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Abstract

Seasonal and annual variability of hydrogen sulldsS), carbonyl sulfide (COS), methane
thiol (MeSH), dimethylsulfide (DMS) and dimethyldifide (DMDS) concentrations and
supporting parameters (e.g., phytoplankton cellssitdg) were investigated in a coastal
marine environment, the Bay of Quiberon (Brittakyance) from July 2004 to August
2006. The sampling was conducted in the water colabove the sediment water interface
(SWI). Minimum and maximum values were <0.1-1.6 hino for H,S, <0.1-4.2 nmol t
for COS, <0.1-7.8 nmol 't for MeSH, <0.1-17.5 nmol L for DMS and <0.1-1.7 nmol 't
for DMDS. Vertical carbonyl sulfide distribution @lved seasonal variations with lower
concentrations near the SWI during the winter agdifscant enrichments near sediments
for the summer period. Vertical hydrogen sulfidstdbution did not influenced by the
shallow sediments. The seasonal variability of MeBMIS and DMDS concentrations was

explained by the dinophyceae presence.

Keywords: Sulfide — Coastal environment — SedimentWater Interface —

Phytoplankton — Dimethylsulfide
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1. Introduction

Over the last decades, the distribution and thgdaohemistry of sulfur compounds such
as hydrogen sulfide @#%$), carbonyl sulfide (COS), methane thiol (MeSH, 3;8H)
dimethylsulfide (DMS, CHSCH;) and dimethyldisulfide (DMDS, C4$SCH) in marine
environments have received growing attention (Cwattel Radford-Knoery 1993; Zhang et
al. 1998; Yang et al. 2005) because of their higgictivity and significant contribution to
the atmospheric sulfur budget. Since the 1970s, DskSgenerated much interest with its
possible role in the biological regulation of thenate (CLAW hypothesis) (Lovelock et al.
1972; Charlson et al. 1987; Andreae 1990). Dimstiifide (DMS) is the most abundant
form of volatile sulfur in the ocean (Andreae 19%@ttle and Andreae (2000) showed that
DMS may be responsible for up to 60% of the biogesulfur emissions; 15 to 33 Tg
(S).yr* leave the oceans to the atmosphere. DMS is prddiogehe enzymatic cleavage
(i.e., DMSP-lyase role) of dimethylsulfoniopropie@a(DMSP), which is an abundant
compound in phytoplankton (Challenger, 1951; Ackratal., 1966). It is widely accepted
that DMSP is an osmolyte and a cryoprotectant farime algae (Vairavamurthy et al.
1985; Dickson and Kirst 1987; Kirst et al. 1991;rétan et al. 1992). DMSP is one of the
most abundant forms of reduced sulfur found in éuwphotic zone of oceans, with
concentrations (dissolved plus particulate forne)ging from few to several nmol™L
(Malin et al. 1993). DMSP is released during phidogton grazing by zooplankton,
phytoplankton virus infection and phytoplanktonl€aenescence (Keller et al. 1989; Simo
et al. 2002). Recent studies also show that DMSP indegradation products (DMS,

DMSO) could have antioxidant properties for manpig/toplankton (Steinke et al. 2002;
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Sunda et al. 2002; Van Rijssel and Buma 2002). larime environments, DMS
concentration range is between 0.4 and 16 nrifo{Tlurner et al. 1988; Moret et al. 2000;
Amouroux et al. 2002; Andreae et al. 2003). Studigggest that a relatively small portion
(<30%) of DMSP degradation is converted to DMS vyi&gal et al. 1990). Thus, the major
part of DMSP is demethylated and further degradedéthane thiol (Kiene and Taylor
1988) which is also produced from DMS (Kiene et24l02). Another sulfur compound,
dimethyldisulfide, is synthesized from the DMSP rfZer and Heumann 1992) but it also
results from the oxidative dimerization of the naaté thiol by polysulfides (Gun et al.
2000). In anoxic marine environments like marindisents or in water column with
restricted ventilation, dissolved hydrogen sulfisiroduced by bacterial sulfate reduction.
H,S concentration occurs from micromolar level inx@oe@nvironments and sediments to
nanomolar level in oxic areas (e.g., open ocedng)pen oceans, one source gSHs the
COS hydrolysis (Elliot et al. 1989) and a direabgrction by phytoplankton cells (Walsh
et al. 1994). KS is a significant compound of the marine sulfuddet (Andreae 1990)
with average coastal concentrations about 0.43mhol L' (Cutter and Krahforst 1988;
Luther and Tsamakis 1989; Radford-Knoery and Cuit894). COS is the most abundant
and probably the most long-lived sulfur gas in #temosphere (Ulshofer and Andreae
1998). Dissolved COS is produced by several presegsphotochemical degradation of
dissolved organo-sulfur compounds (Zepp and Andfé&¥2l) andii) non-photochemical
production from dissolved organo-sulfur compoundsy.( methane thiol degradation;
Ulshofer et al. 1996). The COS concentration irfesi waters of open oceans averages
0.03 nmol [* (Johnson and Harrison 1986) whereas its coastalectrations range from
0.07 nmol L' (Rasmussen et al. 1992) to 1.2 nmdl (Jorgensen and Okholm-Hansen

1985).
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In this paper, the five sulfur compounds were caN&RSC for Volatile Reduced Sulfur
Compounds according to their common properties aftilisation and oxidation. We
examined these VRSC in a coastal environment tioligigt the complexity of relationships
between these sulfur species. The sediment-wataface (SWI) was considered because it
is the place of chemical and microbiological transfations which are responsible for
cycling biogenic constituents between water andnsexats (Ni et al. 2002; Viollier et al.
2003). Although reduced sulfur compounds and pagity H,S, have been studied in
porewaters (Klump and Martens 1989), their distidruat the 1§ to 10" m scale above
the SWI (i.e., bottom water column) is yet unknowmearshore environments. Fuelled by
OM supply, nebulous statement bacteria activityseauchemical interactions between
water column and sediments (Anschutz et al. 200Bus, the SWI which plays a
significant role on the distribution of chemicalngoounds (e.g., sulfur compounds) in
sediments may also influence the bottom water colum

Over a 25 month-period (i.e., from July 2004 to Asig2006), one sampling into the 2-m
water column above the SWI was lead to estimatsoses and interannual variability of
VRSC concentrations in a temperate coastal manwgament, the Bay of Quiberon. A
part of the originality of this work was the simarieous study of VRSC concentrations and
phytoplankton density to determine the role of piytoplankton groups (i.e., dinophyceae

and bacillariophyceae) on the VRSC production.
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2. Materials and Methods

2.1. The Sampling area: the bay of Quiberon

The bay of Quiberon is a semi-closed Bay in thalsaest of Brittany (Morbihan, France)
which opened onto the bay of Biscay at 47°32N. Mestern bay of Quiberon covers an
area of 150 kfhwith a 9-m average depth and it is regularly erpgo® waves and tidal
action. Dominant winds are S-SW and N-NW onto amuahscale but between the end of
winter and spring, they are NE or S. The swelksdual and comes into the bay with a 15
km-fetch. This coastal zone is also submitted daltcurrents whose maximum speed is
between 0.18 kmh(neap tide) and 0.37 kni'K(spring tide) (www.shom.fr) in the middle
of the bay (47°29N, 3°02W) while the spring tidange is about 4.6 meters (source:
www.shom.fr). The major part of sediments is samayds (63-80 um; Lemoine 1989
unpubl.). The water is saturated with oxygen thhmug the entire water column, there is no
anoxia.

