig. 4). Overall, the model reproduced the increasing
shape of DIP with sediment depth, except at stations Z, B and
K below 10 cm depth (Fig. 3). The DIP evolution followed a
similar pattern as DIC and NH,* for all stations. The measured
organic P profiles never exceeded 10 umol g ' at the
sediment—water interface at all stations. Organic P showed a
slight decrease with sediment depth and showed a generally
constant concentration offshore. Stations Z and A displayed a
larger spread of organic P values with sediment depth. The
model showed a good agreement with average measurements
for this phase but showed a large gradient near the sediment—
water interface (Fig. 4). Similarly, the observed Fe-bound P
concentrations at stations A, Z and AZ showed dispersed
values, while the model reproduced the average Fe-bound P
concentrations and showed a slight decrease with sediment
depth (Fig. 4). Concerning the other stations, the average Fe-
bound P concentrations were well represented by the model
(Fig. 4). A similar pattern was found for Ca-bound P, con-
centrations and showed also dispersed values in stations A, Z
and AZ. This phase showed very consistent values at the



Estuaries and Coasts (2021) 44:1765-1789

1773

AZ

AK

%)
05 O, (umol I'")
100 200 300
swiy /
E 0,5 02-
'g_ data
8 1 —02-
model
1,5
0,5 -

0 100 200 300
= 0™
s
Z 05
2
H

1
1.5
-0,5

0 100 200 300

Depth (¢cm)
= L
[ —_ wn =]

NO* (umol I') SO, (mmol I'") DIC (mmol I'") NH; (pmol I'') ODU (umol I) TOC (%)
0 s 10 15 0 20 40 0 20 40 60 O 2000 4000 O 150 300 0 1 23 45
0 0 0 — 0 0 0
5 5 5 5 5
5 10 10 4 10 10 | 10
15 15 4 15 15 15
10 20 20 4 20 20 20
25 25 4 25 25 25
15 30 4 30 30 30 - 30
0 s 10 o 2 40 0 20 40 60 O 2000 4000 O 150 300 012345
0 0 0 4~ 03— 0+ 0
5 s{ 54 5 5
5 10 104 " 10 \ 10 10
15 15 4 \\ 15 { 15 15
10 20 20 1 Ol 20 20 20
25 25 25 ) 25 25
15 30 30 U3 : 30 30
0 510 0 20 40 0 20 40 60 0 2000 4000 0 150 300 012345
0 0 1 : 045 0 = 0 0+t
5 54 5 5 5
54 10 10 4| 10 | 10 10
15 Is 15 1 & 15 15
10 20 20 \ 20 " \ 20 20
25 25 A\ 25 » 25 25
15 30 30 130 L1 3 30

a. Simulated (grey lines) and measured (symbols (*)) 02, NO3, 8042', DIC, NH4" and ODU in the proximal domain (st Z, A and AZ)

0, (umol I

0 100200 300
|

Depth (cm)

In g
W — O =

0 100 200 300

Depth (ecm)
- o
w o=

0 100 200 300

Depth (cm)

I o
n —_ wn =Y

100 200 300

L
n

Depth (cm)

b. Simulated (grey lines) and measured (symbols (+)) 02, NO3; 5042', DIC,

~0,5 02 (umol )
0 100 200 300

Depth (cm)

i L
wn —_ 3 =3

-0,5
0 100 200 300

0

Depth (ecm)
e
-

n

NO;™ (umol 1) SO,> (mmol I'') DIC (mmol I'") NH; (umol I'") ODU (umol I') TOC (%)
0 5 10 0 200 40 0 20 40 60 0 2000 4000 0 150 300 012345
0 0 L 0 0
\ 51 54 5 5 5
5 10 10 10 10 10
15 15 15 15 15
10 20 204 | 20 20 20
25 A 254 | 25 25 25
15 30 30 - 30 30 30
0 5 10 0 20 40 0 20 40 60 0 2000 4000 O 150 300 012345
0 0 - 0 — 0 0 0
54 5 5 5 5
5 ; 10 4 10 10 10 10
15 A 15 4 15 15 15
10 20 20 20 20 20
25 A 25 25 25 25
15 30 —o— 30 L— 30 30 30
0 5 10 0 20 40 0 20 40 60 0 2000 4000 O 150 300 012345
0 0 . 0 — 0 0 ¢ 0
5 5 5 5 5
5 ; 10 10 10 10 10
15 15 15 15 15
10 20 20 20 20 20
25 25 4 25 25 25
15 30 30 30 30 30
0 5 10 0 20 40 0 20 40 60 0 2000 4000 0 150 300 012345
0 0 0 - 0 0 0
5 5 5 5 5
5 10 10 10 10 10
15 15 15 15 15
10 20 20 20 20 20
25 25 25 25 25
15 30 30 30 30 30

NH4"and ODU in the prodelta domain (st AK, B, K and L)

NO;™ (umol I) S04 (mmol I'') DIC (mmol I) NH; (umol I') ODU (umol I') TOC (%)
0 5 0 o0 20 4 0 20 40 60 0 2000 4000 0 150 300 012345
0 = 0 0 —— 0 0
54 5 5 5 5
5 10 4 10 - 10 | 10 10
15 4 15 4 15 15 15
10 20 4 20 20 20 | 20
25 4 25 A 25 25 25
15 30 30 30 30 30
5 10 15 0 20 40 0 20 40 60 0 2000 4000 0 150 300 012345
0 0 : 0 — 0 0
5 5 5 5 5
5 10 4 10 10 10 10
15 15 15 15 15
10 20 A 20 20 20 20 |
25 25 25 25 25
15 30 30 30 30 30

c. Simulated (grey lines) and measured (symbols (*)) 02, NO3~, 5042', DIC, NH4+and ODU in the distal domain (st C and E)

