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ENVIRONMENTAL IMPACT STATEMENT

Mercury reactivity has been investigated in highly contaminated sediments from the
Deiile River (Northern France) using species-specific enriched stable isotope tracers. Such
experiments can allow the measurements of methylation and demethylation potentials and
therefore specify important information about the production and the consumption of different
mercury species. Moreover, important biogeochemical factors controlling methylmercury
production and degradation in the Delile River can be closely examined. The study of Hg
dynamics in the Deiile River can provide important information essential for the implementation
of environmental policies and decontamination strategies in order to control the toxicity and the

bioaccumulation of Hg through the food chain.
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Abstract

The methylation/demethylation processes in sediments of the Detile River were determined using a well
established isotope experiments. For this purpose, species-specific isotopically enriched tracers in the
form of inorganic mercury IHg (‘*’Hg) and methylmercury MeHg (Me”"'Hg) were used to determine Hg
dynamics in the Deiile River. Sediment cores were collected at two sampling locations chosen in the most
polluted zone of the Deiile River (Northern France) in proximity of a Zn, Pb, Cu, and Ni smelter called
“Metaleurop” that had closed in 2003. Site I, was chosen in the vicinity of the historic smelter site and site
II upstream the Detile River. The incubation was realized directly in the sediments cores during the 24
hours experiment in environmental conditions close to the real natural systems (same temperature, pH,
humidity, light/dark conditions, oxygen levels...ect.). The enriched isotopes were injected by needle in
different sections of the core. After incubation, the core was sliced and the concentration of Hg species
were determined in each section. The highest methylation potentials were found at sediment depths away
from sediment-water-interface. At site I, the methylation potential varied between 0.02-0.9 % and at site
IT between 0.001-0.2 %. The demethylation potentials fluctuated between 0.001-60 % at site I and
between 4-53 % at site II. In both sites, negative net methylation potentials were obtained in several
sediment depths, representing a net sink for MeHg. The average net methylation potential in site |
demonstrated a negative value of 1919 ng g'. It seems that in site I demethylation process predominates
methylation. Whereas, in site II, the average net methylation potentials was a positive value of 138 ng g,

demonstrating the dominance of methylation over demethylation.

1. Introduction

The overall toxicity of mercury (Hg) in the aquatic systems is controlled by mecury dynamics of
methylation, demethylation and volatilization. Methylmercury (MeHg) is a severe environmental
pollutant, because of its potent neurotoxicity and its bioaccumulative character. ' MeHg can enter the food

chain first at the base of planktons or benthic fauna and then biomagnifies within the chain to higher
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trophic levels.” Understanding the major factors controlling methylation and demethylation is essential in
order to control the concentrations and the accumulation of MeHg in sediments. Methylation process is
primarily controlled by Sulfate Reducing Bateria (SRB).” Whereas demethylation can be abiotically
driven by photochemical reduction or biotically mediated via oxidative and reductive pathways.® Several
methods exist for the determination of Hg species transformations. The first Hg transformation studies,
have used spikes with high concentrations of inorganic mercury (IHg) of natural isotopic composition to
determine methylation and demethylation potentials of Hg.” Later on, radiochemical procedures were used
to determine Hg dynamics by spiking with **Hg.®” The concentrations of Hg radiotracer must be added at
least 10 times higher than the ambient mercury concentration. This can influence the microbial community
and the selection of resistant strains. Moreover, methylation and demethylation yields can not be
determined simultaneously requiring separate samples. The radiotracer method was improved by the use

of high specific activity ***Hg, which allowed low Hg concentrations in the spikes.”

Furthermore, developments in the technique has led to significant improvements in the determination of
stable isotopes by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The response of such
technique is based on the precise determination of Hg isotopic ratio rather than the total metal
concentration. Various double-spiking approaches were developed over the last few years based on the
addition of enriched mercury species (‘’Hg and **'MeHg) to the sample in order to simultaneously
determine methylation and demethylation rates.”'' By quantifiying all Hg isotopes, methylation and
demethylation potentials can be simultaneously determined. Many studies have used this technique
coupled to Gas Chromatography (GC) instrumentation, with spikes corresponding to low concentrations
of isotopic Hg tracers .'”'*"* The double-spiking methodology was demonstrated to present limitations
when employed for the accurate measurement of IHg and MeHg particularly when they are present in a

relatively different concentrations in the sample."
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Spike addition of Hg isotopes (concentration, type of spiking solution) and incubation times are among the
most important parameters influencing MeHg formation and degradation yields."”> Moreover, isotopic
tracer experiments permit the simultaneous tracking of both endogenous and exogenous Hg species
transformations and the determination of the possible contribution of Hg species on the biogeochemical
cycle and on the bioaccumulative process.'® Later on, analytical methods were developed for the
determination of Hg isotopic composition in different matrices (fish, sediment, water...ect) and during
different biogeochemical processes (methylation, demethylation and volatilization processes).'”'® Isotopic
fractionation of different Hg species were simultaneously determined within the same sample by the
hyphenation of Gas Chromatography (GC) with Multicollector-Inductively Coupled Plasma Mass