Sampling was conducted over a 25-month period (habdl only one sampling occurred
for winter period (i.e., adverse weather conditjoffie monitored station (Men Er Roué,
47°32N, 3°05W) was considered as the best repasentzone of the whole bay of
Quiberon. The station was near the bay mouth addaldepth about 7.5 meters with sandy

muds sediments (Figure 1).

2.2. Phytoplankton density and abiotic parameters

The phytoplankton density was monitored through REPHY (i.e., French network to

survey the phytoplankton and phycotoxins densities coastal environments); one
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measurement was lead every week from May to Semteard one each two weeks for the
rest of the year. Assessments were carried oudllasving; 1 L of water was taken from the
sea surface at Men Er Roué and immediately, anlagal solution was added to fix the
algal cells (i.e., 2 to 10 ml'taccording to the phytoplankton density). Less tB@m later,
the cell density of each phytoplankton groups wasemhnined using the Untermohl
technique (Paxinos and Mitchell, 2000). Hydrographparameters were monitored from
June 2004 to August 2006. They were not presemtethis article to not overload it.
Temperature and salinity were measured continuo(igy, one measurement per hour)
with a Micrel probe and just above the SWI (i.esin7depth); the daily means were
presented here (Figure 2A). Turbidity was weeklyasugedin situ with a specific probe
(WTW Turb550IR). Precipitations and insolation weaéso available for the whole
sampling period (www.meteofrance.com). Monthly meaments were calculated to show
the seasonal trends (Figure 2B). Unfortunatelya daincerning the wind strength were
unavailable in the Bay of Quiberon but no importatgrm event was recorded for the

sampling period.

2.3. Sampling, conservation and analyses

The epibenthic sampler, Susane (Knoery et al. udpwhs used to acquire water samples
and to reveal sulfur gradients in the water coluabove the SWI. Briefly, it is a syringe

sampler with fine scale and high vertical resolutiSBusane was put down on sediments by
a scuba diver, and using a vertical rod, up toesmtsamples could be simultaneously
collected at altitudes ranging from 1 cm to 200 almove the seabed. To the proper water

column sampling, the syringes thoroughly cleaned.nfinimize sample degradation and
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for example, the production of COS via photolysierek and Andreae 1983), the
subsampling was as rapidly as possible (i.e., snbimio transfer syringes. Water samples
were refrigerated in the dark until analysis (iless than 2 hours) to prevent the DMSP
degradation (Jean et al. 2004). The analytical nigete used to determine the VRSC
concentrations was the purge and trap extractidiowied by a gas chromatography
separation and pulsed flame photometric detecBetection limits were 0.07 nmol Lfor
H.S, 0.03 nmol L for COS, 0.01 nmol L for MeSH, 0.1 nmol L for DMS and 0.03 nmol
L for DMDS. Precision values were 6.0% fosSH 4.1% for COS, 5.6% for MeSH, 4.9%
for DMS and 8.4% for DMDS (Cozic-Houly et al. pecemm.).

One 30 cm-sediment cores were sampled to analyd®dwsn sulfide concentrations in the
first 10-cm porewaters (i.e., Men Er Roué statidrg.avoid sulfide degradation, the cores
were refrigerated in the dark (i.e., icebox) uatialysis (i.e., < 2h). Rhizons were used to
sample seepage water in sediment cores (Seebezgditit et al. 2005). They were
connected to syringes and a colorimetric analyss (methylene blue method) was lead. Its
detection limit was about 0.32 pmol*lfor hydrogen sulfide. Unfortunately, no similar
method exists for others VRSC and the very low n@ui.e., less than 5 ml) of seepage
water did not permit chromatographic analysis esthsamples.

For some sampling days, more water heights werelsan{e.g., 15 in June 2006). The
sampling step was smaller within the first 10-ciyelato specify the variability of VRSC
concentrations near SWI. In the upper column (@kgve +70 cm), the sampling resolution
was smaller because the water column was expectbé more homogeneous (Lemoine

1989, unpubl.).
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3. Results

3.1. Abiotic parameters

The seawater temperature was 5-6°C during wintéggu(E 2A). From March on, it
increased progressively to reach a maximum valuéugust (ca. 20°C). Interannual
variations were not significant between the thremmers sampled with a summer mean
temperature about 16 and 18°C. The salinity waatively constant over the 26-months
sampling with a mean value of 33.7+1.4 (Figure 2Ahe turbidity showed seasonal
variations with higher monthly values during thenter (Figure 2A). Indeed, from mid-
September to march, the 3-years mean turbidity W&d+1.5 and from April to mid-
September, it was 10.5+0.2. Precipitations alsaveldoseasonal variations with an increase
from the autumn period (Figure 2B). From mid-Segiemto march, the 3-years mean of
monthly precipitations was 63.3+9.2 mm and from iAgo mid-September, it was
46.6+13.8 mm. The insolation (number of hours pemitn) occurred clear variations
through the year with a consistent increase fromtavito summer period (Figure 2B).
Indeed, from mid-September to march, the 3-yearanniesolation was 111.6+12.3 hours

and from April to mid-September, it was 229.6+50R1fs.

3.2. Phytoplankton

In order to describe the role of phytoplankton lb@ YRSC distribution, the density of two
main algal groups (i.e., dinophyceae and bacilfdny@eae) were monitored for the
sampling period. Dinophyceae and bacillariophycaesounted for more than 92% of the

phytoplankton whatever the season. Dinophyceaeddferent from bacillariophyceae
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because they synthesize significant amounts of DiT®Rer et al. 1988). As expected, the
variations of algal density were seasonal and amwewal (Figure 3). Two annual
phytoplankton blooms were observed in 2004 (Jurgt S@ptember), 2005 (March and
May) and 2006 (May and July). To clarify the deston, the weekly survey of
bacillariophyceae and dinophyceae densities weesepited by lines whereas the weekly

survey of total phytoplankton was presented byraa &-igure 3).

3.2.1. Bacillariophyceae

The distribution showed a seasonal feature withhérigalgal density from May to
September (Figure 3). For example, from March tpt&aber 2005, the mean value of the
bacillariophyceae density was (3.29+4.93)kt8Il L™ (n=23) with a maximum in the end
of march. In winter, the algal density decreaseusizterably to low values (e.g., 0.03X10
cell L'*in 2005). Summer density was highly variable wiahge density swings. In 2004,
the bacillariophyceae density was highest in thggriseng of June and September whereas
in 2006, it was in May and July. In 2005, after thaximum observed in March, the density

decreased in the end of June.

