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Abstract

The behaviour of Cu, Zn, Cd and Pb in the Scheldt estuary was invedigated in the periods 1981 to 1983 and
1995.The Hg behasiourwas studied betwveen1992and1994.A box modelwasusedto egablish therelationghip
betweenthe trace meta inputs and the fate of thes pollutants in the Scheldt estuary Annual budges were
calkulated for pariculate and dissolved tracemetas. For Hg, sea®nal budges of the variousspecies (inorganic
Hg, methylmercury Hg °) could also be calculated Thes budgetsallow an evaluation of the consstencgy of each
individualflux or proces, such asthe inpuss of the variousme#s into the North Sea, the sedimenttion flux of
pariculate metals in the areaof high turbidity, the evasonalfluxesandthe formaion ratesof Hg °, etc. in relation

to the other ones.

I ntr oduction

The river Screldt crossesFrarnce, Belgium and The
Netherlards on its way to the North Sea (Figure 1).
It hasa length of 355 km and a drainage area of
22000km?, mainly on Belgianterritory. The average
water flow is about100m? s~* andvariesfrom 20 m®
s~ during summerto 400m® s~* during winter. The
Scheldt estuary is a macrdidal coastalplain estiary,
with anaveragetidal rarge of 4to 5 m and an average
depth of 11 m. Undernormalwaterflow conditionsthe
estwaryiswell mixed Theresidence time of the water
in the estuary is of the order of oneto three months
dependngontheriverflow rate.

From a morphobgical point of view the estuary
can be divided into threezones The lower eduary,
calledWesternScheldt, extends from the North Seato
the Belgian-Dutch border(km 0-60),the upperestu-
ary is situated betveenthe borderand the river Rupel
(km 60-100)andthe fluvial river (fresh water zone)
is situated betwveenthe Rupel mouth and Ghent (km
100-160)whereatidal rangeof two meterstill exists.
Theupperestuaryconssts of onechannelith awidth
betweerD.4and 2 km. The lower estuaryis wider, up
to 8 km, and consists of deepard shalow parts,with

differentebb andflow channels.The estuary which
is the zone underinvegigation, is situated betveen
RupelmondeandVlissingen,andhasalengthof about
100km.

From a physco-chemcal point of view, the egu-
arine mixing zone can further be subdvided (e.qg.
Baeyens & Montery, 1988). Zone |, situated from
Antwerp to the confluenceof the rivers Scheldt and
Rupel, has salinities ranging from 0 to 2 psu, clay
botom sediments, low sedimengtion rates and oxy-
gendepletion throughout largepartof theyear Zone
Il is situatedbetweenthe Belgian Dutch border and
the city of Antwerpard is characterisedy aturbidity
maximum,high sedimenation rates finegrain botom
sediments (Wartel, 1977),oxygenundersturaion par-
ticularly in the summerand salinties varying from 2
to 10 psu. Zoneslll andIV correpondto the Weg-
ern Scheldt,which is characterisethy coarsebottom
sedimens, aerobt conditionsin the water columnand
salinities varying from 10 to 30 psu For a betterrep-
reentation of the various metl-fluxes in the down-
streamestary, esgecially the dissdved metal-flavs,
this zonehasbeenfurther subdividedin zonelll and
zonelV. In zonelll the oxygenconcentation progres
sively increasedlue to re-aeration,and re-oxidation
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Figure 1. Mapof the Scheldteguaty.

processesoccur (salinty range from 10 to 20 psu).

ZonelV, the mout of the eduary, is always aeraed
andin the summereven oversaturatedqsalinity range
from 20 to 27.5psu).

Both the fluvial andthe updreamriver are heavi-
ly polluted as areault of large domesic, indugrial and
agriculturawastewaterdischages A largefractionof
the wade water is dischagedwithoutprior treatnent
causing anintersive degradation of organic matterin
the fluvial and updreameduary. In the upperestu-
ary a permanenbxygenundersituraion, andoftena
compkte depktion is commonin the water column
(Figure2). During summer ananoxi region (km 60—
100)fromthemout of theRupeltotheBelgian—Dutch
borderprevails. In winter, the entirely anoxic regionis
muchsmaller or missing, thougha pronouncedinder
saturationof oxygenis still present.

Theparticulate matter flows (Figure3) arebasd on
averageturbidity values,freshwater flow ratesinclud-
ing side carals, discharge pipes, etc., sedmertation
fluxes and bottom trangort (the saline botom cur-

renttrangorts marine derived material into the egu-
ary).Previoussedimentmas balanceestimatesfor the
Scheldtbasedn measurementisom the early eight-
ies, were madeby van Eck (1991)andBagyenset al.
(1998c), but they have beenupdatd and refined for
the downgreampartof the estuary, taking into account
the particulatemetal-massalancedor thatarea. The
assumptiorwasmadethatthe sedimentmassbalance
edimatesdid notchangesubdantially over aperiod of
tenyears(early eightiesto early nineties).

