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Abstract Hg cycling in biologically productive
coastal areas is of special importance given the
potential for bioaccumulation of monomethylmercury
(MMHg) into aquatic organisms. Field experiments
were performed during three different seasons in
Arcachon Bay, a mesotidal lagoon (SW France), to
assess the variability of the water column concentrations,
sediment—-water exchanges and potential formation and
degradation of MMHg. The objectives were to evaluate
the contribution of intertidal mudflats to MMHg
production and the various pathways of Hg species
export. Dissolved and bulk concentrations of Hg species
in the water column downstream of tidal flats were
measured throughout several tidal cycles. The Hg
benthic fluxes at the sediment-water interface were
determined by means of benthic chambers for three
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different stations. Hg methylation and demethylation
potentials were determined in surficial sediments and the
water column using isotopic tracers. The tidal surveys
demonstrated that benthic remobilization of Hg occurs
primarily in association with sediment erosion and
advection during ebb tide. However, elevated dissolved
Hg concentrations observed at low tide were found to be
caused by a combination of pore-waters seeping, benthic
fluxes and methylation in the water column. Benthic
fluxes were more intense during late winter conditions
(median MMHg and inorganic Hg (IHg) fluxes: 64 and
179 pmol m—> h™', respectively) and subsequently
decreased in spring (median 0.7 and —5 pmol m—> h™",
respectively) and fall (median —0.4 and —1.3 pmol
m~2 h™", respectively). The trends in methylation and
demethylation potentials were at the opposite of the
fluxes, two times lower during winter than for spring or
fall conditions. In this tidal environment, MMHg produc-
tion in surface sediments and its subsequent release is
estimated to be the major source of MMHg to the water
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column during winter and spring time. However, during
the more productive summer period, the Hg methylation
extent in the water column may be very significant and
equivalent to the sediment contribution.

Keywords Mercury species - Coastal ecosystem -
Tidal cycling - Benthic reactivity

Introduction

Coastal ecosystems are among the most productive
ecosystems on Earth due to important continental
inputs, including organic matter and nutrients. Besides
the relatively well documented effects of on-going
eutrophication (Castel et al. 1996, De Wit et al. 2001),
they are also under the constant pressure of contaminant
inputs. In shallow tidal ecosystems, extended intertidal
sediments support intense biogeochemical transforma-
tions, especially organic matter mineralization. Conse-
quently, strong solute exchanges are established
between intertidal sediment and the water column
during immersion (e.g. Mortimer et al. 1999) and tidal
pumping has been demonstrated to favor nutrient release
from tidal flat sediments to the water column during low
tide (Deborde et al. 2008a). Furthermore, the specific
redox regime induced by tides has been demonstrated to
affect the Hg species transformations and partitioning in
sediments (Bouchet et al. 201 1a) but overall Hg cycling
in tidal environments remains poorly characterized.

Sediments act primarily as a sink for contaminants
such as heavy metals (Gagnon et al. 1997, Ramalhosa
et al. 2006a) but under various conditions, sediments
may also act as a source of contaminants to the water
column. Some previous studies have already demon-
strated that the water column concentrations can be
significantly influenced by benthic fluxes in Hg-
impacted ecosystems (see detailed references below).
However, the benthic exchanges of trace metals,
especially Hg, are not yet well understood in low-
impacted coastal ecosystems, precluding an evalua-
tion of their significance as a MMHg source compared
to methylation occurring in the water column (Mon-
perrus et al. 2007a; Cossa et al. 2009). The difficulty to
acquire reliable data prevents the establishment of
frequent observations of the exchange mechanisms
involved. Indeed, the measurements of benthic fluxes
remain difficult to achieve, especially in highly
dynamic environment such as tidal bays.

@ Springer

One of the ideas emerging from the examination of
pore water concentrations profiles is that the miner-
alization of organic matter and/or the reductive
dissolution of Fe\Mn-oxyhydroxides release associ-
ated trace metals that may further diffuse to the water
column if not trapped with sulfides or back again
with Fe\Mn-oxyhydroxides (e.g. Gagnon et al. 1997;
Bloom et al. 1999; Ramalhosa et al. 2006b). However,
previous studies that investigated the benthic Hg
cycling, either in polluted (Covelli et al. 1999, 2008;
Gill et al. 1999) or moderately contaminated sites
(Choe et al. 2004; Point et al. 2007), demonstrated the
relative unimportance of diffusive fluxes compared to
that of advective transport resulting from biological
activities. Diffusive fluxes often underestimate real
fluxes and may even predict opposite directions,
strengthening the importance of direct flux assessment
methods. Nowadays, benthic chambers appear as one
of the most suitable methods to estimate benthic fluxes
in situ (see Thouzeau et al. 2007 for review). The net
fluxes measured by this method are the result of
several components, such as the diffusive and advec-
tive fluxes driven by bioturbation (Boucher and
Boucher-Radoni 1988), but they also encompass the
chemistry that might occur at the sediment—water
interface, e.g. methylation or demethylation and any
reactions that can act as a sink or source for a given
species (Point et al. 2007).

MMHzg in the water column usually originates from
methylation in the water column itself or production in
sediments followed by remobilization through various
pathways, i.e. diffusive fluxes, physically or biolog-
ically induced advective fluxes and desorption from
eroded particles. However, in tidal environments,
there is a strong physical stress at the sediment—water
interface given the combined action of tides and waves
and pore-waters from intertidal sediments are effec-
tively flushed out and mixed by tidal pumping. We
thus hypothesized that MMHg produced in intertidal
mudflat sediments might then be efficiently exported
to the water column through different processes and
wanted to compare it to the methylation occurring in
the water column itself.

Since both MMHg production and transfers are
extremely dependent on biological activity, large
seasonal variabilities were expected and experiments
were therefore performed in late winter, spring and
late summer at three different stations in the upper part
of Arcachon Bay. This work presents, for the first time,
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a simultaneous assessment of Hg species benthic
exchanges through various pathways and sediment/
water transformation extents among different sites
and seasons in a tidal lagoon. Tidal cycle surveys
combined with short-term benthic fluxes measure-
ments and Hg species transformations potentials in
waters and sediments were carried out in an attempt to
evaluate the respective influence of the different
processes as MMHg sources to the water column.
Relevant biogeochemical reactions towards Hg spe-
cies exchanges are also discussed including a tentative
examination of the effects of macrophyte meadows
present in the intertidal zone.

