
1.  Introduction
Mercury (Hg) and its compounds are harmful to the environment and their availability for marine life is a major 
issue (e.g., Boening, 2000; Mergler, 2021). In addition to being highly toxic, monomethylHg (MMHg) is the 
most available form of Hg for phytoplankton (e.g., Gosnell & Mason, 2015; Lee & Fisher, 2017). Moreover, 
it is the chemical species that biomagnifies along aquatic food webs (e.g., Lavoie et al., 2013; Tesán-Onrubia 
et al., 2023). The inorganic divalent Hg forms (𝐴𝐴 HgII

inorg ), which include numerous charged and neutral complexes 
(Gworek et al., 2016), constitute a significant group of species since some of them are substrates for Hg meth-
ylation when biogeochemical conditions become favorable (e.g., Fitzgerald et  al.,  2007; Mason et  al.,  2012). 
A major outcome of the research concerning the Hg biomagnification in marine food webs is that, regardless 
of the chemical species, the highest Hg bioconcentration factor occurs between water and primary producers 
(10 3–10 5) (AMAP/UN Environment,  2019; Lee & Fisher,  2017; Mason et  al.,  1996). It is, thus, crucial, for 
assessing the ecosystems' exposure to Hg, to explore in a first step the bioavailability of Hg for autotrophic 
microorganisms, that is, to explore the Hg speciation of dissolved Hg in waters. In coastal waters, dissolved Hg 
originates from the atmosphere, continental runoff, marine waters, and sediments. Several studies suggested that, 
in Hg-contaminated coastal environments, the sediments can be a significant source of dissolved 𝐴𝐴 HgII

inorg and 

Abstract  Mercury (Hg) cycling at the sediment-water interfaces (SWI) encompasses multiple 
homogeneous and heterogeneous biogeochemical reactions whose result is not yet elucidated. Estuarine 
SWIs, where the organic matter mineralization is active, constitute experimental sites particularly suitable for 
scrutinizing Hg speciation and mobilization. Here, we present high-resolution vertical concentration profiles 
of Hg species, including inorganic divalent Hg (𝐴𝐴 HgII

inorg ) and monomethyl Hg (MMHg) in solid and dissolved 
(<0.22 μm) phases, on both sides of the SWI of the proximal part of the Rhône prodelta (northwestern 
Mediterranean Sea) using sediment cores and dialyzers implemented for a 67-day-long period. Concentrations 
of the dissolved 𝐴𝐴 HgII

inorg species were <0.10 nM in the sediment pore waters but reached up to 0.58 nM in 
the epibenthic water zone, a concentration level that is ∼200 times higher than that of the water column. 
Conversely, MMHg concentrations were low (<0.5 pM) above the SWI and increased to up to 4.6 pM in 
the sulfate-reducing zones of the sediment. The dynamic of the Hg species interconversions was explored 
using one-dimensional transport-reaction equations. This model allowed us to constrain the depth intervals 
where various species are produced or consumed and to approximate the reaction rates. We conclude that the 
epibenthic zone of the Rhône prodelta is a location of intense mobilization of inorganic Hg II associated with 
organic matter mineralization and MMHg distribution in pore water is controlled by microbiological in situ 
reactions, but sedimentary MMHg does not diffuse in the overlying water column.

Plain Language Summary  Mercury (Hg), especially its monomethylated form (MMHg) is 
a harmful metal to marine life. Coastal sediments are an important site for natural and anthropogenic 
Hg accumulation. However, its sequestration in the sediments may not be permanent since chemical and 
microbiological processes may mobilize dissolved Hg species on both sides of the sediment-water interface. 
We show that the proximal zone of the Rhône prodelta is a place of intense mobilization of inorganic Hg in 
the immediate vicinity above the sediment and that the diffusion of MMHg from sediment pore water is not a 
major Hg source for the overlying water column. Our results imply that the MMHg produced in the pore waters 
may reach the water column above sediments, where it can be bioaccumulated in epibenthic organisms and 
biomagnified in their related food webs, but mainly in conjunction with sediment resuspension.
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MMHg for the overlying waters (Bothner et al., 1980; Covelli et al., 1999; Gill et al., 1999; Gobeil & Cossa, 1993; 
Merritt & Amirbahman, 2008; Muresan et al., 2007; Rigaud et al., 2013). It was also argued that, in most coastal 
marine environments including estuaries, the sediment would be a major MMHg source for ecosystems (e.g., 
Hammerschmidt et al., 2004; Hollweg et al., 2010). Hammerschmidt & Fitzgerald (2006) even asserted that the 
diffusive flux of MMHg from the shelf sediments is sufficient to sustain the rate of MMHg accumulation by 
marine fish in Long Island Sound. At a global scale, based on Hg concentrations in tuna and a model of the Hg 
cycle, Kraepiel et al. (2003) have suggested that oceanic MMHg should be formed in deep waters or sediments. 
On the other hand, mass budget calculations in Bay of Fundy sediments have revealed that MMHg fluxes into 
sediments from settling solids exceed losses from sediment-to-water diffusion and resuspension, which suggests 
that inflowing fluvial and tidal waters, rather than coastal sediments, are the dominant MMHg sources for pelagic 
marine food webs (Sunderland et al., 2010). The latter conclusion is supported by a study of several estuaries that 
fail to observe any correlation between the water column MMHg and the sediment Hg, suggesting that additional 
sources of MMHg should regulate water column MMHg levels (Balcom et al., 2015). These conflicting results 
may be explained by the various Hg biogeochemical transformations during the early diagenesis of the organic 
matter (OM). Early studies (e.g., Bothner et al., 1980) and more recent (e.g., Frieling et al., 2023) have suggested 
that redox conditions influence Hg speciation and Hg flux across the sediment-water interface (SWI). Indeed, the 
redox conditions, determined by the dynamic of OM degradation, control the Hg solubilization through phase 
and speciation changes (e.g., Chakraborty et al., 2015; Oliveri et al., 2016; Sunderland & Mason, 2007), and 
may favor the MMHg abundance depending on the type of OM degradation and the type of associated bacteria 
(e.g., Bravo & Cosio, 2019; Cossa et al., 2014; Merritt & Amirbahman, 2009). Coastal sediments house more 
than 80% of the globally buried OM in the oceans (Berner, 1989). Furthermore, near-shore estuarine sediments, 
including deltaic zones, are organic-rich from both terrestrial and marine sources loaded with microorganisms 
(Aller & Aller, 2004) and, thus, constitute sites of intense mineralization of OM via oxic, sub-oxic, and anoxic 
pathways (e.g., Berner, 1980; Burdige, 2005). The early diagenesis of OM comes with Hg transformations (Hong 
et al., 2014; Marvin-DiPasquale & Agee, 2003; Sanei et al., 2012), thus, estuarine and deltaic sediments turn 
out to be among the most suitable environments for gaining further understanding of Hg dynamics and sources 
for coastal ecosystems. Despite this situation, the biogeochemical transformations undergone by Hg in coastal 
sediment are yet poorly understood and there is still large uncertainty about the importance of coastal sediments 
as a source of Hg species for the overlying water column. In other words, the post-depositional mobility of Hg in 
coastal sediment, and its possible efflux to the water column, remains a crucial and controversial issue.