@ Springer



1774 Estuaries and Coasts (2021) 44:1765-1789

DIP Organic P Fe-bound P Ca-bound P
(umol 1) (nmol g) (nmol g (nmol g™)
0 100 200 300 0 10 20 30 0 5 10 15 0 5 10 15
0 1 1 0 4= 0 __rﬂ_._ [V e D ————
PO4-
5 data 5 5 5
_ —— PO4- ] ] ]
7 E 10 odd 10 10 10
=15 15 15 15
B
& 20 - 20 - 20 - 20 -
25 25 25 25 -
30 30 30 30
0 100 200 300 0 10 20 30 0 5 10 15 0 5 10 15
0+ 0 +— 0 f—opr—— 0 . .
5 5 5 5
g 10 4 10 - 10 - 10 -
A £
s 15 - 15 - 15 - 15 -
£
8 20 20 - 20 - 20 -
25 25 25 - 25 -
30 30 30 30
0 100 200 300 0 10 20 30 0 5 10 15 0 5 10 15
0 + 0 0 4= 0 +—pgt—-t—
5 5 5 5
=10 10 - 10 - 10 -
AZ g
s 15 15 - 15 - 15 -
o
8 20 20 - 20 - 20 -
25 - 25 - 25 25 -
30 30 30 30
0 100 200 300 0 10 20 30 0 510 15 0 5 10 15
0 0 +— 0 +—o7 - 0 . .
5 5 5 5
210 10 - 10 - 10 -
<9
AK s 15 15 - 15 - 15 -
£
2 20 - 20 - 20 - 20 -
25 1 25 25 25 -
30 30 30 30
0 100 200 300 0 10 20 30 0 5 10 15 0 5 10 15
06 0 0 ' : 0 : :
5 5 5 1 51
=10 10 - 10 - 10 -
g
B =15+ 15 - 15 15
£
2 20 20 - 20 - 20 -
25 25 - 25 - 25 -
30 30 30 30

Fig. 4 Simulated (grey lines) and measured (symbols (grey circles)) DIP, organic P, Fe-bound P and Ca-bound P in the sampled stations

@ Springer



Estuaries and Coasts (2021) 44:1765-1789 1775

DIP Organic P Fe-bound P Ca-bound P
(umol 1) (umol g) (umol g (umol g)
0 — 0 t+—er— 0 — 0 -
5 5 5 5
T 10 4 10 A 10 A 10 A
)
K =i 15 - 15 15
=
8 20 - 20 20 - 20 -
25 25 A 25 - 25
30 30 l
0 100 200 300 0 10 20 30 0 5 10 15 0 5 10 15
0 4 — 0 - 0 T 0 : :
5 5 5 5
£ 10 A 10 - 10 - 10 -
2
L =5 15 15 15
g
| 20 20 | 20 | 20
25 - 25 | 25 1 25 -
30 30 30 30
0 100 200 300 0 10 20 30 0 5 10 15 0 5 10 15
0 — 0 — 0 : : 0 : -
5 5 5 A 5
6} 10 10 - 10 - 10
9
C Zis 15 - 15 - 15 -
g
2 20 20 - 20 - 20
25 25 A 25 - 25 -
30 30 - 30 30
0 100 200 300 0 10 20 30 0 5 10 15 0 5 10 15
0 : ! 0 ) L 0 - L 0 . .

5 5 { 5 5
10 10 - 10 - 10
9
E = 15 15 - 15 - 15
=
8 20 ‘| 20 - 20 20
25 ! 25 25 1 25
30 30 30 30

Fig. 4 (continued)

@ Springer



1776

Estuaries and Coasts (2021) 44:1765-1789

profile scale and between profiles at all stations from the river
mouth to the continental shelf, which was overall reproduced
by the model (Fig. 4).

Boundary Conditions and Model Parameters

The fixed parameters of the model listed in Table 4 were
ammonium adsorption coefficient (NHj 4 45), maximum oxida-
tion of ODU (¥opuoy), nitrification rate constant (7,;), half-
saturation constants for O, limitation for oxic mineralization
(Kso,oxic ) and nitrification (Kso,niti ), nitrate limitation for
nitrate reduction (KsNo,denit ), O limitation for the oxidation
of reduced substances (Kso,opuox ), O inhibition for nitrate
reduction (King,genit ) and anoxic mineralization (Kinp,anox )
nitrate inhibition for anoxic mineralization (Kinno,anox ), sul-
fate limitation for anoxic mineralization (Ksso, ) and finally
the C/N and C/P fixed for labile and semi-labile fractions of
organic carbon for all the sampling stations (Table 4). The
C/Ng, and C/Ng,,, were fixed to 7.1 (Pastor et al. 2011)
and 10 (Khalil et al. 2018), respectively. The C/P ratio was
fixed by assuming that N/P was equal to 16. Therefore, the
estimated C/P for labile fraction (C/Py,) was averaged to 114,
while the C/P for semi-labile fraction (C/Pg,,,) was 160. It is
noteworthy that because the proportion of the labile fraction
increases offshore (from 50% to 75%), the overall C/P ratio
decreases as well from 137 in the proximal zone to 126 in the

Table 4  Fixed parameters in the model

distal zone which is consistent with the aquatic nature of the
organic matter degraded in these sediments.