Materials and methods
Study area

Arcachon Bay is a 156 km? mesotidal lagoon located
on the French Atlantic coast (44°40’ N, 1°10° W). The
tide is semi-diurnal and the tidal amplitude varies from
0.8 to 4.6 m. Surface water temperature fluctuates
seasonally between 1 and 25 °C, and surface water
salinity between 22 and 32 PSU. At low tide, large
tidal flats (114 km2), located at the back of the bay, are
exposed to the atmosphere about 15 h per day. Up to
70 km? of these tidal flats are covered by Zostera noltii
meadows, while Zostera marina occupies only 4 km?

Fig. 1 Detailed map of the
different study sites in

ARCACHON BAY

(Auby and Labourg 1996). Station 1 (Fig. 1) is located
on the intertidal part of a sandy beach comprised of
permeable sediments (mean grain size ~250 pum,
porosity ~0.4). Two other stations are located in the
inner part of the lagoon, on a tidal mudflat character-
ized by a Z. noltii meadow (Station 3) and an area free
of macrophytes (Station 2). Station 4 is a subtidal
station located in the channel draining waters from the
tidal flats where stations 2 and 3 are located. Stations 2,
3 and 4 are covered by cohesive silty materials
(15-50 pm, porosity ~0.8), homogeneously distrib-
uted over the stations investigated (Deborde et al.
2008b). The sampling sites are representative of the
different hydro-sedimentary and biological conditions
of the intertidal mudflats found in the upper part of the
lagoon (Fenies and Faugeres 1998, Blanchet et al.
2005). The landward part of the bay receives moderate
river inputs and underground freshwater discharges
(Canton et al. 2010) with only a small river
(0.12-0.16 m> s~ ! annual mean discharge) connected
to the channel investigated in this study (St. 4).

Diurnal cycles

The dissolved and particulate Hg species concentrations
in the water column of the channel draining the tidal flats
were studied over a 24 h-cycle at the subtidal St. 4 in
May 2006 and October 2007. Every two hours, 5 L of
bulk water were sampled at 1 m depth in acid-cleaned

small river connected
to the channel

Arcachon Bay. S1: sandy
permeable sediments; S2:
uncovered muddy
sediments; S3: muddy
sediments covered with
Zostera Noltii; S4: subtidal
station (scale 1:250)

44°40 N
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polyethylene jars for the particulate fraction and another
1 L was collected in acid-cleaned polypropylene bottle
(Nalgene) for the dissolved fraction (i.e. filter passing,
0.45 pm). After being transferred to the on-site labora-
tory, an appropriate amount of water (500 mL) was
filtered for the dissolved fraction analyses and a variable
amount of bulk water (between 1 and 4 L) was filtered to
collect enough particles for Hg species analyses. The
overall enrichments in dissolved Hg species over tidal
cycles were averaged from the differences between the
values recorded at low and high tide.

Benthic chamber deployment

Measurements of benthic fluxes were carried out in situ
using large-sized scuba diver-operated benthic cham-
bers that proved to be reliable tools for measuring
benthic fluxes, when compared to core incubation
techniques (Dedieu et al. 2007, Thouzeau et al. 2007).
The benthic chambers’ surface area is 0.2 m” with an
internal volume ranging from 55 to 75 L depending on
how deep the base was inserted into the sediment (from
10to 15 cm). The chamber setup was carefully designed
to minimize the biases due to enclosures on hydrody-
namics (bottom current and turbulence) and on biolog-
ical activities driving the solute exchanges between the
compartments (Tengberg et al. 2004, 2005). Pump
stirrers with diffusers were used since they give a more
even distribution of bottom currents and diffusive
boundary layer (DBL) thicknesses than paddle wheel-
type stirrers (Tengberg et al. 2005). Homogenization of
water inside the enclosure was provided by adjustable
submersible pumps connected to waterproof batteries

(closed-circuit water circulation). As metabolic
responses depend on hydrodynamics (Patterson et al.
1991; Forja and Gomez-Parra 1998), water flow in
each enclosure was adjusted to the minimum value
(2L min™ Y, allowing stable continuous measurements
of oxygen concentration, temperature, salinity and
pressure to be recorded by YSI 6920 probes (Table 1).
Short-time incubations were performed to avoid hyp-
oxic conditions to develop within the chambers. Inci-
dent irradiance was also measured continuously in one
of the chambers during light incubations, using a LI-
192SA quantum sensor connected to a LI-1000 data
logger. For each incubation series, three benthic cham-
bers (separated by a distance of about 2 m) were
deployed simultaneously at each site. For the intertidal
stations (2 and 3), the chambers were installed at flood
tide and when the water height was at least of 0.8 m. The
incubations roughly started 2 h before high tide and
ended 1 h after. The chamber setup, equilibration
(1 h 15 min) and operating conditions appropriate
for trace metal flux measurements are described in
Point et al. (2007), as well as the flux calculations and
uncertainties while trace metal analyses (other than Hg)
are described in the supplementary information. The
chambers were re-opened for 20 min between dark and
light incubations to restore ambient conditions. The
incubations were performed in March 2005, May 2006
and October 2007 in daylight (21 incubations) and dark
conditions (24 incubations) for short periods (from 1 h
50 min to 5 h) to minimize the disturbance at the
sediment—water interface. The data statistical treatment
and error-weighted least squares linear regressions were
performed with Origin® software. Six data points out

Table 1 Summary of environmental parameters measured during the field campaigns in Arcachon Bay

March 2005 May 2006 October 2007

Tide range (m) 2.2-4.1 2.1-32 1.5-3.3
Air temperature (°C)* —2-10 14-29 8-25
Bottom water temperature (°C) 5.7-8.6 17.2-20.6 17.6-19.3
Bottom water salinity (PSU) 26.0-27.5 26.0-28.9 31.3-32.1
Bottom water oxygenation (%) 114 £ 7 86 £ 7 98 £ 4
Bottom Photosynthetic S2 166 (78) nd 420-920
Active Radiation (umol m= s~")P S3 8 (9) 45 (54) 60-310

S4 nd ~0 54-20

* Range of data recorded by the closest National Meteorological Survey station

° Mean value (£SD) or range recorded during benthic chamber incubations under light conditions

nd: not determined
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of 45 were removed due to experimental problems or
because they were outliers.