Most of the published studies concluding there is a flux of MMHg across the sediment-water interface have 
been based on low-resolution modeling, and there has been a general shortage of related empirical measure-
ments in the epibenthic zone. In order to address the associated knowledge gaps, we here present high-resolution 
profiles of dissolved 𝐴𝐴 HgII

inorg , MMHg, and redox tracers on both sides (from the epibenthic zone to pore waters) 
of the SWI of the Rhône prodelta sediments. The dynamic of the Hg species interconversions was explored 
using one-dimensional transport-reaction equations. This model allowed us to constrain the depth intervals where 
various species are produced or consumed and to approximate the reaction rates. This paper examines how the 
particular biogeochemical context of organic-rich marine sediments, like those of the Rhône prodelta, influences 
the dynamics of Hg speciation, partition, and mobility.

2.  The Rhône Pro-Delta Settings
The Rhône River (RR), with a catchment area of approximately 10 5  km 2 and average water discharge and 
suspended solids loading of 1,700 m 3 s −1 and 3 Mt a −1, respectively (Antonelli, 2002; Pont et al., 2002;), is the 
first river in the Mediterranean basin in terms of flows since the construction of the Aswan Dam on the Nile. The 
Rhône watershed accounts for more than 90% of the terrigenous solid contributions to the Gulf of Lion (GoL) 
(Gangloff et al., 2017). About 80% of the suspended particulate material delivered by the RR accumulates in 
its prodelta, mainly as pulsed events during flooding periods (e.g., Miralles et al., 2005; Roussiez et al., 2006; 
Ulses et al., 2008). This particulate material is organic-rich (2%–3%) and loads approximately 0.2 Mt of carbon 
annually (Sempéré et al., 2000). As a result of the abrupt fall of turbulence, massive sedimentation rates (SR) 
occur at the mouth of the RR (30–50 cm a −1), especially during flood events (Cathalot et al., 2010; Charmasson 
et al., 1998; Marion et al., 2010; Wu et al., 2018; Zebracki et al., 2015), and contribute in the construction of the 
sedimentary prism. From the numerous studies assessing the benthic OM mineralization (e.g.,Cathalot, 2008; 
Cathalot et al., 2010; Lansard et al., 2009; Pastor et al., 2011a, 2018; Tesi et al., 2007), the main characteristics of 
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the prodelta can be summarized: (a) a large amount of sedimentary OM is buried (60%) on-site, (b) the terrestrial 
OM inputs govern a degradation mainly driven by sulfate reduction, and (c) most of the major reduced species 
are sequestered and their diffusion to the oxic zone is limited.

3.  Material and Methods
3.1.  Sampling

The experimental site was located in the proximal part of the Rhône prodelta (the Roustan lobe) at the Mesuhro 
buoy (Sta. ME, 43°19.2′ N, 4°52.0′ E, Figure 1), located less than 2.5 km from the RR mouth, by 20 m depth. 
Sampling operations were carried out by divers. Two ∼30  cm-long sediment cores (ME-1 and ME-2) were 
collected on 5 May 2011, using a 6 cm diameter Teflon jar open at both ends (PFA 2L jar, Savillex). After collec-
tion, the cores were maintained at +10°C until subsampling in the laboratory, where they were sliced at every 
centimeter from SWI down to 8 cm, then at every 3 cm to the bottom of the core, for a total of 15 levels. The 
resulting samples were frozen, freeze-dried, and stored in the dark at +4°C until analyzed. Four dialyzers, called 
Peepers A, B, C, and D (Figure S1 in Supporting Information S1), were inserted in sediments for 67 days (May 
5–11 July 2011) to collect pore-waters. Initially conceived by Hesslein (1976), and then designed by numerous 
authors (e.g., Adams, 1994; Carignan et al., 1985), the Peepers' technique has been validated for studying Hg and 
MMHg in sediments (Mason et al., 1998). Here, we used methacrylate Peepers with a 0.22 μm porosity poly-
carbonate membrane, consisting of 50 dialysis cells spaced 1.0 cm apart. They were conditioned under nitrogen 
15 days before launching to keep them under anoxia. After capping, the Peepers were transported in a special case 

Figure 1.  Sampling location in the Rhône prodelta.
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and kept under nitrogen until they were processed in the laboratory (Figure S2 in Supporting Information S1). 
Transport and laboratory treatment times were less than 4 hr. Eight (8) mL of pore water were collected at each 
of the 50 levels of the four Peepers A, B, C, and D. Sub-samples were collected in Teflon tubes (PFAs) for Hg 
speciation, and in polypropylene or borosilicate glass for other chemical species. The tubes for Hg speciation 
were washed with 10% HCl (v:v) and then rinsed with Milli-Q water before utilization. The sub-samples were 
kept acidified (HCl Suprapur, Merck at 0.8% v:v), at +4°C in the dark. The four Peeper's cell contents were 
analyzed for Hg speciation using the Geotraces ultra-trace protocols (Bowie & Lohan, 2008), whereas, because 
of the limited volume of pore water, only those from Peepers B and C were analyzed for redox-sensitive elements.

