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Abstract

The behaviour of Cu, Zn, Cd andPb in the Scheldt estuary was investigated in the periods1981to 1983and
1995.TheHg behaviourwas studiedbetween1992and1994.A box modelwasusedto establish therelationship
between the trace metal inputs and the fate of these pollutants in the Scheldt estuary. Annual budgets were
calculated for particulate and dissolved tracemetals. For Hg, seasonal budgets of the variousspecies(inorganic
Hg, methylmercury, Hg �) could also be calculated.These budgetsallow an evaluationof theconsistency of each
individualflux or process, such asthe inputs of thevariousmetals into the North Sea,the sedimentation flux of
particulatemetals in theareaof high turbidity, theevasionalfluxesandtheformation ratesof Hg �, etc. in relation
to theotherones.

Intr oduction

The river Scheldt crossesFrance, Belgium and The
Netherlands on its way to the North Sea (Figure 1).
It has a length of 355 km and a drainageareaof
22000km2, mainly on Belgianterritory. Theaverage
water flow isabout100m3 s�1 andvariesfrom 20 m3

s�1 during summerto 400m3 s�1 during winter. The
Scheldt estuary is a macrotidal coastalplain estuary,
with anaveragetidal rangeof 4 to 5 m and an average
depthof 11 m. Undernormalwaterflow conditionsthe
estuary iswell mixed. Theresidencetimeof thewater
in the estuary is of the orderof oneto threemonths,
dependingon the riverflow rate.

From a morphological point of view the estuary
can be divided into threezones. The lower estuary,
calledWesternScheldt, extendsfrom theNorth Seato
the Belgian-Dutch border(km 0–60),theupperestu-
ary is situatedbetweenthe borderand the river Rupel
(km 60–100)andthe fluvial river (fresh water zone)
is situated betweenthe Rupel mouth and Ghent (km
100–160),whereatidal rangeof two meterstill exists.
Theupperestuaryconsistsof onechannelwith awidth
between0.4and 2 km. Thelower estuaryis wider, up
to 8 km, and consistsof deepand shallow parts,with

differentebb and flow channels.The estuary, which
is the zone under investigation, is situated between
RupelmondeandVlissingen,andhasalengthof about
100km.

From a physico-chemical point of view, the estu-
arine mixing zone can further be subdivided (e.g.
Baeyens & Monteny, 1988). Zone I, situated from
Antwerp to the confluenceof the rivers Scheldt and
Rupel, has salinities ranging from 0 to 2 psu, clay
bottom sediments, low sedimentation ratesandoxy-
gendepletion throughoutalargepartof theyear. Zone
II is situatedbetweenthe Belgian Dutch border and
the city of Antwerpand is characterisedby a turbidity
maximum,highsedimentation rates, finegrain bottom
sediments(Wartel, 1977),oxygenundersaturationpar-
ticularly in the summerand salinities varying from 2
to 10 psu. ZonesIII andIV correspondto the West-
ern Scheldt,which is characterisedby coarsebottom
sediments, aerobic conditionsin thewatercolumnand
salinities varying from 10 to 30 psu. For a betterrep-
resentation of the various metal-fluxes in the down-
streamestuary, especially the dissolved metal-flows,
this zonehasbeenfurthersubdividedin zoneIII and
zoneIV. In zoneIII theoxygenconcentration progres-
sively increasesdue to re-aeration,and re-oxidation
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Figure1. Mapof theScheldtestuary.

processesoccur (salinity range from 10 to 20 psu).
ZoneIV, the mouth of the estuary, is always aerated
andin the summereven oversaturated(salinity range
from 20 to 27.5psu).

Both the fluvial andthe upstreamriver are heavi-
ly polluted asaresult of largedomestic, industrial and
agriculturalwastewaterdischarges.A largefractionof
the waste water is dischargedwithoutprior treatment,
causing an intensive degradation of organic matterin
the fluvial and upstreamestuary. In the upperestu-
ary a permanentoxygenundersaturation, andoftena
complete depletion is commonin the water column
(Figure2). Duringsummer, ananoxic region (km 60–
100)fromthemouthof theRupelto theBelgian–Dutch
borderprevails. In winter, theentirely anoxic region is
muchsmaller or missing, thoughapronouncedunder-
saturationof oxygenisstill present.

Theparticulatematter flows(Figure3) arebasedon
averageturbidity values,freshwaterflow ratesinclud-
ing side canals, discharge pipes, etc., sedimentation
fluxes and bottom transport (the saline bottom cur-

rent transports marine derived material into the estu-
ary).Previoussedimentmassbalanceestimatesfor the
Scheldt,basedon measurementsfrom theearlyeight-
ies, were madeby van Eck (1991)andBaeyenset al.
(1998c),but they have beenupdated and refined for
thedownstreampartof theestuary, taking into account
theparticulatemetal-massbalancesfor thatarea.The
assumptionwasmadethatthesedimentmassbalance
estimatesdid notchangesubstantially over aperiodof
tenyears(earlyeightiesto earlynineties).