The O, level in the chambers did not vary by more
than 10 % and decreased smoothly over time, which is
indicative of a steady benthic respiration regime. The
sediment—water interface consisted in the sediment
surface; no nepheloid layer was visually observed.
At the end of the incubation, 3—5 sediment cores placed
randomly in each chamber were collected manually by
divers to determine macrofaunal abundance and biomass
(described in the supplementary information). In addi-
tion, 2-3 sediment cores were also carefully collected in
each chamber, subsequently sliced every cm or half cm
in the top first two cm and down to 13-17 cm and
analyzed for ancillary data (supplementary information)
while an aliquot of the top two centimeters was kept
frozen for solid Hg species analysis.

Hg species transformation assessments

The methylation/demethylation potentials were peri-
odically assessed in the water column in May 2006 and
October 2007 and in surficial sediments (0-2 cm) in
October 2007 and January 2008 (St. 2 solely). The
transformation experiments consisted of 24 h-incuba-
tions with isotopic-enriched tracers ('*’IHg and
20IMMHg) as described in Monperrus et al. (2007a,
b). The amount of tracer added was carefully evalu-
ated to maintain the ambient species concentrations
(typical range: 20-150 % although IHg and MMHg
reached up to 500 and 1100 % in one water incuba-
tion). For the sediment incubations, 5 mL of perco-
lating pore-waters were added to a few grams of wet
sediments, collected at low tide at St. 1, 2 and 3, to
ensure a better homogenization of the slurries and the
isotopic tracers were added after equilibration for
15 min with pore-waters, under suboxic conditions.
The sediment incubations were carried out as slurries
in 30 mL glass vials sealed with Teflon caps, stored in
double zip-bags and immersed in water to maintain a
constant temperature. The incubations were carried
out either as dark controls or under natural diurnal
cycle conditions and the temperature variations were
moderated with periodic on-site water renewal.

The water incubations were carried out with water
sampled at high tide at the subtidal St. 4. The influence
of dark and light conditions was evaluated on both
bulk and filtered waters. The incubations were done
with 500 mL transparent PFA bottles, avoiding any

headspace. The bottles were stored in double zip-bags
and incubated for 24 h in near-shore waters, again
either as dark controls or under natural diurnal cycle
conditions. Given that UV light transmission across
PFA is not complete, species transformations and
especially demethylation might be underestimated
under light conditions (Lehnherr and Louis 2009) but
transformation rates were not corrected for, due to
large uncertainties in this potential artifact.

Sample treatments

All samples for trace metal and Hg species determi-
nations were treated according to clean procedures and
using acid cleaned material. All water samples were
filtered within a few hours after collection under a
class 100 portable laminar flow hood (ADS Laminaire,
France) using 500 mL Polysulfone filtering units
(Sartorius) fitted with 0.45 um acid cleaned Durapore
PVDF filters (47 mm diameter, Millipore). For trace
metals other than Hg, the dissolved fractions were
collected in 125 mL (LDPE) Nalgene bottles and
stabilized with 1 % HNO3 (J.T. Baker, Ultrex). For
Hg species, the dissolved fractions were poured in
250 mL PFA Nalgene bottles and stabilized at pH 2
with HCI (J.T. Baker, Ultrex). The samples were then
stored in double Ziploc plastic bags at4 °C in the dark.
Blanks were regularly performed, using the same
protocol with 18.2 MQ MQ water (Millipore). The
sediments were kept at —20 °C before being freeze-
dried and subsequently extracted for analyzes. The
filters were kept in the same conditions as well as
blank filters to correct for Hg contamination and dried
under a laminar flow hood for 48 h before extraction.

Hg speciation analyses

Hg speciation analyses were carried out by species-
specific isotope dilution and GC-ICPMS (Focus GC
Thermo-Finnigan, X7 II ICPMS Thermo Elemental)
detection according to Monperrus et al. (2005),
allowing species interconversion to be corrected.
Potential dimethylmercury (DMHg) degradation in
MMHg after acidification couldn’t be corrected by this
methodology; however DMHg was demonstrated to
be negligible in underlying sediments (Bouchet et al.
2011a) and in the water column for all seasons
investigated (unpublished results). Briefly, 100 mL
of the water sample were spiked with '"’IHg and
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2IMMHg of known isotopic composition and
concentrations, buffered with 5 ml of 0.1 M sodium
acetate buffer (pH 4). After a pH adjustment (pH 4),
proper volumes of isooctane and of 1 % (w/v) sodium
tetrapropylborate were added. The flask was immedi-
ately capped and vigorously manually shaken for
5 min. The organic phase was then transferred to a
2 mL vial and injected in triplicate into the GC-
ICPMS using an autosampler. Solid phase Hg species
were analyzed according to the same protocol after a
microwave acidic extraction (HNOjz;, Hg < 5 ppb,
Fluka Analytical) (Monperrus et al. 2007b). The
typical detection limits reached during the sample
analyses were 1072 pmol L™ for the dissolved spe-
cies and 0.15 pmol g~ for the solid species.

Results
Biogeochemistry of the superficial sediments
Solid phase

The carbon and sulfur contents ranged from 2.1 to
4.9 % and 0.9 to 2.0 %, respectively and were lower in
October (late summer) 2007 (Table 2). The concen-
trations of reactive Fe-oxyhydroxides were slightly
higher for St. 2 (120-135 pumol g~ ") than for the two
other sites (73-94 pmol g~ ') and spatial and temporal
variations were limited. The Mn-oxyhydroxides levels
were the lowest at St. 3 (<DL to 0.3 pmol g~ ') and

similar for St. 2 and 4 (4.2-5.3 pumol g_l) in winter
and spring conditions while rather equivalent in late
summer (0.3-0.7 pmol g~ '). The concentrations of P
associated with Fe-oxyhydroxides ranged from 4.6 to
9.8 umol g~' and appeared lowest in October 2007.
The macrofauna biomasses were equivalent for the
late winter and spring conditions (Table 2). Higher
biomasses were observed for St. 3 (20-38 g AFDW
m_z), compared to St. 2 or 4 (1-19 g AFDW m_z), due
to the structural role of the seagrass meadows present at
St. 3 (Deborde et al. 2008b).

