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Although the parameters regulating mercury
methylation in sediments are fairly well known,
conditions controlling the formation and mobi-
lization of methylmercury in aquatic sediments
are still poorly understood. In this work the
environmental factors governing the distribu-
tion and behaviour of total mercury and
methylmercury within the Seine estuary have
been assessed through the analysis of sediment
cores. Box-cores taken at coastal, estuarine and
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 gÿ1) 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
seasonal and spatial variability. Maximum
methylmercury concentrations (up to 6 ng gÿ1)
and percentages (up to 2%) were obtained at the
estuarine location with peak loading just below
the sediment surface and a decreasing level in
the deeper layers. As total mercury and methyl-
mercury were nor correlated, the temporal and
spatial behaviour of methylmercury appeared to
reflect variations in salinity, redox potential and
the sulphate reduction rate. Low concentrations
of reactive mercury, but very high total mercury
levels, were measured in the porewaters (10–
400 ng lÿ1), with maximum values at the sedi-

ment/water interface. In spite of a high propor-
tion of organically complexed dissolved
mercury, methylmercury in porewaters was
mainly below the detection limit of the method
(2 ng lÿ1). From mercury speciation in the solid
phase and dependence of its dissolved fraction
on iron and manganese in porewater, the source
and distribution of mercury in porewaters are
discussed. Copyright # 1999 John Wiley &
Sons, Ltd.
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INTRODUCTION

Mercury (Hg) species can undergo a variety of
transformations in the environment. One of the
most important processes is methylation of mercury
in aquatic systems. Methylmercury (MeHg) is the
mercury species that is most toxic and that
bioaccumulates most efficiently, resulting in mer-
cury biomagnification in the aquatic food chain.1

Diverse bacteria are known to methylate Hg in
culture, but some evidence from natural sedi-
ments2–4 and waters5 suggests that sulphate re-
ducers are the principal mercury methylators. The
rate of methylation is a function of both the activity
of methylating bacteria and the total mercury
concentration. Since a number of parameters (pH,
redox potential, salinity, sulphide level or organic
matter content) control the methylation/demethyla-
tion process,6 the concentration of total Hg is not a
good predictor of methylmercury concentration in
aquatic systems.7 Principal sites for MeHg produc-
tion inside a water body are suboxic zones in both
the water column and sediments.5,8 Although
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numerousstudieshavebeenpublishedon mercury
distribution andmethylationin aquaticsediments,
there are only few where key geochemicalpar-
ameterssuchas the distribution and speciationof
Hg in both the dissolvedand solid phaseswere
measuredsimultaneously.9 In addition,conditions
regulatingdiageneticbehaviouranddiffusionof Hg
and MeHg from sedimentto overlying water are
still poorly characterized.10

The Seine estuary is a macro-tidal estuary
significantly affectedby anthropogenicinputs. A
studyof Hg speciationin estuarinewaterrevealed
that the estuary was highly contaminated by
mercury,11 with similar concentrationsto those
foundin theScheldt12 andElbeestuaries.13 In such
environments,enrichedboth with Hg and organic
loading,favourableconditionsfor Hg methylation
shouldexist, as hasbeenalreadydemonstratedin
the Scheldt12,14 and Elbe estuaries.13,15 However,
exceptfor a few dataondimethylmercury(Me2Hg)
in thewaterof theBaiedela Seine,11 dataonMeHg
formation and distribution in different compart-
ments of the Seine estuaryare absentfrom the
literature.

In this work speciationof Hg in both solid and
dissolvedsedimentphaseswasperformedwith the
aim of assessingenvironmentalfactorsgoverning
thedistributionandbehaviourof total mercuryand
methylmercuryin sedimentsof the Seineestuary.
Mobility of Hg in sedimentand its releasefrom
sedimentto overlying waterwasalsoevaluatedin
orderto estimatethe importanceof Hg input from
sedimentin comparisonwith othersources.