In zonesI andII, alsocalledboxes, two separate
sedimentation fluxes are presented. This is also the
casefor the particulatematterflows. One sedimenta-
tion flux is relatedto the sedimentation of continen-
tal derivedparticulatematter(downstreamtransport),
arrivingfromthepreviousbox.Thesecondsedimenta-
tion flux is dueto thesedimentation of particles,trans-
ported upstreamby the more saline bottom current,
after encounteringand mixing with the downstream
transportedmaterial.
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Figure2. Dissolvedoxygenconcentrationsin theScheldtestuary.

Box I also receivesan importantlateralinputresult-
ingfromanthropogenicactivitiesin theareaaroundthe
town of Antwerp. Box II is theareaof high sedimenta-
tion.Abouttwo third of theparticulatemetalsentering
thisboxwill accumulateat thebottom.

Theinputs, dischargesand/or lossesof heavy met-
als from Belgiumto theaquatic systemreported in the
Progress Reporton the Protection of the North Sea,
editedby Andersen and Niilonen (1995), are much
higherthantheScheldt inputs into theNorth Sea.Fur-
thermore, the Scheldt estuary contributes for about
90% of the total input of Belgium to the North Sea.
Table 1 shows the aquatic andatmospheric emission
of metalsfrom the Belgian territory to the North Sea.
This meansthat they wereoverestimatedor thatmost
of these aquaticinputseventually accumulatedin the
sedimentsof theScheldt and its tributaries.

Methodsand results

The sampling and analytical methodsused to deter-
mine the dissolved and particulatemetal speciesare
reported in related papers: for Cd, Cu, Pb andZn in

Table1. Aquaticandatmosphericemissionsof metalsby Bel-
gium to theNorth Sea(Andersen& Niilonen,1995)

Water Atmosphere

103 kg yr�1 103 kg yr�1

1985 1995 1985 1995

Pointsources 0.3 0.1 13.3 7.2

Hg Diffuse 2.0 2.0 0.8 0.8

Total 2.3 2.1 14.1 8.0

Pointsources 14.7 2.5 11.2 3.6

Cd Diffuse 0.5 0.4 1.6 1.8

Total 15.2 2.9 12.8 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 al. (1998a)for Hg in Baeyens(1992)and
Baeyenset al. (1998b).In addition theassessmentof
the atmospheric Hg concentrations aswell asthe cal-
culationof theevasionfluxesaredescribedin Baeyens
etal. (1991).

Mercury
Theaverageconcentrationsof the variousHg species
at the correspondingsalinities are shown in Table2.
Thesevalueswill beusedto construct threeHg species
budgets(totaldissolvedHg, totaldissolvedmethylmer-
cury(MMHg), totalparticulateHg) in theScheldtestu-
ary.

It appearsclearly from thesevaluesandalso from
the particulateand dissolvedHg flows (seehereafter)
thattheparticulatephaseis themajor carrierof Hg.The
dissolvedHg fraction, relativeto theparticulateone, is
highest atthemouth(about6%),anddecreasestoabout
2%in theupstreamarea.ThedissolvedHg budgethas
thusonly a small impacton the total Hg budgetin the
upstreamestuary;its importanceincreasessomewhat
towardsthemouth.
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Figure3. Particulatematterflows (106 kg yr�1); 4 box modelof theScheldtestuary.

Cadmium, copper, leadandzinc
The averagedissolved andparticulateconcentrations
of thevariousmetalsatthecorrespondingsalinities are
shown in Table 3 for the 1981to 1983surveys and in
Table4 for the1995surveys. KD valuesfor thevarious
metalsand surveysareshown in Table5.

Mercury speciesbudgets

Massfluxes werecalculatedin eachof thefour boxes
of theScheldt estuaryfor totalparticulateHg, totaldis-
solvedHg andtotaldissolvedMMHg. Theparameters
usedin thesecalculationsare:(1) waterflow ratesfor
dissolvedspecies; (2) particulatematter flows for par-
ticulatespecies;(3) averageconcentrationsof theHg
speciesat the boundariesof the boxesandinside the
boxes, which areassumedto be homogeneous; (4) an
air-sea exchangemodelto estimate theevasion fluxes
(Baeyenset al., 1991);(5) epibenthic fluxes basedon
Hg concentrationsin thesediments(Leermakersetal.,
1993)andon epibenthic fluxesof othermetals in the
Scheldt estuary(Baeyenset al., 1986).

Particulatemercury flows (Figure4)

Box I: Two separate sedimentation fluxesarepresent-
ed. Onesedimentation flux is related to thesedimen-
tation of continental derivedparticulatematterhaving
a particulateHg concentrationof 1.46�g g�1 (down-
streamtransport) whichsedimentatesafterenteringthe
first boxwithoutfurthermixing with thematerialtrans-
ported upstreamby the more saline bottom current,
havinga particulateHg concentration of 1.20�g g�1.
Thesecondsedimentation flux is dueto the sedimen-
tation of the upstream transported particulatesafter
mixing with the downstreamtransportedmaterial:the
mixed materialhasa particulateHg concentrationof
1.44�g g�1. This mixedmaterialis alsothematerial
which is transported downstreamto thenext box.

The first box also receives an important lateral
input, estimated at 160 kg Hg yr�1 resulting from
anthropogenicactivities in the areaaroundthe town
of Antwerp.

