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Abstract

TheWesthoeknaturereserveisa duneareasituatedalongtheFrench-Belgianborder.Belowthedunesa
fresh-waterlensisfound.A particulardistributionofsalt-wateroccurringabovefresh-waterisfoundunder
the adjacentshore.Thislessknownwaterqualitydistributionis in dynamicequilibrium.A 2Ddensity
dependentgroundwaterflow modelwasmadeusingtheMOCDENS3Dcode.First,thegroundwaterflow
andwaterqualityevolutionundertheshoreandin thedunesaremodelled.Thenthepossibleimpactof
sealevelriseissimulatedfora numberofdifferentscenarios.Thesescenariosreflectdifferentreactionsof
coastalmorphologyandhumaninterventiononthesealevelrise.Dependingonthescenario,theextent
of the shore'ssalt-waterlenscanincrease,decreaseof evencompletelydisappear.Simultaneously,the
extentof thedune'sfresh-waterlenscansignificantlybealtered.Thesimulationsillustratesalso,besides
theeffectsof sealevelrise,thatchangesinboundaryconditions(drainagelevels,shoremorphology,sea
waterlevel),eithernaturalorhumaninduced,canimportantlyalterthewaterqualitydistribution.Because
of the highecologicalvalueof theareaandthedune'simportancefor drinkingwaterproduction,these
changesshouldbewellstudiedbeforehand.
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Introduction

TheWesthoeknaturereserveissituatedonthemostwesternpointof theBelgiancoastalongtheFrench-
Belgianborder(Figure1).It isa duneareaof about340hain sizeandis oneof thelastunfragmented
duneareasalongtheBelgiancoast.TheWesthoekdunesarepartof thenorth-westernEuropeancoastal
dunes,whichformalong,narrowdunestripfromCalais(France)to thenorthof Denmark.Since1957the
Westhoekdunesaredesignatedas a statenaturereserveandarecurrentlyin handsof the Nature
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Departmentof the Ministryof the FlemishCommunity.Theecologicalvalueof the naturereserveand
adjacentshoreis recognisedto behighbecauseof its highdiversityof faunaandflora.Fresh-wateris
presentin the phreaticduneaquifer.Therefore,the naturereservesborderingduneareasarealsothe
primarysourcefordrinkingwaterproductioninthearea.

Inthesouth,a lowlayinghinterland,a polderarea,boundsthedunes.Salt-waterispresentinthepolder.
TheshorebetweentheWesthoekdunesandtheseais oneof thewidestin Belgium(between500and
600m)andhaslowangledip.It isa tidaldominatedsandyrunnelandridgebeach.Themeantidalrange
is 4.08m,whichis relativelylarge.A salt-waterlensabovefresh-water,presentunderthe shore,was
observedandstudiedbyLebbe(1978,1981,1983,1999).Itwasshownthata salt-waterlensispresent
underthe shoreabovea fresh-watertongueemanatingfromthe dunestowardsthe sea.Thisinverse
densitydistributionisina dynamicalequilibrium.

Thelowersubstratumof thephreaticaquiferisformedbyclayof theKortrijkFormation,leperGroup.It is
of earlyEoceneageandisconsideredasimpermeableforthisstudy.Thelowerpartof theaquiferconsists
of mediumto coarsemediumsandsof Eemianage.Thelargerpartof theaquiferisformedbyHolocene
fine-mediumsandsinwhichlensesof silty-finesandcanoccur.Thetopof theaquiferconsistsof medium
sands.Generally,the aquiferbecomesmoreheterogeneousgoingin easterndirectionfromthe French-
Belgianborder.

In this paperthe developmentof the waterqualitydistributionin the dunesand underthe shoreis
modelledusingthe densitydependentgroundwaterflow modelMOCDENS3D.Secondly,the impactof
expectedsealevelchangeson thisdistributionis simulatedfor threedifferentscenarios:(1)a coastal
defenceispresentbetweentheshoreandthedunes,(2)a coastaldefenceispresentbetweentheshore
anddunesandtheshoreisheightenedand(3)thecoastlineisretreating.

Evolutionto the currentsituation

TheMOCDENS3Dcode(OudeEssink,1998, 2001)is used.It is basedon the three-dimensionalsolute
transportcomputercodeMOC3D(Konikowet aI.,1996),butadaptedfordensitydifferences.