Spectrometry (MC-ICP-MS)."*

The region of Northern France (Nord Pas-de-Calais) is highly populated and industrialized by
metallurgical activities. One of the most important smelters in the region is “Metaleurop” which was
localized at the banks of the Deiile River, had perturbed the natural balance of the ecosystem significantly.
Metaleurop smelter had refined lead, zinc, copper, antimony, indium, germanium, gold, silver and
cadmium. Metaleurop smelter was active for more than a century and was the major contributor of metal
pollution to the river. Fortunately, Metaleurop was closed in January 2003; however untreated or not well
refined ore wastes are disposed in the former smelter location, certainly contributing to continuous metal
pollution to the soil and to the surrounding river system. Hg pollution in the site is found as a by-product
in sulfide-rich ore. Consequently, high quantities of various metals including Hg are easily eroded and
leached to the water body by surficial runoffs of the contaminated sites. A recent study on Hg
contamination in the Deiile River, had shown important Hg pollution in sediments near Metaleurop site
with mean THg of 10 pg g”', mean MeHg of 4.5 ng g and a mean % MeHg of 0.05.*' Consequently, the
investigation of Hg methylation and demethylation in the Deiile River is substantial to discover the extent

and factors affecting net methylation potentials. The study of Hg dynamics in the Deiile River can provide
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important information essential for the implementation of environmental policies and decontamination

strategies in order to control the toxicity and the bioaccumulation of Hg through the food chain.

The major objectives in this work were: 1) to investigate Hg reactivity in highly contaminated sediments
from the Deiile River (Northern france) using species-specific enriched stable isotope tracers, in two
sampling locations near the ancient site of Metaleurop smelter: site I (downstream the river) and site II
(upstream the river), and 2) to evaluate important biogeochemical factors controlling methylmercury
production and degradation in the Delile River. Such experiments can allow the measurements of
methylation and demethylation potentials and therefore provide important information about the

production and the consumption of different Hg species.
2. Methods and Materials
2.1. Reagents and standards

Mercury standard solution of "’Hg(II) (91.71 %) and Me®'Hg (96.5 %) solution were used during this
study. The Hg standard enriched isotopes were purchased from ISc Science (Oveido, Spain). Stock
standard solutions of '*IHg and Me*'Hg (1000 mg L™") were prepared by dissolving mercury chloride in
1 % HNO; and methylmercury chloride in methanol. Working standard solutions were prepared fresh
daily by appropriate dilution of stock standard solution in 1 % HCI and stored in the dark at 4 °C. A 0.1 M
acetic acid-acetate buffer solution (pH 4.7) (CH;COONa: Merck Darmstadt, Germany; CH;COOH:
Scharlau Extrapur) was prepared. A solution of 1 % tetraethyl borate prepared for ethylation reactions (98
%, Stream Chemicals, Newburyport, USA). All reagents were of analytical grade. Ultrapure water was

obtained from Milli-Q system (Quantum EX, Millipore, USA).
2.2. Field sampling

2.2.1. Site description: The Deiile River

Page 6 ¢ 29
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The Deiile River is located in the watershed of the Scheldt. It is a major tributary of the Lys River. This
river is about 68 km long with an average flow rate of 8 m’ s”'. The Deiile River runs along many areas of
industrial and commercial activities, causing an eventual significant pollution to the watershed. The
sampling sites that were chosen in the Deiile River were selected in the surroundings of the former smelter
“Metaleurop”. The area chosen for sampling is a highly polluted zone by the past metallurgic activities of
“Metaleurop”.

2.2.2. Sediment cores processing

Sediment cores were collected at two sampling locations along Defile River in Northern France in March
2010 as shown in figure 1. The sampling sites were chosen in the most polluted zone of the Deiile River in
proximity of the former Zn, Pb, Cu and Ni smelter site. Site | was chosen near Metaleurop former smelter
that is downstream the Deilile River and site II upstream the Deilile River. Three sediment cores were
collected form each site. For the study of methylation and demethylation potentials and the measurement
of ambient [Hg/MeHg, two replicate sediments from each site were collected and sealed underwater with
rubber caps. In addition to, a sediment core reserved for the analyses of Acid Volatile Sulfide (AVY),
Chronium Reducible Sulfide (CRS), and Total Mercury (THg) in sediment. The core samples were
collected using a hand-driven gouge sampler and polyethylene core. The length of the core was 80 cm and
the inner diameter was 7 cm. The sediment cores were processed in a glove bag under nitrogen
atmosphere. Inside the glove, the sediments were sliced at 2-cm thickness. Each sediment slice was
divided into several parts, one part stored in hermetically closed plastic bags and frozen at -18°C for CRS
and AVS analysis and the other part of the sediment was preserved for ambient THg analysis in the

sediment.
2.3. Determination of Methylation and Demethylation Potentials.