Dissolved phase

A previous study demonstrated that the presence of
solid oxidized compounds in these muddy sediments
was always limited to the upper 2-3 mm of sediments
(Deborde et al. 2008b). Early diagenesis recycled
products, such as XCO,, NH,t, DIP, Fe(IT) and Mn(II)
increased directly below the surface (Figure SI-1),
demonstrating that sub-oxic and anoxic processes of
organic matter mineralization occurred as already
shown (Deborde et al. 2008b). CO, and NH,"
concentrations exceeded 3 mM and 200 pM below
2 cm depth, respectively, and gradually increased
below. Over the first 10 cm, Fe(I), Mn(II) and H,S
generally leveled off at 30, 80 and 360 uM, although
some higher levels have been rarely observed for Fe
(up to 645 pM) and H,S (820 uM). It is important to
note that H,S always remained low (<15 pM) over the
first 3 cm, the important load of Fe to Arcachon Bay is

Table 2 Hg species concentrations and main biogeochemical parameters in surficial sediments collected in the benthic chambers

IHg MMHg C-tot S-tot Fe-asc Mn-asc PO,-asc Macrofauna
pmol g_1 pmol g_l % (%) pmol g_1 pmol g_1 pmol g_1 g m~> (AFDW)
2005 Intertidal S2 1108 156 44 +04 42+05 18+01 12010 42+£07 7211 5%£5
Zostera  S3 957129 35+10 49+04 19+£01 93+16 03+£01 38+03 35+31
2006 Intertidal S2 972+ 13 46+01 44+06 20+£03 126+8 53+48 96x+04 5+6
Zostera  S3 84040 67+x03 43+08 17+£04 94+1 <DL 80+£02 38+£25
Subtidal S4 1022 +25 85+£65 28+05 11+03 93+£13 50£03 98+14 3£2
2007 Intertidal S2 12254+65 64+16 34+£04 15+08 135+2 03+£04 69£08 19=£11
Zostera  S3 992 £224 53+15 21+11 09+£08 7319 07x£06 4617 20+£12
Subtidal S4 754 +£173 42+16 23+01 114+£06 73£10 nd 4.7 £ 0.1 1+1

Hg species concentrations (mean £ SD) were generally averaged from three surficial subsamples (2 cm depth) from sediment cores
collected inside the benthic chamber (min 2 and max 6 subsamples). Geochemical parameters were averaged from two or three
surficial subsamples from sediments cores collected at the same location (Fe/Mn/POy-asc: reactive phases extracted by an ascorbic
reagent, see SI). Macrofauna biomasses were averaged from five sediment cores collected in each benthic chambers

nd not determined
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known to be an efficient mechanism against the
buildup of high dissolved sulfide concentrations (Stal
et al. 1996).

The O, benthic fluxes measured in each benthic
chamber represent the net balance between the O,
produced by the photosynthetic activity and the O,
consumed by the heterotrophic activity, located
mainly in the sediment. The mean O, benthic fluxes
ranged from —7.9 to 2.4 mmol m~> h™' over the three
years and averaged —1.6 mmol m > h™', emphasiz-
ing that heterotrophic consumption generally domi-
nated production (Supplementary Table 1).

Diurnal and tidal variability of Hg species

Time—series measurements were conducted at the
subtidal St. 4 to examine the variability of the Hg
species concentrations in the water column of the
channel draining the tidal flats during tidal events
(Fig. 2). Turbidity varied between 5-28 NTU in May
2006 versus 4-18 NTU in October 2007, and was the
highest during ebb tide. The bulk MMHg concentra-
tions ranged from 0.12 to 0.67 pmol L™" and the bulk
IHg concentrations from 9 to 88 pmol L™'. They both
exhibited clear and similar patterns related to the tidal
level with maxima recorded during ebb tide and
strongly associated with turbidity peaks while minima
were observed at high tide. The dissolved concentra-
tions of MMHg displayed significant variations with
tide in 2006, from 0.07 pmol L™ during flood tide to
maxima at low tide of 0.18 and 0.22 pmol Lfl, i.e. an
averaged 0.13 pmol L™ enrichment following tidal
flats immersion. In 2007, the dissolved MMHg varied
from a minimum of 0.07 pmol L™' to maxima of 0.09
and 0.10 pmol L™, i.e. a lower averaged enrichment
(0.02 pmol L™") compared to 2006. The dissolved
IHg concentrations ranged from 4.8 to 8.2 pmol L™'
in 2006, showing enrichment at high tide. They ranged
from 2.9 to 4.3 pmol L™" in 2007 with slight enrich-
ments of about 0.9 pmol L™ observed at low tide, in
opposition with the previous observations.

The dissolved and particulate concentrations of
Hg species are displayed in Fig. 3 according to the
salinity level. The MMHg particulate concentrations
(5-15 pmol g~ ') were similar to the sediment con-
centrations (2-16 pmol g~') while THg particulate
concentrations (903-3708 pmol g~ ') were higher than
the sediments values (523-1305 pmol g~ '). This latter
is explained by a more important resuspension of finer

particles, relatively enriched in IHg, during the tidal
cycles. Significant negative correlations exist between
both dissolved and particulate concentrations and the
salinity level over the two years (given in the caption of
Fig. 3). They demonstrate that the channel investigated
(where St. 4 is located) behaves as a small-scale estuary
with a mixing of upstream inputs and oceanic waters.
Unfortunately, the salinity range is too narrow and the
data too scattered to fully discuss the conservative
nature of the Hg behavior and related sorption/
desorption processes (cf. first discussion paragraph).
The small river connected to the channel does not
represent a significant Hg upstream source, consider-
ing its low discharge and low dissolved concentrations.
For example, dissolved MMHg and IHg concentrations
were 0.55 and 0.90 pmol L~ in October 2007,
respectively, in this small river. As well, Hg species
concentrations are lower in the coastal marine waters
off the Bay compared to the inner waters. For
example, dissolved MMHg varied between 0.12 and
0.18 pmol L™" and IHg between 1.8 and 4.1 pmol L™
in surface coastal waters collected in April 2007 in the
Bay of Biscay. It is to be noted that the ambient Hg
species concentrations recorded in benthic chambers
were higher than concentrations measured in the
channel and were in the upper part of the mixing line
for the two seasons studied (hatched boxes, Fig. 3).

