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Although the parameters regulating mercury  ment/water interface. In spite of a high propor-
methylation in sediments are fairly well known, tion of organically complexed dissolved
conditions controlling the formation and mobi-  mercury, methylmercury in porewaters was
lization of methylmercury in aquatic sediments  mainly below the detection limit of the method
are still poorly understood. In this work the (2 ngl™Y). From mercury speciation in the solid
environmental factors governing the distribu- phase and dependence of its dissolved fraction
tion and behaviour of total mercury and  oniron and manganese in porewater, the source
methylmercury within the Seine estuary have and distribution of mercury in porewaters are
been assessed through the analysis of sediment discussed. Copyright © 1999 John Wiley &
cores. Box-cores taken at coastal, estuarine and Sons, Ltd.
riverine locations in the period 1994-1997 were
analysed for bulk sediment and porewater total
mercury and methylmercury concentrations, as
well as a number of other chemical variables.
Levels of total mercury in sediment (300-
1000 ng g *) were found to be uniform all over
the estuary and did not show significant tempor-
al or spatial variations. On the contrary, the
distribution of methylmercury was distinct from
that of its inorganic form since it displayed INTRODUCTION
seasonal and spatial variability. Maximum _ .
methylmercury concentrations (up to 6ngg?)  Mercury (Hg) species can undergo a variety of
and percentages (up to 2%) were obtained at the transformations in the environment. One of the
estuarine location with peak loading just below Mmostimportant processes is methylation of mercury
the sediment surface and a decreasing level in in aquatic systems. Methylmercury (MeHg) is the
the deeper layers. As total mercury and methyl- mercury species that is most toxic and that
mercury were nor correlated, the temporal and ~ bioaccumulates most efficiently, resulting in mer-
spatial behaviour of methylmercury appearedto ~ cury biomagnification in the aquatic food chain.
reflect variations in salinity, redox potential and ~ Diverse bacteria are known to methylate Hg in
the sulphate reduction rate. Low concentrations ~ culture, but some evidence from natural sedi-
of reactive mercury, but very high total mercury ~ ment$™* and water$ suggests that sulphate re-
levels, were measured in the porewaters (10— ducers are the principal mercury methylators. The
400 ng '), with maximum values at the sedi- rate of methylation is a function of both the activity
of methylating bacteria and the total mercury
concentration. Since a number of parameters (pH,

* Correspondence to: N. Mikac, Center for Marine and Environ- redox potential, salinity, sulphide level or organic
mental Research, Rudjer Bawi¢ Institute, PO Box 1016, 10000 Mmatter content) control the methylation/demethyla-

Keywords: mercury; methylmercury; sediment;
porewater; flux; Seine estuary

Received 29 October 1998; accepted 21 January 1999

Zagreb, Croatia. tion proces$,the concentration of total Hg is not a
E-mail: mikac@rudjer.irb.hr . . , good predictor of methylmercury concentration in
Contract/grant sponsor: Seine Normandie Region (Seine Aval

Program) aquatic systemé&Principal sites for MeHg produc-
Contract/grant sponsor: Ministry of Science and Technology of thetiONn inside a water body are Sl_JbOXIC zones in both
Republic of Croatia. the water column and sediment8. Although

Copyright© 1999 John Wiley & Sons, Ltd. CCC 0268-2605/99/100715-11 $17.50



716

N. MIKAC, S,NIESSEN,B. OUDDANE AND M WARTEL

numerousstudieshavebeenpublishedon mercury
distribution and methylationin aquaticsediments,
there are only few where key geochemicalpar-

ameterssuchas the distribution and speciationof

Hg in both the dissolvedand solid phaseswere
measuredsimultaneously. In addition, conditions
regulatingdiagenetidehaviourmanddiffusion of Hg

and MeHg from sedimentto overlying water are
still poorly characterized?

The Seine estuary is a macro-tidal estuary
significantly affected by anthropogenidnputs. A
study of Hg speciationin estuarinevaterrevealed
that the estuary was highly contaminated by
mercury*! with “similar concentrationsto those
foundin the Scheldt? andElbe estuaries? In such
environmentsgenrichedboth with Hg and organic
loading, favourableconditionsfor Hg methylation
shouldexist, as hasbeenalreadydemonstratedn
the Scheldt?* and Elbe estuaries® However,
exceptfor afew dataon dimethylmercuryMe,Hg)
in thewaterof theBaiedela Seine'* dataon MeHg
formation and distribution in different compart-
ments of the Seine estuaryare absentfrom the
literature.