A 2Dmodelismadesimulatingthegroundwaterflowinthepolder,dunesandundertheshoreinacross-
sectionperpendicularonthecoastline.Themodelconsistsof 30 layersand330columns,sothegridhas
9900cells.Everycellhasawidthof 10mandthethicknessofeverylayeris 1.0m.So,themodelgridis
3300minwidthand30mdeep.It isdividedinfourparts,columns1to 75representsthepolder,columns
76 to 245thedunes,columns246to 299the shoreandcolumns300to 330the sea.Theaquiferis
boundedbelowby clayof the KortrijkFormation,whichis consideredimpermeablehere.Thevertical
boundaryin thepolderisa constantsalt-waterheadboundaryrecalculatedto correspondingfresh-water
heads.Theupperboundaryis locatedin the polder.dunes,on the shoreandthe sea.In the poldera
rechargeof 280mm/yearis usedanddrainageto a certaindrainagelevel(seefurther).In thedunesa
constantverticalflow boundaryis assumedwith a rechargerateof 280 mmfresh-waterperyear.A
constantheadboundaryis seton the shoreandthe sea.Thevaluesof thesefresh-waterheadswere
deducedfrommeasurementsmadeontheshore(lebbe,1981).Theyrangefrom4.5mTAW(mTAWisthe
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Belgianordnancedatumreferringto meanlowwaterlevel,about2.3 m belowmeansealevel)onthe
dune/shoretransitionto 2.36mTAWon the shore/seatransition.Thefresh-waterheadfurtherseaward
correspondswith the meansealevelof 2.36mTAW.Theseawardverticalboundaryis an impermeable
boundary.
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Horizontalhydraulicconductivityof all layersin thedunesandundertheshoreandseais 10.0mIdand
verticalhydraulicconductivityis 0.1 mId.Horizontalhydraulicconductivityfor layersin the poldersis
6.5mid and its verticalhydraulicconductivityis 0.065mId. Longitudinal,transversehorizontaland
transverseverticaldispersivityarerespectively0.2 m,0.02m and0.002m.Effectiveporosityis 0.38.At
the beginningof thesimulation,thegroundwaterreservoiris completelyfilledwith salt-water.Thissalt-
waterhasaTDSof 27000 mg/Landa densityof 1019 kg/m3.ThefreshreplacementwaterhasaTDSof
500mg/Landa densityof 1000kg/m3,resultingin a buoyancyof 0.019.A timeperiodof 700yearsis
simulatedin onestressperioddividedin 5600timestepsof 0.125year.It is herebyconsideredthatfrom
1300ADonwardtheseahadnopermanentaccessin thedunes.A generaloverviewof theevolutionof
the Belgiancoastalplain can be found in Vandenbohedeet al. (2005). After eachtime stepthe
groundwaterflow is recalculatedtakingintoaccountthe salt-fresh-waterdistributionfromthe previous
timestep.Sixteenparticlesareplacedpercellandthefresh-waterheadchangecriterionforconvergence
is0.1mm.

Figure2showstheresultsof thesimulationof thewaterqualityevolutionto thecurrentsituation.Dueto
the rechargeof fresh-water,a fresh-waterlensdevelopsunderthedunes.Thisfresh-waterlensis almost
completelyformedinthefirst200years.A waterdivideispresentintheduneswherebypartofthedune's
rechargewaterflowstowardsthe seaandpart towardsthe polder.Fresh-wateralsorechargesin the
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Figure 2. Evolutionof water qualitydistributioninthe polder,dunesand underthe shore and sea. Thesimulation
starts in 1300 ADand 500 year simulation time corresponds with 1800 AD,700 years with 2000 ADor the
current situation. Lines of constant fresh-water head are indicated together with isoconcentration lines and

groundwater flow and its velocity using arrows.
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polder.Almostallofthiswateris,however,drainedimmediatelysothatthegroundwaterreservoirremains
filledwith salt-water.Salt-wateralsorechargesonthebackshoreduringhightide.Dueto the hydraulic
gradientontheshore,thissalt-waterflowsoutontheforeshoreandseabed,principallyduringlowtide.
Dueto thehydraulicgradientbetweenthedunesandthemeansealevel,fresh-waterflowsfromthedunes
towardsthesea.This,withtherechargeofsalt-wateronthebackshore,leadsto thedevelopmentofasalt-
waterlensabovea fresh-watertongueundertheshore.Thesimulationsalsoshowthatthiswaterquality
distributionispresentfromabout200yearsafterthestartof thesimulationmeaningthatthenowadays-
observedwaterqualitydistributionisina dynamicalequilibrium.