Table 5 includes the parameters that were measured at each
station. The bottom water temperature ranged between
14.7 °C (at station C) and 20 °C (at station AZ), which is
typical of the area at this season. Salinity varied between
37.8 at stations A and AZ and 38.5 at station K (Table 5).
The bottom water concentrations of all dissolved phases did
not follow a spatial pattern (Table 5). The bottom water con-
centrations of NO5~, NH4" and ODU were low for all stations.
The SO,* concentrations were nearly constant in bottom wa-
ters and close to 30 mmol 1! at all stations (Table 5). The
porosity at surface sediment and at depth was lowest in station
K (0.76 and 0.58, respectively) and highest in station C (0.86
and 0.64, respectively). The sedimentation rates adopted for
this modelling study were obtained from the literature
(Charmasson et al. 1998; Radakovitch et al. 1999; Miralles
etal. 2005; Lansard et al. 2007), ranging from 10 cm year ' in
proximal domain to 0.1 cm year ' in distal domain (Pastor
etal. 2011).

The parameters estimated by fitting the model to the data
are listed in Table 6. The reactive OC flux (OCg,y) followed a
spatial pattern and decreased from 160 mmol m? day ' at
station Z (the river mouth) to 10 mmol m * dayfl at station
E on the continental shelf. The first-order decay rate constants
for labile fraction of OC (Ry,) showed a clear increase with
distance to the continental shelf (0.06 day ' at station Z to

Parameter Unit Value Source
NH;3 a4 - 1.3 L
ODUox day71 20 L
Fnit dayfl 10 C
Kso,oxic pmol O, ! 1 L
Kso,nitri pmol O, ! 10 L
Ksno; denit pmol NO; ™ I'! 10 L
Kso,0DpU0x pmol O, 17! 1 L
Kino, denit pmol O, 17! 1 L
Kino, anox pmol O, 17! 1 L
Kinno, anox pmol NO; ! 10 L
Ksso, mmol 800 L
SO 1!
C/Nast mol C mol N'! 7.1 L
C/Niow mol C mol N 10 L
C/P ot mol C mol P! 114 C
C/Pgiow mol C mol P! 160 C
DIP, pmol 17! 1 L

NH;44s ammonium adsorption coefficient, 7opu,, maximum oxidation of ODU rate constant, 7,,;, nitrification rate constant, Kso, oy half-saturation
constant for O, limitation for oxic mineralization, Kso, i half-saturation constant for O, limitation for nitrification, Ksyo,deni nitrate limitation for
nitrate reduction, Kso,opuvox O2 limitation for the oxidation of reduced substances, Kino, denir O inhibition for nitrate reduction, Kino,anox O, inhibition
for anoxic mineralization, Kinno,anox nitrate inhibition for anoxic mineralization, Ksso, sulfate limitation for sulfate reduction
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Table 5 Parameters measured in every sampled station

Parameter Unit z A AZ AK B K L C E
Temperature °C 15.7 15.6 20 15.6 15.8 15.7 15.1 14.7 14.8
Salinity g kg 38 37.8 37.8 37.9 37.9 38.2 38.1 38.2 383
Oopbw pmol 17! 215 197 206 185 206 206 235 189 224
NO3pw wmol ! 0.8 0 0.2 0 0 0 0.7 3 2.7
NHjp wmol [ 0 0 0.8 0.24 0.42 0.5 1.17 1.45 0
DIC,,, pmol 17! 2372 2360 2330 2350 2359 2363 2384 2396 2377
DIPy,, mol 17! 0.78 4.28 2.03 1.63 1.95 2.31 0.57 0.31 1.56
SO.4pw mmol 1! 29.9 30.2 30.5 30.6 30.7 30.3 30.6 30.5 30.6
ODUyy mol 17! 0 0 0.77 0 0.31 0.18 0 0 0

w cm yeaf1 10 10 10 1 1 1 1 0.1 0.1
Qo - 0.81 0.83 0.8 0.84 0.83 0.76 0.84 0.86 0.85
Dy, - 0.65 0.65 0.65 0.62 0.6 0.58 0.63 0.64 0.6
Coeff, cm 1 2 3 2 2 3 2 3 6

Bottom water—dissolved species concentrations (Cy,,), porosity parameters (@, 9., and Coeft,), bottom water temperature, salinity and sedimentation
rate (w) were measured

0.2 day7l at stations B, K, L, C and E). Contrarily, the first-
order decay rate constants of the semi-labile fraction (Rgjow)
decreased with distance to the river from 0.0035 day ™' at
station Z to 0.0002 day_1 at stations B and C (Table 6). The
labile OC represented an important proportion of OC (Pyg)

Table 6 Parameters estimated by the model

that increased from 50% near the river mouth (stations Z and
A) to 75% on the continental shelf. The refractory carbon
varied between 0.9 and 1.4% (Table 6). The proportion of
ODU deposition (pgepo) ranged between 90 and 99%. The
bioturbation layer thickness (x,) increased from 5 cm for

Parameter Unit Z A AZ AK B K L C E
OCux mmol m 2 day ' 160 150 130 50 44 43 24 14 10
Rpast day ™! 0.06 0.1 0.15 0.15 0.2 0.2 0.2 0.2 0.2
Ryiow day ! 0.0035  0.0031 0.0016  0.0003  0.0002  0.0008  0.0003  0.0002  0.0008
Prast - 0.5 0.5 0.6 0.75 0.75 0.75 0.75 0.75 0.75
Reepo day ! 0.05 0.05 0.05 0.05 0.1 0.03 0.08 0.05 0.07
Plepo - 0.99 0.97 0.97 0.9 0.9 0.9 0.92 0.92 0.98
Dy cm? day ! 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.015 0.015
Xb cm 5 5 5 10 10 10 10 10 10
Qirro day™! 0.09 0.23 0.1 0.1 0.05 0.1 0.1 0.05 0.05
Xirr cm 8 7 145 9 13 8 11 7 6