MATERIALS AND METHODS

Study area

The Seineriver dischargesinto the North Seavia
theEnglishChannel.Thehydrographicbasinof the
Seine river (75000km2) includes 30% of the
French population and 30–40% of the total
economicactivity (industrial and agricultural) in
France.16As aconsequencetheSeineriver is highly
contaminatedby domesticand industrial wastes,
the impact of industrial activities also being
important in the estuarinezone. The mean river
dischargeis 450m3 sÿ1, varyingbetween60m3 sÿ1

duringlow flow and2000m3 sÿ1 duringflood.The
salinity intrusionmayextendup to 50km upstream
of Le Havreduringlow flow andupto 20km during
highflow.16 TheSeineestuarycanbeclassifiedasa

partially mixed macro-tidalestuaryin which tidal
range and depths are of the same order of
magnitude. The suspended particulate matter
(SPM) concentrationin the river variesbetween5
and220mglÿ1. In themid-estuarya high-turbidity
zone occurs(with SPM up to severalgramsper
litre), whose extensionand location dependon
hydrodynamicconditions.The morphologyof the
estuarinepartof theriver bedis entirelyartificial, as
since the 19th century it has been progressively
modifiedto createa singlenavigationchannel.The
estuaryis adynamichydrosedimentarysystemwith
intensivesedimentationin the flood periods,and
significantperturbationanderosionof thesediment
surface.16

Sample collection

Sedimentcoreswerecollectedonseveraloccasions
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 Perspextube30cm
long. Redox potential and pH were measured
immediately upon sampling in the parallel cores
taken at the sametime as samplesfor chemical
analyses.Cores were subsampled,on board, at
various depth intervals in a nitrogen-filled glove
bag and placedin polycarbonatecentrifugetubes
with sealingcaps.In thelaboratory,porewaterfrom
eachsub-samplewas separatedby centrifugation,
filtered through precombustedWhatman GF/F
filters (0.7mm) for mercury analysisand through
cellulosenitratefilters (0.45mm) for theanalysisof
other parameters(Clÿ, SO4

2ÿ, Mn, Fe). Upon

Figure 1 Map of the Seine estuary showing sampling
stations.
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filtration porewaterwas acidified with 1% HNO3
for mercury(Hg) andotheranalysesandwith 0.1%
HCl for methylmercury(MeHg) analysis.

Standard solutions and chemicals

Acids usedwereof analyticalquality (HNO3, HCl,
Merck) or suprapuregrade(HCl, s.p.,Merck). The
mercurystandardwaspreparedfrom stockstandard
solution (HgCl2, 1 g lÿ1, Merck). The standard
solution was preparedweekly in 10% HNO3 and
0.01% of K2Cr2O7 whereas reference standard
solutionswereprepareddaily in 1% HNO3. Stock
standardsolution of MeHgCl (Alfa Ventron) was
preparedby dissolvingMeHgCl in acetone.Diluted
standardsolutionswerepreparedweeklyby dissol-
ving acetone stock solution in MQ water. A
reductantsolution (5% SnCl2 in 10% HCl) was
preparedby dissolvingSnCl2 (Prolaboor Merck) in
concentratedHCl (p.a., Merck) and diluting with
MQ water. Hg from the reductantsolution was
eliminatedby purgingovernightwith mercury-free
argonor nitrogen.All glasswarewassoakedin 10%
HNO3, with addition of a few drops of bromine
monochloride(BrCl) solution, and rinsed several
timeswith tapor MQ waterbeforeuse.Teflonvials
werecleanedby heatingat 140°C in concentrated
HNO3 for 12h, kept in 10% HNO3 and rinsed
severaltimeswith tapor MQ waterbeforeuse.

Thestandardreferencematerialusedfor totalHg
(4.57� 0.16mg gÿ1) and MeHg (8.47�
0.63nggÿ1; Ref. 17) verifications was marine
sedimentPACS-1(NRCC).

Instruments

ForHg detectionacold-vapouratomicfluorescence
spectroscopy(CV AFS) methodwasused.Config-
urationincludesavapourgenerator(PSA10.003),a
gold–platinum trap (PSA 10.501, Galahad)and
fluorescencedetector(PSA 10.023,Merlin) andis

described in detail elsewhere. (N. Mikac, S.
GressierandM. Wartel,Determinationof mercury
tracesin productsof TiO2 manufacturing,Analusis,
in press).

