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1. Inleiding

1.1. Voorwerp van deze opdracht

MOMO s ta a t voor 'm onito ring  en m odellering v an  h e t cohesieve sedim ent- 
tran sp o r t en de evaluatie v an  de effecten op het m ariene ecosysteem  ten  gevol
ge v an  bagger- en sto rtopera tie '. ff et M OM O-project m aak t deel u it  v an  de al
gem ene en perm anen te  verplichtingen v an  m on ito ring  en evaluatie v an  de ef
fecten v an  alle m enselijke activiteiten op h e t m ariene ecosysteem  w a a raa n  Bel
gië gebonden is overeenkom stig h e t V erdrag inzake de bescherm ing v an  het 
m ariene m ilieu v an  de noordoostelijke A tlantische Oceaan (1992, OSPAR- 
Verdrag). De OSPAR Commissie heeft de objectieven v an  h aa r huidig  "Jo in t As
sessm ent and  M onitoring P rogram m e" (JAMP) gedefinieerd to t  2010  m et de 
publicatie v an  een holistisch "quality  s ta tu s  report" Noordzee en w aarv o o r de 
federale overheid en de gew esten technische en w etenschappelijke bijdragen 
m oeten afleveren ten  laste v an  h u n  eigen middelen.

De m enselijke activ iteit die hier in  het b ijzonder w o rd t beoogd, is h e t s to rten  
in zee v an  baggerspecie w aarv o o r OSPAR een u itzondering  heeft gem aak t op de 
algem ene regel "alle sto rtingen  in  zee zijn verboden" (zie OSPAR-Verdrag, Bijla
ge II over de voorkom ing  en u itschakeling  v an  verontrein ig ing  door sto rting  of 
verbranding). Het algem ene doei v an  de opdrach t is h e t bestuderen  v an  de co
hesieve sedim enten op h e t Belgisch C ontinentaal Plat (BCP) en d it m et behulp  
v an  zowel num erieke m odellen ais h e t u itvoeren  v an  m etingen. De com binatie 
v an  m on ito ring  en m odellering zal gegevens k u n n en  aanleveren over de tran s- 
portprocessen v an  deze fijne fractie en is daarom  fundam enteel bij h e t b ean t
w oorden  v an  v ragen  over de sam enstelling, de oorsprong  en h e t verblijf ervan 
op h e t BCP, de veranderingen  in  de karak teristieken  v an  d it sedim ent ten  ge
volge v an  de bagger- en stortoperaties, de effecten v an  de natu u rlijk e  variabili
teit, de im pact op h e t m ariene ecosysteem  in h e t bijzonder door de w ijziging 
v an  hab itats, de schatting  v an  de n e tto  in p u t v an  gevaarlijke stoffen op het 
m ariene m ilieu en de m ogelijkheden om  deze laa tste  tw ee te beperken.

Een sam envatting  v an  de re su lta ten  u it  de voorbije perioden (2002-2004  en 
2004-2006) k an  gevonden in  h e t "Syn theserapport over de effecten op h e t m a 
riene m ilieu v an  baggerspeciestortingen" (Lauw aert et al., 2004j_2006) d a t u it
gevoerd w erd  conform  art. 10 v an  h e t K.B. v an  12 m a a r t 2000 te r definiëring 
v an  de procedure voor m achtig ing  v an  het s to rten  in  de Noordzee v an  bepaalde 
stoffen en m aterialen . V oor een uitgebreide beschrijving w o rd t verw ezen n aa r 
de halfjaarlijkse rapporten .

1.2 . Algemene Doelstellingen (2006 -2011 -2016)

Het onderzoek uitgevoerd in  het MOMO project k ad ert in  de algem ene doelstel
ling om  de baggerw erken  op h e t BCP en in  de kusthavens te verm inderen, door 
enerzijds de sedim entatie te verm inderen  in  de baggerp laatsen  en anderzijds ef
ficiënter te s to rten . Een nau w e sam enw erking  tussen  de BMM en het WLH is
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één v an  de vereisten om  de doelstelling te k u n n en  realiseren.

1.2.1. Verminderen v a n  de  sedimentatie
V erm indering v an  de sedim entatie zal k u n n en  bereik t w orden  door:

• een optim alisering v an  de v o rm  v an  de b u iten m u u r of een C urren t De
flecting W all, zodat de w ateru itw isseling  tu ssen  haven  en zee verm in 
dert.

• een aanpassing  v an  de v o rm  v an  de toegangsgeul (bv verbreding, zach
tere helling...).

1.2.2. Efficiënter storten
De efficiëntie v an  een sto rtp laa ts  w o rd t bepaald door fysische (sed im enttrans- 
p o rt i.f.v. getij, doodtij-springtij, w ind, golven), econom ische en ecologische as
pecten. Bij een efficiënte sto rtp laa ts  is de recirculatie v an  het gestorte  m ateriaal 
n aa r de baggerp laatsen  zo klein m ogelijk, is de afstand  tu ssen  bagger- en 
sto rtp laa ts  m in im aal en is de versto ring  v an  h e t m ilieu verw aarloosbaar, tfier- 
u it vo lg t d a t er geen sto rtp laa ts  k an  bestaan  die onder alle om standigheden ef
ficiënt is. Efficiënt s to rten  zal k u n n en  betekenen d a t in  functie v an  de voorspel
de fysische (wind, strom ing , golven, sed im enttransport, recirculatie), econom i
sche (afstand, g roo tte  baggerschip) en ecologische aspecten op korte  term ijn  
een stortlocatie zal w orden  gekozen. Om dit te bereiken is h e t volgende nodig:

• definiëren v an  een 'goede' sto rtzones i.f.v. sed im enttransport, recircula
tie baggerspecie, ecologie, economie, ba th y m étrie  v an  de baggerp laatsen

• operationele voorspelling v an  de recirculatie v an  h e t gestorte m ateriaal 
door de operationele da ta  u it hydrodynam ische en sed im en ttransport- 
m odellen, real tim e m eetstations, satellietbeelden, b a th y m étrie  v an  de 
baggerp laatsen  te in tegreren zodat een efficiënte stortlocatie k an  bepaald 
w orden.

1.3. Doei van het MOMO project (april 2006  - maart 2008)

T aak  1 : M o n ito rin g
T aak  1.1: S libconcentratie m etingen: getiicvclus en langdurig  
Er w orden  4 m eetcam pagnes per ja a r  m et de R/V Belgica voorzien  om  13- 
u u rsm etin g en  u it  te voeren. De m etingen vinden  p laats in  h e t kustgebied v an  
h e t BCP. Tijdens de m etingen zullen tijdsreeksen w orden  verzam eld v an  de 
strom ingen , de concentratie aan  en de korrelgrootteverdeling v an  h e t suspen- 
siem ateriaal, de tem p e ra tu u r en de saliniteit.

Een tripode zal ingezet w orden  om  strom ingen , slibconcentratie, korrel
grootteverdeling v an  h e t suspensiem ateriaal, salin iteit en tem p era tu u r te m eten  
gedurende een langere periode (> 1 0  dagen). Langdurige m etingen  laten  toe om  
de slibconcentratievariaties te kw antificeren  die zich voordoen  tijdens een dood
tij-springtij cyclus en gedurende eventuele storm en. Tijdens de onderzoeksperi
ode zullen langdurige m etingen  w orden  uitgevoerd v an  m in im um  1 m aand, 
tfierdoor zal de gevoeligheid v an  de in stru m en ta tie  bij langdurige m etingen 
k u n n en  w orden  gekw antificeerd. Dit kadert in  de algem ene doelstelling om  te 
kom en to t  real tim e m eetstations.
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T aak  1.2: Slibverdeling op de bodem
Per ja a r  zullen een v ijftig tal bodem stalen  geanalyseerd w orden  om  de korrel- 
g rootte, h e t kalkgehalte en de organische fractie te bepalen. Bij de box  cores zal 
ook de densiteit bepaald w orden. M et deze da ta  kan  de slibverdeling in  de k u s t
zone verfijnd w orden  en zal onderscheid gem aak t k u n n en  w orden  tu ssen  'ac
tief' slib (i.e. slib d a t in  de cyclus v an  afzetting  en resuspensie is betrokken) en 
'inactieve' slib (oude lagen die dagzom en en enkel eroderen tijdens extrem e si
tuaties). Een gedetailleerde kennis v an  de sam enstelling v an  de zeebodem is be
langrijk  voor een nauw keurige  kw antificering v an  de erosiefluxen in  sedim ent- 
tran sp o rtm o d  ellen.

T aak 1.3 : A nalyse en in terp re ta tie  v an  de m etingen
Sinds er in  h e t MOMO project begonnen w erd m et h e t u itvoeren  v an  langduri
ge m etingen  m et een tripode (zom er 2003) w erden  m eer dan  70 dagen aan  da
ta  verzam eld. Sam en m et de 13 uu rsm etin g en  (4-6 per ja a r)  en de satellietbeel- 
den (>3 70) is er een hele reeks aan  d a ta  beschikbaar die nog m aar deels geana
lyseerd en geïnterpreteerd  w erd. M etingen op h e t BCP w erden  ook uitgevoerd 
door h e t WLH (N ieuw poort, Zeebrugge) en de KUL -  Labo voor H ydraulica 
(N ieuw poort). Een globale in terp re ta tie  v an  deze d a ta  zal w orden  uitgevoerd 
m et ais v o o rn aam ste  doelstelling h e t analyseren  v an  doodtij/spring tij variaties, 
storm invloeden, seizoens effecten en locale verschillen tu ssen  m eetstations.

T aak  2: M odellering
S u b -taak  2.1: Verfijnen slib transportm odel
Het gebru ik  v an  een num eriek  sed im enttransportm odel vereist een regelm atige 
validatie v an  de m odelresu ltaten  m et m eetgegevens en eventueel aanpassing  
v an  p aram eterw aarden . Het gevalideerde m odel zal geb ru ik t w orden  om  de 
verspreiding v an  h e t gestorte  slib te N ieuw poort en B lankenberge te bestude
ren.
S u b -taak  2.2: Sedim entbalans
Een num eriek  slib transportm odel zal w orden  geb ru ik t om  de hoeveelheid slib 
in  suspensie op h e t BCP te bepalen en dit voo r de verschillende fazen v an  het 
getij, gedurende een springtij/doodtij en voor de verschillende seizoenen. Door 
deze w aarden  te vergelijken m et de to tale  flux  aan  SPM die per ja a r  h e t BCP 
b in n en stro o m t k an  de gemiddelde verblijfstijd v an  h e t slib op h e t BCP bepaald 
w orden . Deze berekeningen zullen in  sam en sp raak  m et h e t WLH w orden  u it
gevoerd. De zo bekom en in form atie  is ook belangrijk  bij het bepalen v an  de ef
ficiëntie v an  sto rtp laatsen .

In het kader v an  h e t project M ocha (W etenschapsbeleid) w erd  de herkom st 
v an  het slib op h e t BCP bestudeerd. De resu lta ten  v an  dit onderzoek zullen ge
b ru ik t w orden  om  de invloed v an  h e t fijnkorrelige sed im entransport in  de W es- 
terschelde op de slibverdeling in  de kustzone te bestuderen. T ot op heden is dit 
n iet duidelijk gekw antificeerd.

S u b -taak  2.3: A lternatieve s to rtschem a 's  i.f.v. om gevingsfactoren 
Onderzoek n aa r alternatieve s to rtschem a 's  (getijgebonden, enkel bij bepaalde 
w indrich ting ,...) zal uitgebreid w orden  n aa r alle sto rtp laatsen . Het doei is om  
h e t effect v an  h e t getij (meteo) op de re to u rstro o m  n a a r de baggerp laatsen  te
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bepalen. Er zal onderzocht w orden  of er een 'best dum ping  tim e ' bestaa t. De
ta a k  k an  ais vo lg t w orden  onderverdeeld:

• 2D langdurige sim ulaties. Deze sim ulaties gebeuren m et h e t 2D h y d ro 
dynam isch  en sed im enttransportm odel v an  h e t BCP en k u n n en  toelaten  
om  eventuele effecten op de slibhuishouding te r hoogte v an  de Belgi
sche k u s t tengevolge v an  een consequent getijgebonden s to rten  gedu
rende een langere periode (1 ja a r)  te analyseren.

• 3D korte  term ijn  sim ulaties. S im ulaties v an  getijgebonden s to rten  m et 
behulp  v an  een gedetailleerd 3D sed im enttransportm odel. De sim ulaties 
zullen u itgevoerd w orden  voor een no rm aa l en extreem  getij en tijdens 
verschillende m eteorologische situaties.

1.4 . Publicaties binnen het MOMO project (april 2006  -  maart 2008)

Er w erden  volgende rap p o rten  en publicaties opgesteld:

Halfjaarlijkse rap p o rten
Fettweis, M., Pisón, V. & V an den Eynde, D. 2006. MOMO ac tiv ite itsrapport 

(april 2006 -  septem ber 2006). B M M -rapport M O M O /3/M F/200612/N L  
/A R /1 , 14pp + app.

C onferenties/W  orkshops :
Fettweis, M., V an den Eynde, D. & Francken, F. 2006. Suspended particu la te  

m a tte r dynam ics and  aggregate sizes in  a coastal tu rb id ity  m ax im um  
(sou thern  N orth  Sea, B-Nl coastal zone). W orkshop on  Physical Processes in 
Estuaries: O bservations and  M odel A pproaches, 4 April 2006, W ate rbou
w kundig  Fabora to rium  B orgerhout.

Fettweis, H ouziaux, J.-S., Francken, F. & V an den Eynde, D. 2006 . 100 years of 
anthropogenic influence on  the  cohesive sedim ent d istribu tion  in  the  Belgian 
N orth  Sea coastal zone as determ ined b y  num erical m odelling and  com pari
son of historical and  recent field data . 1 7 th  Int. Sedim entological Congress, 
27  A u g u st -  1 Septem ber 2006, Fukuoka, (zie appendix  1)

V an den Eynde, D. & Fettweis, M. 2006. D um ping of dredged m ateria l in  sea: 
tow ards operational use o f sedim ent tran sp o r t m odels. In ternational Hy
drographic Conference 2006, Evolutions in  H ydrography, 6-9  Novem ber 
2006, A ntw erp , Belgium, (zie appendix  2)

Publicaties (tijdschriften, boeken)
Fettweis, H ouziaux, J.-S., Du Four, I., Baetem an, C., W artel, S., V an Fancker, 

V., Francken, F., Thiry, Y. 100 years of an thropogenic influence on  the co
hesive sedim ent d istribu tion  in  the  Belgian coastal zone. Subm itted to  M a
rine Geology (zie appendix  3).
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2.  Verfijning 3D  h y d r o d y n a m isc h  m od e l

2.1.  Inleiding

V oor de berekening v an  h e t fijnkorrelig sed im en ttran sp o rt in  h e t kustgebied en 
te r hoogte v an  de haven  v an  Zeebrugge is een fijnm azig m odel nodig d a t ook 
rekening k an  houden  m et zones die tijdens laag w ater droog kom en te liggen. 
Toepassingen v an  het model, d a t gebaseerd is op MU-BCS, zijn bijvoorbeeld het 
onderzoek n aa r een optim ale sto rttijd  o f -p laa ts . V oor deze toepassing zijn ver
schillende aanpassingen  nodig.