Box II: This is the area of high sedimentation. Due
to thishighsedimentation flux andthestrongremobil-
isation of metalsin the bottom sediments in this area
(Baeyenset al., 1986; Leermakers et al., 1993), an
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Table2. Mercury concentrationsin the4 boxesof theScheldtestuary

Species Zone1 Zone2 Zone3 Zone4 Sea

Salinity (psu) 0–2 2–10 10–20 20–27.5 32.5

Turbidity (mg g�1) 102 83 57 50

Sediment Hg (�g g�1) 0.62 0.35 0.20

Part. Hg (�g g�1) 1.44 1.20 0.70 0.45 0.22

Part. Hg (ng l�1) 147 100 40 22 22

Tot. diss.Hg

summer (ng l�1) 1.05 1.89 1.16 1.16 1.1

winter (ng l�1) 2.65 1.72 1.57 1.45 1.2

Reactive Hg

summer (ng l�1) 0.45 0.78 0.55 0.55

winter (ng l�1) 0.55 0.49 1.06 1.33

Diss.gas.Hg

summer (pg l�1) 83 85 80 108

winter (pg l�1) 41 49 48 48

Diss.MMHg

summer (pg l�1) 183 335 181 382

winter (pg l�1) 105 83 23 39

Figure4. Particulatemercury flows (kg Hg yr�1); 4 boxmodelof theScheldtestuary.
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Table3. Metalconcentrationsin the4 boxesof theScheldtestuary(1981–1983)

Species Zone1 Zone2 Zone3 Zone4 Sea

Salinity (psu) 0–2 2–10 10–20 20–27.5 32.5

Turbidity (mg l�1) 102 83 57 50

Part. Cd (�g g�1) 27.9 22.8 8.2 2.8 0.70

BottomCd (�g g�1) 5.0 5.3 0.54 0.26

Diss.Cd (�g l�1) 0.086 0.063 0.19 0.090 0.050

Part. Cu (�g g�1) 278 207 95 35 26

BottomCu (�g g�1) 29.4 33 3.5 4.6

Diss.Cu (�g l�1) 1.02 1.30 1.91 1.43 0.78

Part. Pb (�g g�1) 288 254 153 101 64

BottomPb (�g g�1) 45 55 13.2 11.9

Diss.Pb (�g l�1) 0.23 0.26 0.24 0.22 0.14

Part. Zn (�g g�1) 800 397 272 157 95

BottomZn (�g g�1) 192 216 39 39

Diss.Zn (�g l�1) 11.7 13.3 8.75 4.8 1.7

Table4. Metalconcentrationsin the4 boxesof theScheldtestuary(1995)

Species Zone1 Zone2 Zone3 Zone4 Sea

Salinity (psu) 0–2 2–10 10–20 20–27.5 32.5

Turbidity (mg l�1) 102 83 57 50

Part. Cd (�g g�1) 8.76 6.25 3.67 1.26 0.35

Diss.Cd (�g l�1) 0.020 0.044 0.090 0.0625 0.0288

Part. Cu (�g g�1) 112 80.7 47.2 21.8 15.5

Diss.Cu (�g l�1) 0.68 1.17 1.37 1.04 0.37

Part. Pb (�g g�1) 214 146 105 83.4 35.1

Diss.Pb (�g g�1) 0.165 0.156 0.087 0.052 0.038

Part. Zn (�g g�1) 610 423 275 144 82.0

Diss.Zn (�g l�1) 6.24 6.04 4.48 2.16 1.06

epibenthic flux of 20 kg yr�1 of dissolved Hg could
be estimated (in all other boxesthe epibenthic diffu-
siveflux isnegligiblecomparedto theotherHg flows).
ThedissolvedHg diffusing into thewatercolumn will
distributebetweenthedissolvedand particulatephases
accordingto thedistribution coefficientor theratio of

dissolvedto particulateHg flows,prevailing in box II.
ThisyieldsasubsequentparticulateepibenthicHg flux
of 19.7 kg Hg yr�1. Regardingtheotherfluxes,wecan
hold thesamereasoningasfor box I.

Box III: In thisboxthemagnitudeof theflowsissmall-
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Table5. KD-valuesin the4 boxesof theScheldtestuary;1981–1983and1995

KD Zone1 Zone2 Zone3 Zone4 Sea

Salinity (psu) 0–2 2–10 10–20 20–27.5 32.5

Cd ’81–’83 324 362 43 31 14

(l g�1) ’95 438 142 41 20 12

Cu ’81–’83 273 159 50 24 33

(l g�1) ’95 165 69 34 21 42

Pb ’81–’83 1252 977 638 459 457

(l g�1) ’95 1300 936 1210 1600 924

Zn ’81–’83 68 30 31 33 56

(l g�1) ’95 98 70 61 67 77

er than in zone II; similarly, the interactions with the
bottomareless.Thebottomcurrent is,however, strong
enoughin this box to bring a fraction of thelocalbot-
tom sediments,which have a muchlower Hg content
thanthesuspended ones,into suspension whereit will
bemixed with inflowing material.

Box IV: In this box the processesare very similar to
theseoccurringin box III.