Hg methylation and demethylation potentials were determined from a single analysis by spiking the same

sample with mercury enriched isotopic tracers (‘*’Hg(II), Me**'Hg). Sediment samples were spiked with
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an aqueous solutions of isotope enriched 'Hg(NOs), (91.97 %) to 10-40 % of THg and
Me”*'HgCH;COO (96.49 %) to 0.1 % of THg concentration. Duplicates in analysis were made for each
sediment layer. For accuracy in measurements, each spiked sample is divided into two parts. One part is
immediately frozen at -20 °C representing t,. The other part of the sample is tightly sealed in argon
atmosphere and incubated for 24 hours in darkness and at bottom water temperature (10 °C). After 24
hours, the incubation was stopped by adding high purity HCI (1 % v/v) and the sample was frozen at -20
°C, representing t,. The t, represents the theoretical initial concentration of '*’Hg(II) and Me®'Hg and t,
represents the recovered concentrations of '’Hg(Il) and Me*'Hg after various transformations. The
detemination of the concentrations of '*’Hg(Il) and Me**'Hg at t, and t, , allows to calculate methylation
and demethylation potentials. Three isotopes should be measured to determine the amount of methylated
and demethylated mercury, Me'”’Hg representing the newly produced Me'*Hg from '“Hg, **'Hg
representing the demethylation of Me*'Hg, and **Hg representing the changes in ambient **Hg.

Methylation and demethylation potentials were calculated by isotope reverse dilution calculations.'

The potential of Hg formation and degradation potentials were deducted based on the initial
concentrations of Hg isotopically enriched species (to) and on the newly formed and degraded Hg isotopes
after 24 hours incubation time (t,). Methylation potential is calculated from the amount of newly formed
Me'*Hg found after incubation in a system containing '*’Hg according to Eq. (1). Demethylation potential
is determined based on the decrease of the added Me**'Hg found after incubation according to Eq. (2). Net

methylation potential is calculated according to Eq. (3).

Me'°H 1
MY (%) = LT ?991{ X 100 ()
g+ Me"Hg

Me?%1Hg (2)
D201(0%) = 100 — —————-— X 100
(%) (MeDTHg)tg

Net methylation (ng g day™) = (methylation potential (day™") x [THg]ampien: (g &) — (demethylation
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potential (day") x [MeHg]ambien: (N £7)) G)

The relative standard deviation of the recovered '*’Hg(II) spike was 3 % and of the formed Me'*’Hg was
21 %. The relative standard deviation of the recovered Me®*'Hg spike was 21 % and of the formed
*"Hg(1I) was 5 %. Normally, '*’Hg(II) spike recovery should be less than '*’Hg(II) theoretically spiked
for methylation to occur and Me”*'Hg spike recovery should be less than Me"'Hg theoretically spiked for
demethylation to occur. However, higher recoveries of '*’Hg(Il) and Me*'Hg than the theoretical spike
were observed in some sediment depth. This higher recovery of Hg isotopic tracers can be explained by a
redistribution of Hg species by bioirrigation driven by benthic organisms found in the core, substantially

affecting the fluxes of sediment-water interface.
2.4. Determination of isotopically enriched mercury species in sediments

The determination of mercury species was performed according to the procedure described by Monperrus
et al. (2008)." The samples were analyzed by Gas Chromatography (Trace GC, Thermo Element)
coupled to Inductively Coupled Plasma Mass Spectrometry (ICPMS X7, Thermo Element). The Gas
Chromatography was equipped with a capillary column MXT-1 (crossbond 100 % dimethylplysiloxane 30
m, id 0.53 mm and 1 mm coating). The absolute detection limit based on three standard deviation of the
digestion blank, was 0.02 ng g™'; 0.05 ng g for MeHg and Hg(II) respectively. Precision was based on the
relative standard deviation of five replicates of certified reference materials (IAEA 405-estuarine
sediment, BCR 580-estuarine sediment) and was 2.1 % for MeHg and 1.8 % for Hg(Il). The accuracy of
the analytical results was checked by analyzing international certified materials of IAEA 405 (MeHg 5.5 +
0.5 ng g'; THg: 808.7 + 40.1 ng g") and BCR 580 (MeHg: 75.5 + 3.7 ng g'; IHg 131.9 = 3 pg g").
Speciation analysis of IAEA 405; BCR 580 gave for MeHg concentrations 5.8 + 0.4 ng g'; 83.5+ 4 ng g
respectively and IHg concentration of 800 + 140 ng g'; 131 + 3 pg g respectively. Therefore, there were

no statistically significant differences with obtained experimental and certified values.
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2.5. Analysis of ambient mercury species