Ten eerste w as een im plem entatie v an  een w ettin g -d ry in g  schem a in het 
hydrodynam ische m odel nodig. Verder w as een verfijning v an  h e t m odelroos- 
te r nodig, om  enigszins nauw keurige  berekening te k u n n en  doen v an  de s tro 
m ingen  rond  en in  de haven  v an  Zeebrugge. Er w erd daarom  een n ieuw  m odel 
geïm plem enteerd d a t gekoppeld w erd  aan  h e t bestaande MU-BCSFIN model. 
Dit laatste  heeft een m aasw ijd te  v an  ongeveer 250 m  x 250  m . Deze aan p as
singen w orden  h ieronder k o rt besproken.

2.2. Ontwikkeling wetting-drying

ff et driedim ensionale hydrodynam ische COffERENS m odel (Luyten et al., 1999) 
w erd  aangepast zodat de to ta le  diepte noo it onder een bepaalde w aarde g aa t 
gedurende de sim ulatie. Deze aanpassing  laa t een nauw keurige  sim ulatie toe 
v an  de strom ingen  in  ondiepe gebieden en verh in d ert d a t een m in im u m  diepte 
m oet w orden  opgelegd om  num erieke redenen.

ffet schem a d a t w erd  geïm plem enteerd, is gebaseerd op datgene d a t in  het 
GETM m odel (B urchard et al., 2002) w erd  toegepast, ffet princiep is ais volgt: 
indien de w a te rs tan d  een kritische w aarde onderschrijdt, w orden  de term en  u it 
de m om entum vergelijk ingen  verm enigvuldigd m et een factor alfa, die 0 be
reikt, indien de to tale  diepte de m inim ale w aarde  benadert; enkel de d rukgrad i- 
en t en de bodem schuifspanning behouden h u n  oorspronkelijke w aarde. De k ri
tische en m inim ale w aarde m oeten  in  functie v an  h e t bestudeerde gebied w o r
den vastgelegd. Een aanpassing  v an  de berekening v an  de d rukgrad iën t en v an  
de evaluatie v an  de to tale  w aterd iep te aan  de grenzen v an  tw ee cellen (d.i. op 
de p laatsen  w a a r de snelheidvectoren w orden  berekend) is eveneens nodig.

ffet schem a is geïm plem enteerd in  h e t COffERENS m odel en w erd  in  ver
schillende situaties u itgetest. Zowel de 2D toepassing ais de 3D toepassing w er
ken op h e t ogenblik n a a r behoren, ffet schem a w erd onder andere u itgetest en 
gecontroleerd in  h e t Schelde-estuarium  tussen  Vlissingen en A ntw erpen, w aar 
zich veel "intergetijde" zones bevinden.

2.3. Ontwikkeling nieuw rooster

V oor de ontw ikkeling v an  h e t nieuw e rooster w erden  con tacten  gelegd m et de 
M inisterie v an  de V laam se Gemeenschap, Afdeling W aterw egen Kust (AWK). 
De lodingen die in  de loop v an  2005 w erden  uitgevoerd, w erden  reeds gebru ik t 
door M inisterie v an  de V laam se Gemeenschap, Afdeling W aterbouw kundig  La
bo ra to riu m  en H ydrologisch O nderzoek (WLH), die de gegevens gebru ik ten
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voor h e t opstellen v an  een rooster voor de haven  v an  Zeebrugge. De im plem en
ta tie  v an  dit m odel w o rd t uitgebreid beschreven in  De M ulder (2006) en kon 
door ons w orden  geb ru ik t om  het nieuw e rooster te ontw ikkelen. De b a th y m é
trie  heeft een resolutie v an  ongeveer 5 0 m  x 50 m  en is gebaseerd op het curvi- 
lineair rooster v an  h e t WLH, zie fig u u r 2.1.

U itgaande v an  deze b a th y m étrie  w erd  een nieuw e m odelrooster opgesteld 
voor h e t COHERENS m odel. Het nieuw e MU-HEIST m odel heeft een geografisch 
rooster en heeft een resolutie v an  1.667" x  2 .8571", w a t ongeveer overeenkom t 
m et een resolutie v an  50 m  x  50 m . Dit nieuw e m odel heeft dus een resolutie 
die 5 m aal kleiner is dan  de resolutie v an  h e t MU-BCZFIN model, w aarm ee het 
gekoppeld is. Het m odel heeft in  h e t to taa l 246 x  151 roostercellen. De tijdstap 
v an  h e t m odel is 2 seconden.

De b a th y m étrie  w o rd t voorgesteld in  F iguur 2 .2. Er k an  w orden  opgem erkt 
d a t een deel v an  de b a th y m étrie  een w aterd iep te heeft v an  m inder dan  4 m , de 
m inim um diepte die geb ru ik t w o rd t in  m odellen die n iet zijn u itg e ru s t m et een 
"w etting-dry ing" m odule.

3.1 3.3
0  1 km

Figuur 2.1: De curvilineaire ro o ste rp u n te n  uit h e t WLH m odel ter hoogte  van  Zeebrugge, de w a 
terd iep te  is t.o .v  he t gem iddeld zeen iveau  (MSL) w eergegeven.
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51.39

5 1 .30
3.1

Figuur 2.2: B athym étrie  van  het nieuw e 3D hydrodynam ische m odel te r  hoogte  van  Zeebrugge 
(MU-HEIST).

Enkele eerste re su lta ten  w orden  voorgesteld in  F iguur 2.3 to t  F iguur 2 .5. In 
de tw ee laatste  figuren  k an  duidelijk w orden  vastgesteld  d a t h e t m odel in  s ta a t 
is h e t droog kom en te s taan  v an  gebieden bij laagw aterstanden  goed te sim ule
ren.

H2ATC

Tota l  d e p t h  2 0 0 3 0 9 0 1 . A . 1

Figuur 2.3: T otale w a terh o o g te  berekend m et het MU-HEIST m odel en  w eergegeven voor 1 se p 
tem b er 2003 12h00.



H2ATC

Tota l  d e p t h  °l_ _  ,2 km

Figuur 2.4: T otale w a terh o o g te  berekend m et het MU-HEIST m odel en  w eergegeven voor 1 se p 
tem b er 2003 22h00 .

H2ATC

Tota l  d e p t h  °l_ _  ,2 km

Figuur 2.5: T otale w a terh o o g te  berekend m et het MU-HEIST m odel en  w eergegeven voor 2 se p 
tem b er 2003 23h00 .
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3.  100  jaar mense l i jke  invloed  op  de s l ibverde ling

In de Belgische kustzone w orden  verschillende types cohesieve sedim enten aan 
getroffen, zij verschillen in  ouderdom  gaande v an  recente afzettingen  to t  te rti
aire klei. De invloed v an  m enselijke ingrepen en natu u rlijk e  processen op de 
verdeling of erosie v an  de cohesieve sedim enten w erd  bestudeerd  in  h e t M ocha 
project (PODO II, Federaal W etenschapsbeleid). Dit project kon  succesvol w o r
den beëindigd dankzij da ta  die tijdens h e t MOMO project w erden  verzam eld. 
Een korte  sam envatting  v an  de re su lta ten  over de m enselijke ingrepen en h u n  
effect op de slibverdeling w o rd t h ieronder gegeven, een uitgebreid verslag is te 
v inden  in  Fettweis et al (subm itted), zie ook appendix  2, en het M ocha eindrap
p o rt (Fettweis et al., 2007).

De effecten v an  gro te w erken  en na tu u rlijk e  processen op erosie/depositie 
v an  cohesieve sedim enten w erden  bestudeerd  m et behulp  v an  recente en h isto 
rische (100 ja a r  oud) data . De kw aliteit v an  de historische da ta  is hoog en kon 
daarom  gebru ik t w orden  ais de belangrijkste .datab ron  om  de evolutie v an  de 
verdeling v an  cohesieve sedim enten tijdens de laa tste  eeuw  te reconstrueren . De 
verw erk ing  v an  de historische en recente d a ta  w erd  voora l gebaseerd op 'veld- 
d a ta ' (beschrijvingen v an  de consolidatie, dikte v an  de lagen), op m orfologische 
evolutie en -  voor w a t be tre ft de recente stalen  -  ook op radioactieviteitsm etin- 
gen en gam m a densitom etrie. N adruk  w erd  gelegd op het voorkom en  v an  dik
ke lagen (> 3 0  cm) v an  vers afgezet to t  zeer zach t geconsolideerd slib. Dit soort 
sliblagen w erd  aan  het begin v an  de tw in tig ste  eeuw  vooral afgezet in  een 
sm alle band  langsheen de k u s t tu ssen  ongeveer N ieuw poort en de m onding v an  
de W ester schelde. Deze afzettingen  w aren  vooral h e t gevolg v an  natuu rlijke  
processen. Tegenw oordig zijn de afzettingen  v an  de m eeste dikke sliblagen het 
gevolg v an  m enselijke ingrepen in  h e t systeem , zoals het s to rten  v an  bagger
specie, h e t verdiepen v an  vaargeu len  en de b o u w  en uitbreid ing v an  (vooral) de 
haven  v an  Zeebrugge. U it een vergelijking tussen  de huidige en de situatie  van  
100 ja a r  geleden blijk t d a t tegenw oordig -  m et u itzondering  v an  de slibafzet- 
tingen  op de baggerp laatsen  -  dikke lagen v an  vers to t  zeer zach t geconsoli
deerd slib verder in  zee w orden  afgezet.

Zowel de historische ais de recente d a ta  tonen  aan  d a t h e t gebied ten  oosten 
v an  Oostende v an  n a tu re  u it  gekenm erkt w o rd t door hoge slibafzettingen. 
Flieronder vallen  ook de tijdelijke afzettingen  v an  enkele cm  dikte (de zoge
noem de 'flu ffy  layers'), die in  h e t gebied d a t overeenkom t m et h e t tu rb id i- 
te itsm axim um  w orden  teruggevonden. De effecten v an  veranderingen  in  sus- 
pensieconcentratie en in  de verdeling v an  de cohesieve sedim enten gedurende de 
laa tste  100 ja a r  op het h ab ita t v an  de benthische invertebraten  is w aarschijn lijk  
v an  m inder belang en geen sleutelelem ent om  de tijdelijke veranderingen  in 
benthische gem eenschappen te verk laren  sinds het begin v an  de tw in tigste  
eeuw.
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4. Conclusies

In d it ra p p o rt w orden  tw ee onderw erpen  voorgesteld, deze zijn:
(1) eerste stappen  om  het num erieke hydrodynam isch  m odel te r hoogte v an  

Zeebrugge te verfijnen door een fijner rooster en een 'w e ttin g -d ry in g ' 
schem a te im plem enteren.

(2) een studie - die in h e t kader v an  h e t M ocha project w erd  u itgevoerd m et 
behulp  v an  d ata  u it  h e t M om o project -  over de invloed v an  m enselijke in 
grepen op de slibverdeling in  de kustzone.
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100 years of anthropogenic influence on the cohesive sediment distribution in the 
Belgian North Sea coastal zone as determined by numerical modelling and 
comparison of historical and recent field data

M. FETTWEIS1, J.-S. HOUZIAUX2, F. FRANCKEN1, D. VAN DEN EYNDE1
!Royal Belgian Institute o f  Natural Science (RBINS), Management Unit o f  the North Sea Mathematical Models 
(MUMM), Gulledelle 100, 1200 Brussels, Belgium (m.fettweis@mumm.ac.be)
2RBINS, Invertebrates Department, rue Vautier 29, 1000 Brussels, Belgium

In the Belgian coastal area of the southern North Sea 
different cohesive sediment facies can be identified. These 
sediments consist of a mixture of water, clay minerals, silt, 
carbonates, organic matter and sand and may be classified 
following their bulk density (p) as stiff to very stiff con
solidated (Paleogene clay, p>1800 kg m"3), soft to medium 
consolidated (Holocene mud, p = 1500-1800 kg m"3), 
freshly deposited mud (p = 1300-1500 kg m"3) and fluid 
mud. Variation in bulk density of the consolidated mud 
may point to different sand content but is also typical for 
softening of the surface layer by rewetting. The freshly 
deposited mud may occur as thin (<2 cm) fluffy surface 
layers or thick packages (> 0.5 m); the Holocene mud as 
layered sediments with intercalation of sandy horizons; 
erosion remains of the clay occur locally as pebbles.

The occurrence of a coastal turbidity maximum 
makes the area one of the most turbid in the North Sea 
(values >500 mg/1 are common) and is responsible for the 
continuous dredging works carried out to maintain the ac
cessibility of the ports. The port of Zeebrugge and its con
nection to the open sea (‘Pas van het Zand’) as well as the 
navigation channels towards the Westerschelde estuary are 
efficient sinks. Dredging and dumping amounts up to 11 
millions tons of dry matter yearly, from which more than 
70% is mud. 10% of the total dredged matter is extracted 
in the ‘Pas van het Zand’ and 62% in the port of Zeebrug
ge. The dredged matter is dumped in the coastal area. 
Comparison between the natural input of fine grained 
sediments into the coastal zone through (mainly) the Strait 
of Dover and the quantities dredged and dumped at sea 
shows that an important part of the suspended sediments is 
involved in the dredging/dumping cycle [1],

The construction of the port of Zeebrugge started at 
the end of the nineteenth century when the Belgian 
government decided to build a new outer port on a 
location where there was little more than a beach and a 
row of dunes; the works were completed in 1905. 
Interesting is the fact that Van Mierlo [3] has predicted a 
fast siltation of the harbour and changes in local sand 
transport patterns before its construction, which led him to 
fight against this project. This first port was modest in 
size, but since then many adjustments have been carried 
out in order to deepen and widen the access channels and 
finally to extend the outer port.