3.2.  Analyses

Concentrations of 𝐴𝐴 HgII
inorg and MMHg in pore waters were simultaneously determined using a method based 

on hydriding and gas chromatography coupled (GC) with atomic fluorescence spectroscopy (AFS) detection, 
according to a protocol developed by Stoichev et al. (2004) and further modified by Cossa et al. (2009). In brief, 
the volatile compounds formed by hydruration are concentrated by a cryogenic procedure on a column filled with 
Chromosorb W/AW-DMCS (60/80 mesh impregnated with 15% OV-3) in a liquid nitrogen bath before being 
progressively released by heating the column to 90°C. The compounds are thermally decomposed into Hg 0 within 
a furnace (800°C) and then transported by an argon current to the AFS (Mercury analyzer model 2500, Tekran). 
The method's reproducibility varies from 6% to 15% depending on the species and the concentration in the sample 
analyzed. For an aliquot of 10 mL, the detection limits were 0.06 and 10 pM for MMHg and 𝐴𝐴 HgII

inorg , respectively.

Solid-phase total Hg was determined by atomic absorption spectrophotometry after dry mineralization and 
pre-concentration on a gold trap using a semi-automatic instrument (Model AMA-254, Altec). The method detec-
tion limit was 7 ng g −1. The reproducibility was 2% (n = 6). Accuracy was checked using MESS-2 (National 
Research Council of Canada) as a certified reference material (CRM), and the values obtained (92 ± 2 ng g −1) 
were always within the range of the certified values (92 ± 9 ng g −1). MMHg in solid samples was determined 
by propylation with gas chromatography-inductively coupled plasma mass spectrometry coupling (GC-ICP-MS) 
according to the procedure described by Abi-Ghanem et al. (2011). Quantification was performed by isotopic 
dilution using an ICP-MS (GC-Focus with X-series, Thermo Electron). In brief, a known quantity of MM 202Hg 
was added to the sediments, and MMHg was extracted using HNO3 and propylated using sodium tetrapropylb-
orate solution. The propyl-methylHg was extracted into iso-octane, which was injected into the GC-ICP-MS 
coupling. The detection limit for the MMHg method was 0.02–1.00 ng g −1 and the precision was 20%–30% 
depending on the concentration. The accuracy was established using CRM IAEA-405 from the International 
Atomic Energy Agency. The average concentration obtained for IAEA-405 was 5.49 ± 0.4 ng g −1 compared to 
the certified value of 5.49 ± 0.3 ng g −1.

Determinations of dissolved Si, Na, Mg, K, Ca, P, Fe, and Mn were performed by atomic emission 
spectrometry-inductively coupled plasma coupling (ICP-AES). Sulfate was analyzed using a spectrometric tech-
nique, as previously described by Dang et al.  (2014a), by which BaCl2 was added to HNO3-acidified seawa-
ter samples to induce barium sulfate precipitation. The latter was kept suspended in solution by a detergent 
(Tween20, Sigma-Aldrich) and measured at 660 nm using spectrophotometry (DR-2800, Hach Lange). Organic 
carbon (Corg) was determined using freeze-dried and homogenized subsamples of sediments with an elemen-
tal analyzer (Model CN-2000, Leco) after acidification with 2 M HCl (overnight, at 50°C) for Corg to remove 
carbonates (Cauwet et al., 1990). The precision for Corg and total carbon (Ct) analyses was ±2%. Concentrations 
are expressed as the weight percent of dry sediment.

3.3.  Modeling Pore Water Hg Profiles

The porewater 𝐴𝐴 HgII
inorg or MMHg profiles result from transport processes and reactions that release these species to 

or remove them from the aqueous phase. Assuming steady-state and neglecting advective fluxes, the distribution 
of porewater Hg can be described by the following one-dimensional mass balance equation (Berg et al., 1998; 
Boudreau, 1997). This equation accounts for the effect of molecular diffusion (DS), bioturbation (DB), and irriga-
tion (α as the irrigation coefficient).

(

𝛿𝛿𝛿𝛿

𝛿𝛿𝛿𝛿

)

𝑥𝑥

=
𝛿𝛿

𝛿𝛿𝛿𝛿

(

𝜙𝜙(𝐷𝐷𝑆𝑆 +𝐷𝐷𝐵𝐵)
𝛿𝛿𝛿𝛿

𝛿𝛿𝛿𝛿

)

+ 𝜙𝜙𝜙𝜙(𝐶𝐶0 − 𝐶𝐶) +𝑅𝑅net = 0�
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where x is the depth coordinate, C is the dissolved concentration of mercury species in porewater, C0 is the 
concentration in the water overlaying the sediments, ϕ is the porosity of the sediment, DS is the sediment diffu-
sivity, α is the irrigation coefficient and Rnet is the rate of production (Rnet > 0) or consumption (Rnet < 0).

We calculated the sediment diffusivity (DS) by considering the sediment porosity ϕ and the diffusion coefficients 
of Hg species in water (DW). The latter is corrected for temperature using the Stokes-Einstein equation.

𝐷𝐷𝑆𝑆 = 𝜙𝜙
2 ×𝐷𝐷𝑊𝑊�

The diffusion coefficients DW in water at 25°C for different Hg species (𝐴𝐴 HgII
inorg and MMHg) are 9.5 × 10 −6 cm 2 s −1 

(Gill et al., 1999) and 1.2 × 10 −5 cm 2 s −1 (Hammerschmidt & Fitzgerald, 2004), respectively. The porosity of the 
RR Prodelta is taken from a previous study by Cathalot et al. (2010).