Total mercury analysis in dry sediments samples (THg) were analyzed without any pre-treatment by
atomic absorption spectrometer Advanced Mercury Analyzer; model AMA 254 (Altec Ltd., Czech
Republic). The detection limit for AMA 254 based on 100 mg of sample was 0.1 pug kg™'. The relative
standard deviation of six replicate measurements was 1.2 %. For precision objectives, certified reference
materials were analyzed including IAEA 405 (0.750 + 0.06 pg g"), IAEA-433 (0.155 + 0.01 pg g") and
IAEA-158 (0.121 £ 0.013 pug g'). The obtained values of THg in IAEA 405 (estuarine sediment), IAEA
433 (marine sediment), and IAEA 158 (marine sediment) were 0.81 = 0.003 pug g, 0.168 + 0.017 pg g,
and 0.132 + 0.014 pg g respectively. Therefore, there were no statistically significant differences with
obtained experimental and certified values. MeHg in sediments was determined as proposed by Kadlecova
et al.,”* by aqueous ethylation followed by Headspace (HS) injection, Gas Chromatography separation
(Clarus 500, PerkinElmer, USA), and detection by Atomic Fluorescence Spectroscopy (Tekran, Model
2600 CVAFS Mercury Analysis System, USA). The detection limit of HS-GC-CVAFS was 1.12 ng kg™
The accuracy was examined by international reference materials (IAEA-405, IAEA-433). The obtained
values of certified reference materials (IAEA-405: 5.85 = 0.45 ng Hg g, IAEA-433: 0.18 £ 0.09 ng Hg g’
" presented no statistically significant differences with the certified values (IAEA-405: 5.49 + 0.53 ng Hg
g", IAEA-433: 0.17 + 0.07 ng Hg g™). Precision is given by the relative standard deviation of 5 replicate

analyses, and was determined to be 4.8 %.
2.6. Sulfur analysis

The inorganic sulfides in the sediment are generally grouped into two main categories: unstable sulfides
that are freshly precipitated (AVS: Acid Volatile Sulfides) and the more stable sulfides, mainly pyrite and
elemental sulfur (CRS: Chromium Reducible Sulfur). The reduced sulfur species are determined by
sequential extraction as described previously by Canfield et al.*> Manipulations are performed

in a glove bag under inert atmosphere (N,). About 1 g of sediment is reacted with 40 mL of 6 mol L™

9
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hydrochloric acid , then the volatilized sulfide in the form of H,S , is purged by N, flow and trapped in 20
mL of a basic solution ((NaOH] 1 mol L, [EDTA] 1 mol L™"). CRS (Chromium Reducible Sulfides)
sequentially follows AVS, and is extracted by adding about 40 mL of 1mol L' chromium II
solution, produced in the column of Jones and HCI solution. Again the volatile sulfur is trapped in 20
mL of a basic solution ((NaOH] 1 mol L [EDTA] 1 mol L™"). The sulfide concentration is then
determined for each trap by potentiometry using an automatic titrator (Metrohm, model 736 GP Titrino).
The titration is carried out with a cadmium solution of 8.9x107 mol L™, a calomel reference electrode
(Hg/Hg,Cl,, [KC1] = 3 mol L") and a measuring electrode specific to sulfide ions (Orion). The accuracy of
the two methods is determined to be < 8 %. The lower limit of determination of 1 g of sediment was 20 ug

g of S.
3. Results
3.1. Ambient Hg species distribution

Mean values of ambient IHg and MeHg were calculated from duplicate cores and the relative standard
deviation were 3-5 %, 20-23 % respectively for the two sites. Mercury speciation analyses were
conducted for both sites and the ambient concentrations of mercury in sediment are shown in figure 2. At
site I, the sediments of the Detlile River have showed statistically significant lower concentration of THg
between 5330-11660 ng g than site II of values between8510-19604 ng g (figure 2 a, 2d). Similarly,
natural IHg at site II showed statistically significant higher values of 13517 + 1327 ng g than site I of
9292 + 296 ng g (figure 2b, 2¢). Conversely, site I demonstrated statistically significant higher mean
concentration of MeHg 210 + 49 ng g as compared to site II of a mean concentration of MeHg 75 + 15
ng g (figure 2 (b), 2(e)). The average value of methylmercury percentage (% MeHg/THg) is 2 % for site
I and 0.6 % for site II. For site I, IHg depth profiles fluctuated between 5323-11658 ng g”'. While MeHg
varied between 64-1007 ng g with maximal concentrations occurring deeper at 15 cm in the sediment,

slightly decreasing at higher depth values (figure 2b). As for site II, IHg concentrations were almost

10
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homogenous until 15 cm sediment depth with values ranging 8507-1100 ng g”', doubling at depth profiles
from 20 to 30 cm to 19604 ng g (figure 2¢). Whereas, MeHg concentrations varied between 35-208 ng g
! where maximal concentrations were found at sediment surface of 3 cm, then MeHg profile decreased

significantly with depth and remained constant (figure 2e).