Procedures

Total Hg in the solid phasewas determinedafter
acid digestion of air-dried sedimentwith HNO3
assistedby conventionalor microwaveheating.18

Digestionby conventionalheatingwasperformed
in closedTeflon FEPvials by heating0.1–0.2g of
sedimentin 5 ml of HNO3 for 4 h at 150°C. Open-
vesselmicrowave digestion was performed in a
Microdigest300 (Prolabo,France)focusedmicro-
wave systemwith a maximum power of 300W.
Sedimentsampleswere soakedin 5 ml of HNO3
and irradiatedfor 5 min at 10% power (30W) in
specialglassdigestionvessels.After cooling, the
samplewasdilutedandHg determinedby CV AFS.
ReactiveHg in porewater(Hg obtainedafterSnCl2
reduction of an acidified sample)was measured
within a few daysof sampling.Total dissolvedHg
was measuredafter cold oxidation of organic
mercurycompoundsby 0.5% BrCl solution over-
night19 or in the microwave oven at 30W for
3 min.18 The detection limit of the method was
2 nglÿ1.

MeHg in theform of MeHgCl wasisolatedfrom
sedimentby distillation.17 Dry or wet sediment
(0.2–0.5g) was distilled in glass vials under a
nitrogen stream (80ml minÿ1) after addition of
8.5ml of MQ water,1 ml of 10%NaCl and0.5ml
of 50% H2SO4. The distillate (8–8.5ml) was
diluted to 20ml and an aliquot was checkedfor
any inorganicHg present.In therestof thesample
MeHg was decomposedby BrCl oxidation20

(0.25ml BrCl per 10ml of sample)overnight,or
by microwave-assisted BrCl oxidation (0.05ml
BrCl per10ml of sample)during3 min at a power
of 30W,18 and detectedby CV AFS as inorganic

Table 1 Samplingdates,locationsandhydrodynamicconditionsin theSeineestuary

Sample Dateof sampling Location River discharge(m3 sÿ1) 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,

M-9/96
19 Sept.1996 Riverine,Estuarine,

Marine
175 Low flow

R-3/97,E-3/97
M-3/97

17 Mar. 1997 Riverine,Estuarine,
Marine

523 Meanflow
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Hg after SnCl2 reduction. The recovery of the
method (verified by spiking the sediment with
MeHg before destillation) was 80–90% and the
detectionlimit 0.1nggÿ1. Thedistillation wasalso
used to separateMeHg from the total Hg in
porewater. To 8 ml of porewater, NaCl and
H2SO4 were added, followed by the distillation
and detectionperformedin the sameway as for
sedimentsamples.The recovery of the method
(verified by spiking 10–30nglÿ1 of MeHg into
porewaterbeforedistillation) was90–97%andthe
detectionlimit was2 nglÿ1.

Other metals in sedimentand porewaterwere
determinedby inductively coupledplasmaatomic
emissionspectrometry(ICP AES) after wet diges-
tion by a mixture of acids(HCl�HNO3�HF) of
sedimentsamples.21 Theconcentrationsof Clÿ and
SO4

2ÿ were measuredby ion chromatography
(Dionex DX 500). Organic carbon (Corg) was
estimatedfrom the differencebetweenthe carbon
value(determinedby elementaryLECOCHNS932
analyser)beforeandafterheatingadry sedimentat
a temperatureof 430°C for 24h.

RESULTS AND DISCUSSION

Sediment characteristics

Sedimentof theSeineestuarycanbecharacterized
asafineanoxicmud(3–10%of clayand70–90%of
silt). The granulometriccompositionsof sediment
vary little with depth and with the sampling
location.The sedimentsareanoxic in nature,with
moreoxic conditionsonly in thesurfacelayer.They
are rich in organic matter (2–6% of Corg) whose
valuesvary more with granulometriccomposition
than with the position in the estuary.The percen-
tageof organicmatter in sedimentis comparable
with that in the suspendedmatter(3–5%;Refs11,
22).