Cref % 1 135 1 1 125 14 12 0.9 1

Pret pumol g 4 8 5 4 25 5.5 5.5 5 8
Rrebound Pay day ! 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.1 0.1
Rre-bound Py day ! 0.0008  0.0008  0.0008  0.0008  0.0005  0.0005  0.0008  0.0008  0.0008
Rea-bound Py day! 0.006 0.0055  0.003 0.003 0.003 0.002 0.006 0.002 0.0035
Fe-bound Py, pmol m 2 day ™! 73 57 73 8 8.2 75 7.5 1 1
Fe-bound Pgymp pumol f{1 3 2 3 3 2.5 2.5 3 4 35
Ca-bound Py, pumol g_1 4 4 3.6 4.7 4.1 4.15 53 4.7 42

Organic carbon flux (OCyqyy), proportion of the labile organic carbon fraction (Pg,), labile and semi-labile carbon mineralization rate constants (R, and
Rgow- respectively), bioturbation parameters (surface bioturbation constant (Dy,), thickness of bioturbated layer (x)), irrigation parameters (surface
irrigation concentration (o), irrigation depth (x;,)), Fe-bound P fluxes to the sediment-water interface, rate constants for Fe-bound P formation
(RFe-bound Pry, ) and release (Rre-pound Py ) and the Ca-bound P precipitation rate constants (Rca-bound Pyrep ) 38 well as ODU deposition rate (Rgepo) and

part of ODU deposited as solid (pgepo) are presented
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stations A, Z and AZ to 10 cm for other stations, while the
bioturbation coefficient (D) was relatively invariant (from
0.01 to 0.015 cm? day '). The bioirrigation at the sediment
surface (oyr0) Was needed for all stations but did not indicate a
clear spatial trend according to the distance from the Rhone
mouth (0.05-0.2 day_l), with bioirrigation depths (x;,;) rang-
ing between 6 and 14.5 cm of depth (Table 6).

The Fe-bound P fluxes at the sediment—water interface (Fe-
bound Pg,y) decreased offshore with values as high as
730 umol m 2 day ! at station Z and decreased to
10 umol m* day ' at stations C and E. The Fe-bound P
formation rate constants (Rre-bound Py, ) Were 0.8 day7l at all
stations, except for stations C and E where they were only
0.1 day '. Concerning the Fe-bound P release, the rate con-
stants (Rpe-bound P, ) Were similar at all stations between
0.0005 day ' (at stations B and K) and 0.0008 day ' (at the
other stations; Table 6). The Fe-bound P asymptotic concen-
trations (Fe-bound P,pm,) ranged between 2 pmol g ! (at
station A) and 4 umol g ' (at station C). The Ca-bound P
precipitation rate constants (Rca-bound P, ) Tanged between
0.002 day ' (stations K and C) and 0.006 day_1 (stations Z
and L) (Table 6). Inherited concentrations of Ca-bound P (Ca-
bound Py,.,) were between 3.6 and 5.3 pumol gfl.

Discussion

The application of the model to the dataset from sediments
on all stations (from Z to E) along the Rhone River prodelta
allowed quantifying total organic matter mineralization
rates and calculating the contribution of different diagenetic
pathways to the mineralization processes. Moreover, the
addition of the benthic P cycle allowed identifying the
sources and sinks of internally produced DIP and

calculating sedimentary P budgets in proximal, prodelta
and distal domains.

Spatial Variability of Organic Matter Mineralization
The Organic Matter Properties

The OC fluxes (OCyux) ranged between 160 and
10 mmol m 2 day ' (Fig. 5) and were characteristic of
organic-rich ecosystems (Rabouille et al. 2008). They were
similar to the obtained OC fluxes for the same stations at the
Rhéne River prodelta by Pastor et al. (2011). Moreover, the
OC fluxes decreased exponentially as a function of distance
from the Rhone River mouth (Fig. 5). This decrease was
already observed by Cathalot et al. (2010) for the oxygen
diffusive fluxes. During flood events, occurring mostly in
fall-winter, the majority of organic-rich particulate inputs
from the Rhone River are accumulated in the proximal and
prodelta domains. Therefore, these areas are characterized
by large OC mineralization rates during spring (Lansard
et al. 2009; Cathalot et al. 2010; Pastor et al. 2011;
Rassmann et al. 2016). This is also evidenced in the results
by complete removal of sulfate during sulfate reduction and
the intense production of DIC especially in the proximal
domain.

In front of the Rhone River mouth, Rassmann et al.
(2016, 2020) showed that pore waters were supersaturated
with Ca®*, preventing carbonate dissolution in these deltaic
sediments. As a consequence, the DIC was mainly pro-
duced by OC mineralization processes (i.e. bacterial respi-
ration). The obtained fluxes (10—160 mmol m > day_l)
were in the same range as those from the Louisiana shelf
(35 mmol m 2 day '; Morse and Eldridge 2007), although
higher in the proximal domain. They were higher also
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compared to the Guadalquivir River mouth (Ferrén et al.
2009) and the Po River (Hammond 1999).

In addition to refractory carbon, the model takes into ac-
count two fractions of organic matter with variable reactiv-
ities: the labile and semi-labile fractions. Each labile and
semi-labile fraction has a first-order decay rate constant (R,
and Rgow, respectively; Soetaert et al. 1996), while the pro-
portion of labile OC (Py,,) determines the relative abundance
of both fractions in the OC inputs. The reactive compound
was the dominant fraction in the organic carbon input (Co,g)
as it increased from 50% in the proximal zone to 75% in the
continental shelf (Table 6), being negatively correlated to the
OC fluxes as has been already mentioned in Pastor et al.
(2011). The first-order decay rate constant of the labile OM
fraction (Rp,s) Was higher in the prodelta and distal domains
compared to the proximal domain and increased with distance
offshore from 0.06 day ' at the river mouth to 0.2 day ' on the
continental shelf (Fig. 6a) which indicated a progressive in-
crease in lability and proportion of labile organic matter with
the distance offshore. The rate constants in the proximal zone
(0.06 to 0.15 day ') were slightly higher than those calculated
for the Mississippi Delta and the Louisiana shelf (0.02—
0.05 dayfl; Morse and Eldridge 2007). However, the rate
constants calculated for the continental shelf were in the same
range as the eutrophic Scheldt estuary (0.15 day '; Hofmann
et al. 2008) and the Thau lagoon (0.1 day '), which are char-
acterized by labile organic matter from phytoplankton and
macrophyte debris (Dedieu et al. 2007).