In this study, insignificant correlation between THg and MeHg was observed for site I while in site II,
good association was found (r’= 0.7, p<0.01, n= 8). When MeHg contents in both sites were normalized to
THg, good associations were detected between % MeHg and THg in site I (*= 0.6, p<0.01, n= 9), with

statistically insignificant correlation observed in site I1.

In site I, a relation was remarked between % MeHg and CRS (= 0.8, p<0.001, n= 10) with insignificant
relation with AVS. Whereas in site II, opposite trend was determined with statistically good relation

between % MeHg and AVS (r°= 0.4, p<0.05, n=9) and lack of correlation with CRS.
3.2. Methylation and demethylation yields

The measurement of formed Me'”’Hg and **'Hg(Il) during 24 hours incubation period permits the
calculation of methylation and demethylation potentials. The precision of methylation and demethylation
potentials calculated from standard deviation between two cores is calculated to be 0.02-0.05 %, 6-10 %

respectively for both sites.

At site I, methylation potential varied between 0.02-0.9 % with an average value of 0.2 = 0.03 % (figure
3a). The maximal methylation potential of 0.9 % occurred at sediment depth of 12 ¢cm corresponding to
maximal concentrations of AVS and CRS (figure 2¢). At site 11, less significant methylation potentials are
observed fluctuating between 0.001-0.19 % with an average value of 0.1 £ 0.02 % (figure 3c). When
methylation potentials are plotted against ambient % MeHg, significant correlations were found for site I
(r’= 0.8, p<0.001, n= 10) (figure 4a). However, irrelevant relations were observed between methylation

potentials and ambient % MeHg for site II. Likewise in site I, a correlation was found between in situ

11
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MeHg and the amount of Me'*’Hg produced (1* = 0.8, p<0.001, n= 10) (figure 4b) with the lack of relation
between these two parameters in site [I. This demonstrates that site I is more active with respect to Hg

transformations than site II.

When methylation potentials were plotted against AVS, insignificant correlations were found for both
sites. Whereas, positive correlations of methylation potential with CRS were found for site I (r*= 0.96,
p<0.001, n= 10) and site II (r’= 0.6, p<0.001, n= 10) (figure 4c). Therefore, sulfides particularly CRS

control Hg methylation processes.

In addition to methylation, MeHg concentrations can be also affected by the simultaneous process of
MeHg demethylation. Demethylation may significantly affect the increase of MeHg concentrations. The
demethylation potentials vertical profiles in both sites have followed variable profiles. In site I,
demethylation potential varied between 0.001 - 60 % with an average value of 31 + 8 % (figure 3a). High
value of demethylation potential for site I was found around 10 cm sediment depth and higher values of 60
% were observed deeper than 18 cm sediment depth. At site I, demethylation potential fluctuated
between 4 - 53 % with an average value of 29.6 £ 6 % (figure 3c). Maximal values of demethylation of
50 % occurred at sub-surface sediment around 6 cm and 12 cm sediment depth. Sediments deeper than 15
cm had an increasing trend of demethylation. Demethylation potentials and % MeHg profiles followed
opposite trends in both sites in which demethylation maximals corresponded to % MeHg minimals and
vice-versa. Good assosciations were established between demethylation potentials and the concentration
of THg for site I ("= 0.4, p < 0.05, n= 8) and site II ("= 0.6, p < 0.05, n= 8). However, when
demethylation potential were correlated with IHg, remarkable associations were found for site I (r*= 0.8, p
<0.001, n=9) and site I (’= 0.7, p < 0.01, n=9). The strong correlation observed between demethylation
potentials and IHg suggest that, among THg pool of Hg species; IHg is the most available form for

demethylation process.

4. Discussion

12
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4.1. Long-term methylation controls

The high values of MeHg and THg concentrations encountered in the Defile River are in accordance to
other estuaries affected by point source contamination such as chlor-alkali industry in Lavaca bay** and
the Gulf of Trieste affected by the old Idrijca mine.”*® Moreover, Hg contents in the Detile River
sediments were comparable to other riverine systems such the downstream of Wuli River in China
affected by chlor-alkali plant, ” Thur River in France affected by chlor-alkali plant ** and the Nura River
in Kazakhstan influenced by an acetaldehyde plant. > The higher MeHg concentration in site I than site II,
demonstrates the more reactivity of sediments of site I and the bioavailability of its Hg pool for
methylation. The overall partitioning of mercury with different phases organic matter, sulfides and Fe/Mn
oxyhydroxides under oxic and anoxic conditions respectively control the concentration of Hg species in

the environment and their subsequent transfromations.*

The % MeHg in site I and II are found to be similar to Passamaquoddy Bay of 0.5-1.2 %,”' of 1 % in
Chesapeake Bay,”” of 0.7 % at the bay of Fundy,” of 0.6 % at Lavaca Bay,** of 0.02-0.4 % at the Tagus
estuary,”® of 1.5% in Idrijca River *° and of 0.12-2.5 % in Adour estuary.’® Other estuaries have presented
lower % MeHg i.e. at Loire of 0.075-0.13 %,>7 at Grinode of 0.2 % >® and at the Seine estuary of 0.2-0.4

39
%.