3.2.2. Dinophyceae

The dinophyceae cells density was usually lowen that of the Bacillariophyceae (Figure
3) but seasonal variations also occurred with kiglaes during the summer period. During
2004, the dinophyceae density showed the samerésasis the Bacillariophyceae density
with two maxima, in the beginning of June (5.05k&6ll L") and in the end of September
(0.30x10G cell L'Y). In 2005, the cell density increased by a factbten between March

(0.37x16 cell L) and June (4.15x®aell LY. In 2006 only one maximum was noted in

10
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April (1.91x1C cell L'™Y). Moreover, at least two dinophyceae blooms oeclper year
with a time span between the blooms of 2 to 3 ngnlbne and September 2004, March

and May 2005, June 2006 (no available data fronteBaper).

3.3. Suprabenthic distribution of VRSC

The VRSC profiles collected in the suprabenthi@tay.e., from zero to ca. 200 cm above
the SWI) are presented in Figure 4. Only one wsaenple — T of February — was lead for
the winter. But, within this important limitationt was attempted to describe seasonal
variations in VRSC concentrations.

Several HS profiles showed a trend of concentration incredsse to the SWI (Figure 4).
In addition, a layer exhibiting a minimum was prgsat 30 to 60 cm above the SWI. COS
showed an identical trend with a smoother incredsse to the bottom. The MeSH profiles
did not show evidence of increase at the SWI bilteraa maximum zone between 10 and
60 cm above the sediment-water interface. The DMS8files occurred a higher
concentration in the top of water column samplesl,(beyond one meter above sediments).
An increase of DMS concentration was apparent théofirst centimetres above the SWI
for some summer profiles. In addition, some DMS filge showed a minimum
concentration at 30 or 50 cm above sediments. TM®® concentration like the one of
DMS showed a higher concentration above 1-m akitbdt no clear vertical variations

except in some summer profiles (Figure 4).

11
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3.3.1. Seasonal variations of VRSC concentrations

The HS concentration was maximum at the beginning ofngpfApril 2006) with
0.57+0.06 nmol L' (n=8); it was generally higher during the sumnféggre 4). Vertical
variations were greater for the spring (e.g., J20@5) and the beginning of summer. From
the end of summer to winter, the$iconcentration started to decrease and it wasviial®
detection limit (0.07 nmol t, pers. comm.) above +30 cm (22 September 2004yiriter,
(February 2005), it was less than the summer peaiod never greater than to 0.07
nmol L™

Carbonyl sulfide showed a stronger vertical coneioin gradient than % for the summer
periods, and exhibited larger variations in thech®-layer above the SWI (Figure 4).
During the early 2005-summer period, the maximumceatration was often observed near
+30 to +50 cm. In addition, its summer concentrati@s from twice to twenty times (e.g.,
4.20 nmol ! observed in June 2006) greater than observedgitiwinter.

The MeSH concentration showed significant seasmaalations with summer values
ten-fold greater than the winter values (FigureGlear variations are also observed in the
50-cm layer above the SWI. MeSH was undetectableepr low levels in the winter. The
MeSH concentration increased during the summeng@esnd maximum values occurred
between +10 and +50 cm above sediments. At thetadmmer 2005, there was five-fold
less MeSH (0.78 nmolt) than in June and vertical variations were legsoirant. During
the last summer sampled, MeSH concentration begamarease with 4.15 nmol L
measured in June.

Dimethylsulfide concentration was either constasuinfmer 2006) into the 2 m-water

column sampled or very variable (summer 2005)ctiscentration was lowest in winter

12
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with less than 0.20 nmolLand it increased clearly like MeSH, during sumntereach
several nmol LX. The highest concentration was measured in sgApgil 2006) with 15
nmol L* at +180 cm.

For DMDS, no clear repeated and vertical variatimese apparent in winter and spring. A
clear maximum value was observed only in June 2808ust 2005 and June 2006; it was
respectively 1.69 nmolt (at +50 cm), 1.36 nmolt.(+90 cm) and 1.29 nmolL(+1cm).
Thus, like for DMS, an increase was noted from s¢peng to the end of summer. For
example, the maximum DMDS concentration was 0.04Irirt in winter 2005 whereas it

reached 1.36 nmol'tin August (Figure 4).

3.3.2. Interannual variations of VRSC concentraion

During the 3 summer-sampling, interannual variagiorere obtained for each sulfur gas. It
was interesting to highlight similarities betweamsners but also the variability linked to
biotic factors (e.g., phytoplankton density).

No clear interannual variations of sulfide concatitn were observed with 0.17+0.36 nmol
L™ (n=24) measured in 2004, 0.05+0.08 nmdl (b=41) in 2005 and 0.07+0.03 nmof' L
(n=24) in 2006. The summer.8 concentration was often higher near the SWI thahe
upper water samples. This feature was apparerguimmmer 2004, June 2005 and summer
2006 with significant variations into the 20-cm dayabove the SWI (Figure 4). The
maximum values occurred near sediments and they fwbowed by a rapid decrease, itself
followed by another increase. The best exampldseved in June 2005 with a minimum
value (0.06 nmol ') detected from +32 to +50 cm. The opposite trers wecorded in
February 2005 and April 2006 with a maximum valgéAeen two minimum zones in the
20-cm layer above the SWI.

13
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No interannual variations were apparent for COSceatration between summer 2005
(0.30+0.18 nmol [}; n=41) and summer 2006 (0.55+0.82 nmd| h=24) whereas in 2004,
it was lower with 0.08+0.06 nmol L (n=24). During the summer period, COS
concentration increased from the beginning to tiddra of summer and a decrease phase
was observed later (Figure 4). Into the 2-m watduron sampled, clear variations were
observed into the 50 cm above sediments; in theofopvater column sampled, COS
concentration was relatively constant. Some pref(eg., 1 September 2004, July 2005,
and June 2006) showed an increase of COS condentraist above the SWI and a
minimum value near +15 cm. The profiles of July 2Gihd June 2005 showed another
trend; COS concentration increased from the SWA1i® cm and it decreased rapidly until a
given altitude (+32 cm in 2004 and +20 cm in 200&fpre to increase again (Figure 4).
Three different features were observed for the Me&BHcentration. Interannual summer
variations were detected; 0.18+0.17 nmdl (b=24) in 2004, 1.95+1.34 nmol'L(n=41) in
2005 and 3.61 +1.99 nmol*L(n=24) in 2006 (Figure 4). All summer profiles sresl a
sharp decrease just above the SWI, overlain bgar chaximum at +50 cm (0.56 nmaf)L

in July 2004, +15 cm (4.17 nmol*).in July 2005 and +8 cm (7.83 nmoafLin June 2006.
Out of summer period, MeSH concentration slightédyied (except in June 2005). During
summer, MeSH profiles were consistent with an iaseeuntil the middle of summer
followed by a decrease to winter (Figure 4).