We question wether the distrubtion of surficial cohesive 
sediments has changed in the coastal area as a result of human 
pressure, e.g. locally increased erosion or mud deposition due 
to hydrodynamic changes. This is to be expected, because the 
changes (port extension and deep navigation channels) have 
resulted in hydrodynamic conditions, which are not in 
equilibrium with the present bathymetrical situation. During 
the presentation evidence of the influence of the major 
engineering works that were carried out during the last century 
on the cohesive sediment distribution will be provided using a 
qualitative and quantitative comparison of the recent and the 
historical situation.

The qualitative comparison is based on description and 
analysis of recent and historical bed samples and maps of co
hesive sediment distribution. The historical samples (mainly 
from 1899-1911) originate from the collection of G. Gilson 
kept until nowadays in the RBINS repositories [2], Gilson, a 
pioneer in marine ecology aimed at understanding how 
environmental parameters influence the distribution of marine 
species in front of the Belgian coast, which led him to 
thoroughly sample bed sediments. Sampling information was 
generally well documented, which allows drawing a reference 
situation at small scale. The recent bulk density measurements 
give an indication of the consolidation and thus of the 
geological age of the cohesive sediments.

The quantitative comparison between historic and 
modem situations is carried out using numerical models 
(hydrodynamic and sediment transport), which take into 
account physical changes of the environment (such as 
bathymetric changes associated with emergence of ports and 
navigation channels). The models allow to simulate mud 
deposition and erosion today and as they were before the 
major anthropogenic changes and allow to quantify 
differences.
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Dumping of dredged m atter in sea : towards operational sedim ent 
transport m odels

M ichael Fettweis, Dries V an den Eynde

M anagem ent U nit o f the N orth  Sea M athem atical M odels (MUMM), Royal Belgian 
In stitu te  o f N a tu ra l Sciences, Gulled elle 100, 1200 Brussels, Belgium

The Belgian-D utch coastal area is shallow  (depth betw een 5-35 m) and  m ajor nav igation  
channels connect the open sea to  the  h a rb o u r o f Zeebrugge and  the  W ester schelde. The 
coastal tu rb id ity  m ax im um , w hich  is situated  betw een ab o u t Oostende and  the 
W esterschelde estuary , m akes the  Belgian coastal w a te rs  one of the m o st tu rb id  in  the 
N orth  Sea (values o f a few  hundreds mg/1 are com m on) and  is responsible for the 
con tinuous dredging w orks carried o u t to  m ain ta in  the  accessibility to  the  h arbours. The 
Zeebrugge h a rb o u r and  its connection to  the open sea as well as the nav igation  channels 
tow ards the  W esterschelde e s tu ary  are efficient sinks. Dredging and  dum ping  am o u n ts  to 
ab o u t 11 m illions tons o f d ry  m a tte r  yearly , from  w hich  m ore th a n  70% is silt and  clay. 
10% of the  to ta l dredged q u an tity  is dredged in  the  'Pas v an  h e t Z and ', the  nav igation  
channel connecting the  p o rt o f Zeebrugge w ith  the  open sea and  62% in the p o rt of 
Zeebrugge. The re s t is extracted  from  the nav igation  channel to w ard s the  W esterschelde 
(22%) and  the  h a rb o u r o f Oostende (5%). C om parison betw een the  n a tu ra l in p u t o f SPM 
in the  coastal zone th ro u g h  (m ainly) the S tra it o f Dover and  the quan tities dredged and 
dum ped a t  sea show s th a t  an  im p o rtan t p a r t  o f the SPM is involved in  the 
dredg ing /dum ping  cycle (Fettweis and  V an den Eynde, 2003).

Dredging w orks m ay  be lim ited b y  reducing the sed im entation  in  harb o u rs 
(transfo rm ation  of the  h a rb o u r en trance or cu rren t deflecting wall) o r b y  apply ing  a 
m ore efficient dum ping  scheme.

The efficiency o f a dum ping  place is determ ined b y  physical (sedim ent tran sp o rt, 
hydrodynam ics), econom ical and  ecological aspects. An efficient dum ping  place has a 
m inim al recirculation of dum ped m a tte r  back  to  the  dredging places, has a m in im al 
distance betw een dum ping  place and  dredging area and  has a m in im al influence on  the 
environm ent. A dum ping  place, w hich  is a lw ays efficient, does th u s  n o t exist. Efficient 
dum ping  could m ean th a t  the predicted physical, econom ical and  ecological aspects o f a 
dum ping  place will determ ine on sh o rt term  w here the  m a tte r  is dum ped. In order to  
achieve th is  follow ing is necessary:
• Definition of 'good ' dum ping  places as a function  o f sedim ent tran sp o rt, recirculation 

o f dum ped m atte r, ecology, econom y and  b a th y m e try  o f dum ping  places.
• O perational forecast of the  recirculation o f dum ped m a tte r  based on  operational data  

from  hydrodynam ic and  sedim ent tra n sp o r t models.
In the  p resen ta tion  resu lts  from  the  MOMO project (financed b y  the M in istry  o f the 

Flemish C om m unity) are  presented. As exam ple different dum ping  schemes (east, w est or 
as a function  of tide) for the dum ping  place Zeebrugge w ill be presented.

References
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A bstract

The cohesive sedim ents, w hich  are frequen tly  found  in  the  Belgian nearshore zone (southern  

N orth  Sea), are of different age such as te rtia ry  clays, Holocene m uds and  recently  deposited 

m uds. The area is characterised b y  the  occurrence of a tu rb id ity  m ax im um . The effect of 

h u m an  im pact vs. n a tu ra l processes on the  d istribu tion  or erosion of these sedim ents has 

been investigated using h istoric and  recent field data . The historic da ta  have been collected in 

the  beginning of the 20 th cen tu ry , the quality  of these sam ples and  the  m eta-in fo rm atio n  is 

v ery  h igh  and  th ey  have proven  to  be a m ajor reference to  und erstan d  the evolution o f the 

cohesive sedim ent d istribu tion . The processing o f the  historic and  recent d a ta  on  cohesive 

sedim ents w as m ain ly  based on  field descriptions of the sam ples (consolidation, thickness), 

on  m orphological evolution and  on radioactive m easurem ents and  gam m a densitom etry  of 

som e o f the  recent sam ples. D uring the processing the em phasis w as p u t on the occurrence 

of th ick  layers (>30cm ) of freshly  deposited to  very  soft consolidated m ud  and  o f clay and 

m ud pebbles, because these sedim ents are w itnesses o f changes.

Thick layers of fresh  m u d  w ere deposited in  the beginning o f the  20th cen tu ry  m ain ly  in  a 

n a rro w  band  along the  coast from  ab o u t N ieuw poort up  to  the m o u th  o f the  W esterschelde. 

These deposits w ere m ain ly  the  re su lt of n a tu ra l m orphological changes. Today, m o st of the 

depositions of th ick  layers o f fresh  m u d  have been induced b y  an thropogenic operations, 

such as dum ping , deepening o f the nav igation  channels and  construc tion  and  extension of 

the p o rt o f Zeebrugge. C om paring the  ac tua l situ a tio n  w ith  the  s itu a tio n  100 years ago
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reveals th a t  the area a ro u n d  Zeebrugge w here fresh m ud  is deposited extends m ore offshore 

today.

The Belgian coastal w a te rs  east of Oostende are n a tu ra lly  subject to  h igh  silta tion  rates, 

resu lting  in  the  deposition o f tidal driven ephem eral flu ffy  layers of a few  cm  over the  area 

covered b y  the  tu rb id ity  m ax im um . The effects of v aria tio n  in  SPM concentration  and 

cohesive sedim ent d istribu tion  th ro u g h  tim e on the h ab ita t o f benthic invertebrates are 

therefore probably  m inor and  n o t a key to  explain tem poral changes in  the  com position of 

the benthic com m unities since the early  20 th cen tu ry .

K eywords

Cohesive sedim ents, an thropogenic im pact, historic data , hab ita t, radioactive isotopes

1. In troduction

The Belgian-D utch nearshore zone is n a tu ra lly  a very  dynam ic area as can be seen e.g. from  

b athym etrica l differences in  nau tical ch arts  from  1866 on. The construc tion  of the  p o rt of 

Zeebrugge in  the  20 th cen tu ry  and  the  dredging or deepening o f nav igation  channels 

represen t the  m o st conspicuous anthropogenic im pact in  the Belgian coastal zone. The 

construc tion  of the  p o rt s tarted  a t  the  end o f the n ineteen th  cen tu ry  w hen  the Belgian 

governm ent decided to  build  a new  o u ter p o rt on  a location w here there w as little m ore th a n  

a beach and  a ro w  o f dunes. V an M ierlo (1897) predicted already  from  the beginnings a fast 

silta tion  of the port. The firs t p o rt w as constructed  betw een 1899 and  1903 and  w as m odest 

in size; the  em bankm ent had  a leng th  of 1.7 km  and a m ax im um  distance from  the coast of

1.1 km  (Fig. 1). The nav igation  channel 'Pas v an  het Z and ' w as dredged in  1903 th ro u g h  a 

recently  and  n a tu ra lly  form ed sand b an k  (Van M ierlo, 1897); the  channel had  a leng th  of 

2.8 km , a w id th  o f 0.3 km  and a dep th  of 9 m  below  M ean Low Low W ater Spring 

(MLLWS). Since th en  m an y  ad justm ents w ere carried o u t in  order to  deepen the  access 

channels and finally  to  extend the  o u ter p o rt (photos of the p o rt o f Zeebrugge: 

w w w .portofzeebrugge.be). Significant expansion w orks w ere carried o u t betw een 1980 and 

1985 w ith  the construc tion  o f tw o  longitudinal b reak w ate rs  w ith  a leng th  o f 4 km  and 

extension o f ab o u t 3 km  in sea. The o u te r p o rt has a dep th  up  to  16 m  below  MLLWS and its 

connection to w ard s the  open sea ('Pas v an  h e t Zand') o f 14 m  below  MLLWS; th ey  are 

significantly  deeper th a n  the fo reshore/o ffshore area, w hich  has a w a te r dep th  o f less th an  

10 m  below  MLLWS. H arbour extensions, deepening o f nav igation  channels and  construc tion  

of o ther large scale projects (e.g. w indm ill farm s) will continue in  the fu tu re  and  know ledge

http://www.portofzeebrugge.be
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of the im pact of such activities on  the  fine-grained sedim ent dynam ics and on  the  dredging 

and  dum ping  activities is necessary for a sustainable developm ent o f the area.

Despite the  n a tu ra l m orphological evolution occurring in  the nearshore and  shoreface 

area, the  m ajor h u m a n  im pact poses the  question  ho w  the d istribu tion  o f cohesive sedim ents 

h as  changed due to  th is  h u m an  im pact, e.g. m ore intense erosion o r h igher deposition ra tes 

and  th u s  also if the sedim ents have becom e m ore o r less m uddy?

A lterations in  the cohesive sedim ent d istribu tion  are to  be expected, since the  engineering 

together w ith  the  dredging and  dum ping  w o rk s have resulted  in  hydrodynam ic conditions, 

w hich  are n o t everyw here in  equilibrium  w ith  the  presen t ba thym etrica l s ituation . Therefore 

the aim  of th is paper is to  p resen t and  ob tain  m ore evidence on  the influence o f the m ajor 

engineering w o rk s th a t  w ere carried o u t during  the last 100 years on the  cohesive sedim ent 

distribu tion . This w ill be achieved b y  com paring  the  presen t and  a h istorical d istribu tion  of 

cohesive sedim ents. The com parison  is based on a description and  analysis of recent and 

historical (1900s) seabed sam ples and  on  the resu lts of num erical m odel sim ulations 

(hydrodynam ic and  sedim ent tran sp o rt), w hich  take in to  accoun t the  ba th y m etric  changes 

associated w ith  the extension o f the  p o rt and  the nav igation  channels since the 1950ties.

The paper is s tru c tu red  as follows. In section 2 the  stu d y  area is situated . The trea tm en t 

and  in te rp re ta tio n  o f the  h istorical and  recent field d a ta  is described in  section 3. G am m a 

densitom etry  and  radiom etric analysis m ethods, w hich  have been applied to  som e of the 

recent field sam ples, are presented followed b y  a description o f the  num erical m odels and  the 

GIS m ethods. In section 4 resu lts  of h istoric and  recent sedim ent d istribu tion  are presented. 

The com parison  betw een the recent and  the  historic situ a tio n  is presented and  discussed in 

section 5. Some general conclusions are offered in section 6.

2 . R egional settin gs

The s tu d y  area is situated  in  the so u th ern  N orth  Sea, m ore specifically in  the  Belgian 

nearshore  zone, w here the  depth  is generally  betw een 0-15 m  (MLLWS); except in  the  m o u th  

o f the W esterschelde estu ary  w here the dep th  can reach m ore th a n  20 m  below  MLLWS (Fig. 

1). The m ean  tidal range a t  Zeebrugge is 4.3 m  and  2.8 m  a t  spring and  neap tide, 

respectively and  the m ax im um  cu rren t velocities are m ore th an  1 m s 1. The w inds are 

dom in an tly  from  the  so u th w est and  the h ighest w aves occur during  n o rth -w este rn  w inds. 

2 .1 . G eological settin g

The Belgian coast is characterised b y  a s tra ig h t and  closed coastline w ith  a general SW-NE 

direction. The geological setting  show s a strik ing  difference betw een the w estern  and  eastern  

p art, a difference w hich  is already  expressed in  the  T ertia ry  subsoil. The w este rn  p a r t  is 

characterised b y  com pact stiff clay. In the  easte rn  p art, a vertical and  lateral succession of
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fine sand and  silt, sand and  sandy clay, and  clay, belonging to  the  Lower Eocene, is form ing 

the T ertia ry  subsoil (M aréchal, 1993). The top  of these deposits is located a t  dep th  increasing 

in  an  offshore direction and  reaches ab o u t -3 0  m  TAW (national reference level, 0 m  TAW = 

0.19 m  below  MLLWS a t Zeebrugge) in  the su rround ings o f Zeebrugge and  ab o u t -2 0  m  to - 

25 m  TAW in the  coastal plain.