Drainagelevelsinthepoldersalteredinrecenthistoricaltimes.Before1800AD(simulationtime500years)
this levelis estimateto be3.0 mTAW.Around1800ADthe drainagesystemwasamelioratedby the
constructionofa fewlargerchannelsandthedrainagelevelbecame2.4mTAW(simulationtimebetween
500and700years).Thishasits effectsonthe generalwaterqualitydistribution.Thewaterdivein the
dunesshifts640meterseawards.Therefore,lessfreshdunewaterflowstowardstheseadiminishingthe
dimensionsof the fresh-watertongueandenlargingthe dimensionsof the salt-waterlens.So,the
combinationof a largeshorewith low relief,a relativelylargetidal amplitudeand a permeable
groundwaterreservoirmakesthattheobservedinversedensitydistributioncameintoexistence.

Sealevelrise

Theeffectsof a sealevelriseof 0.4mpercenturyareinvestigatedwith themodel.Thisrateof sealevel
riseis in linewith the 'BusinessasUsual'scenarioof the IntergovernmentalPanelon ClimateChange
(HoughtonetaI., 1990).Thisscenarioconsiderstheeffectswhennoactivestepsaretakento limit C02
andothergreenhousegasreleasesandotherconditions{littleisdoneto promoteenergy-savingmeasures,
worldenergysuppliesremainheavilydependentonfossilfuels,tropicaldeforestationcontinued...)remain
thesame.Threedifferentscenariosweremodelled.

In a firstscenarioit is assumedthat a coastaldefenceis present,mostlikelya dike.Sealevelwill rise
againstthisdefenceandthewidthof the shorewill diminishin time.Thisis modelledbychangingthe
constantheadboundaryoftheshoreanddune'sfirstlayer.ResultsaregiveninFigure3.ln time,theshore
becomeslesswide.Thereforethe flow cyclein the salt-waterlens,wheresalt-waterinfiltrateson the
backshoreandflowsoutontheforeshore,becomessmaller.Resultisthat thesalt-waterlensdimensions
arediminishing.In theend,whennoshoreis present,a typicaltextbookwaterqualitydistributionand
interfacebetweenfreshandsalt-waterevolves.Ofnoteisalsotheseawardshiftof thedune'swaterdivide
after500yearsbecauseitsboundaryconditionsarealtered(theconstantheadonthebackshoreisnow
larger).

Inasecondscenarioit isassumedthatacoastaldefenceispresent(forinstanceadike)andthattheshore
is heightenedwiththesameamountasthesearises,for instancebysandsuppletion.Thus,thewidthof
theshoreremainsalwaysthesame.Thisisagainmodelledbyalteringtheconstantheadboundaryin the
firstlayerontheshoreandsea.Resultsaregivenin Figure4.Becausethemeansealevelandthelevelof
the shorerisein time,boundaryconditionsareimportantlychangedandthedune'swaterdivideshifts
seaward.Therefore,lessfresh-waterflowstowardstheseaandthedimensionsof thefresh-watertongue
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Figure3.Waterqualityevolution,fresh-waterheadandflowundertheshore,dunesandpolderalongtheFrench-
Belgianborderwitha sealevelriseof0.4mandin thecaseacoastaldefenceispresent.Thisisshownfor 2100
AD,2250ADand2500AD.linesofconstantfresh-waterheadareindicatedtogetherwithisoconcentrationlines

andgroundwaterflowanditsvelocityusingarrows.

diminish.Thisalso meansthat the dimensionsof the salt-waterlensenlarge.

Ina thirdscenarioit isassumedthatthecoastlineis retreating:thewidthof theshoreremainsconstant
but it movesinland.Thetransitionbetweenpolderanddunesdoesnotchangemeaningthatthewidthof
the dunebeltdecreases.Additionallythe shoreis heightenedin parallelwith sealevelrise.Thisis a
simplificationof thecasewherenocoastaldefenceispresentandthecoastlinehasto retreatdueto the
sealevelrise.Thisisagainmodelledbyalteringtheboundaryconditionsof thefirst layer.Thepositionof
thedune'swaterdivideis hereagainveryimportant.Thiswaterdividemovesrelativelyin thedirectionof
theseameaningthat lesswaterflowsfromthedunestowardsthesea.Asseenbefore,this leadsto an
enlargementof thesalt-waterlens.At acertainpointintimethesalt-waterlenswill reachthesubstratum
of thegroundwaterreservoireliminatingtheflowof fresh-waterfromthedunestowardsthesea.Thisis
completedwhenthedune'swaterdivideispositionedonthetransitionbetweentheshoreandthedunes
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Figure4. Waterqualityevolution,fresh-waterheadandflowundertheshore,dunesandpolderalongtheFrench-
Belgianborderwith asealevelriseof0.4mandinthecaseadikeispresentandtheshoreisheightened.This