Total dissolvedmercury flows (Figure5)

Thebehaviourof dissolvedHg in theScheldtestuaryis
very sensitive to salinity and redox conditions, there-
fore speciation hasbeenstudied the year roundasa
function of these parameters(Leermakersetal., 1995;
Baeyenset al., 1998b).During the summer, a large
partof the upstreamareabecomesanoxic (Figure2),
resulting in the precipitation and co-precipitation of
metalsulphides in addition to thoseresuspended from
thereducedbottomsediments.In thedownstreamarea,
re-oxidation of these sulphidesresults in a temporary
increaseof dissolvedmercury. During the winter, on
the contrary, the undersaturation of oxygendoesnot
leadto the presenceof metal sulphidesin the water
column. Hence,total dissolvedHg budgets were cal-
culatedfor summerand winterconditions.

Total dissolved Hg includes besides the inorgan-
ic mercury(II) fraction(Hg2+, labile complexeswith
inorganic ligands, mainly chloro-complexes, andnon-
labile complexes with organic ligands, mainly humic
acid-complexes), also gaseousand methylmercury

species. Thebehaviourandmagnitudeof thedissolved
gaseous fraction is of major importance, since it is
directly relatedto the lossof Hg � and the decrease
of thedissolvedHg burdenin theestuary. Theevasion
fluxes werecalculatedfor eachof the four boxes, in
summerand in winter.Thebasicinformationnecessary
for thesecalculationsis shown in Table6. An average
wind speedof 29km h�1 wasassumedresulting in an
evasion velocity of 1.44m d�1.

Winter
Box I: Theamountof dissolvedHg enteringandleav-
ing thisboxisalmost constant. Theevasionflux isonly
about1%of the in- andout-flow.

Box II: Almost onethird of the amountof dissolved
Hg entering this box disappearsonto the particulate
phase. The high turbidity values and sedimentation
ratesarethemain reasonsfor theimportantscavenging
of the dissolvedHg compounds. As explainedabove,
an epibenthicflux of 20 kg yr�1 could be estimated,
but only 0.30 kg yr�1 remainsafter equilib ration with
the particulate phase into solution. This flux accounts
for theevasion flux.

Boxes III and IV: The dissolvedHg flows in and out
theseboxesare nearly balanced.The evasionfluxes
which are aboutonefourth to onefifth of the in and
out-flows, must thus be supported by desorption or
mobilisation fluxes, similar in magnitude, from the
particulatephase.
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Figure5. DissolvedHg flows in thesummer and in thewinter (kg Hg yr�1); 4 boxmodelof theScheldtestuary.

Summer
Box I: The out-flow of dissolved Hg is substantially
lower thanthein-flow. In thisbox,thewatercolumnis
anoxic insummersothatinsoluble,reducedHgspecies
such asHg sulphidesare formed.The shift from the
dissolvedto theparticulatephaseispronouncedfor the
dissolvedspeciesbudget,but is hardly noticeablefor
theparticulateone.

Box II: Theout-flow of thisboxismuchhigherthanthe
in-flow andagain comparableto the levels observed
during the winter. The dissolved Hg concentrations
increaseagainoncetheoxygenlevelsreach3 to 4 mg
l�1 O2 suggesting that oxidation and dissolution of
reducedHg compoundsoccurred.Theprocess taking
placehereis thusthereverseof theonetakingplacein
boxI. Theepibenthicflux during summerisabouthalf
theevasionflux.

Box III: The new production of dissolved Hg from
box II mustequilib ratewith theparticulatephase.That
isprobably thereasonthat in thisboxnodissolvedHg
is transferredduring thesummerfrom theparticulate
phase(theKD showsaslight increase)in contrastwith
thewintersituation (theKD decreases).

Box IV: In and out-flows are almost equal, so that
the evasionalflux should be balancedby a desorption
flux from the particulate phase; that is similar to the
winter situation. The high dissolvedgaseous Hg con-
centrationcoincideswith thepresenceof highplankton
concentrationsanda highbiological activity, suggest-
ing that Hg reduction isbiologically mediated.

We alsoestimatedtheHg � formationrates.Based
on the dissolved Hg burden contained in the depth
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Table6. Hg exchangefluxes at theair-water interface

Water column concentrationsof Hg� (pg l�1):

Salinity (psu) 0–2 2–10 10–20 20–27.5

Summer 83 85 80 108

Winter 41 49 48 48

Atomosphericconcentrationsof Hg (ngm�3 andpg l�1):

ThegaseousHg� concentrationequals3 ng m�3; this correspondsto 10pg l�1 at thewatersurface

Fluxes in Summer

Box Supersaturation Transfer velocity Flux Surface Total flux

Salinity ngm�3 m d�1
�g Hg m�2 yr�1 km2 g Hg yr�1

(psu)

0–2 73 1.44 38 4.8 180

2–10 75 1.44 39 15 590

10–20 70 1.44 37 66 2400

20–27.5 98 1.44 52 88 4500

Fluxesin winter

BOX Supersaturation Transfer velocity Flux Surface Total flux

salinity ngm�3 m d�1
�g Hg m�2 yr�1 km2 g Hg yr�1

(psu)

0–2 31 1.44 16 4.8 80

2–10 39 1.44 20 15 310

10–20 38 1.44 20 66 1300

20–27.5 38 1.44 20 88 1800

integratedwater column(between15and20�g m�3),
conversionratesof 0.22to0.35%d�1 duringthewinter
(Table7)arerequiredtobalancetheestimatedevasion-
al fluxesof 16 to 20�g m�2 yr�1. During thesummer
the integrated Hg burdenin the water column varies
from8 to 17�g m�3, henceconversionratesof 0.63to
1.3%d�1 arerequiredto balancetheevasionalfluxes
of 37 to 52�g m�2 yr�1. These Hg � formationrates
areof thesameorderasthoseestimatedbyMasonet al.
(1995b;1995c)for openoceanwaters(0.2to 1%d�1)
but much lower than the valuesthey found(2 to 4%
d�1) in theUpperMystic Lake(Masonetal., 1995a).