Distribution of total Hg in sediment

Total Hg concentrationsin the unfractionated
sediments (Fig. 2) varied between 300 and
1000nggÿ1 (460� 140nggÿ1). Spatial Hg dis-
tribution was uniform with respectto spaceand
time (380� 80nggÿ1 at location M;
580� 200nggÿ1 at location E; and
406� 98nggÿ1 at location R), indicating a con-
stant contamination imput during the period
investigatedand efficient sedimenttransportfrom

the inner (locationsR andE) to theouter(location
M) estuary.Themercuryconcentrationin thecore
E-4/95 is somewhathigher (700–900nggÿ1) than
in othercores(theaverageat locationE withoutthis
coreis 410� 95nggÿ1), but thiscorewastakenby
hand(at thelow-waterlevel) at thelocationclosest
to the river bank,andprobablyreflectssomelocal
situation.Thelevel of Hg in sedimentis abouthalf
of that found in thesuspendedmatterin theperiod
1991–1992(1.1� 0.5mg gÿ1; Ref. 11). The parti-
culate Hg measuredin September1996 at five
locationsin the estuarygavepractically the same
meanvalue(1.0� 0.2mg gÿ1), confirmingthat the
pollution level did not changewith time. A much
lower concentrationof Hg in sedimentthanin the
particulatematter suggestsa releaseof mercury
from particlesuponsedimentationanddegradation
of labile organic matter at the sediment–water
interface.The mercury levels obtainedare a few
timeshigherthantheacceptedbackgroundvalueof
about 0.1mg gÿ1, 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 contaminatedwith respectto mercury.11

Vertical distribution within the sedimentcores
does not show great variability, or consistent
gradient with depth (Fig. 2). Highly significant
positivecorrelationsbetweentotal Hg andorganic
matter(OM), aluminium,iron andmanganesehave
been found in most of the cores (r = 0.7–0.95,
P< 0.05). This indicatesthat organic matter and
granulometriccompositioncontrolthelevelof total
Hg in sedimentsof theSeineestuary.Becausetotal
Hg was significantly correlatedwith OM it was
revealingto normalize them with respectto OM
andto studythe remainingvariations.Normalized

Figure 2 Depth distribution of total Hg concentrationsin
sediments.

Copyright# 1999JohnWiley & Sons,Ltd. Appl. Organometal.Chem.13, 715–725(1999)

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



Hg concentrations(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 Corg existedbetweencores(M, 1–2%;E, 2–
4%;R,2–4%).Verticalprofilesof HgNvalueswere
very similar at all three sampling sites when
sampledat the sametime (September1996 and
March 1997), indicating homogeneoussedimenta-
tion all over the estuary.A strongcorrelationhas
beenreportedbetweenorganic matter and Hg in
numeroustypesof sediments:estuarine,23,24 lake25

or riverine.15 A significantpositivecorrelationhas
also been observedbetweenparticulate Hg and
particulate organic carbon (POC) in the Seine
estuary.26 Such distribution is consistent with
removal of dissolvedHg from the water column
via scavengingontoorganicparticles,themechan-
ism responsiblefor Hg depositionin a numberof
estuaries.9,27

Distribution of MeHg in sediment

The MeHg level in sediment(Fig. 4) was in the
range 0.1–6nggÿ1 (2.3� 1.0nggÿ1). This a
typical concentration(<10nggÿ1) for uncontami-
nated or slightly contaminatedestuarine sedi-
ments.9,14,23,24 Only in environments highly
contaminatedwith mercury such as the River
Elbe13 or River Yare,28 are concentrationshigher
than 20nggÿ1 (up to 100nggÿ1) observed.High
ratesof MeHg productioncould alsobe driven by
high organic matter inputs, as in reservoirs7 or
wetlands.29

Contraryto the total Hg distribution,thatMeHg
showsa clearspatialpattern,demonstratinglower
concentrationsat marine(1.3� 0.2nggÿ1) thanat
estuarine (3.1� 1.2nggÿ1) and riverine
(2.3� 0.6nggÿ1) 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 pronouncedsubsurfacemaximumjust below
the sediment/water interface appeared in all
samplingseasons.Deepermaxima could also be
seen in cores R-2/95 and E-9/96, but these
disappearedwhen concentrationsof MeHg were
normalizedto the organicmatter(OM) contentin
sediment(Fig. 5). A weakcorrelation(r = 0.5–0.6,
p> 0.05)betweenMeHg andOM exist in mostof
thecores(sevenoutof nine),suggestingthatMeHg
is in someway relatedto organiccarbon.Indeed,
organic matter may promoteboth the affinity of
MeHgfor sedimentparticlesandbacterialmethyla-
tion, but sincemanyotherparametersinfluencethe
methylationprocessthe relationshipbetweenOM
and MeHg was not always found in aquatic
sediments.23,24,27Generally,MeHg wasnot related

Figure 3 Depth distribution of total Hg concentrations
normalizedto organicmatter(OM) content.