Hg species concentrations at the sediment—water
interface

The mean solid IHg concentrations in surficial sedi-
ments, collected in the benthic chambers, ranged
between 754 & 173 and 1225 + 65 pmol g~' and
exhibited little differences between the stations and
among seasons, as observed for the major geochemical
parameters (Table 2). The spatial heterogeneity,
assessed by three measurements per chamber was also
limited, between 1 and 23 % (RSD). The mean solid
MMHg concentrations (3.5 & 1.0-8.5 + 6.5 pmol g~ ")
exhibited much larger spatial variations among and
within stations (2-76 %). A seasonal pattern was
also observed with MMHg maxima recorded in May
2006 (7 + 4 pmol g~ ' compared to 4 + 1 and 5 +
2 pmol g~ in March 2005 and October 2007, respec-
tively), even if the results were not significantly
different due to large spatial variations.

The distributions of the bottom water concentra-
tions of Hg species (initial samples collected in the
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Fig. 2 Hg species remobilization during tidal cycles. The
dissolved species were measured in the filter-passing fraction
(0.45 pum) while the bulk concentrations were recalculated from
dissolved and particulate fractions

benthic chambers) over the three campaigns are shown
in the supplementary section (Figure SI-2). In the case
of MMHg (Figure SI-2a), 50 % of the values mea-
sured were between 0.11 and 0.26 pmol L™" while the
mean (0.5 & 0.8 pmol L™") was strongly influenced
by the data recorded in 2005. The highest MMHg
concentrations in bottom waters were recorded in
March 2005, ranging from 1.0 to 2.1 pmol L™'
(Table 3). The mean MMHg concentrations (averaged
from the three benthic chambers) ranged from 0.09 to
0.19 pmol L™" and from 0.08 to 0.20 pmol L™" in
May 2006 and October 2007, respectively. The
individual IHg concentrations (Figure SI-2b) revealed
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between the concentrations and the salinity (S) are: dissolved
MMHg: y = —0.02S + 0.66, R? = 0.67; dissolved IHg:
y = —0.55 + 20.6, R* =049; particulate MMHg: y =
—0.8S + 35, R*=0.42; particulate IHg: y = —193S +
7850, R* = 0.39

a more homogeneous distribution than MMHg, with
50 % of the values between 3 and 6 pmol L™" and less
than a threefold difference between the mean and
extreme values. The mean IHg bottom-water concen-
trations (Table 3) were also highest in March 2005
(4.8-9.5 pmol L") and May 2006 (4.1-9.8 pmol L")
compared to October 2007 (2.8-3.8 pmol L™, Mann—
Whitney test, p-values = 1.9 x 10 *and 1.6 x 107°).

Hg species fluxes at the sediment—water interface

The distribution of the individual MMHg benthic
fluxes values over the three seasons is displayed in
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Table 3 Bottom water concentrations and benthic fluxes of Hg species recorded over the different seasons and sites under light

(L) and dark (D) conditions

MMHg

IHg

Bottom water

Fluxes (pmol m2h™h

Bottom water Fluxes (pmol m2h7"

Mean  Precision® Variabilityb Mean Precision® Variabilityb
(pmol L") (%) (%) (pmol L™ (%) (%)

2005 Intertidal S2-L  2.11 + 1.40 —63 13 257 48 + 14 552 12 63
S2-D  1.33+0.58 157 11 173 524+24 304 27 148

Zostera S3-L  1.04 + 0.31 38 13 155 9.5+ 42 —306 12 171

S3-D 1.84 £ 1.73 71 23 304 72+ 68 —182 21 188

2006 Intertidal S2-D 0.11 £ 0.01 2.9 41 69 4.1 £ 0.6 283 9 47
Zostera S3-L  0.17 £ 0.01 2.3 39 24 48 £ 1.1 0.8 24 11,687

S3-D  0.19 + 0.07 —1.5 17 458 9.8 £ 4.4 —281 3,212 143

Subtidal ~ S4-L  0.09 £ 0.02 3.8 13 19 4.6 +0.8 40 84 113

S4-D  0.15 + 0.04 —0.6 44 403 9.7+ 7.0 —243 17 140

2007 Intertidal S2-L  0.11 + 0.02 1.5 89 75 32402 -9 784 367
S2-D  0.11 £+ 0.02 —-0.2 1,640 633 3.0£03 7 52 509

Zostera S3-L  0.14 £ 0.02 —-2.3 37 67 29+05 —43 74 104

S3-D  0.20 + 0.04 27.5 - - 3.8+ 05 90 55 73

Subtidal  S4-L  0.11 £ 0.01 —1.2 51 7 3.1 +£0.2 2.2 239 487

S4-D  0.08 + 0.02 0.0 77 6,108 2.8 +0.2 7 87 316

% Averaged analytical error for the three fluxes

© spatial variability expressed as % of the averaged flux

Figure SI-3a. Half of the fluxes measured were
between —2.9 and 4.6 pmol m~2 hfl, while the mean
flux was higher (16 pmol m~2 h™') because of the
high values recorded in 2005. The most intense
MMHg exchanges were observed in March 2005
(Table 3, Fig. 4), leading to a median flux of
64 pmol m~2 h™'. The spatial variability, calculated
as the relative standard variability of the three
chambers deployed at the same site, ranged from
155 to 304 %, while the analytical precision on
individual fluxes remained satisfactory, from 11 to
23 %. The flux intensities recorded in May 2006 and
October 2007 were usually 1-2 orders of magnitude
below the March 2005 values and so were the median
fluxes (0.7 and —0.4 pmol m~2 h™", respectively) but
the spatial variability remained generally similar to
that of March 2005, within 19-458 % in May and
7-633 % in October. The trends for the IHg fluxes
were consistent to those of MMHg but exhibited order
of magnitude higher values (Figure SI-3b). Half of the
fluxes measured over the three years were between
—56 and 137 pmol m~% h™', with a mean positive

value of 8 pmol m~>h~'. As for MMHg, the flux
intensities recorded in May 2006 and October 2007
(median —16 and —1 pmol m~> h™", respectively)
were lower compared to March 2005 (median
178 pmol m~2 h™") while the spatial variability was
also comparable over the three periods and among the
stations, ranging from 63 to 509 % for significant flux
values (Table 3, Fig. 4).