Also in  the  Pleistocene, the w este rn  and  eastern  coastal area experienced a d ifferent 

evolution. Because o f the  presence o f the  IJzer, a m ajor palaeovalley w hich  m orphology  is 

already  expressed in  the top o f the  T ertia ry  subsoil (Baetem an, 2004), the w estern  p a r t of 

the p lain  show s a succession o f fluvial and  estuarine sedim ents form ed during  glacial and  

interglacial periods, respectively (Bogem ans and  Baetem an, 1993), w hile in  the eastern  part, 

cover sands from  the  Last Glacial overly coastal and  open m arine  sedim ents from  the Last 

Interglacial. In the offshore area, m o st of the  Pleistocene deposits have been eroded during  

the Holocene.

The situ a tio n  in  the offshore zone is v ery  m uch  in  re la tion  w ith  the  developm ent of the 

coastal p lain  during  the  Holocene. The coastal plain reaches its g reatest w id th  of ab o u t 20 

km  in the  w est, w hile in  the  east it  is lim ited to  ab o u t 10 km . Also the  thickness of the 

Holocene deposits (exclusive the eolian deposits) a t  the  p resen t coastline varies in  thickness 

betw een ± 25  m  in the w est and  n o t m ore th a n  10 m  in the  east, except for the y oung  

Holocene sand-filled tidal channels. The thickness and  w id th  are defined b y  the m orpho logy  

of the pre-transgressive surface, i.e. the top of the  Pleistocene deposits, and the  occurrence of 

palaeovalleys (Baetem an, 1999; Beets and  v an  der Spek, 2000). The w este rn  p a r t  is 

characterised b y  a m ajor palaeovalley w hich  w as inundated  b y  the tidal env ironm ent as 

from  the  beginning of the Holocene (Baetem an, 1999; B aetem an and  Declercq, 2002). 

A lthough  the  Holocene deposits have n o t been m apped system atically  in  the  eastern  p art, it 

is k n o w n  from  p u n c tu a l d a ta  in  lite ra tu re  and  unpublished  borehole d a ta  th a t  the  top  of the 

Pleistocene is a t  an  elevation o f ab o u t -2 m  TAW in the  p lain  near Zeebrugge. Because of this 

h igh  elevation of the  Pleistocene deposits, the in u n d atio n  s tarted  m u ch  la ter in  the  eastern  

p a r t (a t least in  w h a t is no w  the coastal plain).

The Holocene sequence in the p lain  consists m ain ly  o f a lte rna tions of in tertidal m ud  and 

pea t beds. The u p p erm o st in tercalated  pea t bed (also called surface peat) developed a t  ab o u t 

6300-5 5 0 0  cal BP in  the  landw ard  p a r t of the  plain, and  ca. 4700  cal BP in  the m ore seaw ard 

areas. It accum ulated  a lm o st u n in te rru p ted ly  for a period o f 2-3 ka years w hile the  coast 

w as prograding . The surface pea t is generally  1 to  2 m  th ick  and  occurs betw een -1  and  +1 

m  TAW. The upper pea t bed is covered b y  a 1 to  2 m  th ick  deposit form ed b y  a renew ed 

expansion of the tidal env ironm ent in  the  late Holocene. The expansion w as associated w ith
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the  fo rm atio n  of tidal channels w hich  eroded deeply in to  the  early  and  m id tfolocene 

sedim ents, and  som etim es in to  the  underly ing  Pleistocene deposits. The renew ed expansion 

o f the  tidal fla t w as also associated w ith  shoreface erosion and  a landw ard  sh ift o f the 

coastline in  p articu la r in  the  central and eastern  p art, tiere , the Holocene sequence a t  the 

p resen t shoreline consists of m u d  and  pea t beds (unpublished borehole data), w hich  continue 

to w ard s offshore. Holocene m uds have often  been found  in  the eastern  nearshore area, see 

Fig.2. This is in  co n tra st w ith  the  w est w here in  a w ide area in  the seaw ard  region, the 

Holocene sequence consists of a ca. 25 m  th ick  sand body  deposited in  a coastal b arrie r and 

tidal in let (Fig. 2). Such a situ a tio n  w ith  a tran sitio n  from  b arrier to  back -barrier deposits 

(peat and  m ud) is the typical s ituation . The absence o f b a rrie r deposits in  the  central and 

eastern  p a r t of the  p lain  indicates severe shoreface erosion and  a significant landw ard  shift of 

the  coastline. The tim ing  o f the  onset o f th is erosion still rem ains questionable, b u t  it appears 

th a t  it coincides w ith  the  period o f Rom an occupation  (Baetem an, 2007).

2 .2  Cohesive sed im en ts

In the area different cohesive sedim ent types occur. These sedim ents are characterised b y  a 

p articu la r rheological a n d /o r  consolidation state. The cohesive sedim ents have been classified 

as Eocene clay, consolidated m u d  from  Holocene age, consolidated m u d  of m odern  age, 

freshly  deposited m u d  and  suspended particu la te  m a tte r  (SPM). The freshly  deposited m ud  

occurs generally  as th in  (< 2  cm) fluffy  layers or locally as g radually  m ore consolidated 

thicker packages (± 0 .2 -0 .5  m ). The Holocene deposits, w hich  extends over m o st o f the 

foreshore area, consists of m edium  consolidated m ud  w ith  in tercalation  o f m ore sandy 

horizons; th ey  are often covered b y  sand layers of som e cm  to  ten th  o f cm or flu ffy  layers of 

a few  cm. The thickness of the  Q u a te rn ary  cover in  the  offshore is locally less th a n  2.5 m , in 

these areas te rtia ry  ou tcrops (clay) are to  be expected (Le Bot et al., 2003), see Fig. 3a.

SPM form s a tu rb id ity  m ax im u m  betw een Oostende and  the  m o u th  of the W ester schelde. 

M ost of these suspended sedim ents orig inate from  the  English Channel and  are tran sp o rted  

in to  the  N orth  Sea th ro u g h  the  S tra it of Dover. The fo rm a tio n  o f a coastal tu rb id ity  

m ax im um  h as been ascribed to  the  reduced residual w a te r tra n sp o r t resu lting  in  a 

congestion o f the  sedim ent tra n sp o r t in  the  area (Fettweis and  V an den Eynde, 2003). SPM 

concentration  m easurem ents indicate v a ria tio n  in  the coastal zone betw een m in im u m  2 0-70  

mg/1 and  m ax im um  100-1000  mg/1; low  values (< 1 0  mg/1) have been m easured  in  the 

offshore area (Fettweis et al., 2006, 2007). N ear bed layers of SPM w ith  concentrations of 

m ore th a n  a few  10 g/1 and  a non-N ew ton ian  behav iour (i.e. fluid m ud) have been reported  

in the b o tto m  layer of the 'Pas v an  h e t Z and ', the  nav igation  channel tow ards the p o rt of 

Zeebrugge (Strubbe, 1987).
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3. M aterials and  M ethods

3.1 M apping o f  h istoric and  recen t coh esive sed im en ts

The coastal 'm u d  fields' have been m apped b y  V an M ierlo (1899), Bastin (1974), M issiaen et 

al. (2002) and  V an Lancker et al. (2004). The techniques used are based on rem ote 

geophysical m ethods or on in  situ  sam pling. Indications o f m u ddy  areas are also found on 

old hydrograph ical m aps such as Stessels (1866). Bottom  hardness as estim ated b y  a h and- 

operated  sounding w eigh t is som etim es indicated on  these m aps and  could constitu te  a h in t 

to  areas w ith  fresh ly  deposited m ud. Bastin (1974) m ade a detailed sedim entological m ap 

using  the  n a tu ra l rad ioactiv ity  of sedim ents, b u t could n o t differentiate betw een the d ifferent 

cohesive sedim ent facies. M issiaen et al. (2002) used seismic techniques and  described an  area 

m arked  b y  poor seismic penetra tion  due to  gas fo rm atio n  in  shallow  pea t layers, w hich  

corresponds w ith  the  extension of the Holocene m ud. Geo-acoustical m ethods (m ultibeam , 

side scan sonar) have been applied b y  V an Lancker et al. (2004). They concluded th a t  an  

acoustic seabed classification can be setup especially for very  fine sand, m u d  and  very  coarse 

(shells) sedim ents, b u t  holds m an y  uncertain ties because n o t on ly  the  g ra in  size plays a role 

b u t  also com pactness, topography , the benthic fauna, shell cover, vo lum e scattering  and 

in s tru m en t settings influence the backscatter in tensity .

Given the  uncertain ties of geophysical m ethods and  the need of having  a m ethod  enabling 

the com parison  betw een historical and  recent sedim ent sam ples, w e decided to  m ain ly  base 

the m apping  and  the com parison on  the  detailed field description o f the  sam ples. Four item s 

related to  cohesive sedim ent consolidation a n d /o r  erosion/deposition  processes have a priori 

been selected as th ey  could be found in  the  h istoric and  recent dataset: clay pebbles, hard  

m ud, soft m u d  and  liquid m ud . This approach  has the  advan tage th a t  the h istorical and  the 

recent d a ta  are trea ted  sim ilarly.

The historical sed im entary  situ a tio n  w as d raw n  based on  sedim ent sam ples collected b y  

G. Gilson in  the  early  20th cen tu ry . Gilson established an  am bitious sam pling p rog ram m e 

aim ing to  un d erstan d  ho w  env ironm ental param eters  influence the d istribu tion  of m arine 

invertebrates (Gilson, 1900). He therefore included an  exhaustive sedim ent sam pling scheme 

to com plem ent ben thos sam pling, b u t  these d a ta  w ere never analyzed  as a w hole. The 

archived inven to ry  of G ilson's sedim ent sam ples contains a list of 2979  sam pling events 

betw een 1899 and  1939, from  w hich  90% occurred before 1911. G ilson's cup-shaped 

in s tru m en t ('g round  collector') w as able to  sam ple the  firs t 10-20 cm  o f soft b o tto m s and 

allowed for good conservation  o f sedim ent layers in  the sam ple, see Gilson (1901) and  V an 

Loen et al. (2002). Gilson perform ed on ly  several g rain-size analyses and  only  700 sub 

sam ples are still preserved today . However, detailed field descriptions o f the  sedim ent
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sam ples w ere w ritten  onboard , w hich  enable a standardized approach  to  investigate 

sedim ent param eters  such as m u d  conten t, sand grain-size, shell conten t, gravel con ten t and  

o thers  (H ouziaux et al, in  prep). For p a r t o f the dataset, the original field description could 

n o t be recovered, b u t  a sum m arized  o r tru n ca ted  version  still exists. W here b o th  versions are 

available, the sum m arized  one is clearly less detailed, b u t  it provides e lem entary  in fo rm ation  

on m u d  con ten t o r sand g ra in  size. In the  nearshore area 1956 sedim ent sam ples are 

considered valid in  te rm s o f sedim entological in fo rm ation  con ten t and geo-referencing 

accuracy.

The level o f detail of these sam ple descriptions is h igh  and  allow ed a standardized 

aggregation  of specific in fo rm ation  to  ra n k  the sam ples w ith in  a m u d  to  sand ra tio  scale. 

O ther constituen ts  like gravel o r shell debris w ere n o t considered because sem i-quan tita tive 

in fo rm ation  is n o t alw ays available. In a firs t step, m u d  and  sand con ten t w ere ranked  

accordingly to  fou r basic categories: sand; m u d d y  sand; sandy  m u d  and  m ud. This basic 

m u d /san d  p ro p o rtio n  scale w as m an u a lly  adjusted  w here possible using  the additional sem i- 

q uan tita tive  indications provided b y  Gilson (e.g. "m ud, sand, approx im ate ly  sam e q u an tity"  

is considered as 50% m u d  and  sand). This ad ju stm en t is subjective and  induces a bias in  the 

rank ing  w h en  sem i-quan tita tive  in fo rm atio n  is n o t available. Processing the d a ta  th is w ay  

does n o t give a n y  indication on  the  cohesive sedim ent facies, b u t  it provides an  o p p o rtu n ity  

to  m ap  relative m u d  con ten t o f these sam ples in  a h igh  reso lu tion  grid. Gilson indicated only  

on several occasions the  vertical order o f the  observed layers, how ever, often  additional 

in fo rm ation  on  m u d  appearance w ere often  provided, such as "in pieces" or "in lum ps", 

"hard", "liquid", "grey", "black" or "superficial", w hich  provides clues on  its age, 

consolidation or origin. Occasionally, additional indications on  b o tto m  hardness as recorded 

w ith  a depth  sounding  w eigh t are given a t  the sam pling locations; a w o rk  com m only  carried 

o u t b y  h y drographers b y  then . This in fo rm ation  has been tak en  in to  account to  identify 

areas w ith  soft to  m edium  consolidated cohesive sedim ents and  to  perform  com parisons 

w ith  con tem p o rary  m ud  sam ples. As aforem entioned, on ly  positive indications are 

considered as data , because it is n o t certain  th a t  such features w ere a lw ays appropria te ly  

recorded and  their absence could th u s  also be due to  m isreporting.

3 .2  R ad ioactiv ity  and  d en sity  m easu rem en ts

As supp lem ent to  the  recent sedim ent sam ple descriptions radiom etric and  b u lk  density  

m easurem ents have been carried o u t on box  core sam ples tak en  in  the  nearshore zone. The 

box  core sam ples have a m ax im um  length  o f 50 cm and  have been kep t in  PVC tubes o f 8 cm 

d iam eter and  closed b y  rubber stoppers.
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The radiom etric m easurem ents have been carried o u t w ith  a Ge g am m a detector 

connected to  a m ulti-channel ana lyser (Canberra Series 35 Plus). Radiom etric dating  of 

sedim ent cores using 210Pb, 226Ra, 137Cs and  241Am  activ ity  is a w idely used technique to  

estim ate accum ulation  ra tes  and  age on  a tim e scale of 10-100 years; see e.g.

The m ethod  used to  infer the  density  of the non-d istu rbed  core sedim ents is based on  the 

transm ission  o f g am m a-ray  p ho tons th ro u g h  the  core (Preiss, 1968). The source of gam m a 

ray s  used is 241Am, w ith  a principal energy level a t  60 KeV. Photons em itted a t  th is  energy 

level are absorbed b y  the  sedim ent ra th e r th a n  scattered. It is also very  sensitive to  sm all 

con trasts  in  densities, th o u g h  also to  chem ical com position (called the  soil-type effect) as can 

be foreseen from  its very  low  energy level (Caillot and  Courtois, 1969; Bouron-Bougé, 1972). 