Figure 4 Depth distribution of MeHg concentrationsin
sediments.

Figure 5 Depthdistributionof MeHgconcentrationsnormal-
ized to organicmatter(OM) content.
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to total Hg, asin only five out of nine coreswasa
weak correlation(r = 0.5–0.6,p> 0.05) observed.
Whentaking into accountall samples(not particu-
larly sediment cores) 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 lakes7 and
rivers13 arefrequentlycharacterizedwith a lack of
correlationbetweenHg and MeHg. Therefore,it
wasconcluded7 that,exceptfor the systemswhere
inorganicHg was increasedabovebackgroundby
over an order of magnitude,the concentrationof
total Hg was not a good predictor of MeHg
concentrationin aquaticsystems.

Thepercentageof MeHg(Fig. 6) variedbetween
0.1 and 2% (0.5� 0.2%). As for the MeHg
concentration,the percentageof MeHg was lower
at marine (0.4� 0.1%) than at estuarine
(0.6� 0.3%) and riverine (0.6� 0.1%) locations.
Relative to many lakes and wetlands,where the
percentageof MeHg canreach10%,4,24 in marine
and estuarine sediments it is generally low,
<0.5%.23,27 The Seinesamplesfollow this trend
with 0.5% MeHg on average. The subsurface
maximumof MeHg concentrationobservedin core
E-3/97 (Fig. 3) disappearswhen expressedas a
percentageof MeHg, indicatingthat somefeatures
of MeHg profilescould be explainedby variations
of total Hg content.

WenowconsidertheMeHgdistributionobtained
in sedimentsof theSeineestuary.Therearenumber
of factorswhich affectmethylationanddemethyla-
tion of Hg in sediments,e.g.total Hg level,organic
mattercontent,oxygen,temperature,pH, salinity,
chloride, sulphateand sulphide.6,30 Results pre-
sentedhere show that MeHg distribution in the

Seine sedimentscannot be explained solely by
variationsin inorganicmercuryloadingor organic
mattercontent;thereforesomeotherparametersare
responsiblefor the distributionobtained.It is now
generallyacceptedthat sulphate-reducingbacteria
(SRB) areimportantmediatorsof mercurymethy-
lation in sediment.2,3 As the sulphateconcentra-
tions are much lower in lakes or rivers (0.01–
0.2mmol lÿ1) than in seawater(28mmol lÿ1), the
activity of SRBis significantlylower in freshwater
than in marinesediment.6 However,high concen-
trations of the resulting sulphideproducedcould
prevent mercury methylation.6 Therefore,it was
postulatedthat an optimal sulphateconcentration
exists (0.2–0.5mmol lÿ1), above which sulphide
would inhibit methylation,while at lower sulphate
levels sulphatereduction and hencemethylation
would be limited by availablesulphate.Extensive
studies of parametersregulating MeHg concen-
tration in estuarinesediment23 showedthat max-
imum MeHg production could be expectedat a
redox potential of 0 to ÿ100mV, where the
sedimentis anaerobicbut not too high in sulphide,
and whereaerobicdemethylatingbacteriaare not
active.In a similar study24 MeHg concentrationin
sediment increasedwith salinity, until sulphide
levelsreachedacritical level (2–6mggÿ1, depend-
ing on the area)abovewhich they decreasedwith
increasing salinity. Recent studies27,31 demon-
stratedalso that dissolvedsulphidesin porewaters
affectthespeciationandthereforethebiovailability
of dissolved and/or solid-phaseHg for methy-
lation.

The vertical distribution of MeHg in sediment
was also shown to be dependenton the sulphate
reductionrate (SRR).For freshwatersediment4 it
wasfoundthatsedimentdepthprofilesof bacterial
sulphatereductionand Hg methylationrate were
similar, and in-situ MeHg concentrations,like the
SRR,were highestnearthe sedimentwater inter-
face. In spite of feedbackinhibition by sulphide
formationin salinesediments,connectionsbetween
the MeHg concentrationand the SRR were also
found in high-salinityestuarinesediments,32 asthe
highestMeHg concentrationwas associatedwith
the sedimentlayer where the highest SRR have
beenobserved.