Bioturbation and bioirrigation in these empirical calculations are constrained by adjusting coefficients DB and α 
to biological field survey data, that is, the abundance and composition of the benthic macrofauna community. A 
previous assessment of the spatiotemporal changes in benthic macrofauna composition of the study site revealed 
the dominance of polychetes (>80% of the total abundance) but also significant temporal variations at the Rhone 
Prodelta mouth (Bonifácio et al., 2014). Minimal abundance and species richness were observed in the spring 
period (April–May) while the reduced water levels in the summer, that is, drier months, support the establishment 
of a more mature benthic macrofauna community. We collected sediment samples and deployed the Peepers 
during a period of spring-to-summer transition (May–July), but there was significant river discharge in June 2011 
(Figure S3 in Supporting Information S1). Therefore, we assumed that such conditions would not be favorable for 
the establishment of benthic macrofauna and thus bioirrigation and bioturbation might not be significant. Accord-
ingly, we assumed these processes negligible in the reaction rate calculations (DB = 0 and α = 0). Therefore, the 
equation is reduced to:

(

𝛿𝛿𝛿𝛿

𝛿𝛿𝛿𝛿

)

𝑥𝑥

=
𝛿𝛿

𝛿𝛿𝛿𝛿

(

𝜙𝜙𝜙𝜙𝑆𝑆

𝛿𝛿𝛿𝛿

𝛿𝛿𝛿𝛿

)

+𝑅𝑅net = 0�

This one-dimensional mass conservation equation was numerically solved for the net rate of production or 
consumption of Hg species per unit volume Rnet using the computer code PROFILE (Berg et al., 1998).

4.  Results and Discussion
4.1.  Redox Chemistry of the Prodelta Sediments

The early diagenesis of OM in the Rhône prodelta sediments has already been examined and even scrutinized by 
multiple studies (Cathalot, 2008; Cathalot et al., 2010, 2013; Goineau et al., 2012; Lansard et al., 2008; Pastor 
et al., 2011a, 2011b, 2018; Rassmann et al., 2016, 2020). In brief, oxygen is rapidly consumed within the first 
cm below SWI (e.g., Lansard et al., 2008), followed by nitrate, Mn-Fe oxides, and sulfate utilization, pursuant 
to the established model for OM degradation in marine sediments (e.g., Froelich et  al.,  1979). According to 
Cathalot (2008) and Rassmann et al. (2016), 90% of the degraded OM in the sediment is anaerobic via sulfate 
reduction. These processes were at work at Sta. ME during our experiment as illustrated by the results we describe 
in the section below.

The Corg content in the solid phase varied between 1.8% and 2.9% with a decreasing tendency with depth 
(Figure 2a). The dissolved oxygen concentration at the SWI always remained higher than 200 μM during the 
Peepers deployment period (Fuchs, 2019), and consequently, the most superficial layer of sediments (∼1 cm 
below the SWI) has remained oxic. The Fe II and Mn II concentration distributions (Peepers B and C) disclose the 
oxic conditions in the epibenthic waters and, at least, down to ∼1 cm in pore waters (Figures 3e and 3f). Concur-
rently, the distribution of 𝐴𝐴 SO

2−

4
 in the pore waters showed that sulfate reduction started below 13 cm, and 𝐴𝐴 SO

2−

4
 

concentrations regularly decreased with increasing depth (Figure 3a), suggesting the formation of sulfides (not 
measured). Interestingly, the dissolved Ca profiles mirrored the sulfate distribution (Figure 3b). This observation 
is coherent with previous studies in the proximal prodelta (Rassmann et al., 2016), which showed that CaCO3 
precipitation occurs due to the increase of porewater saturation state according to the process described by Mucci 
et al. (2000).

The distributions of nutrients (Figures 3c and 3d) and other redox-sensitive elements (Figures 3e and 3f) showed 
concentration peaks between SWI and the depth of sulfate reduction initiation. However, the occurrence of 
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double-peak distributions of several redox species is observed further down in the sediment. Such a phenome-
non has already been described for Fe II in sediments collected in the same area (Pastor et al., 2018; Rassmann 
et al., 2020). There, close to the Rhône mouth, the sediments rapidly accumulate with maximal deposition of 
riverine particles during high water of the RR, as shown by short-live radionuclides ( 7Be,  234Th) distributions 
(Wu et al., 2018). Episodic inputs of sediments generate multiple-peak distributions for several redox-sensitive 
elements in the suboxic zone because of pulsed supplies of electron acceptors. According to Pastor et al. (2018), 
the episodic pulsed inputs of sediments supply the proximal prodelta sediments with enough oxides to inhibit any 
accumulation of free sulfide in the porewater. A former SWI may have been buried by the sudden and massive 
input of fresh sedimentary OM, such as those already reported in the proximal part of the prodelta (Cathalot 
et  al.,  2010; Marion et  al.,  2010) and in other Mediterranean coastal sediments (Dang et  al.,  2014a,  2014b) 
provoking transient early diagenetic processes. Alternatively, this feature may have been created by a sediment 
resuspension event. Both processes are accustomed in the study area. According to the continuous records at 
Sta. ME, the magnitude of the discharge change was insufficient to induce a massive input of riverine sediments 
(Figure S3a in Supporting Information S1) whereas an increase in turbidity, up to 4-fold the background level, 
started to develop in the third week of May 2011 to return to the background after a few days (Fuchs, 2019). 
The peak of turbidity recorded at Sta. ME (Figure S3b in Supporting Information S1) precedes the maximum in 
RR flow level suggesting that the resuspension of sediments is more probably induced by waves. These depo-
sition conditions may constitute the reason why multipeak distributions of some redox-sensitive elements were 
observed since this delay is too short for allowing steady-states to be installed for all the reactions involved.