In zonesl andll, alsocalledboxes,two separate
sedimenttion fluxes are presented. This is aso the
casefor the particdate matterflows. One sedmerta-
tion flux is relatedto the sedmertation of continen
tal derived particulate matter (downstreamtrarsport),
arrivingfromthepreviousbox. Thesecondsedimeng-
tion flux is due to the ssdmentation of particles trans-
ported upgreamby the more saline botom current
after encounteringand mixing with the downgream
transportedmaterial.
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Figure 2. Dissolved oxygenconcentrationsn the Scheldteguary.

Box | alsoreceivesanimportantateralinputresult-
ingfromanthropogeniactvitiesintheareaaroundhe
town of Antwerp. Box Il is the areaof high sedmerta-
tion. Abouttwo third of the particulate metals entering
thisboxwill accumulatetthe bottom.

Theinpus, dischargesandbr losses of heary met
alsfrom Belgiumto the aquatc systemreporedin the
Progres Reporton the Protecion of the North Sea,
editedby Andergn and Niilonen (1995), are much
higherthanthe Scheldt inputsinto the North Sea.Fur-
thermore, the Scheldt estuary contibutes for about
90% of the total input of Belgium to the North Sea.
Table 1 shows the aquatc and atmospherc emission
of metalsfrom the Belgian territory to the North Sea.
This meanghatthey wereoverestimatedr thatmost
of these aquaticinputseventually accumulatedn the
sedimens of the Scheldt and its tributaries.

Methods and results
The samping and anaytical mehodsused to detr-

mine the dissolved and particulatemetal speciesare
repored in related papers for Cd, Cu, Pb andZnin
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Tablel. Aquaticandatmosphericemissionsof metals by Bel-
giumto the North Sea(Anderen& Niilonen, 1995)

Water Atmosphere
103 kgyr—1 103 kgyr—1

1985 1995 1985 1995

Pointsources 03 0.1 133 7.2

Hg Diffuse 2.0 20 0.8 08
Total 2.3 21 141 8.0

Pointsources 147 25 112 36
Cd Diffuse 0.5 04 16 18
Total 152 29 128 5.4

Pointsources 42 21 132 55
Cu Diffuse 123 126 25 32
Total 165 147 157 87

Pointsources 58 29 320 294
Pb Diffuse 68 67 1387 311
Total 126 96 1707 605

Pointsources 284 127 483 414
Zn Diffuse 561 559 297 332
Total 845 686 780 746

Baeyenset a. (1998a)for Hg in Baeyens(1992)and
Baeyenset a. (1998b).In addition the asessment of
the atmaspheric Hg concertrations aswell asthe cal-
culationof theevasionfluxesaredescribedn Bagyens
etal. (1991).

Mercury

The averageconcentationsof the variousHg species
at the correpondingsdlinities are shown in Table 2.

Thesevalueswill beusedto construct threeHg species
budges(total dissolvedHg, total dissolvedmethylmer

cury(MMHg), totalparticulateHg) in theScheldtestu-
ary.

It appearslearly from thesevaluesandalso from
the particdateand dissdved Hg flows (seehereafter)
thatthe particu atephaseis themajor carier of Hg. The
dissdvedHg fraction, relativeto the particuateone, is
highes atthe mouth (about6%), anddecreassto about
2%inthe upgreamarea.ThedissolvedHg budgethas
thusonly asmall impacton the total Hg budgetin the
upstreanmestuary;its importanceincreasesomevhat
towardsthemouh.
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Figure 3. Particulatematterflows (10° kg yr—1); 4 box modelof the Scheldtestuary:

Cadnium, copperlead andzinc

The averagedissoled and particulateconcentrations
of thevariousmetalsatthecorrepondingsalinities are
shown in Table 3 for the 1981to 1983surveysandin
Table 4 for the1995surveys. Kp valuesfor thevarious
metalsard surveys areshown in Table 5.

Mercury speciesbudgets

Massfluxes werecalculatedn eachof thefour boxes
of the Scheldt estlaryfor total particdateHg, total dis-
solvedHg andtotal dissohedMMHg. Theparameters
usedin thesecalculationsare: (1) waterflow ratesfor
dissolvedspecies (2) pariculate mater flows for par
ticulate species;(3) averageconcentration®f the Hg
speciesat the boundargsof the boxesandinsde the
boxes which areassumedto be homogeneoyg4) an
air-sea exchangeamodelto estimate the evason fluxes
(Baegyensetal., 1991);(5) epibenthic fluxes based on
Hg concentrations thesedimentqLeermalersetal.,
1993)andon epibentic fluxesof other metals in the
Scheldt estuary (Baeyensetal., 1986).

Particulate mercury flows (Figure 4)

Box |: Two separae sedimengtion fluxesare present-
ed. One sedimengton flux is related to the sedimen-
tation of continertal derived particulatematterhaving
aparticulateHg concentratiorof 1.46 4g g~* (down-
streantrarsport) which sesdmertatesafter ertering the
first boxwithoutfurthermixing with thematerialtrans
ported upgreamby the more saline botom current
having a particulate Hg concentation of 1.20 49 g~
The secondsedimengtion flux is dueto the sedimen-
tation of the upstreamtrarsported particuatesafter
mixing with the downstreamtrarsported material:the
mixed materialhasa particulateHg concentratiorof
1.44 g g~*. This mixed materialis alsothe material
which istrangorted downgreamto the next box.