Dissolvedmethylmercury flows(Figure6)

Thedissolvedmethylmercuryflowsaregenerally small
comparedtothetotaldissolvedHgflows,exceptduring
summerand fall betweenboxesII andIII (just down-
streamtheanoxicarea)andbetweenboxIV andthesea
(at the mouth wherehigh plankton population densi-
tieswereobserved). In thosecasesthemethylmercury
flows canrepresentbetween20 and30% of the total
dissolvedHg flows,whichareveryhigh fractions.

Winter
Boxes I andII: The inflow of box I is unknown, but
the in and out-flows of box II are fairly similar. An
epibenthic flux of 48 10�3 kg yr�1 hasbeenestimated,
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Table7. Hg� formationratesin the4 boxesof theScheldtestuary

Species Zone1 Zone2 Zone3 Zone4

Salinity (psu) 0–2 2–10 10–20 20–27.5

Winter

Tot. diss Hg (ng l�1) 2.65 1.75 1.57 1.45

Depth (m) 7.5 9 11 13

Integrateddiss Hg (�g m�2) 20 15.5 17.3 18.9

Evasion flux Hg� (�g m�2 yr�1) 16 20 20 20

Hg� formation rate % yr�1 80 129 116 106

% d�1 0.22 0.35 0.32 0.29

Summer

Tot. diss Hg (ng l�1) 1.05 1.89 1.16 1.16

depth (m) 7.5 9 11 13

Integrateddiss Hg (�g m�2) 7.88 17 12.8 15

Evasion flux Hg� (�g m�2 yr�1) 38 39 37 52

Hg� formation rate % yr�1 482 229 289 347

% d�1 1.3 0.63 0.79 0.95

Figure6. Dissolvedmethylmercury flows in summer and in winter (kg Hg yr�1); 4 boxmodelof theScheldtestuary.
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in ananalogousway as for total dissolvedHg. Taking
into accounta particulate to dissolvedmethylmercury
ratio (bothexpressedin thesameunits) of 1.9(Baeyens
et al., 1998a)a resulting epibenthicdissolvedMMHg
flux of 17 10�3 kg yr�1 wascalculated.

The production of MMHg in the upperestuary is
low during the winter due to the low temperature and
the absenceof anaerobicconditionsin the watercol-
umn restricting the activity of the sulphate reducing
bacteria (Leermakers et al., 1993). The fraction of
methylmercuryin thetotal dissolvedHg flow is about
4 to 5%.

BoxesIII andIV: In thedownstreamestuary theMMHg
flowsarestill smallerthan those in the upstreamestu-
ary (the fraction of MMHg in the total dissolved Hg
flow is less than 2.5%).

Summer
Box II: Theflows are significantly higherthanduring
the winter (the in-flow 2 times,the out-flow 4 times).
MMHg in thisboxisproducedasaconsequenceof the
redoxgradient (thewater columnchangesfrom anox-
ic over suboxic to oxic in thedownstreamdirection).
Sulphatereducingbacteriaareveryactivein suchcon-
ditions and have beenshown to be very effective in
methylating inorganic Hg (Leermakers et al., 1993).
Their activity decreases, however, strongly oncethe
systembecomesmoreoxidised.

Box IV: A second production zone of dissolved
methylmercuryis observed close to andat themouth
of theestuary. Themethylmercuryout-flow of thisbox
is 10 timeshigherin summerthanin winter. Theori-
gin of this productionis still understudy, but thehigh
amountsof planktonic speciesat themouth during the
summer, similar to thehighdissolvedgaseousHg lev-
elsproducedin thiszone,maybeinvolved.

Cadmium, copper, lead and zinc budgets

Massfluxes werecalculatedin eachof thefour zones
or boxes of the Scheldt estuaryfor total particulate
anddissolved metals for the periods1981–1983and
1995.The parametersused in these calculationsare:
(1) waterflow ratesfor dissolved species;(2) partic-
ulatematterflows for particulatespecies;(3) average
concentrationsof the metal speciesat the boundaries
of the boxesandinside theboxes, which areassumed

to behomogeneous; and(4) epibenthicfluxesreported
by Baeyenset al. (1986) for the period 1981–1983.
The epibenthic fluxes for 1995 were adapted taking
into accountthe sedimentation fluxesrelative to that
period.