The first-order decay rate constant of the semi-labile OM
fraction (Rgow) decreased with distance from the Rhone River
mouth to the continental shelf by a factor of 10 (0.0035 to
0.0002 day ', respectively; Fig. 6b). This could be related to
the supply of older and less reactive material as indicated by
4c dating (Cathalot et al. 2013). The Ry, Values were in the
same range as the values from the eutrophic environments,
such as Scheldt estuary (0.002 day '; Hofmann et al. 2008)
and the Thau lagoon (0.001 day '; Dedieu et al. 2007). This
trend matched with the results of Pastor et al. (2011) and
highlighted that the mix of labile and semi-labile organic mat-
ter in the proximal and prodelta domains contained essentially
terrestrial fine and coarse organic matter including a small
proportion of riverine organic matter (Dumoulin et al. 2018).

&
~—

Fig. 6 First-order decay rate
constants of labile (a) and semi-

At the same time, the sediments in the distal domains probably
receive labile marine organic matter (Pozzato et al. 2018)
which is entirely mineralized together with aged terrestrial
organic particles (Lansard et al. 2009).

The R, Rgiow and Py values highlighted that the terres-
trial organic matter in the proximal domain was composed of
fine and coarse continental material rich in organics (Cathalot
et al. 2013). It was less reactive than those at other stations
offshore probably due to prior degradation during transport or
storage on land. Stations offshore receive a larger proportion
of marine organic material such as phytoplankton (Pastor et al.
2011). This evolution is confirmed by the results obtained
using 6'"°Coc by Lansard et al. (2009). 5'*Co varied from
—26.8%o in the proximal domain sediments to — 23.9%o on the
shelf, showing a significant increase in the distal domain,
linked to the limited dispersal of terrestrial organic matter on
the continental shelf. The limited transport of terrestrial organ-
ic matter led to the highest values of Rg, with distance from
the river mouth linked to the increase of marine material pro-
portion (Fig. 6a).

Organic Matter Mineralization Processes

The decreasing mineralization rates of organic matter from the
proximal to distal domain were reflected in the penetration
depths of oxygen that were less than 2 mm at station A or Z
while they reached 12.5 mm in the distal domain (Cathalot
et al. 2010; Rassmann et al. 2016). At these stations, the large
increase of DIC production and the high consumption of sul-
fate indicated the large mineralization of reactive organic mat-
ter (Fig. 3).

The pore water NH,*, DIC and DIP were indicators of
organic matter mineralization, and their concentrations in-
creased as a function of sediment depth (Fig. 3; Berg et al.
2003). Overall, the prodelta stations showed lower concentra-
tions of these compounds in deep sediments compared to the
proximal domain (e.g. the NH,* with 300-1000 pmol 1" and
2000-3500 umol 1!, respectively) but were higher than the
distal domain (200-500 pmol 17'). The same pattern was
shown by the other components (Fig. 3). The observed de-
crease of asymptotic concentrations of DIC, NH,* and DIP
with distance to the shore was related to the decrease of OC
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mineralization rates in these areas, causing the decrease of
anoxic mineralization. This is well reflected in Table 6 where
OC flux represents the metabolizable organic matter deposi-
tion which, in the model calculation, is completely mineral-
ized in surficial sediments. The values of this integrated
mineralization varies from over 100 mmol C m™? day ' in
the proximal zone to 10 mmol C m > day ' on the distal shelf,
with a gradual decrease over the prodelta.

In the proximal domain, and after the total consumption of
0, and NOj3 , the ODU mainly consisted of dissolved Fe2+, as
H,S is very low (Rassmann et al. 2020). The ODU showed an
increase of concentrations with sediment depth, correspond-
ing to the Fe-bound P decrease (Fig. 4). This indicated a pro-
duction of dissolved Fe and a potential release of DIP through
the reductive dissolution of Fe oxides, used as a terminal elec-
tron acceptor in the anoxic zone of sediments (Krom and
Berner 1981; Canavan and Slomp 2006). This Fe-bound P
decrease was less important in prodelta and distal domains,
as shown by rather constant Fe-bound P profiles with depth,
which indicated that the released DIP in the sediments mainly
originated from the organic matter release without or with a
minor contribution of net Fe-bound P release (Fig. 4).