In this work speciationof Hg in both solid and
dissolvedsedimentphasesvasperformedwith the
aim of assessingnvironmentalfactorsgoverning
thedistributionandbehaviourof total mercuryand
methylmercuryin sedimentsf the Seineestuary.
Mobility of Hg in sedimentand its releasefrom
sedimentto overlying waterwasalso evaluatedn
orderto estimatethe importanceof Hg input from
sedimentin comparisorwith othersources.

MATERIALS AND METHODS

Study area

The Seineriver dischargesnto the North Seavia
theEnglishChannelThehydrographidasinof the
Seine river (75000km?) includes 30% of the
French population and 30-40% of the total
economicactivity (industrial and agricultural) in
France'® As aconsequenctheSeineriver is highly
contaminatedoy domesticand industrial wastes,
the impact of industrial activities also being
importantin the estuarinezone. The meanriver
dischargds 450m® s, varyingbetweersOm®s*
duringlow flow and2000m?*s™* duringflood. The
salinity intrusionmay extendup to 50 km upstream
of Le Havreduringlow flow andupto 20 km during
highflow.*® The Seineestuarycanbeclassifiedasa
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Figure 1 Map of the Seine estuary showing sampling
stations.

partially mixed macro-tidalestuaryin which tidal
range and depths are of the same order of
maghnitude. The suspended particulate matter
(SPM) concentratiorin the river variesbetween5
and220mg| . In the mid-estuarya high-turbidity
zone occurs (with SPM up to severalgramsper
litre), whose extensionand location dependon
hydrodynamicconditions.The morphologyof the
estuaringoartof theriver bedis entirelyatrtificial, as
since the 19th century it has been progressively
modifiedto createa singlenavigationchannelThe
estuaryis adynamichydrosedimentargystenwith
intensive sedimentationin the flood periods,and
significantperturbatioranderosionof the sediment
surfacet®

Sample collection

Sedimentoreswerecollectedon severabccasions
in the period 1994-1997at marine (M), estuarine
(E) and riverine (R) locations (Fig. 1) under
different flow regimes (Table 1). Undisturbed
sedimentswere collected with a box-corer from
which coresweretakenwith a Perspexube30cm
long. Redox potential and pH were measured
immediately upon samplingin the parallel cores
taken at the sametime as samplesfor chemical
analyses.Cores were subsampled,on board, at
various depthintervals in a nitrogen-filled glove
bag and placedin polycarbonatecentrifugetubes
with sealingcaps.In thelaboratory porewatefrom
eachsub-samplevas separatedy centrifugation,
filtered through precombustedWhatman GF/F
filters (0.7um) for mercury analysisand through
cellulosenitratefilters (0.45um) for the analysisof
other parameters(Cl-, SO,;?~, Mn, Fe). Upon
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Table 1 Samplingdates Jocationsand hydrodynamicconditionsin the Seineestuary

Sample Date of sampling Location River discharggm®s™%) Observation

E-5/94 16 May 1994 Estuarine 544 Meanflow

R-2/95 04 Feb.1995 Riverine 2147 Flood

M-4/95 06 Apr. 1995 Marine 1189 Flood

R-9/96,E-9/96, 19 Sept.1996 Riverine,Estuarine, 175 Low flow
M-9/96 Marine

R-3/97,E-3/97 17 Mar. 1997 Riverine,Estuarine, 523 Meanflow
M-3/97 Marine

filtration porewaterwas acidified with 1% HNO;
for mercury(Hg) andotheranalysesandwith 0.1%
HCI for methylmercury(MeHg) analysis.

Standard solutions and chemicals

Acids usedwereof analyticalquality (HNO3, HCI,
Merck) or suprapuraggrade(HCI, s.p.,Merck). The
mercurystandardNaspreparedrom stockstandard
solution (HgCl, 1gl~t, Merck). The standard
solution was preparedweekly in 10% HNO; and
0.01% of K,Cr,O; whereasreference standard
solutionswere prepareddaily in 1% HNOs. Stock
standardsolution of MeHgCI (Alfa Ventron) was
preparedy dissolvingMeHgClin acetoneDiluted
standardsolutionswerepreparedveekly by dissol-
ving acetone stock solution in MQ water. A
reductantsolution (5% SnCh in 10% HCI) was
preparedy dissolvingSnCh (Prolaboor Merck) in
concentratedHCI (p.a., Merck) and diluting with
MQ water. Hg from the reductantsolution was
eliminatedby purgingovernightwith mercury-free
argonor nitrogen.All glasswarevassoakedn 10%
HNOs, with addition of a few drops of bromine
monochloride(BrCl) solution, and rinsed several
timeswith tapor MQ waterbeforeuse.Teflonvials
were cleanedby heatingat 140°C in concentrated
HNOs for 12h, kept in 10% HNO; and rinsed
severaltimeswith tap or MQ waterbeforeuse.
Thestandardeferencernaterlalusedfor totalHg
(4.57+0. 16ugg H and MeHg (8.47+
0.63ngg % Ref. 17) verifications was marine
sedimentPACS-1(NRCC).