The DMS profiles occurred less variability than ¥RSC but clear interannual summer
variations were observed; with 1.03+0.79 nmd! (n=24) in 2004, 6.79+2.98 nmol™L
(n=41) in 2005 and 4.00+0.58 nmol*|(n=24) in 2006. During the early summer, it was
about nine-fold more concentrated at the beginmhgummer than in September. Next

year, DMS concentration showed two increase periods from June to the beginning of

14
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July 2005 and another from the end of July to Aagassummer 2006, DMS concentration
did not vary so much between June and August. TReimum DMS concentration was
often observed above +100 cm and sometimes, hig Bdhcentration was also recorded
near the SWI (Figure 4). For example, in summerb2@0g., 28 July), DMS concentration
was 7.09 nmol L in the 50-cm layer above the SWI, 3.65 nmdl (minimum value) at
+90 cm and 10.80 nmolL(maximum value) at +190 cm.

Dimethyldisulfide also showed interannual variatiowith summer concentrations of
0.15+0.10 nmol [* (n=24) in 2004, 0.50+0.36 nmol'i(n=41) in 2005 and 0.27+0.26 nmol
L™ (n=24) in 2006 (Figure 4). For most of the prafiléhe vertical DMDS distribution was
uniform (e.g., July 2004, August 2006). But for soprofiles, clear variations occurred like
in the beginning of September 2004 with a minimwWrg nmol ) at +50 cm and
0.24+0.03 nmol ' (n=11) over the whole profile. It was importantrtote there were also
variations of DMDS concentration during a specsiicnmer with no clear trend for the date

of the maximum (Figure 4).

3.4. Porewater sulfide concentration

To ascertain the presence of a permanent oxygesatkohent layer in this oligotrophic bay
(Soletchnik et al., 2007) and negate the posgihilita seasonal sulfide sedimentary source,
we examined porewaters,$ concentration in 30-cm long cores collected atdime time
as the water column depth profiles. For this repuet presented only the evolution ofSH
concentration near the SWI and in the 3-cm layeediments (Figure 5).

Near the SWI (altitude zero), the sulfide concedmrawas often less than one micromolar

but, given the analytical detection limit of 0.3thgl L™ for the colorimetric method that
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was used, only few results were significantly diéf@ from non-detectable levels.,$

concentration was undetectable (<0.32 pnmid) in February, June and at the end of July
2005 and very low in spring and August 2006. Thghbst concentrations near the SWI
occurred at the beginning of summer; 0.65 pnidlin. July 2004, 0.73 pmol Lin July

2005 and 0.46 umol'Lin June 2006. Porewaters$toncentration showed relatively the
same feature with higher values for summertimes@ea variations were greater than
interannual variations with values measured inupper 3-cm sediments remained two to

three orders of magnitude greater than those redardthe water column samples.

4. Discussion

There are many data available on the distributibratatile reduced sulfur gases in the
marine environment. Table 1 shows concentrationdifferent settings and highlights the
increase of VRSC concentrations shoreward or iasamth increased productivity. The
water column data we report here are consistert thi¢ literature data on dissolvedSi
COS, MeSH and DMS for comparable coastal environsn@rable 1). Our 2-year sampling
campaign gives the following concentration rangeg o 1.6 nmol L for H,S, up to 4.2
nmol L™ for COS, up to 7.8 nmoltfor MeSH, from 0.1 to 17.5 nmolLfor DMS and up
to 1.7 nmol [ for DMDS (Figure 4)

To simplify the discussion of the VRSC concentnatévolution, the different sulfur species
were placed in two groups..8 and COS are studied together because they aetidir
issued from compounds as sulfate or dissolved argaifur compounds (Dyrssen, 1985;
Elliot et al. 1989; Zepp and Andreae 1994). Methtimel, DMS and DMDS, on the other

hand, can have the same origin, DMSP (Kiene andofd®88; Dacey et al. 1998). The
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first hypothesis was whether the SWI plays an irtgrdrrole on the VRSC distribution in
the bottom water column. The second hypothesistinatollowing; does the phytoplankton

distribution in the water column influence the VR8iGtribution?

4.1. Hydrogen sulfide ($$) and carbonyl sulfide (COS)

For several vertical profiles, 28 and COS show the same general trend, an incofase
concentrations toward the seabed which suggestghartproduction near sediments than in
the upper water column sampled (Figure 4). Moreokes was sometimes measured in
pore waters near the SWI (Figure 5). Therefore,ewaolumn sulfide could have a
sedimentary origin or it could be produced in tretdm water column. No diffusive
gradients were calculated on account of the lacldath. But, for the following years
sampled, a temporal decoupling (e.g., summer 28pp¢ars to exist betweenFpresence

in the water column and sediments suggesting timatsediment was not essential as a
source for the b5. By default, sulfide may likely have originatedrh the water column
itself.

The lower water column could be favourable tgSHproduction because of special
conditions. Alldredge et al. (1998) showed that gigtoplankton cells are present in
marine snow which is exported to the seafloor. €hasrine snow aggregates are enriched
in microbial communities taking important part ihypoplankton degradation (Alldredge
2000). Therefore, the important phytoplankton settitation (i.e., degradation of organic
matter) may create anoxic micro zones near theeskeabd thus, $& may be produced in
the first cm above sediments and remain undetestbdr by sediment pore waters studies
or water column studies conducted using pumps mgel&®ottles. We also note that the

maximum HS concentration in the 10-cm layer above the SWjuife 5; September 2004,
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June 2005 and April 2006) occurred during bloomgufe 3). This relation between the
high density of phytoplankton cells and high sudfigtvels encountered near the SWI is
consistent with high organic matter flux (i.e., pddoom event) and subsequent rapid
degradation releasing directly or inducing anoxicrmzones where sulfate reduction may
occur.

The possible direct release from phytoplanktonscéke the cause of the higher,$
concentration near sediments can be evaluatedlag$oWollast et al. (1993) showed that
the elemental composition of the particulate organatter (POM) is €@eH2630110N1651.7

Pi1. Thus, the sulfur content in POM (e.g., phytoptankcell) is not negligible (i.e., 0.34%
S). Considering a spherical phytoplankton (fromx10P to 3.4x10° ul with a ratio of 0.1
between the dry weight and the fresh weight), weaiobd a phytoplankton sulfur
concentration between 6.2 »18nd 2.5x16 nmol L* during September 2004 (i.e., bloom
with 16.9x18 cell LY. Therefore, the concentration of phytoplanktotiusudetermined in
the water column is one order of magnitude grei@n the HS concentration into the 10-
cm layer above the SWI (0.24 nmolLFigure 5). Thus, a low turnover of phytoplankton
cells may become a significant source of reducdfdirsand its decay in the water column
could contribute to the increasing of$iconcentration near the SWI.

Cutter and Radford-Knoery (1993) studied COS comag&ans surface waters on the shelf
of the western North Atlantic. They showed thatepevaters are 200 times enriched
compared to the water column. Thus, COS producechanine sediments, may diffuse
through the SWI. Cutter and Zhang (1997) studied@®S sediment-water fluxes in the
Chesapeake Bay during 3 years. They showed higladses during the summer periods

because the sedimentary COS production (i.e., peo#uction) was coupled to a higher
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rate of microbial sulfate reduction, more importértsummer. In the 3-years sampling in
the Bay of Quiberon, the COS concentration wasedveais elevated near the SWI as in the
shallow water column for every summer period (Fégd). However, the opposite trend
(i.,e., an increasing with the altitude) was recdrder the winter period, spring and
sometimes at the end of summer (Figure 4).