Hg species transformations in waters
and sediments

The methylation and demethylation potentials were
assessed in the water column in May 2006 and October
2007 (Table 4). Overall, methylation was found to be
very low in water, often under the detection limits
(0.02 %). In May 2006, significant methylation poten-
tials were found in bulk water exposed to light
0.8 % dfl) and in filtered water kept in the dark
(1.1 % d™'). The maximum methylation potential
recorded reached up 1.5 % d~'. At the opposite,
demethylation was found significant in all the
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Fig. 4 Distribution of the individual Hg species benthic fluxes
(pmol m~2 h™') measured each season (median value at the
right of the box, one outlier discarded for MMHg in 2007 and

conditions tested and for both seasons. The demeth-
ylation potentials ranged from 1.3 to 11.9 % d~' and
were always higher for light than for dark conditions
and higher for bulk than for filtered waters.
Significant methylation was always measured in
sediments, from 0.3 % d~! at St. 2 in January 2008 to
32 % d~" at St 1 in October 2007 (Table 4). Basi-
cally, the methylation potentials were the lowest in
January when the temperature was low (5.7-8.6 °C).
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one for IHg in 2006, lower and upper limits of the box represent
the percentiles 25 and 75)

The highest methylation potentials were found in
St. 1 (2.8—3.2%d_1) and the lowest in St. 3
(0.4-0.6 % d_l). The demethylation exhibited an
opposite trend with the lowest potentials recorded at
St. 1 (37—47%d7]) and the highest at St. 3
(69-72 % d™"). Potentials at St. 2 were in all case
intermediate between St. 1 and 3. The lowest
demethylation potentials were also recorded in Janu-
ary 2008 (21-32 % d ™).
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Table 4 Hg species transformations (% per 24 h) in the water column sampled at Station 4 and in the sediments of the different

stations
Water Bulk Filtered
Dark Light Dark Light
Methylation May 2006 <0.02 0.8 £0.2 1.1 £0.6 <0.02
October <0.02 <0.02 <0.02 <0.02
2007
Demethylation May 2006 39+ 1.2 62 +23 15+£13 1.8 £ 1.6
October 9.0 £ 2.1 119+ 14 1.3+£04 82+ 1.2
2007
Sediments Station 1 Station 2 Station 3
Dark Light Dark Light Dark Light
Methylation October 2007 2.8 +£0.6 324+02 0.8 +£0.2 1.1 £0.2 0.6 + 0.03 0.4 + 0.04
January 08 0.3 £0.1 03 £0.1
Demethylation October 2007 37+5 47 £ 8 65 £ 7 60 + 7 69 £1 72 £ 4
January 08 32+ 12 21 +£9

Results are mean (£SD) of 3 replicate conditions. The methylation detection limit in the water incubations is 0.02 %

Table 5 Comparison of benthic fluxes, transformations potentials and pore-waters seeping as sources and sinks for MMHg in the

water column and surficial sediments over a 6-hours tidal cycle

Methylation Demethylation MMHg fluxes Pore-waters seeping®
Water column® Mean/median +0.003 —0.005 +0.11/4-0.004 +0.02/4-0.13
(pmol L") Max +0.02 —0.04 +2.7
Surface sediment” Mean/median +2.9 —-0.7 NA NA
(pmol g~ Max +7.9 -09 +0.5

Only the mean value is given for species transformation

NA not applicable in this case

? Calculations were performed assuming a water column of 1 m depth average and well-mixed, leading to homogeneous species
distributions and transformations. The averaged IHg and MMHg aqueous concentrations were considered as available substrates for

reactions

® Calculations were performed over the first 0.5 cm, assuming a sediment density of 0.5 g cm™ and averaged IHg and MMHg solid

concentrations

¢ Only the values found in 2006 (spring) and 2007 (late summer) are given as a range

Discussion

Respective influence of pore-waters seeping,
benthic fluxes and methylation for MMHg
accumulation and removal in waters and sediments

The tidal cycle surveys demonstrated that the channel
investigated behave as a small-scale estuary with a
dilution of an enriched upstream source and coastal
waters. However, as explained above (“Diurnal and
tidal variability of Hg species”), the small river
connected to the channel does not represent a

significant source of Hg, leading to the conclusion that
tidal mudflats effectively export Hg. Particulate Hg is
remobilized through sediment particles erosion and
advection during ebb tide. As stated above, it is not
really possible to discuss the influence of sorption
processes on Hg dissolved concentrations, although the
IHg enrichment at high tide observed in 2006 suggests
that desorption may occur under large salinity varia-
tions. Conversely, Hg species were not affected by the
low salinity variations observed in 2007.

On the other side, the mudflats may directly
influence dissolved Hg concentrations through three
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mechanisms: benthic fluxes and species transforma-
tions at high tide and pore-waters seeping at low tide.
Their respective influence can be only evaluated from
the data collected in spring and late summer condi-
tions. The MMHg enrichment observed in the water
masses following mudfiats immersion were 0.13 and
0.02 pmol L™', respectively. The median benthic
fluxes were 0.7 and —0.4 pmol m~>h™!, representing
3 and —12 % of the enrichment in spring and late
summer, respectively. Over these two periods, benthic
exchanges may not contribute at all to the enrichment
(negative fluxes) but on the other side, may contribute
from 18 to 48 % when considering the 3rd quartile of
the flux distributions and 28-83 % when considering
the maximum flux values. Unfortunately, no data have
been acquired during a tidal cycle in late winter
conditions (March 2005) when the exchanges were the
most intense but the median flux (64 pmol m™2 h™)
represents a 0.38 pmol L' enrichment, i.e. three
times higher than the one observed in spring. The
averaged methylation recorded in the water column
accounts for 2 and 15 % of the enrichment in spring
and late summer, respectively while maximum meth-
ylation represents 15 and 95 %, respectively. There-
fore, pore-waters seeping appears as the main
contribution to the enrichment in spring (95 %) while
benthic fluxes and methylation in the water column
likely account for only 15 % of it in late summer but a
larger contribution, up to 100 %, remains possible.
The comparison of benthic fluxes and transforma-
tion potentials towards MMHg accumulation or
removal for both the water column and surface
sediments is possible for the three seasons investigated
(Table 5). The averaged methylation potential and the
median benthic flux were found to be equivalent for
increasing the MMHg concentrations in the water
column (0.003 vs. 0.004 pmol L™Y. A 0.3 % d™'
methylation extent is equivalent to the median spring
benthic fluxes and therefore methylation is likely to
outcompete benthic fluxes during spring and late
summer. However, given the important variability in
Hg benthic exchanges, it should be noted that the
maximum MMHg efflux (2.7 pmol L™') was two
orders of magnitude higher than the maximum meth-
ylation (0.02 pmol L™"). Demethylation is the most
likely sink of MMHg in the water column
(0.005 pmol L") given that the median MMHg flux
is positive. In superficial sediments, the solid MMHg
concentrations were found to be controlled by the
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methylation/demethylation processes, even if the
maximum demethylation and benthic fluxes were
roughly equivalent.