Instruments

ForHg detectiona cold-vapouratomicfluorescence
spectroscopyCV AFS) methodwasused.Config-
urationincludesavapourgenerato(PSA10.003)a
gold—platinumtrap (PSA 10.501, Galahad)and
fluorescencaletector(PSA 10.023,Merlin) andis

Copyright© 1999JohnWiley & Sons,Ltd.

described in detail elsewhere.(N. Mikac, S.
Gressierand M. Wartel, Determinationof mercury
tracesin productsof TiO, manufacturingAnalusis
in press).

Procedures

Total Hg in the solid phasewas determinedafter
acid digestion of air-dried sedimentwith HNO§
assistecby conventionalor microwave heating*
Digestionby conventionalheatingwas performed
in closedTeflon FEPvials by heating0.1-0.2g of
sedimenin 5 ml of HNOs for 4 h at 150°C. Open-
vesselmicrowave digestion was performedin a
Microdigest300 (Prolabo,France)focusedmicro-
wave systemwith a maximum power of 300W.
Sedimentsampleswere soakedin 5ml of HNO;
and irradiatedfor 5min at 10% power (30W) in
specialglassdigestionvessels After cooling, the
samplewasdilutedandHg determinedy CV AFS.
ReactiveHg in porewate(Hg obtainedafter SnCh
reduction of an acidified sample)was measured
within a few daysof sampling.Total dissolvedHg
was measuredafter cold oxidation of organic
mercurycompoundsby 0.5% BrClI solution over-

nlght1L 2O in the microwave oven at 30W for
3min.*® The detectionlimit of the method was
2ngl?t

MeHg in the form of MeHgCI wasisolatedfrom
sedimentby distillation” Dry or wet sediment
(0.2-0.59) was distilled in glass vials under a
nitrogen stream (80ml min—") after addition of
8.5ml of MQ water,1 ml of 10% NaCland0.5ml
of 50% H,SO,. The distillate (8-8.5ml) was
diluted to 20ml and an aliquot was checkedfor
anyinorganicHg presentln therestof the sample
MeHg was decomposedby BrCl oxidatiort®
(0.25ml BrCl per 10ml of sample)overnight, or
by microwave-adsted BrCl oxidation (0.05ml
BrCl perlO ml of sample)during 3 min at a power
of 30W,*® and detectedoy CV AFS asinorganic
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Hg after SnCh reduction. The recovery of the
method (verified by spiking the sedimentwith
MeHg before destillation) was 80—90% and the
detectionlimit 0.1ngg~*. Thedistillation wasalso
used to separateMeHg from the total Hg in
porewater. To 8ml of porewater, NaCl and
H,SO, were added, followed by the distillation
and detectionperformedin the sameway as for
sedimentsamples.The recovery of the method
(verified by spiking 10-30ngl™* of MeHg into
porewateteforedistillation) was90-97%andthe
detectionlimit was2 ngl™.

Other metalsin sedimentand porewaterwere
determinedby inductively coupledplasmaatomic
emissionspectrometry(ICP AES) after wet diges-
tion by a mixture of acids(HCI + HNOs + HF) of
sedimensamples Theconcentrationsf ClI~ and
SO~ were measuredby ion chromatography
(Dionex DX 500). Organic carbon (Cog was
estimatedfrom the differencebetweenthe carbon
value(determinedy elementant ECO CHNS932
analyserpeforeandafterheatinga dry sedimentat
atemperaturef 430°C for 24 h.

RESULTS AND DISCUSSION

Sediment characteristics

Sedimenbf the Seineestuarycanbe characterized
asafineanoxicmud(3—-10%of clay and70-90%of
silt). The granulometriccompositionsof sediment
vary little with depth and with the sampling
location. The sedimentsare anoxicin nature,with
moreoxic conditionsonly in thesurfacdayer.They
are rich in organic matter (2—6% of C,y) whose
valuesvary more with granulometriccomposition
thanwith the positionin the estuary.The percen-
tage of organicmatterin sedimentis comparable
with thatin the suspendednatter(3-5%; Refs11,
22).