To reduce the  soil-type effect calibration s tandards w ere m ade of sedim ent from  the Belgian 

continental shelf. Tw o types of sedim ent w ere used: a m u d  and  a w ell-sorted  m edium -fine 

sand sam ple. The w a te r of the m u d  w as slow ly evaporated w hile s tirring  the  m u d  in  order 

to  ob ta in  a hom ogenous m ass th a t  w as transferred  to  a 12 cm  long PVC tube of the  sam e 

com position as used for the  cores to  be analysed. The rad ia tion  passing the  tube w as 

m easured over the w hole leng th  in  steps o f 2 m m  to  ensure the hom ogeneity  of the  sam ple. 

A fter m easuring  the  density  sm all aliquo ts o f m u d  w ere sam pled and transferred  to  p re

weighed a lu m in iu m  m oistu re  cans and  the w a te r con ten t w as determ ined from  the  loss 

w eigh t afte r evaporation  a t  105°C for 12 hours. The b u lk  density, pb, w as th en  calculated 

using  2600  k g /m 3 for sand and  2000 k g /m 3 for m u d  particle density  (Bennett and  Lambert, 

1971).

3.3  N um erical m od el descriptions

3 .3 .1  H ydrodynam ic m odel

The hydrodynam ics has been modelled using  the public dom ain  3D hydrodynam ic 

COHERENS m odel (Luyten et al., 1999). This m odel has been developed betw een 1990 and 

1998 in  the  fram ew o rk  of the  EU-MAST projects PROFILE, NOMADS and COHERENS. The 

hydrodynam ic m odel solves the m o m en tu m  equation , the  co n tin u ity  equation  and  the 

equations of tem p era tu re  and  salinity . The equations o f m o m en tu m  and  co n tin u ity  are 

solved using the  'm ode-sp litting ' technique. COHERENS disposes o f d ifferent tu rbulence 

schemes, including the  tw o  equations k-e turbulence model.

For th is  application 2D cu rren ts  from  a 3D im plem entation  of the COHERENS m odel to  

the Belgian C ontinental Shelf (BCS) w ere used. The OPTOS-BCS m odel covers an  area 

betw een 51°N and  51.92° N in la titude and  betw een 2.08° E and  4.2° E in  longitude. The 

horizon ta l reso lu tion  is 0.01183° (longitude) and  0.007° (latitude), corresponding b o th  to
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ab o u t 800 m . B oundary  conditions are w a te r elevation and  depth-averaged curren ts, these 

are provided b y  OPTOS-NOS, w hich  is also based on  the COHERENS code, b u t  covering the 

w hole o f the  N orth  Sea and  p a r t  o f the English Channel. The OPTOS-NOS m odel is receiving 

b o u n d ary  conditions from  the  OPTOS-CSM model, w hich  covers the  N orth -W est European 

C ontinental Shelf. Four sem i-d iurnal tidal com ponents (M2, S2, N2, K2) and  fou r d iu rnal tidal 

com ponents (O,, K(, P„ Q,) are used to  force the tidal elevation on  the  open boundaries o f the 

C ontinental Shelf Model. The cu rren t velocities o f OPTOS-BCS have been validated  using 

ADCP m easurem ents (Pison and  Ozer, 2003).

3 .3 .2  C ohesive sed im en t tran sp ort m odel

T ran sp o rt of m u d  is determ ined b y  the settling of m ud  particles under the  influence of 

g rav ity  and  b y  erosion and  sed im entation due to  the  local cu rren t velocity. The m odel solves 

the 2D depth-averaged advection-diffusion equation  for cohesive sedim ent tran sp o r t on  the 

sam e grid as the  OPTOS-BCS model. Erosion and  deposition ra tes are calculated using  the 

fo rm ulations of A ria thurai-P arthen iades (A riathurai, 1974) and  Krone (1962), respectively. 

The m odel uses the  sem i-L agrangian Second M om ent M ethod (Egan and  M ahoney, 1972; de 

Kok, 1994) for the  advection of the m ateria l in  suspension. In th is m ethod  all m ateria l in 

each grid cell is represented b y  one rec tan g u lar m ass, w ith  sides parallel to  the m odel grid, 

characterized b y  its zero order m o m en t (to tal m ass), firs t order m om en ts (m ass centre) and 

second order m om ents (extent). The diffusion of suspended m a tte r is based on  the w o rk  of 

Johnson  et al. (1988) and  calculates the enlargem ent of the  rec tangu lar m ass assum ing  a 

Fickian diffusion.

The values used in  the  m odel for the  critical shear stress for erosion r., have been set to

0.5 Pa for freshly  deposited m u d  and  2 .0  Pa for the  soft to  m edium  consolidated m u d  of the 

p aren t bed (Fettweis and  V an den Eynde, 2003). The erosion co n stan t for 100% m u d  con ten t 

w as set to  0 . 12x 10 ; k g /m 2s. In sedim ents w ith  low er m u d  content, w hich  can on ly  occur in 

the  p a ren t bed, the  erosion ra te  is m ultiplied b y  the  m u d  fraction. In the m odel a constan t 

fall velocity o f 0.001 m /s  has been used. The critical shear stress for deposition rcd has been 

set to  0.5 Pa. The SPM concen tration  condition along the  open boundaries o f the m ud  

tran sp o r t m odel has been constructed  using in  situ  m easurem ents and  satellite im ages 

(Fettweis et al., 2007).

4. R esults

4.1 A ctual coh esive sed im en t d istribution

The m ap in  Fig. 3a is based on sedim ent sam ples, w hich  have been collected betw een 2000 

and  2004, and  show s the m u d  con ten t and  the  d istribu tion  o f fo u r m ajor cohesive sedim ent
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facies as th ey  em erge from  the  sam ple descriptions and  the w e t b u lk  density  m easurem ents; 

the  consolidation term ino logy  is from  the Coastal Engineering M anual (2002) classification. 

This classification is based on  b u lk  densities for pu re  cohesive sedim ents and  should be used 

therefore as an  indication; sm all am o u n ts  of sand, w hich  often  occur in  the m ud, m ay  

increase the  b u lk  density. The fo u r m ain  facies are:

1. Clay o r m u d  pebbles, w hich  occur in  a sand m a trix  o r on  top  o f m ud  layers and  m ay  

indicate eroded (n a tu ra lly  or due to  deepening dredging w orks) and  tran sp o rted  te rtia ry  

clays o r consolidated m u d  layers (Fig 4a).

2. Soft to  m edium  consolidated cohesive sedim ents, w hich  have a w e t b u lk  density  (pb) of 

1500-1800 k g /m 3) and  indicate Holocene (Fig. 4b) or possibly you n g er sedim ents (Fig. 

4e). Based on the  consolidation o f the sedim ent sam ple it is n o t a lw ays possible to  clearly 

identify  the age o f the  sedim ent. Holocene m ud  has typically  a layered s tru c tu re  w ith  

in tercalation  of th in  sandy  layers. O ther types of consolidated m ud, such as the  low er 

layer in  Fig. 4e, are sticky and  no  clear layering can be v isually  identified; it corresponds 

n o t w ith  the Holocene m u d  and it is assum ed therefore to  be of m ore recent age (up to  a 

few  centuries), it is called 'm odern  m u d '. In Fig. 3 no difference betw een the  d ifferent 

types o f soft to  m edium  consolidated cohesive sedim ents is made.

3. Freshly deposited to  v ery  soft consolidated cohesive sedim ents (pb = 1300-1500  k g /m 3), 

w hich  m ay  indicate recent deposits of th ick  m u d  layers (Fig. 4c, 4e) o r rew etted  older and 

m ore consolidated m ud. Freshly deposited m ud  occurs typically  in  the  p o rts  below  fluid 

m u d  layers (Fig. 4f).

4. Fluid m u d  (pb = ± 1 1 0 0 -1 2 0 0  k g /m 3), w hich  flow s th ro u g h  fingers and  occurs as th in  

surface layers of a few  cm (fluffy layers, see Fig. 4d) o r th ick  layers in  nav igation  

channels and  po rts  (Fig. 4f).

The w e t b u lk  density  o f box  core sam ples from  the nearshore area near Oostende and 

Zeebrugge ranges betw een 1088 k g /m 3 and  2300  k g /m 3, tw o  exam ples are show n  in Fig. 5. 

A clear distinction can be m ade in  ZB6 core betw een the very  soft layer (< 1 3 0 0  k g /m 3) on  

top, the  fresh ly  deposited to  very  soft consolidated m u d  (± 1 5 0 0  k g /m 3) betw een 2 cm  and 

26 cm and  the v ery  sticky soft to  m edium  consolidated m u d  below  26 cm (± 1 6 0 0  k g /m 3) 

(Fig. 5a). The organic m a tte r  con ten t is ab o u t 5% in the low er p a r t and  10-20% in the upper 

p a r t  of the  ZB6 core; these differences po in ts to  a different age of b o th  sedim ents. The upper 

p a r t  of the  density  profile is very  irregu lar. These v aria tio n s in  w e t b u lk  density  are an  

indication o f tidal deposits and  represen t an  a lte rn a tio n  of m ore and  less m u ddy  layers 

form ed in  sheltered areas; it is typical th a t  these s tru c tu res  can n o t be seen from  a v isual
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inspection o f the  sam ple. Tw o rad iographies o f Reineck core sam ples tak en  very  close to  the 

ZB6 and  ZB2 box core sam ples show  clearly these tidalites (Fig. 6).

The w e t b u lk  density  o f the  u pper 30 cm  of the OE14 core (Fig. 5b), w hich  has been 

sam pled near the old dum ping  site of Oostende (B&W-O in Fig. lb ) is very  low  (1200-1400 

k g /m 3). The fact th a t  a th ick  layer of fresh ly  deposited m u d  can be deposited po in ts to  a 

protected hydrodynam ic environm ent.

4 .2  A ge and  accum ulation  rates b ased  on  rad io -iso top es o f  recen t sam p les

The rad ioactiv ity  o f 210Pb, 226Ra and  137Cs has been m easured  to  determ ine the age and  the 

accum ulation  ra te  o f the  sedim ents in  tw o  box-core sam ples. The OE11 core has been taken  

in M arch 2004  near the  old dum ping  place o f Oostende and  consists (B&W-O in Fig. lb )  of 

43 cm o f fresh ly  deposited to  soft consolidated m u d  (sim ilar as Fig 4c). In the  ZB6 core, 

w hich  has been sam pled in  N ovem ber 2002 n o rth ea s t o f the  p o rt of Zeebrugge (see Fig. lb ), 

tw o  clearly different p a rts  have been distinguished: the  upper 19 cm consist of freshly  

deposited to  soft consolidated m ud  (1400-1500  k g /m 3) in tercalated  w ith  th in  m ore sandy  

layers and  the  low er 29 cm o f m edium  consolidated m u d  (sim ilar as Fig. 4e and  5a). On top 

is a th in  layer o f freshly  deposited m u d  (± 1 3 0 0  k g /m 3). The radio-isotope profiles in  b o th  

box cores are irregu lar as can  be seen from  Fig. 7 and  8.

The m ajo r source o f 226Ra is p robably  m ostly  associated w ith  the discharges o f phosphate 

g ypsum  a t  BASF-Antwerpen betw een 1968 and  2002  and  the  226Ra discharges from  1920 on 

b y  Tessenderlo Chemie in  the Grote Nete (Schelde basin), see on  th is  subject Paridaens and 

V anm arcke (2000). Pb-210, w hich  is a d au g h te r isotope o f 226Ra, is form ed b y  the decay of 

the  industria l 226Ra and th u s  can n o t be used for dating  w ith  excess 210Pb m odels. The 

sedim ents of the upper ZB6 and  o f w hole the  OE11 core can therefore be supposed to  have 

been deposited recently  (1920 -  today). The s tu d y  of the  m orphological evolution allow ed to 

refine the  age o f deposition o f the  OE11 sedim ents as afte r 1960 (see § 5.1). In the beginning 

o f the eighties large engineering w orks occurred in  the  area (extension of the  p o rt of 

Zeebrugge, deepening of nav igation  channels). The (surface) m u d  n o rth ea s t o f Zeebrugge has 

probab ly  been deposited afte r (during) and  due to  these w o rk s and  is th u s  yo u n g er th an  

± 1 9 8 0 . The ap p a ren t accum ulation  ra te  of the  upper 19 cm o f ZB6 has been estim ated as 

ab o u t 0.86 cm /y r. The low er p a r t  o f the  ZB6 core can be clearly d istinguished from  the 

u pper p art. It has been in terpre ted  - based on  field description -  as m odern  m ud; deposition 

has p robably  occurred afte r 1920 and significantly  before 1980.

• The peak in  137Cs activ ity  betw een  17 cm  and 33 cm below  the  surface in  the 

OE11 core has been ascribed to  the  peak  in  fall o u t of atm ospheric nuclear bom b tests 

du ring  the sixties. The ap p a ren t accum ulation  ra te  for the  upper p a r t  of the  core is
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th en  ab o u t 0.6 cm y r '1. The low er 137Cs peak  in  th is core (37-41 cm) indicates th a t  

these sedim ents are  a t  least yo u n g er th a n  1950 w h en  the  significant releases o f 137Cs 

in to  the  env ironm ent started .

It is clear th a t  tw o  sam ples can n o t describe the com plex accum ulation  p a tte rn  in  w hole 

the area. The m easurem ents have how ever show n  different isotope activ ity  and  d istribu tion  

betw een the Oostende and  Zeebrugge core, w hich  can be explained b y  the recent 

m orphological evolutions and  anthropogenic influences a t  b o th  sites and  the age o f the 

layers. The h igher influence of the  W esterschelde a t  Zeebrugge and  th u s  a partia lly  d ifferent 

origin o f the  m u d  could perhaps also explain the  differences betw een the  sam ples. The 

influence o f the W esterschelde on  the  SPM concen tration  is for exam ple visible in  the tw o  

statistically  different h igh  tu rb id ity  zones in  the  nearshore area (i.e. Oostende and 

Zeebrugge), as is explained b y  V an den Eynde et al. (2006).