The first box also receves an importantlateral
input estimated at 160 kg Hg yr—! resuting from
anthropogeni@ctiities in the areaaroundthe town
of Antwerp.

Box II: This is the area of high sedmentation. Due
to thishigh sedimenttion flux andthestrongremobl-
isation of metalsin the bottom sedmerts in this area
(Bagyenset al., 1986; Leermalers et al., 1993), an
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Table2. Mercury concentationsin the4 boxesof the Scheldteguary

Species Zonel Zone2 Zone3 Zone4 Sea
Salinity (psu) 0-2 2-10 10-20 20-275 325
Turbidity (mgg~1) 102 83 57 50
SedinentHg  (pg g 1) 0.62 0.35 0.20

Pat. Hg (woggb 1.44 1.20 0.70 0.45 0.2
Pat. Hg (ngl=Y 147 100 40 22 22
Tot. diss.Hg

summe (ngl—1 1.05 1.89 1.16 1.16 1.1
winter (ngl=1) 2.65 172 1.57 1.45 1.2
Reactve Hg

summe (ngl—b 0.45 0.78 0.55 0.55

winter (ngl=1) 0.55 0.49 1.06 1.33

Diss.gas. Hg

summe (pg1—hH 83 85 80 108

winter (pgl—h) 41 49 48 48

Diss.MMHg

summe (pg1—bH 183 335 181 382

winter (pgl~1 105 83 23 39
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Figure 4. Particulatemercury flows (kg Hg yr—1); 4 box modelof the Scheldtestuary.



Table 3. Metal concentrationsn the 4 boxesof the Scheldteguary (1981-1983)

Species Zonel Zone2 Zone3  Zone4 Sea
Salinity (psu) 0-2 2-10  10-20 20-275 325
Turbidity (mgl=1) 102 83 57 50
Pat. Cd wgg™d 279 228 8.2 238 0.70
BottomCd  (ug g~?1) 5.0 5.3 0.54 0.26
Diss.Cd (ng 11 0.086 0.063 0.19 0.090 0.050
Pat. Cu (wgg™t 278 207 95 35 26
BottomCu (ugg~1) 294 33 35 46
Diss.Cu (ng 11 1.02 1.30 191 1.43 0.78
Pat. Po (ngg™1) 288 254 153 101 64
BottomPb  (ugg~1) 45 55 132 119
Diss.Pb (ng 11 0.23 0.26 0.24 0.22 0.14
Pat. Zn (rgg~) 800 397 272 157 95
BottomzZn (ugg~1) 192 216 39 39
Diss.Zn (ng 171 117 133 8.75 4.8 17
Table4. Metal concentrationsn the 4 boxesof the Scheldteguary (1995)
Species Zonel Zone2 Zone3 Zone4 Sea
Salinity  (psu) 0-2 2-10  10-20 20-275 325
Turbidity (mgl—1) 102 83 57 50
Pat.Cd (ugg 1) 8.76 6.25 3.67 1.26 0.35
Diss.Cd  (ugl™?1) 0.020 0.044 0.090 00625 0.0288
Pat.Cu  (ugg~1) 112 807 472 218 155
Diss.Cu  (ugl—1) 0.68 1.17 1.37 104 0.37
Pat.Po  (ugg™l) 214 146 105 834 351
Diss.Pb  (ugg1) 0.165 0.156 0.087 0.052 0.038
Pat.zn  (ugg 1) 610 423 275 144 820
Diss.Zn  (ugl™?1) 6.24 6.04 4.48 2.16 1.06

epiberthic flux of 20 kg yr—* of dissolved Hg could
be edimated (in al other boxesthe epibentic diffu-
siveflux is negligible comparedto the other Hg flows).
The dissdvedHg diffusing into the water column will
distribute betweenthe dissdvedand particuatephases
accordingo thedistribution coeficientor theratio of

dissdvedto particulateHg flows, prevailing in box II.

Thisyieldsasubsquenpariculate epibentic Hg flux
of 19.7 kg Hg yr—*. Regardingtheotherfluxes, we can
hold thesamerea®ning asfor box|.

Box III: In thisboxthemagnitudeof theflowsissmall-



115

Table5. Kp-valuesin the4 boxesof the Scheldteduary; 1981-1983and1995

Kb Zonel Zone2 Zone3 Zone4 Sea
Salinity (psu) 0-2 2-10 10-20 20-275 325
Cd '81-83 324 362 43 31 14
(g™l 95 438 142 41 20 12
Cu '81-'83 273 159 50 24 33
(g~ -’95 165 69 34 21 42
Pb '81-83 1252 977 638 459 457
g~y 95 1300 936 1210 1600 924
Zn '81-83 68 30 31 33 56
(g -’95 98 70 61 67 77

erthanin zone Il; similarly, the interactios with the
bottom areless.The bottom currert is, however, strong
enoughin this boxto bring a fraction of thelocal bot
tom sedimentswhich have a muchlower Hg content
thanthe suspended ones, into suspersion whereit will
be mixed with inflowing material.

Box 1V: In this box the processesre very similar to
thes occurringin box Il.