Distribution of total Hg in sediment

Total Hg concentrationsin the unfractionated
sediments (Fig. 2) varied between 300 and
1000ngg~* (460+ 140ngg™Y). Spatial Hg dis-
tribution was uniform with respectto spaceand
time (380+80ngg* at location M:

580+ 200ngg > at location E; and
406+ 98ngg * at location R), indicating a con-
stant contamination imput during the period
investigatedand efficient sedimenttransportfrom

Copyright© 1999JohnWiley & Sons,Ltd.
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Figure 2 Depth distribution of total Hg concentrationsin
sediments.

the inner (locationsR andE) to the outer(location
M) estuary.The mercuryconcentratiorin the core
E-4/95is somewhatigher (700-900ngg~?) than
in othercores(theaveragetlocationE withoutthis
coreis 410+ 95ngg 1), butthis corewastakenby
hand(at the low-waterlevel) at the locationclosest
to the river bank,and probablyreflectssomelocal
situation.Thelevel of Hg in sedimenis abouthalf
of thatfoundin the suspendedhatterin the period
1991-1992(1.14+ 0.5ug g% Ref. 11). The parti-
culate Hg measuredin Septemberl1996 at five
locationsin the estuarygave practically the same
meanvalue (1.0+ 0.2ug g~ %), confirmingthatthe
pollution level did not changewith time. A much
lower concentratiorof Hg in sedimentthanin the
particulate matter suggestsa releaseof mercury
from particlesuponsedimentatioranddegradation
of labile organic matter at the sediment—water
interface. The mercury levels obtainedare a few
timeshigherthantheacceptedackgroundralueof
about 0.1pgg™*, and are typical for rivers
impacted by anthropogenicactivity. A study of
the Hg distribution in the water column of the
estuaryhad alreadyindicatedthat River Seineis
highly contaminatedvith respectto mercury**
Vertical distribution within the sedimentcores
does not show great variability, or consistent
gradient with depth (Fig. 2). Highly significant
positive correlationsbetweentotal Hg and organic
matter(OM), aluminium,iron andmanganeshave
been found in most of the cores (r =0.7-0.95,
P < 0.05). This indicatesthat organic matter and
granulometriccompositioncontrolthelevel of total
Hg in sediment®f the Seineestuary Becauseotal
Hg was significantly correlatedwith OM it was
revealingto normalize them with respectto OM
andto studythe remainingvariations.Normalized
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Figure 3 Depth distribution of total Hg concentrations
normalizedto organicmatter(OM) content.

Hg concentration$HgN) werelessvariable bothin

the surfacelayer and with depth (Fig. 3). It was
especially visible in samples collected during

1994-1995,when cores were not taken simulta-
neouslyanda significantdifferencein the percen-
tageof C,,4 existedbetweercores(M, 1-2%;E, 2—

4%;R, 2—-4%).Vertical profilesof HgN valueswere
very similar at all three sampling sites when
sampledat the sametime (Septemberl996 and
March 1997),indicating homogeneousedimenta-
tion all over the estuary.A strongcorrelationhas
beenreportedbetweenorganic matter and Hg in

numerousypesof sedimentsestuaring>*|ake?®

or riverine.”> A significantpositive correlationhas
also been observedbetweenparticulate Hg and

particulate organic carbon (POC) in the Seine
estuary’® Such distribution is consistent with

removal of dissolvedHg from the water column

via scavengingonto organicparticles,the mechan-
ism responsiblefor Hg depositionin a numberof

estuaries:?’
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Figure 4 Depth distribution of MeHg concentrationsin
sediments.
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Figure 5 Depthdistributionof MeHg concentrationsormal-
ized to organicmatter(OM) content.

Distribution of MeHg in sediment

The MeHg level in sediment(Fig. 4) wasin the
range 0.1-6ngg ™' (2.3+1.0ngg™%). This a
typical concentration(<10ngg?) for uncontami-
nated or slightly contaminated estuarine sedi-
ments?1423%% Only in environments highly
contaminatedwith mercury such as the River
Elbe*® or River Yare?® are concentrationsigher
than20ngg " (up to 100ngg™) observedHigh
ratesof MeHg productioncould also be driven by
high organic matter inputs, as in reservoir§ or
wetlands?®