Overall, the model calculations showed that oxic mineral-
ization followed a spatial pattern along the biogeochemical
gradient, increasing its contribution to the total mineralization
from 13.7% (station A, proximal domain) to 80% (station E,
the distal domain; Fig. 7). The oxic mineralization contribu-
tion showed the same pattern as Pastor et al. (2011) and was in
the same range (8—67%). The oxygen below the sediment—
water interface was used also for the reoxidation of NH,"
and the reduced substances that were produced in the anoxic
zone. However, the nitrification process was not very impor-
tant in the Rhone prodelta sediments, and only a small fraction
of ODU was reoxidized, since more than 90% of ODU was
buried at depth (pgepo, Table 6). Therefore, the main process
responsible for oxygen consumption was oxic mineralization.
The denitrification represented the smallest contribution com-
pared to the other mineralization pathways (0.7 to 3.7%) and

Fig. 7 Contribution of 0%
mineralization pathways (%) in 10%
the sampled stations
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showed an increase from proximal to distal domains (Fig. 7).
This low contribution was due to the fact that denitrified NO5
originated only from nitrification below the sediment—water
interface, due to the low concentration of NO5; in bottom
waters (Table 5). Anoxic mineralization was related to the
Mn oxides, Fe oxides and sulfate reduction in the anoxic zone.
It exhibited a clear spatial gradient, accounting for more than
85% of total mineralization near the river mouth, decreasing to
16% near the continental shelf (Fig. 7). Sensitivity analysis of
the model showed that the variations of the sedimentation
rates in the Rhone proximal and prodelta domains do not
impact significantly the contributions of mineralization path-
ways. Indeed, an increase by a factor of 10 of the sedimenta-
tion rates (from 1 to 10 cm year ' in the proximal zone and
from 0.1 to 1 cm year ' for the prodelta domain) induced
slightly lower contribution of oxic mineralization (from 18
to 14% of the total mineralization) in the proximal domain
and was negligible in the prodelta domain.

The model showed a decreasing loss of ODU by burial
from 99% at station Z to 90% at station C (Table 6). The
ODU deposition highlighted a loss of reduced products of
mineralization at deeper depths as solid substances, such as
pyrite (Berner 1970; Soetaert et al. 1996). Similarly, high re-
moval rates were found previously by Pastor et al. (2011) and
Rassmann et al. (2020) in the Rhone River prodelta.

Benthic P Transformation Along the Rhéne River
Prodelta

At the proximal stations, DIP concentrations showed an in-
crease with sediment depth until a maximum of 300 pumol 1™,
The DIP concentrations were larger compared with concen-
trations obtained by Rassmann et al. (2020) for the same sta-
tions (50—160 umol I™"). This was probably linked to the
intensity of OC inputs from 2015 (Rassmann et al. 2020) to
2018 (this study). As pointed out in the literature, the second-
ary conversion of Fe oxides to FeS certainly contributed to the
net release of adsorbed DIP on Fe oxides with sediment depth

B Anoxic mineralization
Denitrification

B Oxic mineralization
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(Anschutz et al. 1998). Indeed, Rassmann et al. (2020) de-
scribed a clear precipitation of FeS at the proximal stations
as shown by the spatial pattern of solid FeS, decreasing from
the proximal domain to the adjacent continental shelf sedi-
ments. Both the increase of DIP concentrations and the de-
crease of Fe-bound P with sediment depth in the proximal and
prodelta zones accompanied a slight increase of Ca-bound P
with depth, characterized by dispersed values of measure-
ments (Fig. 4). The high DIP concentrations in pore waters
likely contributed to the precipitation of Ca-bound P,
(Fig. 4). Despite the decrease of OC fluxes to the seafloor
and thus of organic P, the Fe-bound P and the Ca-bound P
concentrations were almost similar at the sediment-water in-
terface in the proximal, prodelta and distal domains (Figs. 3
and 4). This can probably be related to a compensation of flux
versus sedimentation, as both decrease at a similar rate from
the River mouth to offshore.

Sources of Pore Water DIP

The organic P input to the sediment was calculated using the
organic C fluxes and the C/Py, and C/Pg),,, assumed in this
study (Table 4). The obtained integrated rates of organic P
mineralization, extremely high at the River mouth
(1196 pmol m > day '; Fig. 8), were characteristic of
organic-rich ecosystems. Their decrease from the proximal
to the distal domain (1196 to 81 wmol m 2 dayfl; Fig. 8),
was linked to the decrease of organic matter inputs (Pastor
et al. 2011). The values obtained from the Rhone prodelta
sediments were higher than the integrated rates of organic P
mineralization from the eutrophic Elorn and Aulne estuaries
(262-757 umol m 2 day ' and 172-414 pmol m > day ', re-
spectively; Ait Ballagh et al. 2020). Figure 8 shows that the
organic P mineralization represented the main source by up to
90% of the total DIP production, while the net Fe-bound P
release had a minor contribution in benthic DIP production at
all stations (Z to E).

Concerning the Fe-bound P fluxes deposited at the
sediment-water interface (Fe-bound Pg,,), Table 6 and
Fig. 8 highlighted their importance in the proximal domain
(730 pumol m 2 dayf1 at station AZ), which were more than
10 times higher in the prodelta and distal domains (82 and
10 umol m ™2 day ' at stations B and E, respectively). The
Fe-bound P fluxes in the distal domain were similar to the
fluxes from Vilaine Bay (4-25 pmol m 2 day '; Ratmaya
2018), due to the similarity of sedimentation regimes at the
sampling stations of the distal zone (0.1 cm year ') and the
Vilaine Bay (0.2 cm year '; Ratmaya 2018).

Except at station A (Fig. 9), the model indicated that the
formation of Fe-bound P in the oxic zone and its release below
were very similar along the Rhone River prodelta. This indi-
cated that, at all stations, Fe-bound P acted as a temporary sink
for DIP in the oxic zone, which was thereafter released in the
anoxic zone. Therefore, Fe-bound P acted as a shuttle between
organic P mineralization and Ca-bound P,y precipitation
(sink-switching) along the Rhone River prodelta (Ruttenberg
and Berner 1993; Slomp et al. 1998; Kraal et al. 2015).