4 .3  H istorical coh esive sed im en t d istribution

Despite initial doub ts on the  accuracy  of the  m ethod  used to  reconstruc t h istorical m ud  

content, the  developed approach  provides a coheren t historic m ap  of m u d  con ten t along the 

Belgian coast and  the  W esterschelde estu ary  (Fig. 3b). It w as n o t possible to  u n am biguously  

link  the descriptions o f G ilson's sam ples to  one o f the fou r m u d  facies used in  § 4 .1 , because 

on ly  positive indications are considered as "data". A m orphological analysis has therefore 

been carried o u t com paring  the  ba thym etrica l m aps of Stessels (1866) and  U rbain  (1909) in 

order to  link  the  occurrence o f cohesive sedim ents w ith  an  increase (erosion) or a decrease 

(accum ulation) in  b a th y m etry . If Gilson's sam ple is situated  in  an  area w here the dep th  has 

decreased, th en  the m u d  has been deposited recently  (m axim um  35 years before sam pling). If 

the  sam ple is situated  in  an  eroded or stable area th en  the surface m u d  is m o st p robably  old 

(Holocene o f m odern). Fresh m u d  m ay  how ever occur in  all areas (usually  th in  surface 

layers) th ro u g h  tidal and  spring-neap  tidal driven deposition such as described in  the 

m etadata .

Areas w here an  accum ulation  o f sedim ent is observed are found  in  a parallel band  o f 5 

km  w id th  along the  coast line (Fig. 9). The h ighest accum ulation  (±3  m) occurs betw een 

Oostende and  Zeebrugge, an  area w hich  corresponds w ith  h igh  m u d  con ten ts a t  the  end of 

the  19th and  the beginning of the 20 th cen tu ry  (see Fig. 3b) ju s t  before and  du ring  the 

construc tion  w orks. The hydrograph ic ch a rt o f Stessels (1866) show s the  occurrence of pure 

m u d  a t  the  sam e location. East o f the  p o rt near-field accretion o f m ain ly  sand occurred (not 

show n  in Fig. 3); im p o rtan t m orphological changes in  the  area continue u n til today. 

C om parison betw een the  hydrograph ical m aps of 1866 and  1911 (Fig. 9) indicates th a t  these 

changes have s tarted  before the construc tion  of the p o rt of Zeebrugge and  could th u s  be the
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re su lt o f a n a tu ra l m orphological evolution. However, h u m an  influences such as the 

construc tion  of coastal defence s tru c tu res  in  the 19th cen tu ry  along the eastern  Belgian coast 

can n o t to ta lly  be excluded to  explain a t  least p a rtly  these m orphological changes. These 

changes resulted  in  the  fo rm atio n  o f a sand b an k  (called "Het Zand") a t  the  place w here the 

p o rt is situated  now adays (Van M ierlo, 1899). The m o st direct im pact of the first 

in fra s tru c tu re  has possibly been to  locally reinforce n a tu ra l m orphological trends in 

decreasing depth, as predicted b y  V an M ierlo (1897).

Areas w here the seafloor has deepened (> lm ) are p a r tly  artificial, such is the case in  the 

'Pas v an  h e t Z and ' and  the nav igation  channel to w ard s the  W esterschelde ('Scheur'). In these 

areas fresh ly  deposited m u d  is expected to  be found, as these environm ents are  artificial 

sinks for fine-grained sedim ents. F urther offshore, deepening is p robably  n a tu ra l and  m u s t 

correspond w ith  erosion processes. It is th u s  m o st likely th a t  the m u d  observed in  these 

areas coincide w ith  ou tcropp ing  o f ancient m u d  (Holocene). The cohesive sedim ents in  the 

offshore zone (> 10 m  MLLWS) w here the  b a th y m e try  has n o t changed are m o st probably  

also o f ancien t age (Holocene).

4 .4  N um erical m od el results

The aim  of the  m odel sim ulations w as to  sim ulate the  tra n sp o r t and  deposition of fine 

grained sedim ents using a b a th y m e try  before (i.e. b a th y m e try  of 1959, w ith o u t p o rt of 

Zeebrugge) and  afte r the m ajo r engineering w orks have been carried o u t (b a th y m etry  of 

2003, w ith  p o rt o f Zeebrugge). The bath y m etries  used to  sim ulate  the  hydrodynam ics and 

the sedim ent tra n sp o r t are  show n in Fig. 10. The sim ulations have been carried o u t during  

calm  w eather and  lasted one spring-neap  tidal cycle. It is assum ed th a t  the  SPM 

concentration  along the  open boundaries o f the OPTOS-BCS m odel is the sam e for the recent 

and  historic s ituation . The resu lts  are presented in  Fig. 11 (2003 situation) and  Fig. 12 (1959 

situation , w ith o u t Zeebrugge). The figures show  th a t  the Belgian and  so u th ern  D utch 

coastal w a te rs  are an  effective trap  for suspended sedim ents, resu lting  in  the fo rm atio n  o f an  

area o f h igh  SPM concentration. D uring spring tide the SPM concen tration  reaches a 

m ax im um , w hereas du ring  neap tide the  m u d  deposition is highest.

Perm anen t m u d  deposits are those, w hich  are n o t eroded du ring  spring tide; th ey  are 

situated  in  the nav igation  channels and  -  for the recent s itu a tio n  -  a ro u n d  Zeebrugge. 

Nevertheless the  lim itations o f the model, the  resu lts indicate th a t  despite the occurrence o f a 

tu rb id ity  m ax im um  in the nearshore zone on ly  few  p erm an en t deposits of cohesive 

sedim ents exist and  th a t  m o st of them  are situated  in  areas w ith  a h igh  anthropogenic 

im pact.
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The m odel resu lts show  fu rth e r -  as a consequence of m ass conservation  in  the  m odel and 

w ith o u t tak ing  in to  accoun t dredging and  dum ping  -  th a t  SPM concen tration  is on average 

low er and  m ud  deposition higher to d ay  th a n  in  1959.

5. D iscussion

The construc tion  and  extension o f the  p o rt of Zeebrugge and  its connections to  the  open sea, 

the dum ping  of dredged m a tte r and  the m orphological evolutions induced b y  these 

operations have had and  still have an  influence on  the  fine grained sedim ent system . The 

com parison betw een the  recent d a ta  and  the Gilson field d a ta  (Fig. 3, Fig. 9) show s th a t  the 

d istribu tion  o f fresh ly  deposited to  very  soft consolidated m u d  and  the  clay pebbles has 

changed. The possible explanations such as n a tu ra l o r h u m a n  induced m orphological 

changes, dredging and  dum ping , increased erosion o f clayey sedim ents and  changes in 

storm iness are discussed below.

5.1 D eposition  o f  fin e grain ed  sed im en ts

The coastal tu rb id ity  m ax im um  is responsible for the availability  o f fine grained sedim ents 

and  th u s  also for the  deposition o f fresh m ud. On m o st places in  the  nearshore zone the 

occurrence of fresh  m u d  is lim ited to  th in  layers of m ax im um  a few  cm  on top  o f the 

sedim ent bed (liquid layer o r fluffy  layer). The erosion resistance is sm all and  th ey  are 

resuspended du ring  h igh  curren ts. The occurrence of fluffy  layers can n o t be used as 

indication o f v a ria tio n  in  cohesive sedim ent d istribu tion  betw een the p as t (100 years ago) 

and  today . Thick layers (± 0 .5  m) of fresh ly  deposited to  very  soft consolidated m u d  (Fig. 4c) 

how ever are  a good indicator of changes. They occur to d ay  in  environm ents w hich  are or 

have been stro n g ly  influenced b y  h u m an  activities such as near dum ping  places (B&W-O in 

Fig .l), nav igation  channels, inside h arbours, and  in  the area a ro u n d  the  p o rt of Zeebrugge, 

see Fig. 3a. These m u d  layers can easily be d istinguished from  the  older m ore consolidated 

cohesive sedim ents (Fig. 4b and  4e) o r the fluffy  layers (Fig. 4d). The fact th a t  Gilson did n o t 

m entioned the occurrence o f th ick  freshly  deposited to  very  soft m ud  layers could indicate 

th a t  th ey  did n o t occur 100 years ago and  th a t  th ey  are a re su lt of h u m a n  im pact in to  the 

system . This reasoning  is how ever unbalanced. First, the  function ing  o f Gilson's g round  

sam pler could lead to  a w ash ing  o u t of the fresh  m ud . The sam pler is able to  penetrate  the 

su b s tra tu m  to  ab o u t 20 cm w h en  it lies on  its side, b u t  its vertical heigh t is lim ited to  ab o u t 

10 cm so th a t  w h en  hauled back, the  heavy  closing lid m ay  have expelled a m ore o r less 

large p a r t of the soft to  fluid m atte r; th is has been reported  once. Second, field description of 

the  sam ples does often  n o t encom pass details on  com paction of the sam ple. Occurrence of 

th ick  layers of fresh ly  deposited to  very  soft consolidated m u d  have probably  occurred in  the
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eastern  nearshore area w here the  sedim ents consist of m u d  and  the dep th  soundings indicate 

"soft" a n d /o r  "sticky" bo ttom s.

From a com bination  of the  m u d  con ten t derived from  Gilson's m eta-in fo rm atio n  (Fig. 3b) 

and  the  m orphological changes betw een 1866 and  1911 (Fig. 9) it can be seen th a t  the 

surface layer consists o f m ain ly  m ud, w hich  is found in  a n a rro w  band  along the  coastline 

and  corresponds m o st probably  w ith  the  freshly  deposited to  very  soft consolidated m u d  o f § 

4.1. No in fo rm ation  is available on  the  thickness of these layers, b u t  the  fact th a t  Gilson 

sam pled the  area on  several occasions and  th a t  he found  m o st of the tim e m u d d y  sedim ents 

leads to  the  conclusions th a t  the deposits w ere p erm an en t du ring  the  considered in terval and 

could resist the  strong  cu rren ts  during  spring-tide. F u rtherm ore the m etad a ta  of several 

sam pling occasions clearly m entions 'v e ry  soft' b o tto m  in the area, possibly indicating 

fresh ly  deposited m ud  on  top; it is how ever n o t possible to  give a thickness to  these deposits, 

th u s  it could also indicate a fluffy  layer of a few  cm  o r m ore. V an M ierlo (1908) w ro te  th a t  

afte r the construc tion  of the  firs t p o rt o f Zeebrugge the  w a te r depth  w est o f the  h a rb o u r 

m ole decreased b y  2 m  due to  the deposition of cohesive sedim ents. The sam e a u th o r  w ro te  

th a t  before the p o rt construction , a layer of 60 cm o f m ud  w as deposited in  the sam e area 

over a period of 10 years, th is  corresponds w ith  a accum ulation  ra te  of 6 cm /y r. If these 

sedim ents still exist today , th en  it is expected th a t  th ey  fit the  class 'so ft to  m edium  

consolidated' and  correspond th u s  w ith  m odern  m ud . A lthough  the  recent sam pling 

reso lu tion  is generally  low er th a n  Gilson's one, freshly  deposited to  very  soft consolidated 

th ick  m ud  layers (> 3 0  cm) in  th is n a rro w  coastal band  have on ly  been found to d ay  near the 

old dum ping  place of Oostende (B&W-O). In som e sam ples th is  m u d  is deposited on soft to 

m edium  consolidated m ud  (see box  core OE14 in  Fig. 5), the  la tte r corresponds possibly w ith  

the  freshly  deposited m u d  layers of the  beginning of the  20th cen tu ry . The deposition of the 

freshly  to  very  soft consolidated m u d  near B&W-O started  after the 1950ties as w as detected 

from  the  radiom etric m easurem ents of the OE11 box  core (see § 4.2) and  w as on ly  possible 

because the  m odification of the  b a th y m e try  created a hydrodynam ic protected area. V an 

Lancker et al. (2004) have studied using different ba thym etrica l m aps from  1955 up  to  1997 

the m orphological evolution o f the area a ro u n d  B&W-O. They conclude th a t  the  w a te r depth  

decreased on  the dum ping  place and  th a t  n o rth  and  so u th  of the dum ping  place tw o  

channels w ere form ed. The decrease in  w a te r dep th  w as in itiated  b y  the dum ping  activities 

and  w as followed b y  m orphological changes.

O ther areas to d ay  w ith  im p o rtan t depositions o f fresh  m u d  are the  nav igation  channels, 

the h arb o u rs  and  -  m ore in teresting  - the area situated  a few  km  n o rth  o f the  p o rt of 

Zeebrugge (see Fig. 3a), such as the  recent m u d  found a t  ZB6. This deposition is probably
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related  to  the  extension of p o rt o f Zeebrugge in  the  1980ties, as w as deduced from  the 

radiom etric m easurem ents (§ 4.2). The resu lts o f the  num erical m odel sim ulations suggest 

th a t  solely the  deepening of the  b a th y m e try  and  the  extension of the  o u ter p o rt of Zeebrugge 

are responsible for a decrease in  SPM concen tration  and  an  increase in  m u d  deposition 

betw een the 1959 and  the 2003 situ a tio n  in  the  area a ro u n d  Zeebrugge. Keeping in  m ind the 

lim ita tion  of the m odel (resolution, 2D sim ulation) th ey  also show  th a t  the  extension o f the 

p o rt o f Zeebrugge resu lts in  m u d  deposition near the port; a featu re n o t occurring in  the 

1959 model.

The resu lts suggest th a t  in  the  beginning o f the  20th cen tu ry  p erm an en t deposition of 

cohesive sedim ents occurred m ain ly  in  a n a rro w  band  along the  coast from  ab o u t 

N ieuw poort up to  the m o u th  o f the W esterschelde. These depositions w ere m ain ly  the resu lt 

of n a tu ra l occurring  m orphological changes. Today, p e rm an en t fresh  m u d  deposits are 

found in the sam e area on ly  near the  dum ping  place B&W-O and  in  the  o u ter p o rt of 

Zeebrugge and  the  nav igation  channel 'Pas v an  het Z and '. Deposition of fresh  m ud  seems to  

have shifted to w ard s m ore offshore and  occur to d ay  in the nav igation  channels 'Scheur' and 

'Pas v an  h e t Z and ' and  in  the  area n o rth  o f the  p o rt of Zeebrugge.

5 .2  Increased erosion  o f  H olocene or tertiary  m ud

Clay and  m ud  pebbles o f a few  cm  up to  10 cm  in size and o f different rounded  shapes have 

been found  regu larly  in  sandy  sedim ents 100 years ago and  today. The rounded  shape is an  

indication th a t  these pebbles have been transported ; the  flattened shape m ay  indicate th a t 

th ey  orig inate from  erosion o f the  layered Holocene m ud . Fig. 3 show s th a t  th ey  are m ore 

frequen tly  recorded today, despite the low er sam pling resolution.