Total dissolvedmercury flows (Figure 5)

Thebehaviourof dissohedHgin theScheldtestuaryis

very sersitive to salinty and redox conditions, there-

fore speciation has beenstudied the yearroundasa
function of the® parametrs (Leermalersetal., 1995;
Bagyenset al., 1998b). During the summer, a large

partof the upgreamareabecomesnoxic (Figure?2),

resuting in the precigtation and co-preciptation of

metalsulphidesin addition to those restspended from

thereducedottomsedimentsinthedownstreanarea,
re-oxidaion of thes sulphidesreailtsin atemporary
increaseof dissdved mercuy. During the winter, on

the contrary, the undersituraion of oxygendoesnot
leadto the presence of metal sulphidesin the water

column. Hence,total dissolved Hg budges were cal

culatedfor summerand winter conditions.

Total dissdved Hg includes besices the inorgan-
ic mercury(ll) fraction (Hg?*, lakile complexes with
inorgant ligands mainly chloro-compéxes, andnon-
labile complexes with organic ligands, mainly humic
acid-complees), also gaseousand methylmercury

species Thebehaiourandmagntudeof the dissolved
gaous fraction is of major importance, sinceit is
directly relatedto the lossof Hg ° andthe decrease
of the dissdvedHg burdenin the estuary. The evasin
fluxes were calculatedfor eachof the four boxes,in
summerand in winter. The basicinformation necessary
for thesecalculationss shavn in Table6. An average
wind speedof 29 km h—! was assumedrestting in an
evason velocity of 1.44m d—1.

Winter

Box I: Theamountof dissolvedHg entering andlear-
ing thisboxisalmog congant. Theevasonfluxisonly
about1% of the in- andout-flow.

Box II: Almog onethird of the amountof dissolved
Hg entring this box disappearsonto the pariculate

phase. The high turbidity values and sedmentation

ratesarethe main rea®nsfor theimportant scavenging

of the dissolved Hg compoundsAs explainedabove,

an epibenthicflux of 20 kg yr—! could be estimated,
but only 0.30 kg yr—?! remairs after ecuilib ration with

the particulate pha® into solution. This flux accouns
for theevadon flux.

Boxes Ill and 1V: The dissdved Hg flows in and out
theseboxes are nearly balanced.The evasionfluxes
which are aboutonefourth to onefifth of the in and
out-flows, mug thus be suppored by desorption or
mobilisation fluxes, similar in magnitude, from the
pariculate pha.
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Figure 5. DissolvedHg flows in the summer and in thewinter (kg Hg yr—1); 4 box modelof the Scheldtestuary.

Summer

Box I: The out-flow of dissdved Hg is substartially
lower thanthein-flow. In thisbox, thewater columnis
anoxcin summerso thatinsoluble, reduceddg species
such asHg sulphidesare formed. The shift from the
dissolvedto the particulate phagispronouncedor the
dissolved speciesbudget,but is hardly noticeablefor
the particuateone.

Box II: Theout-flow of thisboxismuchhigherthanthe
in-flow and again comparableo the levels obsened
during the winter. The dissdved Hg concertrations
increag againoncethe oxygenlevelsreach3 to 4 mg
=1 O, suggesing that oxidaion and dissolution of
reducedHg compound®ccurred.The proces taking
placehereisthusthe revers of the onetaking placein
boxI. Theepibenhic flux during summeris abouthalf
the evasionflux.

Box Ill: The new producton of dissolved Hg from
box Il mustequilib ratewith the particuatephase.That
isprobaby therea®nthatin this box nodissolvedHg
is tranderredduring the summerfrom the pariculate
pha (theKp showsaslight increase)n contrastwith
the winter situation (the Kp decreases).

Box 1V: In and out-flows are almostequal, so that
the evasional flux should be balancedby a desrption
flux from the pariculate phag; thatis similar to the
winter situation. The high dissdved gaseas Hg con-
certration coincideswith the preseree of high plankton
concentationsanda high biological acivity, sugges
ing that Hg reduction is biologically medated

We alsoestimatedhe Hg ° formationrates Based
on the dissolved Hg burden contained in the deph



Table6. Hg exchangefluxes at the air-water interface
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Water column concentrationsf Hg® (pgl—1):

Salinity (pu)  0-2 2-10 10-20 20-275
Summe 83 85 80 108
Winter 41 49 48 48

Atomosphericconcentrationof Hg (ngm—3 andpg |~ 1):
The gaseousHgP® concentratiorequals3 ng m—3; this correspondsto 10 pg |~ at thewatersurface

Fluxesin Summe

Box Supersituration  Trander velocity — Flux Surface  Total flux
Salinity ngm—3 md-1 pgHgm2yr—1  km2 gHgyr1
(psu)

0-2 73 144 38 48 180

2-10 75 144 39 15 590
10-20 70 144 37 66 2400
20-275 98 1.44 52 88 4500
Fluxesin winter
BOX Supersituration  Trander velocity — Flux Surface  Total flux
salinity ngm—3 md-1 pgHgm2yr—1  km2 gHgyr1
(psu)