The salinity of the Seine sedimentporewater
(calculated from Clÿ) was 30–32% at marine
locationsand variableat estuarine(10–20%) and
riverine (<1–10%) locations, dependingon the
river flow. Accordingly, various concentrations
(valuesnormalizedto Clÿ) of sulphatesin pore-
waters,arepresentedin thedepthprofilesin Fig. 7.

Figure 6 Depth distribution of MeHg percentagein sedi-
ments.
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The lowestMeHg concentrationandpercentageat
marinelocationcould thereforebe explainedby a
negativeeffect of a high salinity/sulphatelevel on
the methylationpotential.From Fig. 7. it can be
seen that sulphateprofiles are not the same in
different marine cores.A constantprofile in the
core M-4/95 suggestsa low SRR, whereas a
significantdecreasein sulphatewith depthin cores
M-9/96andM-3/97suggestsahighSRR.However,
a differencebetweenthe MeHg concentrationand
percentagein thesecoreswasnot observed(Figs4,
6). Due to the paradox that SRB mediate Hg
methylation, while the sulphide they produce
inhibits the process,both sulphateand sulphide
shouldbe determinedto elucidatethe role of the
sulphurcycle on the MeHg level in sediment.The
samelow MeHg level could be on one hand a
consequenceof low SRB activity (asin coreM-4/
95,whereavery low levelof reducedsulphurin the
sedimentindicatedthat sulphatereductionhasnot
yet been started33), and on the other hand a
consequenceof a negativeeffect of sulphides(as
is probablythe casein coresM-9/96 andM-3/97).
The last hypothesiscould not be confirmed, as
reduced sulphur species in these cores were
measuredneitherin sedimentnor in porewater.

According to the already-mentionedsugges-
tion4,6 on the optimum sulphate concentration
for Hg methylation,onewouldexpectlower MeHg
levelsin estuarinethanin riverinesedimentsof the
Seine estuary. However, a high SRR does not
necessarilymeanhighsulphidelevelsin porewater,
as they could be removed from the dissolved
phaseby precipitationas FeSand FeS2.

34 Recent
experimentson the conversionof Hg speciesin
saltmarshsedimentshave shown that interaction
between Hg and sulphur chemistry is more

complicated than previously thought.35 Thus,
optimumconditionspromotingin-situ methylation
will befoundin anoxicsedimentshavingsulphide-
poor porewatersand enrichedwith biodegradable
organic carbon and nutrients.10 In the Seine
sedimentssuchoptimumconditionsfor Hg methy-
lation could be fulfilled in the estuarineand not
in the riverine part of the estuary. From two
estuarinecoresin which porewatersulphateswere
determinedone was characterizedby a high (E-
5/94)andotherby a low (E-3/97)SRR(Fig. 7). A
more prominent subsurface maximum (up to
6 nggÿ1) hasbeenfound in coreE-5/94at a depth
which correspondedto the layer wherethe highest
SRR could be expected, thus confirming an
association between MeHg concentration and
SRBactivity.

Distribution of Hg in porewater

Dissolved Hg concentrationsin porewaterwere
determinedin sedimentcores sampled in 1996
and 1997 (Fig. 8). Obtainedconcentrationswere
highly variable, ranging from 4 to 100nglÿ1 for
reactiveHg (HgR) and from 35 to 370nglÿ1 for
total Hg (HgT). The percentageof Hg in labile
complexesavailable for SnCl2 reduction (HgR)
variedbetween2 and70%on averageconstituting
15–40% of the total dissolvedHg. Recent data

Figure 7 Depth distribution of sulphate (concentrations
normalizedto chloride)in porewaters.