Methylation zone at site I is found at deeper zones in contrast to previous studies of near sediment-surface
methylation zones ( figure 2a, 2b).”****! Higher MeHg concentrations in deeper sediments; suggest MeHg
burial of historic pollution and its preservation under anoxic conditions. In contrast, site Il is characterized
by high MeHg concentrations at the water-sediment interface which suggest that methylation is limited to
the surface and that the microbial activity is the overriding controller of MeHg concentrations (figure 2d,
2¢). The prevalence of the methylation zone in site II at water-sediment interface is similar to other

. 413
studies. ™

13
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3139424 and others demonstrated

Previous studies showed significant correlations between THg and MeHg
lack of dependence between THg and MeHg in different ecosystems.**® These confusing differences
between the studies might be ascribed to intrinsic site characteristics and conditions affecting the
bioavailability of mercury. The good assosciation found between % MeHg and THg in site I and the lack
of correlation in site II is in agreement with the results of previous study on the Deflile River where
important relation was determined for the site downstream the river with irrelevant association determined
upstream the river.”' In site I, THg is one of the driving factors of long-term methylation as shown in other

41, 47,

studies. In contrast to site I, the lack of dependency of % MeHg on THg in site 1I, signifies the

potential role of other factors than THg for the prevailing methylation process.

Factors controlling Hg methylation can be grouped into those affecting the bioavailability of Hg (Sulfide,
organic matter) and those influencing SRB activity (Sulfate, organic matter, temperature). It seems that
factors affecting the speciation of mercury have more influential effects on MeHg formation, in which the
concentration of dissolved neutral mercury sulfide HgS® is the major controller of methylation process. In
site I, a remarkable relation was remarked between % MeHg and CRS with insignificant relation with
AVS (freshly precipitated sulfide). Whereas in site I, opposite trend was determined with good relation
between % MeHg and AVS and lack of correlation with CRS. This is in accordance with the previous
study on the Deile River 21, which demonstrated that site I; the most proximal to the former smelter site, is
characterized by the accumulation of metal sulfide minerals (ZnS, CdS...ect.) discharged by the old
smelter. This leads to the accumulation of sulfides and their subsequent pyritization during past decades of
intensive methylation. This can definitely illustrate the interdependence between % MeHg and CRS
which signifies an old event of methylation in site I and the association present between % MeHg with

AVS in site II signifying a more recent event of methylation.

4.2. Biogeochemical controls on methylation potentials

14
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The average values of methylation potentials (site I: 0.2%, site II: 0.1%) and demethylation potentials (site

I: 31% and site 1I: 29.6 %) are in agreement with values previously reported in Hg-polluted environments.

426,38

Maximum methylation potentials are observed in different depth ranges other than the known methylation
zone, i.e. sediment-water interface. This observation is in agreement with other studies.””®*° These
variations are explained by changes in bacterial activity leading to zonal stratification of SRB genera as a
function of depth. Methylation potentials are depth dependent relative of different depth gradients of
electron-donor acceptors.*® Maximal methylation depth zone can be altered by environmental variables
including bioturbation, Fe(III)/Mn(I1I)/(IV) reduction that can shift methylation depth zone to a greater

depth gradients.

Another explanation for the non-occurrence of methylation zone near surface-sediment interface where
SRB tend to thrive is the possibility of mercury methylation by other bacterial genera. Iron reducing
bacteria (FeRB) have been demonstrated to methylate mercury in nature.* " It is shown that the bacterial
community composition changes with seasons, with the methylation seizure by SRB during summer and
autumn and the overriding control of FeRB of Hg methylation during winter.”> However, at both sites, the
highest methylation potentials occurred at the same depth profiles as sulfides (figure 2c, 2f, 3a, 3¢) with
good associations established between % MeHg, methylation potentials and sulfides. Therefore, there is a
relation between Hg methylation and sulfides conquering the bioavailability of HgS®. The depth profiles
of methylation potential in both sites are consistent to ambient MeHg and sulfide concentration profiles. It
is a little confusing whether to consider the results obtained representative for the behavior of the ambient
IHg and MeHg or to consider it as a reflection for the methylation and demethylation potentials of
sediment obtained under artificial conditions. It seems that, long-term methylation zone differs from the
short-term methylation zone in site II. Short-term methylation as determined in laboratory does not

necessarily reflect long-term MeHg build-up in sediments. The significant correlations found between
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methylation potentials and % MeHg for site I (figure 4a) are similar to those established in Ore River
estuary,’® Hudson River,”' Patuxent River ** and Florida Everglades.’® Site II was characterized by the
absence of significant relations between methylation potentials and % MeHg as observed in the Bay of
Fundy *. These differences can be explained by the fact that the added Hg is more readily available with
the possibility of complex formation of ambient Hg with organic and inorganic ligands. Therefore,
ambient mercury in site I is more bioavailable for SRB than site II and that isotopic methylation potentials

in sediments of site I may reflect the real behavior of ambient Hg.