0-2 31 144 16 48 80

2-10 39 144 20 15 310
10-20 38 144 20 66 1300
20-275 38 144 20 88 1800

integratedwater column(betveen15and20 g m~2),
conversonratesof 0.22to 0.35%d~* during thewinter
(Table7) arerequiredo balanceheestimatedavasion-
al fluxes of 16 to 20 g m~2 yr—*. During thesummer
the integrated Hg burdenin the water column varies
from8to 17 ug m~3, hencecorversionratesof 0.63to
1.3%d~! arerequiredto balancethe evasionalfluxes
of 37t0 52 ug m—2 yr—1. These Hg ° formationrates
areof thesameorderasthos estimatedby Mason et al.
(1995b;1995c)for openoceanwaters(0.2to 1% d—1)
but much lower than the valuesthey found (2 to 4%
d~1) intheUpperMystic Lake (Masonetal., 1995a).

Dissdvedmettylmercury flows (Figure 6)

Thedissolvedmetylmercuryflowsaregeneraly small

comparedothetotaldissohedHgflows,exceptduring
summerand fall betveenboxesll andlll (jus down-

streamthe anoxic area)andbetweenbox|V andthesea
(at the mouth wherehigh plankibn popuktion dens-

tieswereobserved). In those cagsthe methylmercury
flows canrepresenbetween20 and 30% of the total

dissohedHg flows, which arevery high fractions.

Winter

Boxes | andll: Theinflow of box | is unknowvn, but

the in and out-flows of box Il arefairly similar. An

epiberthic flux of 48 10~2 kg yr—* hasbeenestimated,
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Table7. Hg° formationratesin the 4 boxesof the Scheldteduary

Species Zonel Zone2 Zone3 Zone4
Salinity (psu) 0-2 2-10 10-20 20-275
Winter
Tot. diss Hg (ngl=1) 2.65 1.75 157 1.45
Depth (m) 75 9 11 13
IntegrateddissHg ~ (ug m~2) 20 155 173 189
Evasion flux Hg® (ngm—2yr—1 16 20 20 20
Hge formaionrate % yr—1 80 129 116 106
% d-1 022 0.35 0.32 0.29
Sunme
Tot. diss Hg (ngl—1) 1.05 1.89 1.16 1.16
depth (m) 75 9 11 13
IntegrateddissHg ~ (ug m—2) 788 17 128 15
Evasion flux Hg® (pgm=2yr~1) 38 39 37 52
Hge formationrate % yr—1 482 229 289 347
%d-! 13 0.63 0.79 0.95
Fones I Il 111 1%
SUMMER
Pl prodisgm
T AN 1.31 0.7R 1.7R
+ {1.0k17
[MeHg] pgl- 153 335 181 <342
WINTER
1 0 (VL 1%
—_— P —_— [E—— -
1 0.017
[MeHg] pgl ! < WI= B3 23 3
Salinuy [} peu 2 psa I} peu 0 pa 275 pau

Figure 6. Dissolved methylmercury flows in summer and in winter (kg Hg yr—1); 4 box model of the Scheldtestuary.



in ananabgousway as for total dissolvedHg. Taking
into accounta particulate to dissolved methylmercury
ratio (both expresed inthesameunits) of 1.9(Baeyens
etal., 1998a)a reallting epibenthicdissolved MMHg
flux of 17 103 kg yr—! was calculated.

The producton of MMH g in the upperestuary is
low during the winter due to the low temperatue and
the absenceof anaerobiconditionsin the watercol-
umn restrictirg the actvity of the sulphate reducing
baceria (Leermalers et al., 1993). The fraction of
metylmercuryin thetota dissolvedHg flow is about
4 to 5%.

Boxeslll andlV: In thedownstreanestuay the MM Hg
flows aregtill smallerthan those in the upstreamestu
ary (the fraction of MMHg in the total dissdved Hg
flow is less than 2.5%).

Summer

Box II: Theflows are significanty higherthanduring
the winter (the in-flow 2 times, the out-flow 4 times).
MMH ginthisboxisproducedisaconequencef the
redoxgradent (thewater columnchangedrom anox-
ic over suboxic to oxic in the downstreamdirecion).
Sulphateeducingbacteriaareveryactivein suchcon-
ditions and have beenshown to be very effective in
mehylating inorganc Hg (Leermalers et al., 1993).
Their actvity decreass however, strongly oncethe
systembecomesnore oxidised.

Box IV: A second producton zone of dissolved
methylmercuryis observed close to andat the mouh
of the estuary Themethylmercuryout-flow of thisbox
is 10 timeshigherin summerthanin winter. The ori-
gin of this productionis still understudy, but the high
amouns of planktonic specesat the mouth during the
summer, similar to the high dissolvedgasousHg lev-
elsproducedn thiszone,may beinvolved.

Cadmium, copper, lead and zinc budgets

Massfluxes werecalculatedn eachof thefour zones
or boxes of the Scheldt estuaryfor total particulate
and dissolved me#tls for the periods 1981-1983and
1995. The paramegrsused in the® calculationsare:
(1) waterflow ratesfor dissolved species;(2) partic-
ulatematterflows for particulatespecies;(3) average
concentationsof the metal speciesat the boundares
of the boxesandingde the boxes which areassumed
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to behomogeneoysnd (4) epibentic fluxesrepored

by Baeyenset a. (1986) for the period 1981-1983.
The epibentic fluxes for 1995 were adapéd taking

into accountthe sedimenttion fluxesrelative to that

period.