Figure 8 Depthdistributionof dissolvedreactive(HgR) and
total (HgT) mercuryandMeHg in porewaters.
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for mercuryin porewaterarestill scarce.Concen-
trations observed in this study are similar to
those reported for marine sediments (up to
500nglÿ1; Ref. 9) and lake sediment (up to
800nglÿ1; Ref. 36), but roughly one order of
magnitudehigher than thosereportedfor coastal
sediment (up to 12nglÿ1; Ref. 37), estuarine
sediment(up to 10nglÿ1; Ref. 27) andfreshwater
sediment (up to 15nglÿ1; Ref. 31). Data for
speciationof dissolvedinorganic Hg (determina-
tion of both HgR and HgT) in porewater are
virtually absentfrom the literature.

Hg porewaterdistributions from all the sites
exhibitedsimilar profiles:high concentrationsnear
thesurface,azoneof low concentrationbelowthis,
thenhigherconcentrationsagainat depthin some
cores(Fig. 8). The Hg porewaterprofileswerenot
related to sedimentHg content (Figs 8 and 2),
suggestingthat porewaterconcentrationswerenot
simply controlled by an exchangeequilibrium
betweenthesetwo phases.The depthdistribution
of dissolvedHg may dependmore on the solid
speciation of mercury in sediment (affinity for
specific sedimentcomponents)than its total con-
centration.36 Three principal pathways for the
releaseof dissolvedchemical speciesfrom sedi-
ments are proposed.38 They include the release
from easily degradableorganic matter at the
sediment/waterinterface,the releasefrom manga-
nese and ferrous oxyhydroxides in the suboxic
zone, and the releaseof soluble metal–sulphide
complexesin the anoxiczone.To elucidatewhich
of theseprocessesare responsiblefor Hg dissolu-
tion from sedimentsof the Seine estuary,redox
zones in the sedimentsinvestigated should be
defined.According to the sequenceof the redox

potential(Fig. 9) anddissolvediron andmanganese
profiles(Fig. 10),mostof thecores(exceptM-3/97
where Eh> 0 at the surface)are alreadysuboxic
from the first centimetre.Direct measurementof
dissolved oxygen in sedimentcores sampledin
1994–1995showed that the oxygen penetration
depth was limited to first few millimetres of the
sediment.33 We canalsosupposethatat thebottom
of coresM-9/96 and R-3/97, where iron was no
longer present in 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/waterinterfacecould be a
consequenceof microbial solubilization and de-
gradation of the organic carbon which releases
boundmercury.Thehighestpercentageof mercury
in the form of strong organic complexes
(HgTÿ HgR) at thesedimentsurfacesupportsthis
idea. Results from sequentialextraction indicate
thatmostof themercury(especiallyin thesurficial
layer) is associatedwith base-soluble(humic and
fulvic acids)organicmatter.36 The associationof
mercurywith iron and mangeneseoxyhydroxides
does not seem to be important in the Seine
sediment,as their dissolution was not generally
followed by Hg release(compareFigs 8 and 10).

Figure 9 Depth distribution of redox potential Eh in sedi-
ments.

Figure 10 Depth distribution of dissolvediron and manga-
nesein porewaters.
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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 andmanaganeseoxides,
which werefoundto besignificantin somecoastal
sediments.9,37Therefore,suchanextractionshould
be performedin Seinesedimentsto judgewhether
Hg is partly recycled with manganeseand iron
oxides. Finally, the increasein dissolvedHg in
coresM-9/96andR-3/97(Fig. 8) couldbeascribed
to the formation of highly soluble Hg polysul-
phides.9,27 The formation of such complexeshas
beensuggestedto explainthepresenceof porewater
metal concentrations largely exceeding values
predicted from the solubility of metal sulphides
suchasHgS.39

DissolvedMeHg wasdeterminedin porewaters
of threecoressampledin March 1997(Fig. 8). In
mostof thesamplesMeHgwasbelowthedetection
limit of the method(2 nglÿ1). Only in the surface
layersof thecoreE-3/97wasa low level of MeHg
(4–10nglÿ1) detected,making about 5% of the
total dissolvedHg. The few data existing in the
literatureshowthat MeHg levels in porewaterare
frequently below 1 nglÿ1,27–31 but could reach
10nglÿ1 (making up 10–20%of total porewater
Hg).10 It was suggestedthat anoxic but weakly
sulphidic conditions were conducive to MeHg
accumulationin porewater,as it wasnot detected
in surficialoxic sediments.10As indicatedby Eh and
iron profiles (Figs 9 and 10), core E-3/97, where
MeHgin porewaterwasdetected,alreadyshoweda
rapid developmentof highly anoxic conditions
from thesurface.This supportstheideathatMeHg
persistsundersuboxicconditions,whereasin oxic
sediment it is rapidly decomposedby aerobic
demethylatingbacteria.