4.2.  Mercury Distributions

4.2.1.  Solid Phase

Total Hg and MMHg distributions in the solid phase of the two sediment cores collected at Sta. ME are shown in 
Figure 2b. Mercury concentrations ranged from 142 to 216 ng g −1; these values are relatively low for sediments 
accumulated within the second half of the twentieth century in the Rhône prodelta (Cossa et al., 2024), where Hg 
concentrations have reached up to 700 ng g −1 (Augier et al., 1980) and confirm the decrease of the Hg contam-
ination of the RR inputs observed in the last decades (Cossa et al., 2018; Poulier et al., 2019). There was little 
change in Hg concentrations over the 30 cm of the cores, only a slight decrease with depth below a homogeneous 
layer of 10 cm thick (Figure 2b). This limited Hg variability was expected since the pulsive character and the 

Figure 2.  (a) Organic carbon (Corg), (b) total mercury (Hg), and (c) monomethyl Hg (MMHg) in the solid phase of the sediment cores (ME-1 and ME-2) collected at 
Sta. ME.
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age (≤one-year) of the deposited sediments (SR: 30–50 cm a −1, Charmasson 
et  al.,  1998). However, the downward decrease in Hg concentrations was 
covariant with Corg profiles (R = 0.75, n = 28, p < 0.01). This suggests that 
part of particulate Hg could be mobilized in pore waters during OM degra-
dation. Besides, the distribution of MMHg, which represents approximately 
0.3%–0.5% of total Hg, does not show any depth trend (Figure 2c).

4.2.2.  Dissolved Phase

The main feature of dissolved Hg concentration profiles was the contrast 
between 𝐴𝐴 HgII

inorg versus MMHg. Indeed, 𝐴𝐴 HgII
inorg concentrations were high (up 

to 0.580 nM) in the epibenthic water but remained much lower in pore waters 
(Figures 4a and 4b). Conversely, MMHg concentrations were significant in 
porewaters (up to 0.005 nM) but negligible in epibenthic waters (Figures 4c 
and 4d).

The 𝐴𝐴 HgII
inorg concentrations in the epibenthic zone were 10–200 times higher 

than the concentrations of the overlying water column (∼0.003 nM accord-
ing to Figure 3a in Cossa et al., 2018) depending on the Peeper. In Peepers 
A and B, the 𝐴𝐴 HgII

inorg profiles were typified by a double peak with the first 
20 cm above the SWI (Figure 4a), whereas, in Peepers C and D, the 𝐴𝐴 HgII

inorg 
maxima were centered closer to the SWI (Figure 4b). This first-time revealed 
epibenthic pattern suggests the 𝐴𝐴 HgII

inorg mobilization within a water layer 
in the immediate vicinity above the SWI, akin to the nepheloid layer. The 
nepheloid layers are known in coastal areas for their intensive OM mineral-
ization and are characterized by the presence of strong chemical gradients, 
including nutrients released by OM degradation (e.g., Gadel et  al.,  1993; 
Knoery et  al.,  2019; Pakhomova et  al.,  2018; Ransom et  al.,  1998; Yahel 
et  al.,  2008). The presence of double peaks in Peepers A and B is likely 
the result of the SWI changes that occurred at the beginning of the Peep-
ers' deployment period. In the sediment pore waters, 𝐴𝐴 HgII

inorg concentrations 
(<0.004–0.082 nM depending on the Peeper) were comparable to those of 
western Atlantic estuarine and shelf sediments (Balcom et al., 2015; Hollweg 
et al., 2010); the mobility of these species in pore waters are addressed in the 
next Section 4.3.

The MMHg concentrations in epibenthic waters varied from 0.1 to 0.4 pM, 
a similar range to that of the GoL coastal water column (Cossa et al., 2017). 
This indicates that the MMHg distribution in the water column of coastal 
waters of the GoL is not noticeably affected by the proximity of the SWI. In 
pore waters, MMHg concentrations were 10 times less than those reported 
for contaminated estuarine sediments (Covelli et al., 2011; Gill et al., 1999; 
Gobeil & Cossa, 1993; Merritt & Amirbahman, 2008), but in the same order 
of magnitude as values for pore waters of Atlantic continental shelf sediments 
(Hollweg et  al.,  2010). The highest MMHg levels (4–5  pM) were located 
below 13 cm in Peepers A, B, and D (Figures 4c and 4d), corresponding to 
the sulfate reduction zone (Figure 3a). Furthermore, MMHg and 𝐴𝐴 SO

2−

4
 were 

inversely correlated (R = −0.47, p < 0.01). Additional MMHg peaks were 
systematically observed between 3 and 10 cm, a zone also characterized by 
P, Mn II, and Fe II peaks (Figure 3), tracers of redox reactions reminiscent of 
the model of OM diagenesis. Note that Pearson's correlation coefficients 
between MMHg and these redox tracers were statistically significant, with 
values of 0.78, 0.66, and 0.46 (p < 0.01), respectively. This may have resulted 
from the MMHg mobilization from solid sediment caused by OM degrada-

tion and/or from the methylation of 𝐴𝐴 HgII
inorg mitigated by sulfate-reducing and ferri-reducing microorganisms, 

according to the current paradigms (e.g., Compeau & Bartha, 1985; Flemming et al., 2006; Gilmour et al., 2011). 

Figure 3.  Distribution of major and redox elements in pore waters of 
Peepers A, B, C, and D implanted at Sta. ME. (a) 𝐴𝐴 SO

2−

4
 ; (b) Ca 2+; (c) P; (d) 

Si(OH)4; (c) Fe; (f) Mn. The blue line indicates the sediment-water interface 
(sediment-water interfaces).
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This later interpretation is corroborated by the results of a Principal Component Analysis (Figure S4 in Support-
ing Information S1). MMHg correlates with F1 (R = 0.66 and 0.72, respectively) which is driven positively by 
Fe II (R = 0.79) and negatively by 𝐴𝐴 SO

2−

4
 (R = −0.81). This strongly suggests that Hg II methylation is driven by 

ferri- and sulfate-reducing bacteria.