The main particulatefluxesin eachof the boxes
arethesame asthos menionedhereabove whendis-
cussingthe particulatematterand particulatemercury
flows. For the particulate pha®, box II, or the area
of high sedimenation, is the mog importnt. Mog of
the particulatemetalsaccumulatet the bottom, but a
fraction is remdilised in the sedmerts and diffuses
backinto thewatercolumn.Becausehe behaviour of
Cd, Cu, Pb and Zn in the dissolved pha® is much
simpler thanthat of Hg which includesat leas three
species(Hg °, Hg? and MMHg) eachcharacterised
by paricularfeatures we combinedthe dissolvedand
pariculate metal flows into onepicture. Figures?7 to
14 show theseparticuate and dissdved metal flows
throughthe Schelt eguary.

From the dissolved and particulatemetal flows in
eachof the boxes, the masshalancesvere calculated
(Table 8). It appearsthat generallythe in- and out-
flows arefairly well-balanced taking into accounthe
uncertairtiesrelatedo the magnitude of the particuate
matterflows, especiallysedimentatiorand resuspen-
sion, andto a lesserextentof the averageparticulate
ard dissdvedmetalconcertrations.

The highes degrees of relative imbalance,
expresed as the differencebetwveentotal in- andout
flows dividedby thetotal inflow, are observed in box
IV. Theaveragerelative imbalancdor box 1V is 20%,
while for theotherboxesthisvalueis below 10% Box
IV also contains the smallestflows, which restts in
muchstrongerrelatve imbabncedor asimilar devia-
tion.

Looking at postive (a higher input than outpuf)
and negative imbalancespne obsenes that boxes |
(only for the particulatemassbalance)and Il shav
a dight deficit, boxesll andIV a dight exces. The
net ssdmentation flux (the sum of sedmertation and
resuspenson) in boxesll and 1V is probaby dight
ly underemated, the opposte being truein boxesl
andlll. However, sincea simple mas balancemodel
of water and paricles coupledto a numberof metals
(dissoled and particulatephase)practically yields a
closedbudgetfor all these metlsin the four zonesof
the estuary, evidenceis providedthatthevariouscom-
ponens of themodelare rea®nably well estimated.

The Scheldtinpusinto the coasal areacalculated
in this paper are slightly differer from the valuespre-
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Figure 7. Dissolvedandparticulate Cu flows (10° kg yr—1) in the period 1981-19834 box model of the Scheldtestuary.
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Figure 9. Dissolved andparticulate Cd flows (10° kg yr—1) in the period 1981-19832 box model of the Scheldtestuary.
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Figure 10. Dissolved andparticulate Pb flows (10% kg yr—1) in the period 1981-19834 box model of the Scheldtestuary.
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Figure 11. Dissolved andpatrticulate Cu flows (10° kg yr—1) in 1995;4 box modelof the Scheldtestuary.
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Figure 12. Dissolved andparticulate Zn flows (10° kg yr—1) in 1995;4 box modelof the Scheldtestuary.
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Figure 13. Dissolved andpatrticulate Cd flows (10° kg yr—1) in 1995;4 box modelof the Scheldtestuary.

Fones I I 1 v
|
057 o L Dt 0213 gy
Dissolved A
|II_IH-.
238
T |
[ . TE - 223 - 1508 > 1.1 -
Particulate L - s g
v l v ‘1' \J |
143 12 5.4 | 10.2 BE 0.7 53 03
4.8
Salindty I psu 2 pea 10 psu 21 psu 175 psu
(Folp uge- <214 <] dfi ] 52 =1 <15.1>
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Table 8. Mass balancesof dissolved and particulate metals(tonsyr—1, exceptfor
Hgin kg yr—1), A =inputs-outputs

Species Zonel  Zonell Zonelll ZonelV
AP Cu -06 +113 +0.8 +35
'81-83 AP cCu -14 22 +14
ATCu +99 -14 +4.9
% of AT/total inflow 8% 3% 21%
AP zn -58 +683 +9.8 +0.8
'81-'83 AP zn -160 +204 +143
AT Zn +523 +106 +151
% of AT/total inflow 15% 9% 22%
AP Cd -009 +043 +0.52 +0.21
'81-83 APcd +0.06 -051 +0.38
AT Cd +049 +0.01 +0.59
% of AT/total inflow 4% 0% 29%
AP Pb -05 +31 -19 -185
'81-83 AP Pb -029 +0.1 -0005
AT Pb +2.81 -18 -1855
% of AT/total inflow 2% 4% 6%
AP Cu -05 +5.9 -11 +1.0
'95 AP cu -27 -06 +0.9
AT Cu +32 -17 +19
% of AT/total inflow 6% 9% 14%
AP Zn -31 +334 -92 +2.7
'95 AP zZn -39 +6.9 +8.7
AT Zn +295 -23 +114
% of AT/total inflow 10% 2% 17%
AP Cd -005 +041 -011 +0.10
'95 AP cd -012 -018 +0.09
AT Cd +029 -029 +0.19
% of AT/total inflow 7% 19% 23%
AP Pb -09 +117 26 -50
'95 AD pp -010 +03 +0.1
ATPb +116 -23 -49
% of AT/total inflow 13% 7% 26%
AP Hg +14 +142 +8.0 47
Sunma AP Hg +56 -39 0 -49
'92-'94 AT Hg +70 +106 +89 -80
% of AT/otal inflow 1.1 1.8% 3.5% 6.9%
AP Hg +14 +142 +80 47
Winter AD Hg -01 +28 -13 -18
'92-94 AT Hg +13 +169 +6.8 -62