Contraryto the total Hg distribution,that MeHg
showsa clear spatialpattern,demonstratingower
concentrationsit marine(1.3+ 0.2ngg %) thanat
estuarine (3.1+1.2ngg™}) and riverine
(2.3+0.6ngg™ %) locations (Fig. 4). Vertical
MeHg profiles at marine (M) and riverine (R)
locations do not show a significant changewith
depthup to 25cm, whereasat estuarinelocations
(E) a pronouncedsubsurfacanaximumjust below
the sediment/water interface appearedin all
sampling seasonsDeepermaxima could also be
seen in cores R-2/95 and E-9/96, but these
disappearedvhen concentrationsof MeHg were
normalizedto the organicmatter(OM) contentin
sediment(Fig. 5). A weakcorrelation(r = 0.5-0.6,
p > 0.05) betweenMeHg andOM existin mostof
the cores(sevenout of nine),suggestinghatMeHg
is in someway relatedto organiccarbon.Indeed,
organic matter may promote both the affinity of
MeHgfor sedimenparticlesandbacterialmethyla-
tion, but sincemanyotherparameterinfluencethe
methylationprocessthe relationshipbetweenOM
and MeHg was not always found in aquatic
sediments>2*2’Generally,MeHg wasnot related

Appl. OrganometalChem.13, 715-725(1999)
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Figure 6 Depth distribution of MeHg percentagein sedi-
ments.

to total Hg, asin only five out of nine coreswasa

weak correlation(r = 0.5-0.6,p > 0.05) observed.
Whentaking into accountall samplegnot particu-
larly sedimentcores) there was no correlation
betweenMeHg andHg (r = 0.410),indicating that
factors other than total Hg loading control the

MeHg level in sedimentsof the Seine estuary.
Environmental studies revealed that lakes and
rivers™® arefrequentlycharacterizeavith alack of

correlation betweenHg and MeHg. Therefore, it

wasconcluded that, exceptfor the systemswhere
inorganicHg wasincreasedabovebackgroundoy

over an order of magnitude,the concentrationof

total Hg was not a good predictor of MeHg

concentratiorin aquaticsystems.

Thepercentagef MeHg (Fig. 6) variedbetween
0.1 and 2% (0.5+0.2%). As for the MeHg
concentrationthe percentagef MeHg was lower
at marine (0.4+0.1%) than at estuarine
(0.64 0.3%) and riverine (0.6 4 0.1%) locations.
Relative to many lakes and wetlands,where the
percentagef MeHg canreach10%:*2*in marine
and estuarine sedimentsit is generally low,
<0.5%2*%" The Seine samplesfollow this trend
with 0.5% MeHg on average.The subsurface
maximumof MeHg concentratiorobservedn core
E-3/97 (Fig. 3) disappearswhen expressedas a
percentagef MeHg, indicatingthat somefeatures
of MeHg profilescould be explainedby variations
of total Hg content.

We now considetheMeHgdistributionobtained
in sediment®f the Seineestuary Therearenumber
of factorswhich affectmethylationanddemethyla-
tion of Hg in sedimentsg.g.total Hg level, organic
matter content,oxygen,temperaturepH, salinity,
chloride, sulphateand sulphide®*° Results pre-
sentedhere show that MeHg distribution in the

Copyright© 1999JohnWiley & Sons,Ltd.

Seine sedimentscannot be explained solely by
variationsin inorganicmercuryloadingor organic
mattercontentithereforesomeotherparameterare
responsibldor the distribution obtained.It is now
generallyacceptedhat sulphate-reducindpacteria
(SRB) areimportantmediatorsof mercurymethy-
lation in sediment? As the sulphateconcentra-
tions are much lower in lakes or rivers (0.01-
0.2mmoll~Y) thanin seawate28 mmoll™Y), the
activity of SRBis significantlylower in freshwater
thanin marinesedimenf However, high concen-
trations of the resulting sulphide producedcould
prevent mercury methylation® Therefore, it was
postulatedthat an optimal sulphateconcentration
exists (0.2-0.5mmoll™Y), above which sulphide
would inhibit methylation,while at lower sulphate
levels sulphatereduction and hence methylation
would be limited by availablesulphate Extensive
studies of parametersregulating MeHg concen-
tration in estuarinesedimert® showedthat max-
imum MeHg production could be expectedat a
redox potential of 0 to —100mV, where the
sedimentis anaerobidut not too highin sulphide,
and where aerobicdemethylatingbacteriaare not
active.n a similar study** MeHg concentratiorin
sedimentincreasedwith salinity, until sulphide
levelsreachedacritical level (2—6mgg ™, depend-
ing on the area)abovewhich they decreasedvith
increasing salinity. Recent studie$’3* demon-
stratedalsothat dissolvedsulphidesin porewaters
affectthe speciatiorandthereforethe biovailability
of dissolved and/or solid-phaseHg for methy-
lation.