The principal source of COS in oceans is photochalhproduction from chromophoric
dissolved organic matter (CDOM; Ferek and Andre8841 Kettle et al. 2001). The
magnitude of the photoproduction is related to itnadiance, seawater absorption and
CDOM content (Ulshofer and Andreae 1998). In thehetic zone, the DOM concentration
is often correlated with the phytoplankton cellssigy. Mihaloupoulos et al. (1992) showed
a positive correlation between the monthly averageanic COS concentration and the
monthly average of the daily insolation period. fEfere, the higher COS concentration
analysed in Bay of Quiberon during the warm periods/ be explained by a higher sun
insolation (Figure 2) and an increase of phytoptankcells density (Uher and Andreae
1997).

So, sediments appear to be a source of COS orahegitren the shape of the water column
gradient. During winter, photolytic production wiéee major source of COS in the water
column (Cutter and Zhang 1997) whereas sediments meutral. In opposite, in summer,
sediments appeared to be a COS source (Kettle 20@1) which it explains the highest

concentration observed near the SWI (Figure 4).
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4.2. Dimethyl sulfide (DMS), methane thiol (MeSHidadimethyl disulfide (DMDS)

DMS, MeSH and DMDS are produced directly or indiedy bacterial degradation of

DMSP (Kiene and Taylor 1988; Tanzer and Heumann21®mo et al. 2002) and a

significant production is confined to few classdsnearine phytoplankton, mainly the

dinophyceae (Keller et al. 1989). Therefore, argjrgorrelation may exist between the
taxonomic position of the phytoplankton and the sitgnof these VRSC in the bay of

Quiberon.

The dinophyceae cell density showed seasonal andahrvariations with blooms (i.e.,

generally two per year) during the warm period (Fey3). For winter, the dinophyceae
concentration was much lower than during the summeeiods. The higher concentrations
of DMS, MeSH and DMDS were always recorded durimg summertime (Figure 4) but

various features existed for each of these VRSCndueach summer monitored.

Dinophyceae blooms were recorded in May 2005 andl 2006, two months before the

highest summer MeSH concentrations which occurtetthea end of July in 2005 and in

June 2006. A time span between dinophyceae catisitgeand DMDS maximum occurred

with higher values observed in the beginning ofy 005 and in June 2006. Concerning
DMS, a time span of 2 months was only observedndutihne summer 2005 with highest
concentration analysed in July. In 2006, the maximiDMS concentration observed in
April is contemporaneous with the dinophyceae bldéigure 3). Therefore, in 2006, the
production of DMS is faster than the previous y&ad the MeSH and DMDS productions.
The DMS concentration is always higher than MeSk BIMDS concentrations even in

winter (Figure 4). The absence of MeSH (exceptt ém) and DMDS in winter 2005 can

be explained by a lower dinophyceae density. Inddeste is as much DMDS as DMS in
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the end of September but five months later, thesbout ten times more DMS than DMDS.
This is consistent with an additional winter protioie of DMS whereas methane thiol and
dimethyl disulfide may be only produced for the mgreriod.

So, there exists a correlation between the timeesef phytoplankton density and the
levels of MeSH, DMS and DMDS. The DMSP-producerd &RSC synthesizers density
may explain the distribution of these VSRC into then water column sampled and near
the SWI. Methane thiol and DMDS concentrationstaiee to four times higher in the 50-
cm layer above the SWI in summer, whereas the DMSl@s show this feature only in the
middle of summer. A hypothesis is purposed to erplae different features observed for
these VRSC, in the 2-m water column, through thrarear period. This increase of VRSC
concentrations near the SWI may be linked to mémendant decomposing fragments of
dinophyceae cells (Sorensen 1988). The DMS syrdlaggears faster than those of MeSH
and DMDS because in June (Figure 4), there is awagre DMS in the upper water
column than in the 50-cm layer above the SWI. TMSDOmay be produced by the decay of
dinophyceae coming from the first bloom. These algalls fall into the water column and
are degraded near the SWI to give MeSH and DMD®énbeginning of summer. Along
the summer period, the VRSC synthesis may coniimioethe 50-cm layer above the SWI.
At the end of summer (i.e., August), the oppositad (i.e., highest concentration above
+50 cm) occurs for the three VRSC and it may ingiGamoving towards the upper water
column of the DMSP-producers. During, the springqak no gradients are observed into
the 2-m water column sampled and the concentratames0.47 nmol £ for MeSH
(weighed average over the entire profile), 12.440hii* for DMS and non-detectable

levels for DMDS. This absence of vertical gradiemiay be linked to the mixing of the
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water column (i.e., unstratified water column) adaog to the possible strong winds
affecting the Bay and the 7-m depth (Lemoine 198@ubl.).

Considering MeSH concentrations into the 2-m wetdnmn more in detail, a maximum is
measured at a given altitude ; it is +20 cm ingpeng period (2.6 nmolt), +15 cm at the
beginning of summer (4.2 nmol*).and +50 cm for the middle of summer (5.8 nmdl;L
Figure 4). This same trend is also observed for [3VHD the end of summer 2005 with a
maximum concentration at +90 cm (1.4 nmot) lwhereas the MeSH concentration is
constant over the entire profile. Lomans et al {)9howed MeSH can be produced in
sediments when % is present in significant quantity. For exampie July 2005, HS
shows a concentration above the detection limit tteeSWI and in the 3-cm layer beneath
it (Figure 5) whereas no sulfide is analysed néar $WI in June. Thus, a sedimentary
origin of MeSH may be possible in July 2005 bunhdt appears to exist in Junéhe
opposite phenomenon (i.e., a clear minimum conagatr depth) is observed for DMS in
June 2005 (Figure 4). The hypothesis advanced tplaiex this minimum DMS
concentration layer is the following. The high centration observed near the SWI may be
induced by the decay of the first dinophyceae blgbtarch) and the higher concentration
measured on the top of water column sampled mdinked to the second bloom (May).
Concerning DMDS concentration, in September 20@# ame 2006, there is also a given
altitude where it is lowest. Moreover, in June 20@0& altitude of the lowest DMDS
concentration corresponds to the maximum of MeShtentration.

These variations of VRSC concentrations into the @ater column are very complex and
an unequivocal link between these three sulfur @amgs is not really established on the
base of our data. We can just conclude discreitudds exist where higher VRSC

concentrations are more favoured and that thesedss vary during the warm period.
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Decay of dinophyceae cells in the 2 m above théeskanay exist at various altitudes

according to the DMSP-producers density.