The main particulatefluxes in eachof the boxes
arethesameasthosementionedhereabovewhendis-
cussingtheparticulatematterand particulatemercury
flows. For the particulate phase, box II, or the area
of high sedimentation, is the most important. Most of
theparticulatemetalsaccumulateat thebottom,but a
fraction is remobilised in the sediments and diffuses
backinto thewatercolumn.Becausethebehaviour of
Cd, Cu, Pb and Zn in the dissolved phase is much
simpler thanthat of Hg which includesat least three
species(Hg �, Hg2 and MMHg) eachcharacterised
by particular features, we combinedthedissolvedand
particulate metal flows into onepicture. Figures7 to
14 show theseparticulateand dissolved metal flows
throughtheScheldt estuary.

From the dissolvedandparticulatemetal flows in
eachof theboxes,themassbalanceswerecalculated
(Table 8). It appearsthat generallythe in- and out-
flows arefairly well-balanced,taking into accountthe
uncertaintiesrelatedto themagnitudeof theparticulate
matterflows, especiallysedimentationand resuspen-
sion, andto a lesserextentof the averageparticulate
and dissolvedmetalconcentrations.

The highest degrees of relative imbalance,
expressed as thedifferencebetweentotal in- andout-
flows dividedby thetotal inflow, are observed in box
IV. Theaveragerelative imbalancefor box IV is 20%,
whilefor theotherboxesthisvalueisbelow 10%. Box
IV alsocontains the smallestflows, which results in
muchstrongerrelative imbalancesfor a similar devia-
tion.

Looking at positive (a higher input than output)
and negative imbalances,one observes that boxes I
(only for the particulatemassbalance)and III show
a slight deficit, boxesII and IV a slight excess. The
net sedimentation flux (the sum of sedimentation and
resuspension) in boxes II and IV is probably slight-
ly underestimated, the opposite being true in boxesI
andIII. However, sincea simplemass balancemodel
of water and particles coupled to a numberof metals
(dissolved andparticulatephase)practically yields a
closedbudgetfor all these metals in the four zonesof
theestuary, evidenceisprovidedthatthevariouscom-
ponentsof themodelare reasonably well estimated.

TheScheldt inputs into thecoastal areacalculated
in this paper areslightly different from thevaluespre-
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Figure7. DissolvedandparticulateCu flows(103 kg yr�1) in theperiod1981–1983;4 boxmodelof theScheldtestuary.

Figure8. DissolvedandparticulateZn flows (103 kg yr�1) in theperiod1981–1983;4 boxmodelof theScheldtestuary.
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Figure9. DissolvedandparticulateCd flows(103 kg yr�1) in theperiod1981–1983;4 boxmodelof theScheldtestuary.

Figure10. DissolvedandparticulatePb flows (103 kg yr�1) in theperiod1981–1983;4 boxmodelof theScheldtestuary.
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Figure11. DissolvedandparticulateCu flows (103 kg yr�1) in 1995;4 box modelof theScheldtestuary.

Figure12. DissolvedandparticulateZn flows (103 kg yr�1) in 1995;4 boxmodelof theScheldtestuary.



123

Figure13. DissolvedandparticulateCd flows (103 kg yr�1) in 1995;4 box modelof theScheldtestuary.

Figure14. DissolvedandparticulatePb flows(103 kg yr�1) in 1995;4 boxmodelof theScheldtestuary.
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Table8. Mass balancesof dissolved andparticulatemetals(tonsyr�1, exceptfor
Hg in kg yr�1),�= inputs–outputs