Consumption/Export of Internally Produced DIP

The model calculations showed that DIP produced by miner-
alization and net Fe-bound P release was essentially lost by
recycling to the overlying waters rather than burial through
Ca-bound P, formation. Figure 10 indicates that the sum of
both processes, in terms of DIP consumption/export fluxes,
decreased from the river mouth to the continental shelf similar
to the organic matter mineralization. A difference by a factor
of 3 was observed between the proximal and the prodelta
domains while a factor of 10 was calculated between the prox-
imal and the distal domains. In the prodelta and distal do-
mains, the recycled DIP accounted for up to 90% of total
DIP losses, while the burial of reactive P as Ca-bound P,
form was higher in the proximal domain but never exceeded
28% of the total DIP loss (Fig. 10).
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The recycling of DIP to the overlying waters (Fig. 10) de-
creased from the river mouth to the continental shelf (931 to
74 umol m * day ') and occurred mainly through molecular
diffusion (>70%) at all stations, while bioirrigation process
accounted for a minor part. These recycled DIP fluxes to the
overlying waters were in the same range as those from the Elorn
and Aulne estuaries (85-738 pmol m 2 day '; Ait Ballagh et al.
2020), the Haringvliet Lake (370 pmol m 2 day_l; Canavan and
Slomp 2006) and those from the Gulf of Finland 0-
1032 pmol m 2 dayfl (Lehtoranta et al. 2017). The eutrophic
Haringvliet Lake, the Vilaine bay and the Elorn and Aulne es-
tuaries were similar to the Rhone River prodelta in terms of the
role of organic P mineralization as the main benthic DIP source,
unlike the Gulf of Finland, where the DIP release mostly orig-
inated from the Fe-bound P release (Canavan and Slomp 2006;
Lehtoranta et al. 2017).

Sedimentary Biogeochemical P Budgets

Figure 11 represents vertically integrated P budgets for 3 se-
lected stations, 1 from each domain: the proximal (station A),
prodelta (station K) and distal (station E) domains. For these
budgets, the benthic P processes were integrated over the sed-
imentary column of each sampling station. Overall, it is clear
that DIP was mainly released by organic P mineralization, as it

m Fe-bound P formation

Fe-bound P release

was the main source of DIP in the Rhone prodelta sediments.
However, this intensity was enhanced by the Fe-bound P
phase, with a minor contribution of net Fe-bound P release.
As the organic P mineralization fluxes decreased from the
proximal (1004-1196 wmol m™ > day '; Fig. 11, station A) to
the distal (113 and 81 pwmol m 2 day_l, station E) domains,
the Fe-bound P fluxes also decreased by a factor of 50
between the river mouth and offshore in relation with the
decrease of the river material deposition offshore.
Therefore, the iron-related P cycle decreased in intensity
towards the shelf with an overall minor contribution in the
proximal zone (8-81 umol m > day ') and no net Fe-bound
P release contribution in the distal domain (Fig. 11).

The largest part of the intense DIP production in the sediment
was recycled to the overlying waters by molecular diffusion at all
domains. A significant sink was calculated as Ca-bound P,q,
burial in the proximal zone (Fig. 11, station A) with rapid level-
ling off offshore as the production of DIP in the sediment de-
creased. Sensitivity tests showed that uncertainty on the sedimen-
tation rates may impact the calculated rate of DIP recycling to the
water column. Indeed, increasing sedimentation rates by a factor
of 10 (from 1 to 10 cm year ' in the proximal zone) decreased
DIP production in the sediment essentially by lowering the con-
tribution of Fe-bound P dissolution to DIP and contributed to
lower overall DIP flux to the water column (—40%). This
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Fig. 11 Sedimentary P budgets (1tmol m > day ") for typical stations of the different zones of the Rhone River prodelta: proximal (station A), prodelta

(station K) and distal (station E) domains

increase of sedimentation rate also induced an increase of burial
as Ca-bound P (+34%) in the proximal domain. Furthermore,
these sensitivity tests showed that the C/P ratios which control
the input of organic P to the sediment have an influence on the
mass balance of the P cycle. An increase of the C/P of semi-labile
organic matter from 160 (used in this study) to 200 would de-
crease the recycling flux by 20% in the proximal domain, essen-
tially because of the lower flux of organic P deposited in the
sediment. Ca-bound P burial would also be lowered by 15%
because of the decreased DIP availability. Lower variations were
calculated for the prodelta domain with less than 10% variation
of DIP recycling and Ca-bound P burial for similar variations of
C/P in the semi-labile fraction. The change of C/P for the labile
fraction (from 114, adopted in this study, to 100) would have a
lower impact on the P mass balance with decreases of 9% for
DIP recycling and 3% for Ca-bound P burial.

The P Budgets at a Deltaic Scale

In order to assess the contribution of the Rhone River prodelta
as a source/sink of DIP to or from the Mediterranean Sea, the

P budgets (recycling/burial) along the Rhone River prodelta
were calculated. For that purpose, we averaged the benthic
DIP fluxes and authigenic Ca-bound P burial fluxes obtained
using the model-data approach for each zone of interest (prox-
imal, prodelta and continental shelf-distal zones). As these
zones were rather homogeneous regarding the benthic DIP
fluxes and Ca-bound P, burial (for £20% standard varia-
tion, see Fig. 10) compared to the overall variation between
the zones (1 order of magnitude between proximal and distal
zones, Fig. 10), averaging did not bring significant bias in the
final calculations. Surface areas of the proximal, prodelta and
distal domains (Table 7) were adopted from Lansard et al.
(2009) in agreement with the Thiessen polygon method, used
in Cathalot (2008).