5. Conclusion

This 3-summer survey of the volatile reduced sutlumpounds concentrations in a marine
coastal environment highlighted interactions betwide water column, the sediments, the
phytoplankton and the VRSC distribution. The veght sampling in the first centimetres
above sediments made it possible to demonstratalteegSWI can play a key role on the
VRSC distribution. Concerning COS, its seasonakteatration variations are linked to the
balance between its sinks and sources. During witite major source of COS appears to
be the photolytic production from CDOM (verticallpiform in the water column), whereas
in the summer, sediments appear to be the main €&#ce which explains highest
concentrations measured near the seabed. Theiwasiadf MeSH, DMS and DMDS
concentrations may be directly linked to the seak®ariations of dinophyceae density
because blooms increase the available organic mtattthe DMSP-producers and so, the
production of these biogenic sulfur compounds. ®hservations of a 2-month time span
between the dinophyceae density and the maximuvhe&H and DMDS may be explained
by a slower transformation of DMSP in these sufampounds in opposite to the DMS
production which appears faster. The vertical vemes of MeSH, DMS and DMDS
concentrations may be linked to the spatial refi@ntiof DMSP-producers in the 2-m water
column. Concerning $$ inventory which is greater near the SWI, it lely linked to
anoxic microzones from the decay of organic mateeg., phytoplankton cells). These

zones may be found above and below the SWI and:S@aHalyzed does not seem to have a
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consistent sedimentary origin. Other processesubiide could be the direct release by

phytoplankton cells in the first meter above thelSW

Acknowledgments

We gratefully acknowledge the help from the R/\fdstcrew and divers and the staff from
the An Drinided IFREMER station, without forgettitg mention the very welcome
funding from IFREMER’s MOREST project. Thanks to Belin (REPHY) to her helping
concerning the survey of the phytoplankton celgrihution in the Bay of Quiberon.

No conflict of interest exists.

24



10

11

12

13

14

15

16

17

18

19

20

21

22

23

References

Ackman, R.G., Tocher, C.S., Mac Lachlan, J., 1@9B&urrence of dimethyl-h-propiothetin
in marine phytoplankton. J. Fish. Res.Board Can383— 364.

Alldredge, A.L., U. Passow, H.D. Haddock. 1998. Ttlearacteristics and transparent
exopolymer particle (TEP) content of marine snomwrfed from thecate Dinophyceae.
J. Plankton Res. 20, 3 : 393-406.

Alldredge, A.L. 2000. Interstitial dissolved carb@@OC) concentrations within sinking
marine aggregates and their potential contributbocarbon flux. Limnol. Oceanogr. ,
45 : 1245-1253.

Amouroux, D., G. Roberts, S. Rapsomanikis, M.O. reag. 2002. Biogenic gas (gH
N-O, DMS) emission to the atmosphere from near-shndeshelf waters of the north-
western Black Sea. Estuar. Coast. Shelf S., 55-587.

Andreae, M.O. 1986. The oceans as a source of ptrads sulfur compounds. In: Buat-
Ménard P. and Reidel O0he role of Air-Sea exchange in geochemical cycling. Eds :
Hingham, Mass. 568 pages.

Andreae, M.O. 1990. Ocean-Atmosphere interactiarthe global biogeochemical sulphur
cycle. Mar. Chem., 30 : 1-29.

Andreae, M.O., T.W. Andreae, D. Meyerdierks, C.eTh2003. Marine sulfur cycling and
the atmosphere aerosol over the springtime Notlénfic. Chemosphere, 52 : 1321-
1343.

Anschutz, P., B. Sundby, L. Lefrancois, G.W. Luth®erMucci. 2000. Interactions between
metal oxides and species of nitrogen and iodindiaturbated marine sediments.

Geochim. Cosmochim. Ac., 64 : 2751-2763.

25



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Belviso, S., Kim S.K., Rassoulzadegan N., Krajka Bguyen B.C., Mihalopoulos N.,
Buat-Menard P. 1990. Production of dimethylsulfonipropionate (DMSP) and
dimethylsulfide (DMS) by a microbial food web. Limin Oceanogr., 36 : 1555-1577.

Challenger, F., 1951. Biological methylation. A@&nzymol. 12 : 429— 491.

Charlson, R.J., J.E. Lovelock, M.O. Andreae, S.Grdfa 1987. Oceanic phytoplankton,
atmospheric sulfur, cloud albedo and climate. Ngt@85 : 655-661.

Cutter, G.A. and Krahforst, C.F., 1988. Sulfidesurface waters of the Western Atlantic
Ocean. Geophys. Res. Lett. 15,1393-1396.

Cutter, G.A. and Radford-Knoery, J., 1993. Carboswffide in two estuaries and shelf
waters of the western North Atlantic Ocean. Mare@h 43 : 225-233.

Cutter, G.A., Zhang, L., 1997. Carbonyl Sulfided®ochemistry and fluxes from estuaries.
AGU Spring meeting.

Cutter, G.A., Cutter, L.S., Filippino, K.C., 2008ources and cycling of carbonyl sulfide in
Sargasso sea. Limnol. Oceanogr., 49 : 555-565.

Dickson, D.M.J., Kirst, G.O., 2001. Osmotic adjustihin marine eukaryotic algae: the
role of inorganic ions, quaternary ammonium, teytisulphonium and carbohydrate
solutes: II. Prasinophytes and haptophytes. NewdPHy06: 657— 666.

Dyrssen, D., 1985. Metal complex formation in $udic waters. Mar. Chem., 15 : 285-
293.

Elliot, S., Lu, E., Rowland, S., 1989. Rates anctima@isms for the hydrolysis of COS in
natural waters. Environ. Sci. Technol., 23 : 458-46

Ferek, R.J. and Andreae, M.O., 1983. The supeedaiarof carbonyl sulfide in surface

waters of the Pacific Ocean off Peru. Geophys. Rets., 10 : 393-396.

26



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Ferek, R.J. and Andreae, M.O., 1984. Photochenpoadluction of carbonyl sulfide in
marine surface waters. Nature, 307 : 148-150.

Flock, O.R. and Andreae, M.O., 1996. Photochem&ral non-photochemical formation
and destruction of COS and MeSH in ocean waters. Glaem., 54 : 11-26.

Gun, J., Goifman, A., Shkrob, I., Kamyshny, A., @arg, B., Hadas, O., Dor, I.,
Modestov, A.D., Lev O., 2000. Formation of polysids in an oxygen rich fresh
water Lake and their role in the production of w¢asulfur compounds in aquatic
systems. Environ. Sci. Technol., 34 : 4741-4746.

Jean, N., Bogé, G., Jamet, J.L., Richard, S., JaDet2004. Annual contribution of
different plankton size classes to particulate dirylsulfoniopropionate in a marine
perturbed ecosystem. J. Mar. Syst., 53 : 235-247.

Johnson, J.E. and Harrison, H., 1986. Carbonyldaifoncentrations in the surface waters
and above the Pacific Ocean. J. Geophys. Res7,88B-7888.

Jorgensen, B.B., 1977. The sulfur cycle of a coéastarine sediment (Limfjorden,
Denmark). Limnol. Oceanogr., 22 : 814-832.

Jorgensen, B.B and Okholm-Hansen, B., 1985. Enmissid biogenic sulfur gases from a
danish estuary. Atmos. Environ., 19 : 1737-1749.