The higher frequency to d ay  of clay and  m u d  pebbles in  the  v icin ity  of the dum ping  places 

B&W-S1 and  B&W-O is p robably  a resu lt o f the dum ping  o f dredged sedim ents from  m ain ly  

deepening dredging w orks. T ertia ry  clay and  Holocene m u d  are, e.g. ou tcropping  in  the 

nav igation  channel tow ards the W esterschelde and  in  the 'Pas v an  h e t Z and ' (see Fig. 3a).

On o ther places the  occurrence o f m u d  o r clay pebbles m ay  indicate erosion of old m ud  

(Holocene or m odern) or te rtia ry  clay. N ear the  sam pling site MOW1 (Fig 1) Holocene m u d  is 

outcropping; it is covered b y  an  ephem eral fine sand layer o f 1 to  10 cm. M ud lenses have 

been observed in  the sand indicating p robably  erosion of the  underly ing  Holocene m ud. 

Interesting in the OE11 core is the low er 210Pb activ ity  in  the surface layer (Fig. 8) th a n  

betw een 23 cm  and  27  cm  below  the surface w here a m ax im um  is found. The observed 

profile could be explained b y  assum ing  a supp ly  and deposition o f m u d  w ith  a low  210Pb 

content. Possible sources are from  the  erosion of the  Holocene m u d  and  from  capital 

dredging w orks, w hich  m ay  b ring  Holocene and  T ertia ry  fine grained sedim ents in
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suspension. Sim ilar observations from  elsew here have been reported  b y  Ten Brinke et al. 

(1995) and  A ndersen et al. (2000). V ariation  in  industria l 226Ra discharges and  the closing 

dow n o f the  BASF-Antwerpen discharges in  2002  could also give an  explanation  for the 

decreasing 210Pb activity . Q uan tita tive in fo rm ation  on  tra n sp o r t and  diffusion of 226Ra from  

the  Schelde e s tu ary  to w ard s the so u th ern  N orth  Sea is how ever n o t k n o w n  to confirm  this 

explanation.

5.3  D redging and  dum ping effects

The p o rt o f Zeebrugge and  its connection to  the  open sea as w ell as the nav igation  channels 

to w ard s the  W esterschelde es tu ary  are efficient sinks for cohesive sedim ents. M aintenance 

dredging and  dum ping  a m o u n t to d ay  to  ab o u t 12 m illions to n s  o f d ry  m a tte r yearly  

(average over the  period 1999-2004), from  w hich  m ore th a n  70% is silt and clay. 48% o f the 

to ta l q u an tity  is dredged in  the  nav igation  channels to w ard s the  W esterschelde and  the p o rt 

of Zeebrugge, 45% in the  p o rt itself and 7% in the sm aller h a rb o u rs  (Oostende, Blankenberge 

and  N ieuw poort). 52% o f the dredged m a tte r  is dum ped on dum ping  place B&W-S1, 33% on 

B&W-ZO and 5% on B&W-O. C om parison betw een the SPM tra n sp o r t entering and  leaving 

the BCS and  the  quan tities dredged and  dum ped a t  sea show s th a t  an  im p o rtan t p a r t o f the 

SPM is involved in the  d redg ing /dum ping  cycle (Fettweis and  V an den Eynde, 2003).

The deposition of m u d  in  the dredging areas should be seen as a tem porarily  storage and 

it does n o t affect the  global sedim ent balance on  a scale of the BCS. In these areas the h u m an  

im pact is how ever m assive and  the  deposition is the resu lts of the engineering w orks, w hich  

have been carried o u t (deepening, p o rt construction). The fact th a t  h igh  a m o u n t o f fine 

grained sedim ents are deposited and  dredged show s th a t  the nearshore zone has become 

m ore m u d d y  since the beginning of the  20 th cen tu ry  w h en  dredging w as significantly 

sm aller.

The dum ping  o f fine grained sedim ent increases tem porarily  the SPM concentration  by  

50 -100  mg/1 in  a d iam eter o f 2 0 -4 0  km  aro u n d  dum ping  place B&W-S1 and  increase the 

deposition of m u d  n o rth  of the  dum ping  place (Van den Eynde and  Fettweis, 2004). The 

seasonal averaged SPM concentration  in  th is area as derived from  satellite im ages and  in  situ  

m easurem ents am o u n ts  to  25 mg/1 ±  100% in sum m er up  to  100 m g/1 ± 70% in w in ter 

(Fettweis et al., 2007). If the assum ption  th a t  the  SPM tra n sp o r t has n o t changed globally in 

the so u th ern  N orth  Sea in  the  last 100 years is valid, th en  it can  be concluded from  these 

resu lts and from  the  m odel resu lts  o f § 4 .4  th a t  the  tu rb id ity  m ax im um  area has shifted in 

the las t 100 years m ore offshore, because SPM concentration  near the  dredging areas has 

slightly  decreased due to  deposition, w hile a ro u n d  the  dum ping  places it has increased.

5 .4  Changes in  storm iness
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The occurrence and  frequency of sto rm s are im p o rtan t for the  d istribu tion  o f cohesive 

sedim ents. Indications o f changing storm iness in  the N orth  Sea have been frequen tly  

reported , see e.g. W asa Group (1998) and  W eisse et al. (2005). The W asa Group (1998) 

m entions th a t  the  s to rm - and  w ave clim ate in  m ost of the  N orth  Sea has undergone 

v aria tio n s on tim e scales of decades; these v aria tio n s are related to  v aria tio n s in  the  N orth  

A tlantic Oscillation index.. In teresting to  no te is th a t  the  in tensity  o f the  s to rm - and  w ave- 

clim ate in  the 1990ties seems to  com pare w ith  the in tensity  a t  the beginning o f the 

tw en tie th  cen tu ry  (WASA Group, 1998; D aw son et al., 2002). Nevertheless the decadal 

v a ria tio n  in  storm iness no statistical significant long-term  trends (> 1 0 0  years) could have 

been found, see the  findings of De Jong et al. (1999) for the  G erm an Bight and  o f V erw aest 

(pers com m .) for the  Belgian p a r t  o f the  N orth  Sea. It is therefore concluded th a t  varia tions 

in  m eteorological conditions can n o t explain a t  least p a rtly  the  differences in  cohesive 

sedim ent d istribu tion  to d ay  and  100 years ago.

6. C onclusion

In the s tu d y  area cohesive sedim ents o f d ifferent age occur, rang ing  from  te rtia ry  clays up  to  

freshly  deposited m ud. Based on  recent field da ta  the  d istribu tion  o f these sedim ents has been 

determ ined. The effects of engineering w o rk s or n a tu ra l processes have been investigated by  

com paring the d istribu tion  o f fresh ly  deposited to  very  soft consolidated m u d  and  m ud and 

clay pebbles 100 years ago and  today . The historic d a ta  o f Gilson have been used to  describe 

the cohesive sedim ent d istribu tion  as it occurred in the  beginning of the 20 th cen tu ry  in  the 

Belgian nearshore area. The quality  o f these sam ples is very  h igh  regard ing  the  available 

m etad a ta  and the  d a ta  have proven to  be a m ajo r reference to  u n d ers tan d  the  evolution of 

the  local cohesive sedim ent d istribu tions. The processing o f the  historic and  recent d a ta  w as 

m ain ly  based on  field descriptions of the sam ples (consolidation, thickness) and  on 

m orphological evolution; em phasis w as p u t on the occurrence o f th ick  layers (>30cm ) of 

fresh ly  deposited to  very  soft consolidated m u d  and  on  the  d istribu tion  o f clay and  m ud 

pebbles. The m ajo r conclusions o f the  s tu d y  are:

1. Thick layers o f fresh m ud  (> 3 0  cm) w ere deposited in  the  beginning o f the  20th cen tu ry  

m ain ly  in  a n a rro w  band  along the  coast from  ab o u t N ieuw poort up to  the m o u th  o f the 

W esterschelde. These deposits w ere m ain ly  the resu lt of n a tu ra l m orphological changes. 

Today, p e rm an en t layers of fresh  m u d  are concentrated  a ro u n d  the  old dum ping  site of 

Oostende, in  the  o u te r p o rt of Zeebrugge, in  the  nav igation  channels 'Scheur' and 'Pas 

v an  h e t Z and ' and  in  the  area n o rth  to  n o rth ea s t o f the  p o rt of Zeebrugge. C om paring 

the  ac tua l s itu a tio n  w ith  the  s itu a tio n  100 years ago it seems th a t  a ro u n d  Zeebrugge the 

area w ith  fresh  m u d  extends m ore tow ards offshore.
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2. M ost of the  ac tua l depositions of th ick  layers o f fresh  m u d  (> 3 0  cm) have been induced 

b y  anthropogenic operations, such as dum ping , deepening of the  nav igation  channels 

and  construc tion  and  extension of the  p o rt of Zeebrugge.

3. If the  assum ption  th a t  the SPM tra n sp o r t has n o t changed globally in  the  so u th ern  

N orth  Sea in  the las t 100 years is valid, th en  it can  be concluded th a t  the  centre of the 

tu rb id ity  m ax im um  area has p robably  shifted in  the  las t 100 years m ore tow ards 

offshore. This is explained b y  the  slight decrease in  SPM concen tration  near the dredging 

areas due to  h igh  silta tion  ra tes and  the increase in  SPM concentration  on  the  offshore 

dum ping  places (such as B&W-S1).

4. The higher frequency of clay and  m u d  pebbles to d ay  com pared w ith  100 years ago is 

p robab ly  m ain ly  related to  deepening dredging w orks. Indications (radiom etric 

m easurem ents) have how ever been found th a t  a h igher erosion o f the Holocene m ud  

m ay  occur today . Erosion o f the Holocene m u d  m ay  occur in  flakes o r pebbles due to  its 

consistency.

5. Both, the  historical and  the  recent dataset, show  th a t  the  Belgian coastal w a te rs  east of 

Oostende are n a tu ra lly  subject to  h igh  silta tion  rates, resu lting  in  the  deposition o f fresh 

to  very  soft consolidated m u d  layers of m ore th a n  30 cm, b u t  also in  the  deposition of 

tidal driven ephem eral fluffy  layers o f a few  cm  over the area covered b y  the tu rb id ity  

m ax im um . The effects o f v aria tio n  in  SPM concen tration  and  cohesive sedim ent 

d istribu tion  th ro u g h  tim e on  the  h ab ita t o f benthic invertebrates are therefore probably  

m inor and  n o t a key to  explain tem poral changes in  the  com position  o f the  benthic 

com m unities since the  early  20th cen tu ry .

7. A ckn ow led gem ents

This stu d y  w as p a rtly  funded b y  the Belgian Science Policy w ith in  the  fram ew o rk  of the 

MOCHA and HINDERS projects and  p a rtly  b y  the  M aritim e Access Division o f the M in istry  of 

the  Flemish C om m unity  in  the fram ew o rk  o f the  MOMO project. The m easurem ents have 

been collected onboard  o f the  R /V  Belgica. W e w ish  to  acknow ledge Virginie Pisón (MUMM), 

Jo h an  Paridaens (SCK-CEN) and  Paul Fettweis w h o  have g rea tly  im proved the  paper during  

the  m an y  discussions and  helpful suggestions. The radioactive m easurem ents have been 

carried o u t a t  the  cyclotron of the  VUB, P. V an W inckel is g reatly  acknowledged.

6. R eferences

A ria thu ra i, C.R., 1974. A finite elem ent m odel for sedim ent tra n sp o r t in  estuaries. Ph.D.

Thesis, Univ. California, Davis, USA.



656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690

A ndersen, T. J., M ikkelsen, O. A., M oller, A. L., Pejrup, M. 2000 . Deposition and  m ixing 

depths on  som e European in tertidal m udfla ts  based on Pb210 and  C sl3  7 activities. 

C ontinental Shelf Res., 20, 1569-1591.

Baetem an, C. 1999. The Holocene depositional h is to ry  of the  IJzer palaeovalley (W estern 

Belgian coastal plain) w ith  reference to  the  factors contro lling  the fo rm atio n  of 

in tercalated  pea t beds. In: Q u a te rn ary  o f Belgium: new  perspectives (Baetem an, C., ed.), 

Geológica Belgica, 2(1-2), 39-72.

Baetem an, C. 2004. The Holocene developm ent o f a tide-dom inated coastal low land. W estern  

coastal p lain  of Belgium. Field Guide. The ORA T hird Int. Postgraduate Sym p. Fieldtrip, 

Septem ber 17th 2004. Belgian Geological Survey, Brussels. 76pp.

Baetem an, C. 2005. Geological m ap  of Belgium. General Sequence m ap  o f the Holocene 

coastal deposits (1 /25 .000). M ap N ieuw poort-Feke, O ostduinkerke-D e Panne, 

M iddelkerke-Oostende. Belgian Geological Survey, Brussels.

Baetem an, C. 2007. Rom an pea t-ex trac tion  p its as possible evidence for the tim ing  of coastal 

changes: A n exam ple from  the  Belgian coastal plain. Fiber A m icorum  Prof. Dr. G.J.

Borger, Uitgeverij A ksant, A m sterdam , in  press.

Baetem an, C., Declercq, P-Y. 2002 . A synthesis o f early  and  middle Holocene coastal changes 

in  the  Belgian low lands. Belgeo, 2, 77-107.

Bastin, A. 1974. Regionale sedim entologie en m orfologie v an  de zuidelijke Noordzee en het 

Schelde estuarium . PhD thesis, G eography-G eology departm ent, Katholieke Univ. Feuven, 

Belgium, 91 pp.

Beets, J.D., v an  der Spek, A. J.F. 2000. The Holocene evolution o f the  b arrie r and  the back- 

b arrie r basins o f Belgium and  the  N etherlands as a function  o f late W eichselian 

m orphology , relative sea-level rise and  sedim ent supply. Geologie en M ijnbouw  /  

N etherlands J. o f Geosc., 79, 3-16.

Bogem ans, F., Baetem an, C. 2003 . K aart en Toelichting bij de Q uartairgeologische Kaart 

Veurne-Roeselare 19-20 (1 /50 .000). M inisterie v an  de V laam se Gemeenschap, Afdeling 

N atuurlijke R ijkdom m en en Energie, Brussel. 38pp.

Bennet, R.H., Fam bert, D.N. 1971. Rapid and  reliable technique for determ ining u n it w eight 

and  porosity  o f deep-sea sedim ents. M ar. Geol. 11, 201-207 .