4.3.  Mercury and Methylmercury Dynamics

4.3.1.  Verification of the Steady-State Assumption

One key step to validate the applicability of the one-dimensional mass conservation equation and the code 
PROFILE is to ensure that stationary sedimentary conditions occurred during the peepers' implementation. This 
could be performed following the procedure used by Couture et al. (2010), which consists of a direct comparison 

Figure 4.  Distribution of Hg species in pore water of Peepers A, B, C, and D implanted at Sta. ME. (a and b) 𝐴𝐴 HgII
inorg ; (c and 

d) MMHg. The blue line indicates the sediment-water interface (sediment-water interfaces).
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of the reaction time (τR, in seconds) to the duration of seasonal changes in the sedimentary system (τS). The former 
is calculated based on the average concentrations of Hg species within a layer of sediments of depth x (Cx) and 
the reaction rate for the corresponding sediment layer determined by PROFILE (τR = C/Rnet). The duration of the 
sedimentary condition stability was assumed to be 50 days (τS ∼4.3 × 10 6 s), which is the duration of the June–
July period during which no sediment resuspension was observed, see Figure S3b in Supporting Information S1. 
We then calculated the ratios τS/τR to evaluate if the reactions involving Hg were fast enough (i.e., high values of 
τS/τR relative to 1) to assume a steady-state treatment which can lead to reasonable estimates of consumption or 
production rates Rnet. The calculated τS/τR ratios (Table S1 in Supporting Information S1) ranged between 1.7 and 
10.3 for 𝐴𝐴 HgII

inorg (except for Peeper C), and between 1.0 and 4.8 for MMHg (except in Peeper B in zone 3, Figure 5b, 
for which the calculated production is very low, Rnet = 0.05 zmol cm −3 s −1, e.i., 0.05·10 −21 mol cm −3 s −1). We 
can conclude that, with the two exceptions quoted above, the reaction times are smaller than the time scale of the 
sedimentary change and that the assumption of a quasi-steady state is reasonable.

In addition, there is also the need to compare the relative importance of biogeochemical reactions involving Hg 
against the physical diffusion process. The Damköhler numbers (DaD) are commonly used to relate the chemical 
reaction timescale (τR) to the transport phenomena rate (τD). The rate τD is characteristic of diffusion and can be 
calculated as τD = L 2/DS, based on the thickness L of a consumption/production zone and the sediment diffu-
sivity DS (see Section 3.3.). DaD is equal to τD/τR; values of DaD larger than 1 imply that the biogeochemical 
transformation of Hg species outpaces diffusion. In all the Peepers (except in zone 3 of Peeper B), DaD values 
are higher than 1, varying from 1.0 to 9.8 for 𝐴𝐴 HgII

inorg , and from 1.0 to 5.2 for MMHg (Table S1 in Supporting 
Information S1), which indicates that reaction dominates over diffusion. Thus, modeling the pore water profiles 
of the three Peepers to infer reaction rates is a reasonable approach (Couture et al., 2010).

The optimization of the number of zones to fit the vertical profiles using the code PROFILE was based on the 
F statistics (p-values for the comparison of different fits and an assessment of goodness-of-fit, i.e., the sum of 
squared deviations and correlation coefficients R 2). Overall, the p-values of our fits were better than 0.01 and 

Figure 5.  Modeled profiles for 𝐴𝐴 HgII
inorg and MMHg distributions at Sta. ME. Net (+) production and (−) consumption 

rates are presented in the gray and white areas, respectively. zmol is 10 −21 mol. The blue line indicates the sediment-water 
interfaces. The numbers in brown polygons refer to zones defined in Table S1 in Supporting Information S1, with differences 
depending on the Peeper.
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the sums of squared deviations were three to four orders of magnitude lower than the averaged concentrations. 
The profiles modeled for the Hg species and the measurements were in good agreement with R 2 of 0.91–0.99 
for 𝐴𝐴 HgII

inorg, and 0.85–0.95 for MMHg; the modeled production (+) and consumption (−) zones were generally 
consistent between the various profiles. Figure 5 consists of the piecewise constant functions representing the net 
Hg and MMHg production or consumption rates following the measured values showing the PROFILE model 
fitting.

4.3.2.  Inorganic Hg

The Rnet values for 𝐴𝐴 HgII
inorg (from −74 to +34 zmol cm −3 s −1) were consistent with the rate levels reported by 

Merritt & Amirbahman (2007) for the contaminated Penobscot estuarine sediments (−14 to +52 zmol cm −3 s −1). 
Except for Peeper C (for which the steady-state condition is not realized: S/tR < 1, Table S1 in Supporting Infor-
mation S1), the 𝐴𝐴 HgII

inorg production/consumption profiles exhibit three successive zones (4-to-6 cm thick) below 
the SWI constrained within the first half of the pore water column (<15 cm). Below these zones, the Rnet was 
close to zero (Figure 5a). From the SWI downward, one can observe: a consumption zone, then a production zone 
followed by another consumption layer. The upper consumption zone (zone 1 in Figure 5a) includes the oxic layer 
and the Fe II gradients suggesting the oxy(hydr)oxides precipitation within the first cm below the SWI (Figure 3). 
The lower consumption zone (zone 3 in Figure 5a) of 𝐴𝐴 HgII

inorg corresponds to the Fe II minima, suggesting some Fe 
compound (FeS) precipitation just below the constant 𝐴𝐴 SO

2−

4
 layer. This hypothesis is supported by the observation 

of enrichment of FeS minerals in the same area of the proximal Rhône prodelta sediments (Rassmann et al., 2020).