Hg ¯ux from sediment

Sedimentsprovide a potential sourceof Hg and
MeHg for the watercolumn throughthe diffusive
flux of dissolvedspeciesaswell asbioaccumulation
throughthe benthicfood web or porewateradvec-
tion. The porewatersof the Seine sedimentsare
10–100timesricherin Hg thantheoverlyingwater
(1–5nglÿ1 in the estuary).11 From the concentra-
tion gradientbetweenporewaterandriver waterthe
total Hg diffusive flux at the sediment/water
interface was estimatedaccordingto Fick’s first

law of diffusion (Eqn [1]):

J � ÿ�Ds�@C=@z� �1�
whereΦ is porosity(a valueof 0.8wasused),33 Ds
is the bulk sedimentdiffusion coefficientand(@C/
@z) is the concentrationgradientacrossthe sedi-
ment/waterinterface.ThevalueDs wasassumedto
be equal to Φ2 Do

40 where Do is the molecular
diffusion coefficient. We have adopted
Do = 5� 10ÿ6 cm2 sÿ1, after Bothner.41 The con-
centration gradient was calculatedfrom the Hg
concentrationin porewaterscollectedfrom thefirst
sediment sampling interval (i.e. 0–1cm; thus
Dz= 0.5cm). Calculatedfluxesrangedfrom 38 to
58ngcmÿ2 yÿ1 andarecomparablewith the ones
obtainedin the SaguenayFjord9 for sites where
more reducing conditions in sediments pre-
vailed (26–36ngcmÿ2 yÿ1). Much lower fluxes
(1–20ngcmÿ2 yÿ1) are found in more oxic
sediments37 wherethepresenceof oxidizedsurface
sedimentsinhibits transferof Hg to the overlying
water.

We estimatedthe integratedflux of Hg for the
entire estuaryby multiplying the meanflux value
(50ngcmÿ2yÿ1) by the approximatesurfacearea
of theestuary(30km2; Ref.33).Thevalueobtained
(15kg yÿ1) wascomparedwith the amountof Hg
transportedby theriver, to estimatetheimportance
of Hg input from sediment.The averageriverine
input of dissolvedHg (calculatedfrom the mean
river discharge of 500m3 sÿ1 and mean Hg
concentrationof 2.3nglÿ1; Ref. 11) was 35kg
yÿ1. Therefore,diffusive sedimentflux could be
quite important, representingabout 40% of the
dissolvedriverine input. However,both fluxesare
negligible in comparisonwith particulateriverine
input, which is higher by one order of magnitude
(about500kg yÿ1; Ref.11) thaninput of dissolved
mercuryfrom bothsources.

CONCLUSIONS

Thepercentageof MeHg in sedimentsof theSeine
estuary is typical for estuarinesediments(<1%
MeHg). As in most other sediments,the highest
methylationoccursnearthesurfaceof sedimentand
appears to be mediated by sulphate-reducing
bacteria.In coastalmarinesedimentsmethylation
seemsto be suppressedby high salinity, but the
higherMeHglevelsfoundin estuarinesedimentsas
compared with riverine ones cannot be fully
explained.Theinfluenceof reducedsulphurspecies
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on its speciationandmethylationin bothdissolved
and solid sedimentphasesshould be studied to
understand better the MeHg distribution ob-
tained.27,31

The resultsof this study demonstratedthat the
interstitial waterof Seinesedimentsis 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–sulphidecomplexesin theanoxiczone.The
role of iron and manganeseoxyhydroxidesin Hg
remobilization(dissolutionandprecipitation)is not
unequivocalandshouldbefurtherstudiedby using
partial sedimentextraction.9,37

The calculateddiffusive flux of mercury from
sedimentsof theSeineestuaryis of thesameorder
of magnitudeas dissolvedriverine input, but it is
negligible comparedwith the riverine input of
particulateHg.11
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