Finally, Hg methylation in sediments followed by
MMHg export through pore-waters seeping and ben-
thic fluxes appear as the major source of MMHg in the
water column in such background intertidal ecosystem
under winter and spring conditions. Conversely,
methylation in the water column has to be considered
during late summer when sediment MMHg release is
minimal as it can be equally significant. It demon-
strates that different approaches must be conducted to
better constrain the main pathways involved in the
dynamic MMHg cycling.

Spatial and temporal variability associated
with benthic fluxes

Data on Hg species benthic fluxes measured in situ in
low-impacted coastal ecosystems are scarce and even
not reported in intertidal areas. However, the flux
intensities reported here are in agreement with previ-
ous studies where solid Hg concentrations were
similar (Choe et al. 2004, Point et al. 2007, Hammers-
chmidt and Fitzgerald 2008). However, the spatial
variability of benthic fluxes observed in Arcachon Bay
was largely higher than when reported elsewhere. In
the microtidal Thau lagoon (Point et al. 2007), the
spatial variability for Hg species fluxes ranged from 20
to 65 % for the two seasons considered, while a
maximum of 181 % was reported for Pb. In the present
study, the mean spatial variability recorded for other
trace metals varied from 106 to 612 % when consid-
ering the three seasons, reaching up to 8,000 % for Mo
in 2005 (Table SI-1) and 285 % for gaseous Hg
(Bouchet et al. 201 1b). Specific methodological biases
in Hg fluxes determination were ruled out given that
the spatial variability of Hg species was similar to
those of other trace metals fluxes (data not shown) and
Hg fluxes were overall evenly distributed (Fig. 4 and
SI-3). Therefore, the observed variability of the Hg
species exchanges can be firmly ascribed to heteroge-
neous environmental conditions. The variability
observed was evenly distributed between stations
and seasons and may be well explained by the
biological activity (Benoit et al. 2009) considering
the macrofauna, which was heterogeneous (19-173 %
RSD between the three benthic chambers, mean
95 + 46 %) as well as the macrophytic biomass
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distribution (42-61 % RSD, St. 3, October 2007, data
not shown).

Maximum fluxes were generally recorded in late
winter conditions in the few annual surveys that have
been conducted and our results are overall consistent
with previous works in their seasonal patterns. We also
recorded the maximum flux intensities during late
winter conditions, when the tidal range and the water
oxygenation were the highest (Table 1) and sulfide
production supposedly the lowest. Although some
other biogeochemical parameters were not measured,
this is consistent with previous works demonstrating
that Hg exchanges are strongly influenced by biotur-
bation (Riedel et al. 1997; Point et al. 2007; Benoit
et al. 2009), which is dependent of dissolved O,
saturation (Hammerschmidt and Fitzgerald 2008) but
also by bottom shear stress (Guédron et al. 2012). On
the other hand, the much lower flux intensities we
observed in late summer are coherent with Covelli et al.
(1999), who suggested that the production of sulfides in
summer reduces the Hg mobility. Although the sulfide
data recorded during this study never revealed sulfide
accumulation (for the reason explained “Biogeochem-
istry of the superficial sediments”), sulfate reduction is
still expected to be higher during summer (Stal et al.
1996) and sub-products (sulfides or FeS minerals)
could explain the reduced Hg mobility observed.

Biogeochemical pathways affecting Hg species
exchange

Even if benthic fluxes are not the main pathway for Hg
export to the water column, data collected in the benthic
chambers are somehow helpful to speculate about the
biogeochemical drivers of Hg remobilization. For each
season, specific relationships were found between the Hg
species benthic fluxes and different relevant parameters
(Fig. 5). It demonstrates that the respective influence of
the various factors controlling Hg exchanges, through
sediment—water partitioning and transport, evolves along
seasons, as suggested from the seasonal variability in the
fluxes intensities. In late summer conditions (October
2007), no relationship was found for MMHg but the flux
intensities were really low during that period.

Hg species release from organic matter mineralization

In late winter conditions, when the water column is
well oxygenated and sulfide accumulation is lower, a

significant relationship is found between the averaged
MMHg benthic fluxes and O, consumption (Fig. 5a).
It was also found true for IHg in late summer
conditions and the relationship is also apparent but
not significant in March 2005 if data from St 2 under
light conditions (net O, production) are discarded
(Fig. 5d). The benthic fluxes are thus partly controlled
by the heterotrophic aerobic mineralization of organic
matter through the release of Hg species from
sediments to pore-waters. It is consistent with the
strong Hg-OM affinity established both in the water
column and sediments (e.g. Lamborg et al. 2003;
Sanei and Goodarzi 2006) and has been previously
suggested (Mikac et al. 1999; Cossa and Gobeil 2000).
However, there are striking differences between the
slopes and x-intercepts obtained for MMHg and
IHg. First, the x-intercept between IHg and O, was
low (—2.6 mmol m > h~") compared to MMHg
(0.1 mmol m—> h™"), demonstrating that higher OM
mineralization is required to support an [Hg efflux to
the water column compared to MMHg. Second, the
MMHg/O, slope is only seven times lower than the
[Hg/O, slope, while MMHg roughly represents 1 % of
Hgr in superficial sediments. It overall demonstrates
that MMHg has a higher mobility and is more
efficiently released to the water column than IHg,
which is consistent with highest Kds for IHg, usually
observed either in water column or in pore waters
(Bloom et al. 1999; Hammerschmidt et al. 2004;
Hammerschmidt and Fitzgerald 2006).