% of AT/total inflow 0.2 2.8% 2.8% 5.0%




sentedin arelated paperon coagal input (Bagyenset

al., 1998d) In this paperthe averageconcentationsof

the four metalsin the dissdvedand particuatephases
in box IV (salinity range20 to 27.5 psu) were used

to calculate the inputflows, while in the other paper
(seeBaeyenset al., 1998d)the metal concentatons

obtainedby extrapohtontoasalinity of 26.5psu of the

beg fitting curve throughthe coagal datapoints(con-
certration versts salinity), wereused For the surveys
betwveen1981 and 1983 the dissolved metl concen-
traonscalculated in both waysare: for Pb (0.22and

0.252 g 171), for Zn (4.8 and 4.1 pug 171), for Cd

(0.090and0.125.g 1) andfor Cu (1.43and1.60 ;g

I=1), while in the particuate phase they are: for Pb

(4.05and 3.5 ug 171), for Zn (7.85and5.5 ug 171),

for Cd (0.14and0.10 pg 1=1) and for Cu (1.75and
1.20pug 174).

Budgetuncertainties

It is clearthatthe metal flows presentedn Figures4
to 14,which are basd on averagedvaluesof dissolved
andparticulatemetalconcentrationsgnd of water and
suspendedsedimentflows, arenot exactnumberdut
includeavarying degreeof uncertinty. In Table 9 the
standarddeviations on the mean dissolved and par-
ticulate metal concentationsin the period 81-83are
shown. Therelative errorsarealways lower than50%
excep for Cd (zones| ard V) in the dissdved phase,
andagainfor Cd (zoned, lll andlV) andZn (zonel) in
the particdatephase.Cd concertrationsin the Scheldt
aremuch lower than those of the three other metals,
which may be an explanaton for the higherstandard
deviationsobserved for this metl.
Theaveragewaterflow attheriver/estary interface
(Schele, 92 km from the mouh) amouns to 104 m®
s, but the water flows obey a log-normaldistrib-
ution. The average value minus (plus) the standard
deviation equak 60m3 s~* (180m?* s~1), which as by
hazardamog corregpondsto the summerand winter
averagesTheaveragesuspendededimentconcentra-
tion at theriver/estuaryinterfaceis calculatedrom 47
measurementat that location and yields a value of
1014+ 54 mgl—1. Hence thesuspendededimentflow
enteringheestuaryshowsarelative errorof 80% The
determination of the susperded sedmen flow at the
estuary/seénterfaceis muchmorecomplicatedsince
in addition of the seavard surfacecurrert, alandward
bottom currentexists (Baeyensetal., 1998c).D’ Hondt
andJacqueg1982)edimatedthe sugpendedsediment
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outputto the seaat 300 10° tonsy 1, while Van Eck

(1991)suggesedavalueof 13610%tonsy L. Thelatter
author repored a landward flux of marine suspended
matterof 79 10° tonsy 1. Asexplainednereaboe, we

estimateda seavard suspendededimentflux of 133
10° tonsy~* anda landward flux of 85 10° tonsy—.

The uncertairty on this flux is thus rather large and

may be estimated at 100%

Assuming a relative error of 50% on the average
dissolved metd concentations (period 1981-1983)
andthe sameerroron the water flow, leadsto a rela-
tiveerrar of 70% on thedissdvedmetalflowsshownin
Figures/ to 10.Theerroronthepariculatemetal flows
is larger, becausehe relative error on the suspended
sedimentflowsvary from 80to 100% Assumingagan
arelative error of 50%onthe averagepariculate met
al concentations(period 1981-1983)and anerror of
90% on the sugpendedsedimentflow reailtsin arela-
tiveerrorof 100%onthe particulate metal flows shown
in Figures7 to 10.

As a concree exampk we calculated the mini-
mumand maximumdissolvedandparticulateCu flows
(period1981-1983pndfor eachbox als the corre-
sponding budget For the calculation of the minimum
(maximum)flows, the average values are decreased
(increaed) by the standard deviaton. Results are
shown in Table 10 andFiguresl5and16.

Conclusions

From all metals understudy here, the mog striking
decreas in aquatc me# inputto the North Sea by

Belgium is observed for Cd (seealso Bagyens 1997).
Thisfindingis alsoreportedby Andersenand Niilo nen

(1995). Due to more stringentregulations regarding

the wastewater quality and the use of cadmium in

paricular indugrial proceses, the aquaic Cd input
decreaseih Belgium by morethanafactor5 between
1985and1995.Thesregulatonshadacleareffecton

thedissolvedandparticulateCd levels,especiallyin the
upperandmid-eguary. Evenatthemouth (zonelV and
the coadal zone)a reducton of the Cd concentation

by afactor2 is ill noticeable.