In between the two Hg consumption zones, the layer of 𝐴𝐴 HgII
inorg production (zone 2, Figure 5a) includes the Si, P, 

Fe, and Mn maxima (Figure 3), suggesting the 𝐴𝐴 HgII
inorg is solubilized during the OM degradation or dissolution of 

oxy(hydr)oxides or even their consortium. This interpretation is supported by the fact that Fe is produced in the first 
2 cm and consumed around 10 cm below the SWI. It is well established, from experimental and field measurements 
or modeling, that solid minerals (e.g., Fe-oxy(hydr)oxides and Fe-sulfides) adsorb various Hg species in environ-
mental conditions (Andren & Harriss, 1975; Huerta-Diaz & Morse, 1999; Jeong et al., 2007; Kim et al., 2004; 
Tiffreau et al., 1995). In addition, observations in lake sediments and their modeling highlight Hg adsorption onto 
authigenic Fe oxy(hydr)oxides in oxic sediments and on Fe sulfide phases and sulfidized OM under anoxic condi-
tions (Feyte et al., 2012; Skyllberg, 2008). The presence of these minerals has been documented in the RR prodelta 
sediments (e.g., Pastor et al., 2018; Rassmann et al., 2020), and similar Hg phase change has already been shown 
to occur in the “Fe reduction” zone of marine coastal sediments (Oliveri et al., 2016); the recent identification of 
Hg-S-Fe nanoparticles in anaerobic environments may provide a mechanism for these observations (Ji et al., 2023).

4.3.3.  Methylmercury

The calculated rates of MMHg consumption and production rates ranged from −1.2 to +2.0 zmol cm −3 which is more 
restricted than the range calculated in the Penobscot Estuary sediments (ranging from −42 to +49 zmol cm −3 s −1), 
all values calculated with the same technique (Feyte et al., 2012; Merritt & Amirbahman, 2008). In the first half 
of the sedimentary column below the SWI (in the first 12 cm below the SWI), Rnet were very low for Peepers A, 
C, and D (−0.14 to 0.24 zmol cm −3 s −1, zone 1 in Figure 5b); such close to zero reaction rates are mainly related 
to diffusion. In these cases, with a sharp gradient close to the SWI, the numerical averaging may improperly influ-
ence the identification of the mechanism supporting MMHg data interpretation (Merritt & Amirbahman, 2009). 
Peeper B exhibited a negative value for Peepers B (−0.53 zmol cm −3 s −1 in zone 1in Figure 5b) which indicates 
a net MMHg consumption in pore water near the SWI, which precludes any significant MMHg flux in the over-
lying waters. Mechanisms for this loss include adsorption onto oxy(hydr)oxides and/or MMHg demethylation.

In the second part of the sedimentary column (i.e., roughly below 12 cm), consumption zones are also identified as 
zone 2 for Peeper A and D, and zone 4 for Peeper B, which overhang production zones (zones 3 and 5, Figure 5b). 
The production zones below 13  cm coincide with the sulfate reduction zone and suggest Hg methylation by 
sulfate-reducing bacteria as noted above. The MMHg consumption just below the SWI may result from the 
adsorption of MMHg on OM associated with Fe-oxy(hydr)oxides in the authigenic material (Feyte et al., 2010). 
Alternatively, it may result from net demethylation controlled by numerous types of microorganisms in both aero-
bic and anoxic environments either by reductive or oxidative processes (Barkay et al., 2011; Mason, 2012). We 
can test the hypothesis that the negative Rnet is entirely due to MMHg demethylation by computing the demethyl-
ation constant (kd) from the present observations, according to Feyte et al. (2012) approach:

𝑅𝑅net = 𝑅𝑅ads + 𝑅𝑅𝑚𝑚 + 𝑅𝑅𝑑𝑑�
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where Rads represents the rate of MMHg removal by adsorption, and Rm and Rd the rates of methylation and 
demethylation, respectively. According to the hypothesis that adsorption and methylation are neglectable in the 
surficial consumption zone, it follows that the demethylation rate can be derived from the Rnet:

𝑅𝑅net ≈ 𝑅𝑅d = −𝜙𝜙𝜙𝜙d [MMHg]av�

where kd (d −1) is the apparent first-order constant and the subscript “av” is the MMHg average values over the 
first cm below the SWI (see Feyte et al., 2012 for details). Applied to Peepers B and C MMHg profiles within the 
4 cm below the interface, we calculated a mean kd of 0.23 days −1, a value in the range of experimental-derived 
lake sediment values, that is, ∼0.5 days −1 for sites without identified Hg sources (Helmrich et al., 2022) and an 
order of magnitude lower than the range North–west Atlantic estuarine sediments (3.6–15.8 days −1 according to 
Heyes et al., 2006).

Still under the first 12 cm below the SWI, when examining Peepers B and C for which redox profiles are avail-
able, it appears that the corresponding MMHg consumption (Rnet) is unrelated to Fe chemistry (Figure 3e), but 
to the intensity of bacterial activity illustrated by the dissolved phosphorus profiles (Figure 3c). This suggests 
that (a) sorption processes onto iron sulfide, is not the primary operating mechanism in the MMHg removing 
processes from pore waters and (b) that microbiologically mediated reaction, namely demethylation (methyl-
ation), might control the consumption (production) of this species in the sediments. If we apply the approach 
developed for kd calculation to the estimate of the km, using the data of the Peepers A, B, and D in the deep zone of 
net MMHg production and inorganic Hg ([Hg]av) instead of [MMHg]av, we arrive with km of 0.001–0.006 days −1, 
in the low range of the values obtained by Heyes et al. (2006) in estuarine sediments (0.002–0.044 days −1) and 
an order of magnitude lower than the “reasonable range” (0.04 ± 0.03 days −1) for wetland sediments (Helmrich 
et al., 2022). This difference may result from the lower availability of 𝐴𝐴 HgII

inorg for methylating bacteria in natural 
environments compared to the added inorganic Hg isotopes used in the laboratory or ex-situ experiments. The 
results of these calculations strongly suggest that MMHg distribution in pore water is controlled by microbiologi-
cal in situ reactions.