A significant correlation in site I was found between in sifu MeHg and the amount of Me'*’Hg produced
(figure 4b) similar to previous studies.’’”' Conversely, in site II, insignificant correlation was observed
between MeHg and Me'*Hg. Accordingly, it is assumed that site I is more reactive, and that Hg pool is
more available for various biochemical transformations. It is verified by the presence of a relationship
between ambient MeHg and Me'*’Hg; methylation potential and % MeHg and the complete absence of
these associations in site II. This further signifies that site I is an Hg reactor showing higher methylation
potentials and % MeHg with a total reflection of the isotopic Hg transformations to the real in situ

methylation/demethylation processes.

The average methylation potentials are higher for site I than site II with 0.2, 0.1 % respectively. As a
result, the % MeHg differs largely between the two sites. At site I, the average % MeHg is 2 % which is 3
times higher than site II of 0.6 %. This is attributed to higher sulfide content (AVS) at site [ (1933 ugS g
" than site IT (1613 pg S g™") and less IHg concentration in site I (9292 ng g) than site II (13517 ng g™).
Thereby, site is conferred by higher reactivity of sediments towards Hg transformations. Mercury
availability for the Hg-methylating microbes is controlled by organic matter, sulfur speciation, microbial
activity and the partitioning of mercury between the solid and the dissolved phase. These interdependent
factors regulate the MeHg formation in marine sediments.”** The insignificant correlations found in both

sites between methylation potentials and AVS with important relation between methylation potential and
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CRS (figure 4c) suggest the predominance of CRS over AVS on Hg bioavailability. This can be elucidated
by the effect of the discharges of mineral sulfides by the old smelter “Metaleurop” contributing to
extremely high levels of sulfides (CRS) in both sites. Sulfide levels and organic matter content are the
most important biogeochemical controls affecting mercury methylation. * In the studied sites, CRS seems

to control Hg methylation.
4.3. Biogeochemical controls on demethylation potentials

Demethylation can be abiotically (photochemical or chemical reactions) or biotically mediated. The
photochemical degradation of MeHg is the most dominant process of demethylation mechanism at surface
water.” Other abiotic processes are probable including, abiotic MeHg degradation in the presence of
reducible Fe (III) citrate.® Bacterial demethylation mechanism include two pathyways: reductive
producing Hg® and oxidative generating Hg(Il) and CO,.””* Reductive methylation is shown to prevail
under contaminated oxic and anoxic conditions >’ whereas oxidative demethylation seems to predominate
in unpolluted anoxic sediments.”® Ambient MeHg is equivalent to the relative rate of methylation and
demethylation processes. Since both sites of the Dellle River have prominent MeHg and THg
characteristics of polluted sites, this can certainly trigger the bacterial Mer-system for MeHg degradation
and eventual Hg volatilization from the system following a reductive demethylation pathway. In
contaminated sites with high THg, demethylation is induced by Mer bacterial enzymes degrading MeHg
and reducing Hg(II) into Hg® with ultimate elimination of Hg from the system. > The vertical profiles of
demethylation potentials in both sites are not even but rather variable rates occur within the sediment
depth. Thus, there exists a clear dependency between the microbial community composition of the
sediment and MeHg degradation. This excludes the abiotic processes and confirms the possible biotic

degradation of mercury in these sites.

Moreover, when demethylation potentials were plotted against CRS and AVS, no correlations were found.

Thereby, sulfides have no control on demethylation process. Hines et al.” reported lack of dependency
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between SO4” reduction rates and demethylation potentials in winter season and suggested that Hg-
resistant bacteria are more implicated in the MeHg reductive degradation. These observations imply that
SRB are not important in MeHg degradation in the Detle River sediments. Therefore, it is noteworthy, to
investigate bacterial species other than SBR for Hg degradation. In anoxic environments, methanogens
and sulfidogens ® are implicated in Hg demethylation. Iron reducing bacteria (FeRB) could be influential
demethylators in winter with the over control of SRB in summer season.”> Moreover, MeHg degradation
pathways can change from oxidative process in warm seasons to reductive path ways in winter season.” It
is suggested that FeRB could predominate over SRB for this particular winter season, the time of the
sampling campaign of the studied sediment cores. This indicates that Hg-resistant bacteria of iron
reducing genera can actively degrade MeHg in a reductive demethylation pathway. Reductive
demethylation is demonstrated to be more evident in high Hg concentration systems such as calcines
samples as opposed to oxidative pathway which dominates at moderately Hg contaminated environment.'
Although, the reductive degradation pathway is a characteristic of Hg polluted environments, it is not
necessary to be extremely Hg contaminated since important relations were exhibited between Gram
negative merA genes and the concentration of THg.® In the Defile River sediments, strong correlations
between demethylation potentials and IHg were observed in both sites, as found in a previous study. **
The [Hg pool is shown to be the main trigger of mer-mediated reductive demethylation of MeHg in the