For Pb the aquaic inputdecreasd by about25%
(the point sourcesby a facor 2), but a more dragic
decreas of the atmogphert input (abouta facor 3)
resultedn muchlower dissohed Pbvauesat seaand
in the downstreamestary. Also the K p valuesof Pbat
the mouth and at sea showed thelarges modificaions
of all metals between1981-198&nd1995.
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Figure 15. Minimum dissolved andparticulateCu flows (10° kg yr—1) in the period 1981-1983# box model of the Scheldtestuary:
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Table 9. Averageconcentrationand standarddeviationsin the 4 zonesof the Scheldt

eduary (1981-1983)

Dissolved metals (ug 1-1)

Cu STD Zn STD Cd STD Pb STD
Zonel 102 038 117 1 0.086 0.067 0.23 0.05
Zonell 13 0.64 133 53 0.063 0.027 026 0.07
Zonelll 191 03 875 16 0.19 0.045 024 012
ZonelV 143 055 48 2.1 0.09 0.056 022 007

Particulate metals(ug g~ 1)

Cu STD Zn STD Cd STD Pb STD
Zonel 278 77 800 410 279 146 288 104
Zonell 207 68 397 120 228 9.5 254 58
Zonelll 95 43 272 62 8.2 5.8 153 9
ZonelV 35 15 157 60 2.8 21 101 26

Table10. Massbalance®faverage minimumandmaximum dissolvedandparticulate
copper(tonsyr—1) in theperiod 1981-1983 A = inputs-outputs

Species Zonel Zonell  Zonelll  ZonelV
AP Cu -11 118 0.8 35
Average AP cu 21 -22 1.4
values ATCu 9.7 -14 4.9
% of AT/totalinflow 8% 4% 21%
AP Cu -110 125 31 19
Minimum AP Cu -10 -34 2.7
values AT Cu 115 -03 46
% of AT/totalinflow 13% 1% 30%
AP Cu -12 109 -14 33
Maximum AP Cu -32 -11 0.2
values ATCu 7.7 -25 35

% of AT/total inflow

5% 5% 12%

The dissolved Zn concentrationsdecreasedoy
almog afacor 2 similar to the decreas of the point
sources while the particular Zn concentatons did
not charge substartially. Thisis in contrastwith Cu
for which the particulate concentrationsdecreased
strongerover the lag decadehanthe dissolved ones
Theaquaic point sourcesof Cu decreasdby afacor
of 2, but theatmogpheric point sourcesevenmore.

Mercury concentations could not be compared
becaus the analytical methodologieschangedtoo
muchover thelast ten years but it hasbeenthoroughy
studiedduring thepad few years Thebehaviourof the
dissdvedHg fractionis quite differert in summerthan
in winter. Anoxic redox conditionsin the updream
eduary in summerprovoke on the onehanda trans

fer from the dissdvedto the particuate phaseand on
the other handmetylation of inorganic Hg. Oncere-
aerationoccursand the estuarybecomesagain oxic,
the dissdved Hg level increasegrobably due to the
oxidation of reduced insoluble specieswith which it
is associatedr of reducedHg speciedtself. At the
mouth of theeguaryin summer methylation wasalso
oberved. At the sametime high plankton popuktion
densities prevailed.

Theproduction of Hg ° isaveryimporiant proces
becausd purifiesthe estuaryvia increasedransferto
the atmogphere TheHg ° formationrateswe calculat-
edfrom our field dat rangefrom 0.22 to 0.35%d !
in winterand from 0.63t0 1.3% d—! in summer Thes
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ratesare in the samerarge asthe values reported by
Mason et a. (1995b;1995c)for openoceanwaters

For all metals,the particulateflows are the major
onesin theeguary exceptfor CuandCd at themout.

High accumulationoccurredin zone ll, the area
of maximum turbidity and high sedmentation. If we
assumea linear decreasef the metal sedimentation
flux beweenvaluesmeasiredinthe period 1981-1983
and in 1995, following sedimenited amouns have
beencalculated: 49 tonsof Cd, 510tonsof Cu, 670
tonsof Pb and 1800tonsof Zn. Even if part of this
load hasbeendredgedor trangorted elsawherein the
estwary by thetidal action, it will still take mary years
for theestuaryto recover.

The Schelt inpuss into the North Sea (paricu-
late +dissolhed), estimatedrom measurementis the
mouth of the estuaryof trace metal concentrations,
resdualwaterflows andsugpendedsediments, amount
to: 46.6kg yr—* for Hg, 8.9tonsyr—?! for Cu (81-83),
34.3tonsyr~! for Zn (81-83),0.71tonsyr~* for Cd
(81-83),8.99tonsyr~1 for Pb (81-83),6.3 tonsyr—!
for Cu (95),21.9tonsyr~1 for Zn (95),0.42tonsyr—*
for Cd (95) and8.33tonsyr—* for Pb (95).
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