The vertical distribution of MeHg in sediment
was also shownto be dependenbn the sulphate
reductionrate (SRR). For freshwatersedimertt it
wasfoundthat sedimentepthprofilesof bacterial
sulphatereductionand Hg methylationrate were
similar, andin-situ MeHg concentrationslike the
SRR, were highestnearthe sedimentwater inter-
face. In spite of feedbackinhibition by sulphide
formationin salinesedimentsgonnectiondetween
the MeHg concentrationand the SRR were also
foundin high-salinityestuarinesediments? asthe
highestMeHg concentrationwas associatedvith
the sedimentlayer where the highest SRR have
beenobserved.

The salinity of the Seine sedimentporewater
(calculated from CI7) was 30—-3260 at marine
locationsand variable at estuarine(10-2060) and
riverine (<1-10%0) locations, dependingon the
river flow. Accordingly, various concentrations
(valuesnormalizedto CI™) of sulphatesin pore-
watersarepresentedn the depthprofilesin Fig. 7.

Appl. OrganometalChem.13, 715-725(1999)
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Figure 7 Depth distribution of sulphate (concentratios

normalizedto chloride)in porewaters.

The lowestMeHg concentratiorand percentaget
marinelocation could thereforebe explainedby a
negativeeffect of a high salinity/sulphatdevel on
the methylation potential. From Fig. 7. it can be
seenthat sulphate profiles are not the samein
different marine cores. A constantprofile in the
core M-4/95 suggestsa low SRR, whereasa
significantdecreasén sulphatewith depthin cores
M-9/96 andM-3/97 suggesta high SRR.However,
a differencebetweenthe MeHg concentratiorand
percentagén thesecoreswasnotobservedFigs4,
6). Due to the paradox that SRB mediate Hg
methylation, while the sulphide they produce
inhibits the process,both sulphateand sulphide
should be determinedto elucidatethe role of the
sulphurcycle on the MeHg level in sedimentThe
samelow MeHg level could be on one hand a
consequencef low SRB activity (asin core M-4/
95,whereaverylow level of reducedsulphurin the
sedimentindicatedthat sulphatereductionhasnot
yet been started®), and on the other hand a
consequencef a negativeeffect of sulphides(as
is probablythe casein coresM-9/96 and M-3/97).
The last hypothesiscould not be confirmed, as
reduced sulphur species in these cores were
measuredeitherin sedimentnorin porewater.
According to the already-mentionedsugges-
tion*® on the optimum sulphate concentration
for Hg methylation,onewould expectiower MeHg
levelsin estuaringhanin riverine sedimentf the
Seine estuary. However, a high SRR does not
necessarilyneanhigh sulphidelevelsin porewater,
as they could be removed from the dissolved
phaseby precipitationas FeSand FeS.>* Recent
experimentson the conversionof Hg speciesin
saltmarshsedimentshave shown that interaction
between Hg and sulphur chemistry is more
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Figure 8 Depthdistributionof dissolvedreactive(HgR) and
total (HgT) mercuryandMeHg in porewaters.

complicated than previously thought®® Thus,
optimum conditionspromotingin-situ methylation
will befoundin anoxicsedimentdavingsulphide-
poor porewatersand enrichedwith biodegradable
organic carbon and nutrients!® In the Seine
sedimentsuchoptimumconditionsfor Hg methy-
lation could be fulfilled in the estuarineand not
in the riverine part of the estuary. From two
estuarinecoresin which porewatersulphatesvere
determinedone was characterizedby a high (E-
5/94) andotherby a low (E-3/97) SRR (Fig. 7). A
more prominent subsurface maximum (up to
6ngg 1) hasbeenfoundin core E-5/94at a depth
which correspondedo the layer wherethe highest
SRR could be expected, thus confirming an
association between MeHg concentration and
SRB activity.