Karsten, U., Wiencke, C., Kirst, G.O., 1992. Dimgsialfoniopropionate (DMSP)
accumulation in green macroalgae from polar to &naie regions: interactive effects
of light versus salinity and light versus temperatiolar Biol. 12: 603-607.

Keller, M.D., Bellows, W.K., Guillard R.L., 1989.iDethylsulfide production in marine
phytoplankton. In: E.S. Saltzman and Cooper Bihgenic Sulfur in the Environmol

Lent. Eds : American Chem. Soc., Washington, DC, 169-179

27



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Kettle, A.J. and Andreae, M.O., 2000. Flux of dimdsulfide from the oceans : A
comparison of updated data sets and flux model&edphys. Res., 105 : 26793-
26808.

Kettle, A.J., Rhee, T.S., Von Hobe, M., Poulton, Aken, J., Andreae, M.O., 2001.
Assessing the flux of volatile sulfur gases frone tbhcean to the atmosphere. J.
Geophys. Res., 106 : 12193-122009.

Kiene, R.P. and Taylor, B.F., 1988. Biotransformatiof organosulphur compounds in
sediments via 3-mercaptopropionates. Nature, 333-150.

Kiene, R.P., 1992. Dynamic of dimethyl sulfide afdhethylsulfoniopropionate in oceanic
seawater samples. Mar. Chem., 37 : 29-52.

Kiene, R.P., Linn, L.J., Bruton, J.A., 2002. Newdamportant roles for DMSP in marine
microbial communities. J. Sea Res., 43 : 209-224.

Kirst, G.O., Thiel, C., Wolff, H., Nothnagel, J.Wzek, M., Ulmke, R., 1991.
Dimethylsulfoniopropionate (DMSP) in ice algae ait&l possible biological role.
Mar. Chem. 35: 381- 388.

Klump, J.V. and Martens, C.S., 1989. The seasgnalit nutrient regeneration in an
organic-rich coastal sediment : Kinetic modellifgcbanging pore-water nutrient and
sulfate distributions. Limnol. Oceanogr. , 34 : 559.

Knoery, J., Cozic-Houly, A., Averty, B., Sarazin,, GQouin J.C. The suprabenthic sampler
for nearshore environmol Lents (Susane): a newcedeto collect simultaneously
closely-spaced water samples immediately above sédiment water interface.
Unpublished.

Lemoine, G., 1989. Etude sédimentaire de la Bai®uiberon : la zone ostréicole en eau

profonde et ses abords. La Trinité-sur-Mer, Frat6@, Unpublished.
28



10

11

12

13

14

15

16

17

18

19

20

21

22

Lomans, B.P., Smolders, A.J..P., Intven, L.M., Ral, Op den Camp, H.J.M., Van der
Drift, C., 1997. Formation of Dimethyl sulfide andiethanthiol in anoxic freshwater
sediments. Appl. Environ. Microb.: 4741-4747.

Lovelock, J.E., Maggs, R.J., Rasmussen, R.A., 18#2ospheric dimethylsulfide and the
natural sulfur cycle. Nature 237: 452— 453.

Luther, G.W. and Tsamakis, E. ,1989. Concentratiod form of dissolved sulfide in the
oxic water column of the ocean. Mar. Chem., 27:-1%3.

Luther, 1., Georges, W., Sundby, B., Lewis, B.Lreidel, P.J., Silverberg, N., 1997.
Interactions of manganese with the nitrogen cyclélternative pathways to
dinitrogen. Geochim. Cosmochim. Ac., 61: 4043-4052.

Malin, G., Turner, S.M., Liss, P.S., Holligan, Plarbour, D., 1993. Dimethyl sulfide and
dimethylsulfoniopropionate in the northeast Atlantiduring the summer
coccolithophore bloom. Deep-Sea Res., 40: 1487-1508

Mihalopoulos, N., Nguyen, B.C., Putaud, J.P. BealyiS., 1992. The oceanic source of
carbonyl sulfide (COS). Atmos. Environ. , 26A, 8383-1394.

Moret, I., Gambaro, A., Piazza, R., Barbante, hdeoli, C., Corami, F., Scarponi, G.,
2000. The seasonal variations of dimethyl sulficel @arbon disulfide in surface
waters of the Venice time lagoon. Mar. Chem., 283-295.

Ni, J., Yao, X., Lin, Y., 2002. In-situ measuremeathnique development of chemical
parameters on sediment-water interface. Mar. G2»).4 : 111-115.

Paxinos R. and Mitchell J. G., 2000. A rapid Utehnénethod for estimating algal

numbers. J. Phyto. Res., 22 : 2255-2262.

29



10

11

12

13

14

15

16

17

18

19

20

21

22

Radford-Knoery, J. and Cutter, G.A., 1994. Biogewulstry of dissolved k& species and
COS in the western North Atlantic Ocean. Geochiras@ochim. Act., 58 : 5421-
5431.

Rasmussen, R.A., Khalil, M.A.K., Hoyt, S.D., 199he oceanic source of carbonyl sulfide
(COS). Atmos. Environ., 16 : 1591-1594.

Seeberg-Elverfeldt, J., Schulter, M., Feseker,Kblling, M., 2005. Rhizon sampling of
porewaters near the sediment-water interface cdtamjgystems. Limnol. Oceanogr. :
Methods, 3 : 361-371.

Simo, R. and Pedros-Alios, C., 1999. Short-termamlity in the open ocean cycle of
dimethylsulfide. Global Biogeochem. Cy., 13 : 1117181.

Simo, R., Archer, S.D., Pedros-Alios, C., Gilpin,, IStelfox-Widdicombe, C.E., 2002.
Coupled dynamics of dimethylsulfoniopropionate aindethylsulfide cycling and the
microbial food web in surface waters of the NorttlaAtic. Limnol. Oceanogr., 47 :
53-61.

Smith, D.S., Bell, R.A., Kramer, J.R., 2002. Metgeciation in natural waters with
emphasis on reduced sulfur groups as strong roieiding sites. Comp. Biogeochem.
Phys. Part C, 133 : 65-74.

Soletchnik P., Ropert M., Mazurié J., Pierre Gilddsury P.G. and Le Coz F., 2007.
Relationships between oyster mortality patterns @myironmental data from
monitoring databases along the coasts of Francea@dture, 271 (1-4): 384-400.

Sorensen, J., 1988. Dimethyl sulfide and metharae ith sediment porewater of a Danish

estuary. Biogeochemistry, 6 : 201-210.

30



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Steinke, M., Malin, G., Gibb, S.W., Burkill, P.F2002. Vertical and temporal variability of
DMSP-lyase activity in a coccolithophorid bloom time northern North Sea. Deep
Sea Res. Il 49: 3001- 3016.

Sukola, K., Wang, F., Tessier, A. Metal-Sulfide @ps in oxic waters. 2005. Anal. Chim.
Acta 528, 183-195.

Sunda, G.W. and Huntsman, S.A., 1998. Processedatieg cellular metal accumulation
and physiological effects: Phytoplankton as mogstesms. The Sci. Total Environ.,
219 :165-181.