4.4.  The Sedimentary Outflux of Hg II and MMHg in Epibenthic Waters

As underlined in the introduction of the present paper, there is large uncertainty about the importance of coastal 
sediments as a source of Hg species for the overlying water column. Several studies in coastal and estuarine 
sediment pore waters have concluded to the diffusing of MMHg across the SWI and consequently the possible 
MMHg-enrichment of the overlying water column (e.g., Bothner et al., 1980; Hammerschmidt & Fitzgerald, 2006; 
Hammerschmidt et al., 2004; Hollweg et al., 2010). Most of these studies have been carried out using diffusive 
models and poorly defined MMHg gradients across the SWI and were contradicted by more recent results (e.g., 
Sunderland et al., 2010). Besides, benthic chambers have suggested that Hg methylation in the sediments was 
a source of MMHg for the water column through diffusion (e.g., Covelli et al., 1999; Monperrus et al., 2007). 
However, the MMHg enrichment observed in the benthic chambers may as well be the result of Hg methylation in 
the chamber itself. More recently, interface samplers, of Peepers' type (Rigaud et al., 2013) or recently conceived 
ones, such as SUSANE (Knoery et al., 2019), have allowed the assessment of the distribution of chemicals in 
the epibenthic layer allowing the assessment high-resolution gradients in the vicinity of the SWI and offer more 
convincing conclusions. In the present study, the MMHg profiles across the pore and the epibenthic waters 
(Figures 4c and 4d) do not allow us to identify the existence of a diffusive MMHg transport across the SWI 
(Figure S5 in Supporting Information S1). More likely, the more probable potential efflux of MMHg from the 
Rhône prodelta sediments to the underlying water column should be through sediment resuspension; this process 
has been estimated for the entire GoL sediments to deliver 3 kg of MMHg each year to the water column (Cossa 
et al., 2017); in these conditions, assuming a surface area of 10 km 2 for the proximal part of the RR prodelta, the 
MMHg delivered from the sediments can be estimated around 2 g a −1.

On the other hand, the 𝐴𝐴 HgII
inorg enrichment in the dissolved phase (Figures 4a and 4b) in the epibenthic water 

column sampled with the Peepers (i.e., the 30-cm thick water column above the SWI) suggests a Hg mobilization 
during the particulate OM degradation into the nepheloid layer whose extension in the entire Rhône prodelta has 
been described for more than 40 years (Aloïsi et al., 1982; Buscail et al., 1990). The dissolution and degrada-
tion of the particulate OM in the aerobic conditions of this area favor the mobilization of 𝐴𝐴 HgII

inorg at the expense 
of MMHg formation, which is favored by suboxic or anoxic conditions. From the present Hg profiles in the 
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epibenthic zone of the prodelta, the 𝐴𝐴 HgII
inorg enrichment within 30 cm above the SWI averaging 0.25 nM repre-

sents 80 times the concentration of the rest of the water column. This is a significant amount since it constitutes 
almost 10  times the Hg content of the entire water column. Assuming an area of 10 km 2 for the prodelta area 
this enrichment represents an additional ∼150 g of 𝐴𝐴 HgII

inorg . Based on the Corg mineralization (16.7 g m −2 a −1) 
occurring in the benthic nepheloid layer for the entire GoL by Buscail et al. (1990), and a Hg:Corg mass ratio of 
∼0.8·10 −7, we can calculate a 𝐴𝐴 HgII

inorg mobilization of ∼20 kg a −1, which a comparable amount to that provided 
annually by the RR to the Mediterranean in the form of dissolved Hg species (∼26 kg a −1 according to Cossa 
et al., 2018). The fate of the 𝐴𝐴 HgII

inorg mobilized in the epibenthic waters is uncertain. On the one hand, it can be 
potentially available  for further methylation, on the other it can be re-adsorbed on flocculating material and be 
ultimately incorporated into surface sediments. At least, the fate of the 𝐴𝐴 HgII

inorg mobilized in the epibenthic waters 
and its interaction with underlying sediments deserves to be studied.

5.  Conclusions
Our results show for the first time that 𝐴𝐴 HgII

inorg is mobilized in a significant amount in the epibenthic layer just 
close above the SWI in a coastal marine environment. As the Hg concentrations peak 200 times the concentration 
of the overlying water column, this process is of major importance in reintroducing dissolved 𝐴𝐴 HgII

inorg into the 
water column. These Hg species may become available for methylation by microorganisms, bioaccumulation 
by autotrophic organisms, and further biomagnification in higher trophic-level animals. On the other hand, our 
results suggest that the diffusion of MMHg from the sediment, even where sulfate-reduction is an important path-
way for OM degradation, is a negligible source for underlying coastal waters. The MMHg produced in the pore 
waters may be delivered into the water column but mainly via sediment resuspension on the occasion of storms 
or high waters in the river. Alternatively, this molecule may be incorporated into coastal food webs through the 
benthic fauna.

In summary, we show that the epibenthic proximal zone of the Rhône prodelta is a place of intense mobilization 
of 𝐴𝐴 HgII

inorg associated with OM mineralization and that the diffusion of MMHg from sediment pore waters, where 
sulfate reduction is a major process for OM degradation, is a minor way for the mobilization of Hg in the water 
column. It would be of great interest to test whether the observations made in the sediments and nepheloid layer 
of the Rhône prodelta could be extrapolated to other ocean margins and how the abyssal sediments behave rela-
tive to the Hg post-depositional mobility. We can speculate that the very low SR of the deep ocean should not 
favor Hg accumulation during OM maturation, which occurs mainly in the water column and the deep nepheloids, 
favoring Hg mobilization before burial. In practice, for the management purpose of contaminated environments, 
the estimation of the amount of 𝐴𝐴 HgII

inorg bioavailable for methylation and the magnitude of MMHg formation and 
mobility should be included in risk evaluation.
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