Itis also important to note that the benthic Hg fluxes
were generally poorly correlated with the Mn benthic
fluxes (except IHg fluxes in 2007, see below), which
suggests that the release of Hg species resulting from
the reductive dissolution of oxyhydroxides was neg-
ligible (Hammerschmidt et al. 2004; Mason et al.
2006) in this environment. This result is in agreement
with previous data from specific extractions showing
only small proportions of Hg associated with these
reactive minerals when the sediment organic content is
high (Hammerschmidt et al. 2004; Belzile et al. 2008).

Hg species release regulated by diffusion and sulfur
chemistry

In May 2006 (spring), the fluxes recorded for MMHg
were relatively low and in agreement with the
magnitude of diffusive fluxes presented in some other
studies (Choe et al. 2004; Muresan et al. 2007). During
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this period, both Hg species fluxes were negatively
correlated to their dissolved ambient concentration in
overlying waters (Fig. 5b, e) with closely similar
slopes between MMHg and IHg. It demonstrates the
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diffusive nature of the exchanges, which were regu-
lated by a chemical gradient between pore and
overlaying waters in line with the conclusions of
Hammerschmidt and Fitzgerald (2008) for their
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summer measurements. Furthermore, MMHg fluxes
were also negatively correlated with U fluxes
(Fig. 5¢). U removal from the water column is known
to be a relevant proxy of anoxic conditions and sulfide
accumulation at the sediment—water interface (Point
et al. 2007); it was sometimes even directly correlated
with sulfate reduction activity (Barnes and Cochran
1993). Therefore, MMHg effluxes could be directly
proportional to the sulfate reduction rates and/or
sulfide production rates. Two hypotheses follow: (1)
the fluxes are linked to the MMHg production in the
upper sediments that we assume to be roughly
proportional to the sulfate reduction rate (Devereux
et al. 1996, King et al. 1999, 2001, Monperrus et al.
2007b) and/or (2) the increased production of sulfides
is competing with solid phase MMHg to form
dissolved MMHg-sulfur complexes (Paquette and
Helz 1997; Benoit et al. 1998; Merritt and Amirbah-
man 2007) which further diffuse upward. This issue is
difficult to sort out because pore-waters sulfide
concentrations, ranging roughly from 2 to 15 uM in
the first 3 cm, support an increase of Hg availability

(Benoit et al. 1999) but also probably MMHg solubil-
ity even if the latter is more difficult to infer (Skyllberg
2008). These results reinforce previous findings (Emili
et al. 2011) on the dual effect of sulfides, promoting
evasion at low concentrations and immobilization at
high concentrations (Hammerschmidt and Fitzgerald
2008; Covelli et al. 1999).

Concerning IHg, a positive relationship would be
expected with U benthic fluxes, due to its strong
affinity for sulfur. However, the general trend was
negative (data not shown) if significant. The produc-
tion of dissolved sulfides and/or solid reduced sulfur
was not sufficient to remove IHg from pore waters by
precipitation or adsorption and led instead to an
increased IHg evasion probably through the sulfide
effect on solubility (Benoit et al. 1999). Given the
strong control of sulfides by Fe (Stal et al. 1996), the
IHg behavior may be rather controlled by adsorption
onto FeS (Jeong et al. 2007) or by organic sulfur
(Canario et al. 2008) rather than by direct precipitation
of cinnabar.

Macrophytic influence on Hg species exchange

Figure 6 exemplifies the flux reversibility according to
light conditions, observed in late summer conditions
when the macrophytic cover was well developed
(St. 3). The mean fluxes measured in the dark were
positive at 70 and 90 pmol m > h™' for MMHg and
IHg, respectively, while negative fluxes occurred
under light conditions, —2.3 and —43 pmol m~2 h™'
respectively. The Zostera biomass measured inside
the benthic chambers averaged 2.9 + 1.8 g m~* and
38+ 1.6 gm 2 (dry weight) for dark and light
conditions, respectively. The same pattern was
observed on St. 2 for IHg, although with a lower
amplitude which can be related to the absence of
Zostera. The mean fluxes were —0.2 and 7 pmol
m~2 h™' for MMHg and IHg, respectively under dark
conditions and 1.5 and -9 pmol m > h™' for MMHg
and IHg, respectively under light conditions. The
microphytic benthic biomass (estimated by Chl a
measurement) averaged 126 & 19 mg m ™2 on St. 2
and 205 £22mgm 2 on St. 3 (dw, A. Migné,
personal communication).

It is coherent with previous studies on diurnal
variations of Hg (Gill et al. 1999; Point et al. 2007,
Covelli et al. 2008). Gill et al. (1999) measured a
decrease in dissolved Hg concentrations inside the
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benthic chambers during the daylight period that
coincided with a reversal of nutrients fluxes. These
authors suggested a downward migration of the oxic-
anoxic transition zone due to photosynthetic produc-
tion of O, at the water—sediment interface that would
affect the redox cycling of Fe and associated metals.
In the present study, the IHg fluxes were correlated
with the fluxes of PO, (R = 0.96, p = 0.04) and Mn
(R =0.99, p = 0.004) at the two stations (Figure SI-
4). The P cycling is known to be closely associated
to Fe (Anschutz et al. 1998). Deborde et al. (2008b)
demonstrated the effect of the annual development of
the Zostera noltii meadows on the Fe and P cycles in
the same investigated area of Arcachon Bay. The Hg
species release appeared thus indirectly inhibited by
the macro- and to a minor extent microphytic activities
through their local influence on Fe and Mn biogeo-
chemistry, re-oxidized under dominant photosynthetic
conditions. This calls for further investigations
because the Zostera biomass could reach up to
370 g (dry weight) m™2 at the end of the growth
period, i.e. late summer (Deborde et al. 2008b).
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