Sunda, W., Kieber, D.J., Kiene, R.P., Huntzman,2802. An antioxidant function for
DMSP in marine algae. Nature 418: 317-320.

Tanzer, D and Heumann, KG., 1992. Gas chromatograpdce-level determination of
volatile organic sulfides and selenides and of ylatdide in Atlantic surface water.
Internat. J. Environ. An. Ch., 48, 1: 17-31.

Turner, M.S. and Liss, P.S., 1985. Measurementapbus sulfur gases in a costal marine
environmol Lent. J. Atmos. Chem., 2 : 223-232.

Turner, S.M., Malin, G., Liss, P.S., Harbour, D.Hglligan, P.M., 1988. The seasonal
variation of dimethyl sulfide and DMSP concentraidn nearshore waters. Limnol.
Oceanogr., 33 : 364-375.

Uher, G. and Andreae, M.O., 1997. Photochemicatiycion of carbonyl sulfide in the
North Sea water : a process study. Limnol. Oceand@r. 432-442.

Ulshéfer, V.S., Flock, O.R., Uher, G., Andreae, M.D®96. Photochemical production and
air-sea exchange of COS in the eastern Mediterra8ea. Mar. Chem., 53 : 25-39.

Ulshofer, V.S. and Andreae, M.O., 1998. Carbonyfide (COS) in the Surface Ocean and

the Atmospheric COS budget. Aquat. Geochem., 3:33.
31



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Vairavamurthy, A., Andreae, M.O., Iverson, R.L.,859 Biosynthesis of dimethylsulfide
and dimethylsulfoniopropiothetin bilymenomonas cartarae in relation to sulfur
source and salinity variations. Limnol. Oceanog@r. 59— 70.

Van Rijssel, M., Buma, A.N.G., 2002. UVR inducetkess does not affect DMSP synthesis
in the marine prymnesiophyte Emiliana huxleyi. Aghdicrob. Ecol. 28: 167— 174.

Viollier, E., Rabouille, C., Apitz, S.E., Breuer,,Ehaillou, G., Dedieu, K., Furukawa, Y.,
Grenz C., Hall, P., Janssen , F.,.Morford, J.L,d?alg, J.C., Roberts, S., Shimmield,
T., Talllefert, M., Tengberg, A., Wenzhofer, F., t#®i U., 2003. Benthic
biogeochemistry: state of the art technologies gudelines for the future of in situ
survey. J. Exp. Mar. Biol. Ecol., 285-286 : 5-31.

Von Hobe, M., Cutter, G.A., Kettle, A.J., Andredd,O., 2001. Dark production : A
significant source of oceanic COS. J. Geophys.,R6§6.: 31217-31226.

Walsh, R.S., Cutter, G.A., Dunstan, W.M., Radfondeéry, J., Elder, J.T., 1994. The
biogeochemistry of hydrogen sulfide : Phytoplankpoaduction in the surface ocean.
Limnol. Oceanogr., 39 : 941-948.

Watts, S.F., 2000. The mass budget of carbonyideyltlimethyl sulfide, carbon disulfide
and hydrogen sulfide. Atmos. Environ., 34 : 761-779

Wollast, R., 1991. The coastal organic carbon cyfliexes, sources, and sinks. In : R.F.C.
Mantoura J.M. Martin and Wollast (EdQcean margin processes in global changes.
John Wiley and Sons, pp. 469.

Wollast, R., Mackenzie, F.T., Chou, L., 1993. InInteractions of C, N, P and S
biogeochemical cycles and global change. Eds : N. Atlantic Treaty Org., Adv. Stud.

Inst. Ser., Springer, Berlin, 521 pages.

32



Yang, G.P., Tsunogai, S., Watanabe, S., 2005. Biogaulfur distribution and cycling in
the surface microlayer and subsurface water of &Bdy ant its adjacent area. Cont.
Shelf Res., 25 : 557-570.

Zhang, L., Walsh, R.S., Cutter, G.A., 1998. Estaricycling of carbonyl sulfide :
production and sea-air flux. Mar. Chem., 61 : 122-1

Zepp, R.G. and Andreae, M.O., 1994. Factors affgdtie production of COS in seawater.

Geophys. Res. Lett., 21 : 2813-2816.

33



1 Tables
2 Table 1 - Comparison between seawater concentsatibir2S, COS, MeSH, DMS and DMDS

3 and the values observed in the Bay of Quiberon.

Volatile Reduced Sulfur Bay of Quiberon
References X
Compound Concentration range
0.4 -2.5nmol Lt
Hydrogen Sulfide S Cutter and Krahforst 1988 ; 0 — 1.6 nmol [*
Luther and Tsamakis 1989 ;
Knoery and Cutter 1994
0.08 — 0.73 nmol £
Mihalopoulos et al. 1992 ;
Carbonyl Sulfide COS Ulshofer et al.1996 ; 0.02 - 4.2 nmol I
Cutter and Knoery 1993 ;
Von Hobe et al. 2001 ;
Cutter et al. 2004
Methane Thiol MeSH 3 - 76 nmol'L 0-7.8 nmol [
Lomans et al., 1997
0.4-16 nmol -
Dimethyl Sulfide DMS Turner et al. 1988 ; 0.1 - 17.5 nmol [*
Moret et al. 2000 ;
Amouroux et al. 2002 ;
Andreae et al. 2003
Dimethyl Disulfide >0.15 nmol L' 0-1.7 nmol [
DMDS Tanzer and Heumann, 1992
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Figures legends

Figure 1 - White point on mini map marks, whichtpafr France is shown. Red point marks the
city Quiberon on the peninsula of Quiberon. Theygtar locates the Men Er Roue
station. In the east of the peninsula there idtheof Quiberon and in the south, a part

of Belle-ile Island is shown.

Figure 2 — Evolution of hydrographical parameterdhe Bay of Quiberon from May 2004 to
August 2006; A - SST (tiny dotted line), turbiditiarge dotted line), salinity (middle
dotted line) ; B — Precipitations (dark) and insiola (white).

Figure 3 - Evolution of phytoplankton density frofay 2004 to August 2006; (A)
Bacillariophyceae, (B) Dinophyceae. Monthly vdoat (gray areas); weekly
variations (black lines). All densities are giverxil® cell L™

Figure 4 - Evolution of the VRSC concentrationghie Bay of Quiberon (Men Er Roué station)
from July 2004 to August 2006. All concentrations given in nmol L.

Figure 5 - Evolution of hydrogen sulfide concentmatnear the sediment water interface. The
detection limits are 0.07 nmol Lfor the chromatographic method and 0.32 umdl L

for the colorimetric method; precisions are respett 10% and 6%.
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Figure 2 —

1

Evolution of seawater temperature (SST), turbidity (mg L) and salinity (%) in the

Bay of Quiberon (Men Er Roué station) from May 2004 to August 2006)
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Figure 3 —

1

Bacillariophyceae
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Figure 5 —

Evolution of hydrogen sulfide concentration
near the sediment water interface
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