Bouron-Bougé, A. 1972. A pplications de la rad iographie et de la gam m adensim étrie  à l'étude 

des caro ttes de sédim ents m eubles, PhD Thesis, Univ. N antes, France. 159pp.

Caillot, A., Courtois, G. 1969. M esure de la densité d 'échantillons de vase en cours de

tassem ent p a r abso rp tion  de ray o n s gam m a. Choix d 'un  isotope. DR/SAR.S/69-2/AC-M B, 

Centre d'Etudes Nucléaires de Saclay, France.



691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723

Coastal Engineering M anual. 2002. Erosion, tra n sp o r t and  deposition of cohesive sedim ents. 

EM 1110-2-1100  (part III-chapter5).

Daw son, A.G., Hickey, K., Holt, T., Elliott, L., D aw son, S., Foster, I.D.L., W adham s, P.,

Jonsdo ttir, I., W ilkinson, J., McKenna, J., Davis, N.R., Sm ith, D.E. 2002 . Complex N orth  

A tlantic Oscillation (NAO) index signal o f historic N orth  A tlantic s to rm -track  changes.

The Holocene. 12, 363-369 .

De Jong, F., Bakker, J.F., v an  Berkel, C.J.M., D ankers, N.M .J.A., Dahl, K., Gätje, C.,

M arencic, H., Potel, P. 1999. W adden Sea Q uality  S ta tus Report. W adden Sea Ecosystem 

No. 9. C om m on W adden Sea secretariat, T rilateral M onitoring  and  A ssessm ent G roup, 

Q uality  S ta tus Report G roup. W ilhelm shaven, G erm any.

de Kok, J.M ., 1994. N um erical m odelling o f tran sp o r t processes in  coastal w aters. Ph.D. 

Thesis, Univ U trecht, The N etherlands.

Egan, B.A., M ahoney, J.R., 1972. N um erical m odeling of advection and  diffusion of u rb an  

area source po llu tan ts . J. Appl. M eteorology, 11, 312-322 .

Fettweis, M., V an den Eynde, D. 2003. The m u d  deposits and  the  h igh  tu rb id ity  in  the 

Belgian-D utch coastal zone, S ou thern  b ig h t of the  N orth  Sea. C ontinental Shelf Res., 23, 

669-691.

Fettweis, M., Francken, F., Pisón, V., V an den Eynde, D. 2006 . Suspended particu la te  m a tte r 

dynam ics and  aggregate sizes in  a h igh  tu rb id ity  area. M ar. Geol., 235, 63-74.

Fettweis, M., Nechad, B., V an den Eynde, D. 2007. An estim ate o f the suspended particu la te  

m a tte r (SPM) tra n sp o r t in  the  so u th ern  N orth  Sea using  SeaWiFS im ages, in -situ  

m easurem ents and  num erical m odel results. C ontinental Shelf Res. (in revision)

Gilson, G. 1900. Exploration de la m er su r les côtes de la Belgique en 1899. M ém oires du  

M usées Royal d 'H istoire N aturelle de Belgique, I, 81pp.

Gilson, G. 1901. A  new  sounding and  g ro u n d  collecting ap p a ra tu s . Report of the Britisch 

A ssociation for the A dvancem ent of Science, 71, 696-697 .

H ouziaux, J.-S. 2007. The Hinder banks: y e t an  im p o rtan t region for the  Belgian m arine 

biodiversity? Final report, Belgian Science Policy Office, PADD II p rogram . 80 pp.

Johnson, B., Traw le, M .J., Adamec, S., 1988. Dredged m ateria l disposal m odelling in  Puget 

Sound. J. W ate rw ay  Port Coastal Ocean Eng., 114, 700-713.

Krone, R.B., 1962. Flume studies o f the  tra n sp o r t of sedim ent in  estuaria l shoaling processes, 

H ydraulic and  S an itary  Engineering Research Laboratory, Univ. California, Berkeley,

USA.



724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758

Le Bot, S., V an Lancker, V., Deleu S., De B atist M ., H enriet J.P. 2003. T ertia ry  and

Q u ate rn ary  geology o f the  Belgian C ontinental Shelf. Belgian Science Policy, Final rep o rt 

D /2 0 0 3 /1 1 9 1 /1 2 , 75pp.

Luyten, P. J., Jones, J. E., Proctor, R., Tabor, A., Tett, P., Wild-Allen, K. 1999. COHERENS A 

Coupled H ydrodynam ical-Ecological M odel for Regional and  Shelf Seas: User 

D ocum entation . M UM M  report, Brussels. 911pp. [Available on  CD-ROM a t 

h ttp ://w w w .m u m m .ac .b e /co h e ren s  ].

M aréchal, R. 1993. A new  lithostra tig raph ic  scale for the  Palaeogene of Belgium. Bulletin v an  

de Belgische V ereniging voor Geologie, 102, 215-229 .

M issiaen, T., M urphy , S., Loncke, L., Henriet, J.-P. 2002. V ery h igh-reso lu tion  seismic 

m apping  of shallow  gas in  the  Belgian coastal zone. C ontinental Shelf Res., 22, 2291- 

2301.

Paridaens, J., V anm arcke, H. 2000. Inventarisatie en karak terisa tie  v an  verhoogde

concentraties aan  na tu u rlijk e  radionucliden v an  industriële oorsprong  in  V laanderen. 

SCK-CEN D epartem ent S tralingsbescherm ingsonderzoek, Mol. BLG 884, 44pp.

Pisón, V., Ozer, J. 2003. O perational p roducts and  services for the  Belgian coastal w aters. In: 

Building the European capacity  in  operational m odeling, Proc. 3rd Int. Conf. on  EuroGOOS 

(Dahlin, H., Flem ming, N.C., N ittis, K., Petersson, S.E., eds.). Elsevier O ceanography Series 

69, 503-509 .

Preiss, K. 1968. N on-destructive lab o ra to ry  m easu rem en t o f m arine sedim ent density  in  a 

core barre l using  gam m a rad ia tion . Deep-Sea Res., 15, 401-407 .

Stessels, 1866. Carte générale des bancs de Flandre com pris en tre Gravelines et l'em bouchure 

de l'Escaut. M inistre des affaires étrangères, Anvers, Belgium.

Strubbe, J. 1987. De Belgische Zeehavens: erfgoed voor m orgen. Lannoo, Belgium. 181 pp.

Ten Brinke, W. B. M ., A ugustinus, P. G. E. F., Berger, G. W . 1995. Fine-grained sedim ent 

deposition on m ussel beds in  the  Oosterschelde (The N etherlands), determ ined from  

echosoundings, radio-isotopes and  biodeposition field experim ents. Estuarine C oastal Shelf 

Sc., 40  (2), 195-217.

U rbain, 1909. Carte "Mer du  Nord, D unkerke - Flessingue". Royaum e de Belgique, Service des 

Ponts et Chaussées, rep o rt n  687. (including updates from  1 1 /0 5 /1 9 1 1 ).

V an den Eynde, D. & Fettweis, M. 2004. M odelling of fine-grained sedim ent tran sp o r t and  

dredged m ateria l on  the  Belgian C ontinental Shelf. J Coastal Res., SI 39, (ICS 2004 

Proceedings).

V an den Eynde, D., Nechad, B., Fettweis, M. & Francken, F. 2006. SPM dynam ics in  the 

so u th ern  N orth  Sea derived from  SeaW ifs im agery , in  situ  m easurem ents and  num erical

http://www.mumm.ac.be/coherens


759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779

m odelling. In: E stuarine and  Coastal Fine Sedim ent D ynam ics (Maa, J. P.-Y., Sanford, L. 

P., Schoelham m er, D. H., eds.). Proc. M arine Sc., Vol. 8, Elsevier.

V an Lancker, V., Deleu, S., Bellec, V., Le Bot, S., Verfaillie, E., Fettweis, M ., V an den Eynde, 

D., Francken, F., Pisón, V., W artel, S., M onbaliu , J., Portilla, J., Lanckneus, J., M oerkerke, 

G., Degraer, S. 2004. M anagem ent, research and  budgeting  o f aggregates in shelf seas 

related to  end-users (M arebasse). Belgian Science Policy, Scientific rep o rt 2, 144pp.

v an  Loen, H., H ouziaux, J-S., V an Goethem, J. 2002. The collection Gilson as a reference 

fram ew o rk  for the  Belgian m arine fauna: a feasibility study . Belgian Science Policy, Final 

Report M N /3 6 /9 4 , 41pp.

V an M ierlo, C-J., 1897. Quelques m o ts su r le régim e de la côte devan t Heyst. A nnales de 

l'association  des ingénieurs sortis des écoles spéciales de Gand, tom e XX, 4 e livraison.

V an M ierlo, C.-J., 1899. La carte lithologique de la partie  m éridionale de la m er du  Nord. 

Bulletin de la Société Belge de Géologie, Paléontologie et Hydrologie, XII, 2nde série (III), 

2 1 9 -2 6 5 .

V an M ierlo, C-J, 1908. Le p o rt de Heyst. A nnales de l'association  des ingénieurs sortis des 

écoles spéciales de Gand, 4e série (I, 3).

WASA G roup, 1998. C hanging w aves and  sto rm s in  the  N ortheast A tlantic? Bull. A m erican 

M eteorological Soc., 79, 741-760

Weisse, R., v an  Storch, H., Feser, F. 2005 . N ortheast A tlantic Storm iness as sim ulated  b y  a 

regional clim ate m odel during  1958-2001 and  com pared w ith  observations. J. Climate,

18, 465-479.



BSJ

O
; Bäw-zo

Z ee b ru g g e,&W-0

O o sten d e

B e i g e m

in
B a th y m e tiy  co m p ile d  from  th e  M inistry  o f  th e  F lem ish  Com m unity . 
M obility a n d  Pub lic  W o rk s , IVA M aritim e S e rv ic e s  a n d  C o a s t, 
F lem ish  H yd ro g ra p h y , D g p ar tm g n t C o a s t

U TM 31-W G S84 co o rd in a tes

3°12'0"E

K ingdom

B elgium

G e rm a n y
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dots on the m ap indicate the position of box core and Van Veen grab samples, w hich are 

discussed in the text.



2*30*0"E 3*0'0"E 3*30,0"E

O
oo
o'o

North Sea

[eebrugge
OOo
o'
CO
CD
io"

ft

Oostende

Holocene mud

Coastal barrier and 
tidal inlet deposits

Infilled tidal channelsA
Coastal Plain

France

20 Km

UTM WGS84

4 8 0 ,0 0 0 5 0 0 ,0 0 0 5 2 0 ,0 0 0

Figure 2: Holocene deposits of the Belgian nearshore zone and the coastal plain. The 

extension of the Holocene deposits in the coastal plain corresponds w ith  the limits of the 

Polder. Only the Holocene deposits of the w estern  coastal plain are show n in detail (from 

Baeteman, 2005).

51
W

N
 

5r
i5

*0
"N



z e e b ru g g e

. .ii:Vh i :h

N ieuw poort

sand
m ud/clay pebb les 
soft to m edium  consolidated  mud 

freshly deposited  to  very  soft consolidated mud 

freshly dep o sited  mud (> 2D cm  th ickness) on top- 
of soft to m edium  consolidated  mud

z e e b ru g g e

O o ste n d e

N ieuw poort

T hickness Q ua te rnary  cover I e s s  th an  2 5 m  
b a se d  on seism ic d a ta  
H olocene m ud in first m  b ase d  
on (vibno)cores an a ly se s  
sam ple location of (vibro)cores

3°120"E

%  m ud

1 93 1

1^0 1

Ul

■L
N

k
I 10 IM

g e o g ra p h ic  c o o rd in a te s  
-  W G S 8 4
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Figure 4: Photos o f Van Veen (W ) grab (size of grab is 0.3 m  x 0.2 m) and box core (BC) 

samples (height o f core is 0.5 m), see Fig. 1 for geographical location.

(a) BC sam ple show ing m ud pebbles on the surface (SV24, 19 /02 /2003), the core has been 

taken n o t far from  the dum ping place B&W-S1; the pebbles could have their origin in 

deepening dredging w orks.

(b) W  sam ple o f layered Holocene m ud covered by  a th in  ephemeral sand layer (MOW1, 

04 /04 /2 0 0 5 ).

(c) W  of fluid m ud on top of freshly deposited m ud (port of Zeebrugge, 9 /11 /2006).

(d) W  of fine sand covered w ith  a th in  fluffy layer, (OE13, 21 /02 /2 0 0 3 ).

(e) BC of freshly deposited m ud above m edium  consolidated m ud, (ZB2, 19 /02 /2003).

(f) BC (height ±45 cm) of freshly deposited to  very  soft m ud, (OE14, 2 1 /0 2 /2 0 0 3 ).
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Figure 5: W et bu lk  density profiles (kg k1) of selected box cores, (a) The ZB6 sample 

(27 /11 /2002) consist of 24 cm very  soft consolidated m ud (1.4-1.5 kg T1), w hich becomes 

m ore sandy in the lower part, above 29 cm of m edium  consolidated m ud (>1.6 kg T1). On 

top is a th in  layer of freshly deposited m ud (±1.3  kg T1). (b) The OE14 sam ple (21 /02 /2003) 

consist of 1 cm fluffy layer on top of 29 cm of freshly deposited m ud (1.2-1.4 kg T1); below 

is a layer of 5 cm m uddy fine sand on top of m edium  consolidated m ud. On top is a



Figure 6: Radiography of selected box core (Reineck corer) near the h arbour of Zeebrugge 

(width of the core is 5 cm). Both contain freshly deposited to soft consolidated m ud w ith  

typical tidal deposition structure , (a) RK0026-04 (24 /10 /2000) sam ple has a length of 14 cm 

and been taken very  close to ZB6 sample, (b) RK0124-14 (24 /10 /2000) sam ple has a length 

of 13.5 cm and has been taken in the navigation channel tow ards Zeebrugge near ZB2 

sample.
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Figure 7: Total 210Pb (above), 11('Ra (middle) and 137Cs (below) activities in ZB6 core 

(27 /11 /2002). The bars indicate 2a  statistical error limits.
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Figure 11 : Tidal averaged SPM concentration (above) and m ud deposition (below) during a spring 

tide (left) and a neap tide (right) for the present situation (2003).
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spring tide (left) and a neap tide (right) for the pre-1959 situation.