Species ZoneI ZoneII ZoneIII ZoneIV

�P Cu –0.6 +11.3 +0.8 +3.5

’81–’83 �
D Cu –1.4 –2.2 +1.4

�T Cu +9.9 –1.4 +4.9

% of �T/total inflow 8% 3% 21%

�
P Zn –5.8 +68.3 +9.8 +0.8

’81–’83 �D Zn –16.0 +20.4 +14.3

�T Zn +52.3 +10.6 +15.1

% of �T/total inflow 15% 9% 22%

�P Cd –0.09 +0.43 +0.52 +0.21

’81–’83 �D Cd +0.06 –0.51 +0.38

�
T Cd +0.49 +0.01 +0.59

% of �T/total inflow 4% 0% 29%

�P Pb –0.5 +3.1 –1.9 –1.85

’81–’83 �
D Pb –0.29 +0.1 –0.005

�T Pb +2.81 –1.8 –1.855

% of �T/total inflow 2% 4% 6%

�
P Cu –0.5 +5.9 –1.1 +1.0

’95 �
D Cu –2.7 –0.6 +0.9

�T Cu +3.2 –1.7 +1.9

% of �T/total inflow 6% 9% 14%

�
P Zn –3.1 +33.4 –9.2 +2.7

’95 �D Zn –3.9 +6.9 +8.7

�
T Zn +29.5 –2.3 +11.4

% of �T/total inflow 10% 2% 17%

�P Cd –0.05 +0.41 –0.11 +0.10

’95 �
D Cd –0.12 –0.18 +0.09

�
T Cd +0.29 –0.29 +0.19

% of �T/total inflow 7% 19% 23%

�P Pb –0.9 +11.7 –2.6 –5.0

’95 �
D Pb –0.10 +0.3 +0.1

�T Pb +11.6 –2.3 –4.9

% of �T/total inflow 13% 7% 26%

�
P Hg +1.4 +14.2 +8.0 –4.7

Summer �D Hg +5.6 –3.9 0 –4.9

’92–’94 �
T Hg +7.0 +10.6 +8.9 –8.0

% of �T/total inflow 1.1 1.8% 3.5% 6.9%

�P Hg +1.4 +14.2 +8.0 –4.7

Winter �D Hg –0.1 +2.8 –1.3 –1.8

’92–’94 �
T Hg +1.3 +16.9 +6.8 –6.2

% of �T/total inflow 0.2 2.8% 2.8% 5.0%
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sentedin a relatedpaperon coastal inputs (Baeyenset
al., 1998d).In thispapertheaverageconcentrationsof
the four metalsin thedissolvedand particulatephases
in box IV (salinity range20 to 27.5 psu) were used
to calculate the input flows, while in the other paper
(seeBaeyenset al., 1998d)the metal concentrations,
obtainedby extrapolationtoasalinity of 26.5psuof the
best fitting curvethroughthecoastal datapoints(con-
centration versussalinity), wereused. For the surveys
between1981and1983the dissolved metal concen-
trationscalculated in both waysare: for Pb (0.22and
0.252�g l�1), for Zn (4.8 and 4.1 �g l�1), for Cd
(0.090and0.125�g l�1) andfor Cu (1.43and1.60�g
l�1), while in the particulatephase they are: for Pb
(4.05and 3.5 �g l�1), for Zn (7.85and5.5 �g l�1),
for Cd (0.14 and0.10 �g l�1) and for Cu (1.75 and
1.20�g l�1).

Budgetuncertainties

It is clearthat the metal flows presentedin Figures4
to 14,which arebased on averagedvaluesof dissolved
andparticulatemetalconcentrations,andof waterand
suspendedsedimentflows, arenot exactnumbersbut
includeavaryingdegreeof uncertainty. In Table9 the
standarddeviations on the meandissolved and par-
ticulate metal concentrationsin the period 81–83are
shown.Therelativeerrorsarealways lower than50%,
except for Cd (zones I and IV) in the dissolvedphase,
andagainfor Cd(zonesI, III andIV) andZn(zoneI) in
theparticulatephase.Cd concentrationsin theScheldt
aremuch lower than those of the threeother metals,
which may be an explanation for the higherstandard
deviationsobserved for thismetal.

Theaveragewaterflow attheriver/estuary interface
(Schelle, 92 km from the mouth) amounts to 104m3

s�1, but the water flows obey a log-normaldistrib-
ution. The averagevalue minus (plus) the standard
deviation equals60m3 s�1 (180m3 s�1), which asby
hazardalmost correspondsto the summerand winter
averages.Theaveragesuspendedsedimentconcentra-
tion at theriver/estuaryinterfaceis calculatedfrom 47
measurementsat that location and yields a value of
101�54mgl�1. Hence,thesuspendedsedimentflow
enteringtheestuaryshowsarelativeerrorof 80%. The
determination of the suspended sediment flow at the
estuary/seainterfaceis muchmorecomplicated,since
in addition of the seawardsurfacecurrent, a landward
bottomcurrentexists(Baeyensetal., 1998c).D’Hondt
andJacques(1982)estimatedthe suspendedsediment

output to the seaat 300103 tonsy�1, while Van Eck
(1991)suggestedavalueof 136103tonsy�1. Thelatter
author reported a landwardflux of marinesuspended
matterof 79 103 tonsy�1. Asexplainedhereabove, we
estimateda seaward suspendedsedimentflux of 133
103 tonsy�1 anda landwardflux of 85 103 tonsy�1.
The uncertainty on this flux is thus rather large and
maybeestimatedat100%.

Assuming a relative error of 50% on the average
dissolved metal concentrations (period 1981–1983)
andthesameerroron thewater flow, leadsto a rela-
tiveerror of 70%onthedissolvedmetalflowsshownin
Figures7to10.Theerrorontheparticulatemetalflows
is larger, becausethe relative error on the suspended
sedimentflowsvary from80to 100%. Assumingagain
a relativeerror of 50%ontheaverageparticulatemet-
al concentrations(period 1981–1983),and anerrorof
90%on the suspendedsedimentflow results in a rela-
tiveerrorof 100%ontheparticulatemetalflowsshown
in Figures7 to 10.

As a concrete example we calculated the mini-
mumandmaximumdissolvedandparticulateCu flows
(period1981–1983)andfor eachbox also the corre-
sponding budget. For thecalculation of theminimum
(maximum)flows, the averagevalues are decreased
(increased) by the standard deviation. Results are
shown in Table10andFigures15and16.

Conclusions

From all metals understudy here, the most striking
decrease in aquatic metal input to the North Sea by
Belgium is observed for Cd (seealso Baeyens, 1997).
Thisfinding is alsoreportedby Andersenand Niilonen
(1995). Due to more stringentregulations regarding
the wastewater quality and the use of cadmium in
particular industrial processes, the aquatic Cd input
decreasedin Belgium by morethanafactor5 between
1985and1995.Theseregulationshadacleareffecton
thedissolvedandparticulateCdlevels,especiallyin the
upperandmid-estuary. Evenatthemouth(zoneIV and
the coastal zone)a reduction of the Cd concentration
by a factor2 isstill noticeable.