Deiile River.
4.4. Net methylation potential

The determination of net methylation potential is important to identify the dominating process
(methylation, demethylation) in a specific sediment depth. In both sites, negative net methylation
potentials were obtained in several sediment depths, representing a net sink for MeHg (figure 3b, 3d). Net
methylation in site I, showed positive values near surface sediment at 3 cm (502 ng g) and higher values

at greater depth of 6180 ng g and 2736 ng g at 12 and 15 cm respectively (figure 3b). The average net
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methylation potential in this site I demonstrated a negative value of 1919 ng g'. It seems that in site I
demethylation process predominates methylation. The negative methylation potential at site I is due to

high demethylation potentials provoked by high Hg concentrations.

In site 11, net methylation has occurred deeper at 22 cm sediment depth and more frequently at 8, 15, and
22 cm sediment depth than site I (figure 3d). The average net methylation potential in site 11, is a positive
value of 138 ng g, showing the over control of methylation on Hg transformation dynamics. Still, higher
values of % MeHg and methylation potential occur in site I, the most proximal to the former site of the
Metaleurop smelter. This demonstrates the high reactivity of site I with a potential high accumulation of

MeHg corresponding to a long-term MeHg build-up.

In contaminated Hg ecosystems, the high concentration of Hg can trigger demethylation process at
increased rates as observed at site [; the most proximal location to the Hg contamination source. Site II is
situated 200 m away from the historic smelter site and upstream the Deilile River, consequently it is
considered to be less influenced by Hg contamination than site I. The positive net methylation potential in
site II is clear evidence that in less contaminated Hg environments, methylation is enhanced. High
methylation potentials and MeHg concentrations can be found in pristine environments. ** * Likewise,
high methylation potentials of 22 % were observed in the uncontaminated sediments of the Carson

River.%

Conclusion

High average methylation and demethylation potentials of 0.15 % and 30 % respectively are observed in
the Deiile River, a characteristic of Hg- contaminated system. Results have showed that, the site the most
proximal to the former smelter (i.e. site I), had higher methylation potentials and % MeHg values than
upstream the Detle River (i.e. site II). Site I is considered as Hg powerhouse with a bioavailable Hg pool
for various transformations. On the other hand, site Il was less bioreactive, relative to the scavenging of

Hg with potent binding phases e.g. sulfides. Thus, short-term methylation as measured by enriched Hg
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isotopes may reflect long-term methylation in site I, as opposed to site II where short-term methylation
does not reflect the ambient Hg transformations. In both sites, methylation seems to be controlled by
sulfate reducing bacteria. The overall MeHg degradation in the Defile River sediments appears to be
controlled by Hg- resistant bacteria FeRB rather than with SRB following a reductive demethylation
pathway. Further examinations are deemed to be indispensable to further verify the dominant MeHg
degradation pathway in the Deiile River. An average negative net methylation potentials were found to
dominate site I, the most proximal to the pollution source while positive values were determined for site II
the less affected site by Hg pollution. In highly polluted sites with direct impact with the source of Hg
contamination i.e site I, various processes of Hg transformations are highly stimulated particularly
demethylation mechanism. The presence of high concentration of Hg and sulfides in site I make it highly
active in methylating Hg in the presence of favorable conditions of sulfides and in demethylating Hg in
the presence of IHg stimulant of Mer genes of the microbial communities. It seems that the environment
in the Delile River is undergoing an auto-recovery with its extraordinary capacity of recycling and

eliminating mercury from the aquatic ecosystem to other environmental compartments.

Overall, this study is the first assessment of mercury transformation in the Delle River sediments using
isotopically labeled mercury species incubations. Despite the fact that Metaleurop smelter had been closed
since 2003, high MeHg concentrations and methylation potentials were found and the bioactive sediments
of the Deftile River continue to transform Hg species. Further investigation on methylation potentials of the
microbial communities involved and the seasonal variation of mercury dynamics are needed to be

explored.
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Figures Captation

Fig. 1. Locations of sampling sites along the Deile River. Site I: downstream on the Detile the River and

site II: upstream on the Detle River.

Fig. 2. Vertical depth distribution of Hg species (IHg, MeHg) and sulfides (AVS, CRS) in

sediment cores of site I (a, b, ¢) and II (d, e, f).

Fig. 3. Vertical depth distribution of Hg methylation, demethylation and net methylation potentials in site
I (a, b) and site II (¢, d).

Fig. 4. Relationships between (a) Methylation potential and % MeHg in site I (b) % MeHg and Me'*Hg
in site I, and (¢) CRS and methylation potential in site II and II.
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Fig. 1. Locations of sampling sites along the Delle River. Site I: downstream on the Dedle the River and

site II: upstream on the Dedle River.
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