isshownfor 2100AD,and2250AD.Unesof constantfresh-waterheadareindicatedtogetherwith
isoconcentrationlinesandgroundwaterflowanditsvelocityusingarrows.

and fresh-wateris no longerallowedto flow to the sea.With a further sealevel risesalt-waterinfiltrates
on the backshore.ThereIs flow of salt-watertowardsthe seaand towardsthe polder.Thisdiminishesthe
dune'sfresh-waterlensimportantly.

Conclusions

Undertheshoreof thewesternBelgiancoastalplain,aninterestinginversedensitydistributionisfound.
A salt-waterlensoccursabovea fresh-watertongue.Thisis the combinedeffectof a permeable
groundwaterreservoir,a wideshorewith lowdip andan importanttidalamplitudewherebysalt-water
infiltratesonthebackshoreduringhightideandflowsoutontheforeshore,principallyduringlowtide.A
fresh-waterlensis presentin the dunesand salt-wateris found in the borderingpolder.With the
simulationsit wasshownthatsealevelrisehasanimportantimpactonthegroundwaterflowandwater
qualitydistributionin thedunesandundertheshore.Theshore'ssalt-waterlenscanenlarge,diminishor
evencompletelydisappear.Thesamecanbesaidabouttheoutflowof thedune'sfresh-wateronthesea
floor.Inthedunes,thewaterdividecanshiftlandwardsorseawardsandthedimensionsofthefresh-water
lenscanalter.

Sealevelriseis,speakingin termsof policyand management,consideredas a long-termissue.The
calculationscan,however,alsobeenseenassimulationsof changesto thesystemsboundarycondition.

203



Densitydependentgroundwaterflow modelof the shoreand dune areaof the Westhoeknature reserve(Belgium)

.....

dunes

" .

<

)
".,:-
"f ~
=4:
.-F- 2&-

r-

, , ; 3.5: : : : : ;..
. '.:: - . . -':'0 :U..'.. - ~. . ...

.. .. ... .. .. . -.

2100
Polder dunes shore sea

...,,'. '. ..;. ,".'. . .5.0

. ... - ... .. . . .. P" "...- -'.
. It!,flU' . ~ ,t,\ 1

::::..1. .&"(Jr, ::-..~hAT ~ ~~. . '''~~ ;;~; ;r".. :,t;:~~.:,;~- ':::;;w;"AS
.,.r,. ""'.:'.

2250

2375

2500

A;isoconcenlrafion lines --Aa
(A1: 1000; 1>:2:2500; A3: 5000; A4: 10000;

A5: 17500; A6:25000; A7; 27000 mg/L) I

I
fresh water head contours (m) 5.0

Figure5. Water quality evolution, fresh-water head and flow under the shore, dunes and polder along the French-
Belgian border with a sea level rise of 0.4 m and in the case the coastline is retreating. This is shown for 2100

AD,2250 AD,2375 AD and 2500 AD.lines of constant fresh-water head are indicated together with
isoconcentration lines and groundwater flow and its velocity using arrows.
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Thereby,theyshowwhatcanhappenif for instancetheshore'smorphologyischanged,drainagelevelsin
thepolderrelativeto themeansealevelarealteredorthedune'swaterdivideisdisplaced.Theseareshort-
termoperations.Simulationshowthat importantchangesto the groundwaterflow andwaterquality
distributioncanbetheresultof that.Theareaof andsurroundingtheWesthoeknaturereservehasa high
ecologicalvalue and rich diversityof fauna and flora partiallyoriginatingfrom the underlying
hydrogeology.Moreoverthedunesaretheonlysourcefordrinkingwaterproductioninthearea.Therefore
generallyhumaninterferenceincoastalplainsmustbecarefullystudiedandplannedbeforehand.
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