Distribution of Hg in porewater

Dissolved Hg concentrationsin porewaterwere
determinedin sedimentcores sampledin 1996
and 1997 (Fig. 8). Obtainedconcentrationsvere
highly variable, rangingfrom 4 to 100ngl—* for
reactiveHg (HgR) and from 35 to 370ng!|~* for
total Hg (HgT). The percentageof Hg in labile
complexesavailable for SnChL reduction (HgR)
variedbetween2 and70% on averageconstituting
15-40% of the total dissolvedHg. Recentdata
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Figure 9 Depth distribution of redox potential E,, in sedi-
ments.

for mercuryin porewaterare still scarce.Concen-
trations observedin this study are similar to
those rePorted for marine sediments (up to
500ngl™%; Ref. 9) and lake sediment (up to
800ngl%; Ref. 36), but roughly one order of
magnitudehigher than those reportedfor coastal
sediment (up to 12ngl~% Ref. 37), estuarine
sediment(up to 10ngl~*; Ref. 27) andfreshwater
sediment (up to 15ngl~t; Ref. 31). Data for
speciationof dissolvedinorganic Hg (determina-
tion of both HgR and HgT) in porewaterare
virtually absentrom the literature.

Hg porewaterdistributions from all the sites
exhibitedsimilar profiles: high concentrationsear
thesurface azoneof low concentratiorbelowthis,
then higher concentrationsgainat depthin some
cores(Fig. 8). The Hg porewaterprofileswere not
related to sedimentHg content (Figs 8 and 2),
suggestinghat porewaterconcentrationsvere not
simply controlled by an exchange equilibrium
betweenthesetwo phasesThe depthdistribution
of dissolvedHg may dependmore on the solid
speciation of mercury in sediment (affinity for
specific sedimentcomponents}than its total con-
centration®® Three principal pathways for the
releaseof dissolvedchemical speciesfrom sedi-
ments are proposed® They include the release
from easily degradableorganic matter at the
sediment/wateimterface,the releasefrom manga-
nese and ferrous oxyhydroxidesin the suboxic
zone, and the releaseof soluble metal-sulphide
complexesn the anoxiczone.To elucidatewhich
of theseprocessesre responsiblefor Hg dissolu-
tion from sedimentsof the Seine estuary,redox
zones in the sedimentsinvestigated should be
defined. According to the sequenceof the redox
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Figure 10 Depth distribution of dissolvediron and manga-
nesein porewaters.

potential(Fig. 9) anddissolvedron andmanganese
profiles(Fig. 10), mostof the cores(exceptM-3/97
where E;, > 0 at the surface)are already suboxic
from the first centimetre.Direct measuremenbof
dissolved oxygen in sedimentcores sampledin
1994-1995showed that the oxygen penetration
depthwas limited to first few millimetres of the
sediment® We canalsosupposehatat the bottom
of coresM-9/96 and R-3/97, where iron was no
longer presentin porewater, an anoxic zone
containing sulphides(which eliminate iron from
the dissolved phase by precipitating FeS) had
developed.

Therefore, the observedHg profiles may be
explainedin the following way. The high concen-
tration at the sediment/wateinterface could be a
consequencef microbial solubilization and de-
gradation of the organic carbon which releases
boundmercury.The highestpercentag®f mercury
in the form of strong organic complexes
(HgT — HgR) at the sedimenturfacesupportshis
idea. Resultsfrom sequentialextraction indicate
thatmostof the mercury(especiallyin the surficial
layer) is associatedvith base-solubléhumic and
fulvic acids)organic matter*® The associationof
mercury with iron and mangenes@xyhydroxides
does not seem to be important in the Seine
sediment,as their dissolution was not generally
followed by Hg release(compareFigs 8 and 10).
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Only in the core M-9/96 do peaks of HgR
correspondto iron peaks, which indicates that
remobilizationof iron oxidescould play a role in
the diagenetic remobilization of mercury. The
correlation betweenHCl-extractableHg, manga-
neseand iron providesmore supportingevidence
for therole playedby iron andmanaganesexides,
which werefoundto be significantin somecoastal
sediments:3’ Therefore suchan extractionshould
be performedin Seinesedimentdo judgewhether
Hg is partly recycled with manganeseand iron
oxides. Finally, the increasein dissolvedHg in
coresM-9/96 andR-3/97(Fig. 8) couldbeascribed
to the formation of highly soluble Hg polysul-
phides??’ The formation of such complexeshas
beensuggestetb explainthe presencef porewater
metal concentrationslargely exceeding values
predictedfrom the solubility of metal sulphides
suchasHgS3°

DissolvedMeHg was determinedn porewaters
of threecoressampledin March 1997 (Fig. 8). In
mostof the samplesMeHg wasbelowthe detection
limit of the method(2 ngl~%). Only in the surface
layersof the coreE-3/97wasa low level of MeHg
(4-10ngl~1) detected,making about 5% of the
total dissolvedHg. The few data existing in the
literature showthat Mqu levelsin porewaterare
frequently below 1ngl~*2"73! but could reach
10 ngl‘l (making up 10-20%of total porewater
Hg).™° It was suggestedthat anoxic but weakly
sulphidic conditions were conducive to MeHg
accumulationin porewater,asit was not detected
in surficialoxic sediments? Asindicatedby Ej, and
iron profiles (Figs 9 and 10), core E-3/97, where
MeHgin porewatemwasdetectedalreadyshoweda
rapid developmentof highly anoxic conditions
from the surface.This supportsheideathatMeHg
persistsundersuboxicconditions,whereasn oxic
sedimentit is rapidly decomposedby aerobic
demethylatingoacteria.