By using these surface areas, we obtained the total benthic
DIP fluxes (a source to the water) and the sink due to precipitated
Ca-bound P burial in the sediments of the Rhone River prodelta
and its adjacent continental shelf. These fluxes were then com-
pared to the riverine DIP discharge. According to Malago et al.
(2019), the Rhone River delivered 1465 tons DIP yearf1 to the
Mediterranean Sea from 2003 to 2007, whereas Ludwig et al.
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(2009) estimated a discharge of 2750 tons DIP year ', in agree-
ment with direct measurements by Moutin et al. (1998). These
separate estimations varied by a factor of 2 which could be relat-
ed to the decrease of P inputs to the rivers from the 1990s to the
2000s to the end of the 2010s. It may also be due to differences in
assumptions for the calculations. It is out of the scope of this
paper to further discuss these issues, and we used the two values
for bracketing our estimates of the prodelta contribution in the
DIP source and sink.

As can be seen from Table 7, the DIP fluxes recycled from the
sediment accounts for 19-35% of the riverine discharge input of
DIP which indicates that this source could represent an additional
source corresponding to 25% of the Rhone input. We propose
here that it can be considered as an additional source of DIP to
the Mediterranean Sea since the largest part of this benthic flux
originates from the recycling of organic P of terrestrial origin.
These calculated proportions surely contain uncertainties on
some assumptions such as the DIP inputs and the extrapolation
of summer values of P budgets over the year. However, the
calculation at the deltaic scale over the entire year was necessary
in order to compare the sediment source to the river input. These
calculations are important because the contribution of sediments
was substantial compared to riverine inputs, especially near the
river mouth, and no estimations were available before this study
for the Rhone River prodelta. Finally, we estimate that the ob-
tained DIP flux from the sediment may be overestimated by less
than one-third due to the extrapolation over the year.

In the proximal and prodelta zones, it corresponds to the
recycling of terrestrial organic matter (Cathalot et al. 2013) and
is not related to internal recycling of marine (or deltaic) produc-
tion based on riverine DIP input. It thus constitutes a real addition
to the DIP input from the Rhone River. This is probably less true
for the continental shelf sediments (33% of benthic DIP
recycling) where marine organic matter produced by DIP origi-
nating from the Rhone River is partly recycled in surface sedi-
ments, therefore not totally contributing as an additional source.
Considering that, the 25% addition to the riverine flux by benthic
recycling of organic P can be seen as an upper boundary.

Burial of Ca-bound P,4, phase accounts for around 3—6% of
the riverine DIP flux, which is minor sink. Furthermore, as most
of this precipitation and burial of Ca-bound P, is linked to DIP
production by mineralization in the sediment (see Fig. 11), it does
not constitute a true sink of DIP delivered from the Rhone River.
Indeed, as stated above, most of the mineralized organic P in the
proximal and prodelta zones originates from the continent and is
independent of the DIP source from the Rhone River. Only the
share of Ca-bound P,, burial in continental shelf sediments can
be considered a sink of DIP originating from the Rhone River as
organic matter mineralized in these sediments is of marine origin
based on nutrients from the Rhone River. As it represents only
20% of the total Ca-bound P4, burial, it can be considered that a
very limited fraction of the DIP input by the river (< 1%) is
precipitated as Ca-bound P and buried in sediments.

Conclusion

In order to gain new insights about organic matter and phos-
phorus transformation in the sediments along the
Mediterranean Rhone River prodelta, we used a modelling
approach based on an early diagenetic model (OMEXDIA)
coupled to the dataset from proximal, prodelta and distal do-
mains. The model application highlighted the intensity of min-
eralization processes from the Rhone River mouth to the ad-
jacent continental shelf. This intensity was mainly driven by
high deposition of OC in the sediments, as a characteristic of
organic-rich ecosystems, with a large proportion of terrestrial
organic matter, hence providing a biogeochemical gradient.
The combined model parameters indicated that the OC fluxes
to the seafloor led to the increase of oxic mineralization rates
and reduction of anoxic mineralization rate contribution, as a
function of distance from the Rhone River mouth. According
to the model, the anoxic mineralization contributed to the
large concentrations of mineralization products at the sedi-
ment depth such as DIC, DIP and NH,", especially in the
proximal domain. Our modelling approach was extended to

Table 7 Phosphorus budget for the Rhone River and prodelta

Zones Surface area  Benthic DIP flux Ca-bound P burial ~ DIP recycling ~ Ca-bound P burial ~ River DIP discharge
(km?) (umol m 2 dayfl) (pumol m 2 dayfl) (kmol yearfl) (kmol yearfl) (kmol yearﬁl)

Proximal (A-AZ-Z) 15 864 272 4728 1488

Prodelta (B-L-K-AK) 50 292 39 5336 703

Continental shelf (C-E) 200 90 7 6606 508

Total 16,671 2699 88,968/47,258"

Fraction of the river DIP discharge (%) 19%-35° 3%6°

Surface areas are from Lansard et al. (2009) and Cathalot (2008). River DIP discharges are from Ludwig et al. (2009) and Malago6 et al. (2019). The
benthic DIP flux and Ca-bound P burial are estimated from the model calculations of this study averaged for each homogeneous zone

#River DIP discharge from Ludwig et al. (2009); fractions calculated with respect to the discharge by Ludwig et al. (2009)
°River DIP discharge from Malagé et al. (2019); fractions calculated with respect to the discharge by Malagé et al. (2019)
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include the benthic P cycle along the Rhone River prodelta. It
showed that there was an intense production of pore water
DIP, mainly by organic P mineralization. The Fe-bound P
was a small net source of DIP in the proximal zone and was
negligible in the prodelta and distal domains, while this phase
had a key role in trapping and transferring DIP in sediment,
promoting the Ca-bound P precipitation in anoxic sediments
in the proximal domain. However, the sediments along the
Rhone River prodelta acted mainly as a secondary source of
DIP to the overlying waters, corresponding to a maximum of
25% of the riverine input, as only a minor fraction was pre-
cipitated to Ca-bound P.
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