For Pb the aquatic inputdecreased by about25%
(the point sourcesby a factor 2), but a more drastic
decrease of the atmospheric input (abouta factor 3)
resultedin muchlower dissolvedPbvaluesat seaand
in thedownstreamestuary. Also theK D valuesof Pbat
the mouth andat sea showed thelargest modifications
of all metalsbetween1981–1983and1995.
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Figure15. Minimum dissolvedandparticulateCu flows (103 kg yr�1) in theperiod1981–1983;4 boxmodelof theScheldtestuary.

Figure16. Maximum dissolvedandparticulateCu flows (103 kg yr�1) in theperiod1981–1983;4 boxmodelof theScheldtestuary.
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Table 9. Averageconcentrationsandstandarddeviations in the4 zonesof theScheldt
estuary(1981–1983)

Dissolvedmetals(�g l�1)

Cu STD Zn STD Cd STD Pb STD

ZoneI 1.02 0.38 11.7 1 0.086 0.067 0.23 0.05

ZoneII 1.3 0.64 13.3 5.3 0.063 0.027 0.26 0.07

ZoneIII 1.91 0.3 8.75 1.6 0.19 0.045 0.24 0.12

ZoneIV 1.43 0.55 4.8 2.1 0.09 0.056 0.22 0.07

Particulatemetals(�g g�1)

Cu STD Zn STD Cd STD Pb STD

ZoneI 278 77 800 410 27.9 14.6 288 104

ZoneII 207 68 397 120 22.8 9.5 254 58

ZoneIII 95 43 272 62 8.2 5.8 153 9

ZoneIV 35 15 157 60 2.8 2.1 101 26

Table10. Massbalancesof average, minimumandmaximumdissolvedandparticulate
copper(tonsyr�1) in theperiod1981–1983,�= inputs–outputs

Species ZoneI ZoneII ZoneIII ZoneIV

�
P Cu –1.1 11.8 0.8 3.5

Average �D Cu –2.1 –2.2 1.4

values �T Cu 9.7 –1.4 4.9

% of �T/total inflow 8% 4% 21%

�P Cu –11.0 12.5 3.1 1.9

Minimum �D Cu –1.0 –3.4 2.7

values �
T Cu 11.5 –0.3 4.6

% of �T/total inflow 13% 1% 30%

�P Cu –1.2 10.9 –1.4 3.3

Maximum �
D Cu –3.2 –1.1 0.2

values �T Cu 7.7 –2.5 3.5

% of �T/total inflow 5% 5% 12%

The dissolved Zn concentrationsdecreasedby
almost a factor 2 similar to the decrease of the point
sources, while the particular Zn concentrations did
not change substantially. This is in contrastwith Cu
for which the particulate concentrationsdecreased
strongerover the last decadethanthedissolvedones.
Theaquatic point sourcesof Cu decreasedby a factor
of 2, but theatmospheric point sourcesevenmore.

Mercury concentrations could not be compared
because the analytical methodologieschangedtoo
muchover thelast ten years, but it hasbeenthoroughly
studiedduring thepast few years. Thebehaviourof the
dissolvedHg fraction isquitedifferent in summerthan
in winter. Anoxic redox conditionsin the upstream
estuary in summerprovoke on the onehanda trans-

fer from the dissolvedto the particulatephaseand on
the other handmethylation of inorganic Hg. Oncere-
aerationoccursand the estuarybecomesagain oxic,
the dissolved Hg level increasesprobably due to the
oxidation of reduced, insoluble specieswith which it
is associatedor of reducedHg speciesitself. At the
mouth of theestuary in summer, methylation wasalso
observed. At the sametime high plankton population
densitiesprevailed.

Theproduction of Hg � isaveryimportantprocess
becauseit purifiestheestuaryvia increasedtransferto
theatmosphere.TheHg � formationrateswecalculat-
ed from our field data rangefrom 0.22 to 0.35%d�1

in winterand from 0.63 to 1.3% d�1 in summer. These
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ratesare in the samerange asthe values reportedby
Mason et al. (1995b;1995c)for openoceanwaters.

For all metals,the particulateflows are the major
onesin theestuaryexceptfor Cu andCd at themouth.

High accumulationoccurredin zone II, the area
of maximum turbidity and high sedimentation. If we
assumea linear decreaseof the metal sedimentation
flux betweenvaluesmeasuredin theperiod1981–1983
and in 1995, following sedimentated amounts have
beencalculated: 49 tonsof Cd, 510 tonsof Cu, 670
tonsof Pb and1800tonsof Zn. Even if part of this
loadhasbeendredgedor transported elsewherein the
estuaryby thetidal action, it will still takemany years
for theestuaryto recover.

The Scheldt inputs into the North Sea (particu-
late+dissolved),estimatedfrom measurementsin the
mouth of the estuaryof trace metal concentrations,
residualwaterflowsandsuspendedsediments, amount
to: 46.6kg yr�1 for Hg, 8.9tonsyr�1 for Cu (81–83),
34.3tonsyr�1 for Zn (81–83),0.71 tonsyr�1 for Cd
(81–83),8.99tonsyr�1 for Pb (81–83),6.3 tonsyr�1

for Cu (95),21.9tonsyr�1 for Zn (95),0.42tonsyr�1

for Cd (95)and8.33tonsyr�1 for Pb (95).
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