Hg flux from sediment

Sedimentsprovide a potential sourceof Hg and
MeHg for the water columnthroughthe diffusive
flux of dissolvedspeciesaswell asbioaccumulation
throughthe benthicfood web or porewateradvec-
tion. The porewatersof the Seine sedimentsare
10-100timesricherin Hg thanthe overlyingwater
(1-5ngl~t in the estuary)'* From the concentra-
tion gradientbetweermporewatemandriver waterthe
total Hg diffusive flux at the sediment/water
interface was estimatedaccordingto Fick’s first
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law of diffusion (Eqn[1]):
J = —®D¢(0C/02) [1]

where® is porosity(a valueof 0.8 wasused)®* Dg
is the bulk sedimentiffusion coefficientand (OC/
02) is the concentrationgradientacrossthe sedi-
ment/watelinterface.The valueDs wasassumedo
be equalto ®? D,*° where D, is the molecular
diffusion  coefficient. We have adopted
D,=5 x 10 ®cn?s ™, after Bothner** The con-
centration gradient was calculated from the Hg
concentratiorin porewatersollectedfrom thefirst
sediment sampling interval (i.e. 0-1cm; thus
Az=0.5cm). Calculatedfluxesrangedfrom 38 to
58ngcm 2 y~* andare comparablewith the ones
obtainedin the SaguenayFjord® for sites where
more reducing conditions in sediments pre-
vailed (26-36ngcm 2 y ). Much lower fluxes
(1-20ngcm 2 y~ 1Y) are found in more oxic
sedimentd’ wherethe presencef oxidizedsurface
sedimentdnhibits transferof Hg to the overlying
water.

We estimatedthe integratedflux of Hg for the
entire estuaryby multiplying the meanflux value
(50ngcm 2y~ 1) by the approximatesurfacearea
of theestuary(30km?; Ref.33). Thevalueobtained
(15kg y~1) was comparedwith the amountof Hg
transportedy theriver, to estimatetheimportance
of Hg input from sediment.The averageriverine
input of dissolvedHg (calculatedfrom the mean
river discharge of 500m®s ! and mean Hg
concentrationof 2.3ngl™%; Ref. 11) was 35kg
y~ L. Therefore,diffusive sedimentflux could be
quite important, representingabout 40% of the
dissolvedriverine input. However,both fluxes are
negligible in comparisonwith particulateriverine
input, which is higher by one order of magnitude
(about500kg y~*; Ref. 11) thaninput of dissolved
mercuryfrom both sources.

CONCLUSIONS

The percentagef MeHg in sedimentof the Seine
estuaryis typical for estuarinesediments(<1%
MeHg). As in most other sedimentsthe highest
methylationoccursnearthesurfaceof sedimentind
appearsto be mediated by sulphate-reducing
bacteria.In coastalmarine sedimentanethylation
seemsto be suppressedby high salinity, but the
higherMeHg levelsfoundin estuarinesedimentsas
compared with riverine ones cannot be fully
explainedTheinfluenceof reducedsulphurspecies
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on its speciatiorandmethylationin both dissolved
and solid sedimentphasesshould be studied to
understand better the MeHg distribution ob-
tained?’3!

The resultsof this study demonstratedhat the
interstitial water of Seinesedimentds enrichedin
mercuryrelativeto theoverlyingwater.Therelease
of mercury to porewater is regulated by the
degradationof organic matter in the oxic and
suboxic zones and by the formation of soluble
metal—sulphideeomplexesn the anoxiczone.The
role of iron and manganes@xyhydroxidesin Hg
remobilization(dissolutionandprecipitation)is not
unequivocabndshouldbefurther studiedby using
partial sedimentextraction®3’

The calculateddiffusive flux of mercury from
sedimentf the Seineestuaryis of the sameorder
of magnitudeas dissolvedriverine input, but it is
negligible comParedwith the riverine input of
particulateHg.*
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