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1. Introduction
The rep o rt focuses on  a description of the  cohesive sedim ents on the  Belgian C ontinental Shelf. 
These d a ta  will fo rm  the basis to  trace the origin o f the m u d  (see nex t scientific report), b u t  also 
to  define w ith  m ore accuracy  the  param eters  necessary for sedim ent tran sp o r t m odelling. The 
variab ility  in  m echanical and  m ineralogical com position and  geological h is to ry  w ill a t tra c t  a t
ten tio n  and  reflect the  different origins and  the  m ixing of these sedim ents.

The rep o rt is divided in  five chapters and  consists of the first part w o rk  p ackage (Charac
teristics o f  th e  coh esive sed im ents) of the  project, w hich  w as essentially  m ean t to  review  the 
existing know ledge on  cohesive sedim ents in  the  Belgian coastal zone (figure 1.1), to  classify the 
cohesive b o tto m  and  suspended sedim ents based on existing and  new  m ineralogical, geological, 
paleontological and  erosion d a ta  and  to  ca rry  o u t field experim ents. This p a r t  is the backbone 
on  w hich  the  tw o  o ther w o rk  packages will be based (analysis and  in terp re ta tio n  of the  data).

The rep o rt is divided - as fa r as possible -  according to  the  ta sk  description o f the project 
proposal. The second chap ter is devoted to  a review  of the  know ledge on cohesive sedim ents on 
the Belgian C ontinental Shelf. Focus w as p u t on  the  dynam ical/m echan ical differences and  on 
the d istribu tion  o f cohesive sedim ent using recent and historical da ta  sets (Gilson collection). 
The nex t chap ter (3) is used to  characterize the suspended p articu la te  m a tte r on  the  BCS accord
ing to  floe size and SPM concen tration  v aria tio n  du ring  various tim e scales (tides, neap-spring  
and  seasons). The analysis o f suspended and  b o tto m  sam ples according to  their clay m inerals, 
m icrofossils and  g ra in  sizes is presented in  chap ter 4. In chap ter 5 the  cohesive b o tto m  and  sus
pended sedim ents are classified follow ing their geology, their dynam ic properties and  their clay 
m ineral and  m icrofossil content.
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Figure 1.1: Belgian coastal area. On the map are indicated the dumping sites (SI : Br&W SI ; S2: Br&W S2; ZBO: Br&W 
Zeebrugge Oost; NPO =Br& W  Nieuwpoort; Oost: Br&W O ostende), the navigation channels (Pas van het Zand en  
Scheur) and other locations m entioned in the report.
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1.1 Partnership
In th is rep o rt the  scientific resu lts of the M ocha project for the  firs t year are presented, for 
w hich  the  follow ing p artnersh ip  w as set up:

Royal Belgian Institu te  of N a tu ra l Science,
M anagem ent U nit o f the  N orth  Sea M athem atical Models: M ichael Fettweis, Frederic Francken, 

Dries V an den Eynde 
Invertebrate D epartm ent: Jean-Sébastien H ouziaux

G hent U niversity, Renard Centre o f M arine Geology
V era V an Lancker, Sam uel Deleu, Els Verfaillie and  Isabelle Du Four

K a th o l ie k e  U n iv e r s i t e i t  L e u v e n , H is to r ic  G e o lo g y  S e c tio n  
N o e l V a n d e n b e r g h e ,  K a th le e n  F o n ta in e

Reference to  th is  report:
Fettweis, M ., Francken, F., V an den Eynde, D., H ouziaux, J.-S., V andenbergh, N., Fontaine, K., 

Deleu, S., Van Lancker, V. & Van Rooij, D., 2005. M ud Origin, C haracterisation and  H um an  Ac
tivities (MOCHA) : C haracteristics o f cohesive sedim ents on  the Belgian C ontinental Shelf. Sci
entific Report Year 1, Belgian Science Policy, 70pp+ app .

1 .2 /U m  an d  su m m ary  o f  the project
A long the  Belgian coastal zone, b u t  m ain ly  concentrated  betw een Oostende and  the  W ester- 
schelde estu ary  m ud  deposits and  h igh  concen trations of suspended p articu la te  m a tte r  (SPM) 
occur, m ak ing  the  Belgian coastal w a te rs  one of m o st tu rb id  in the  N orth  Sea (values o f a few  
hundred  mg/1 are com m on). The presence of m u d  fields and  h igh  tu rb id ity  in  an  energetic envi
ro n m en t such as the  Belgian C oastal Zone (BCZ) has been the  subject o f v ario u s  studies the o ri
gin  of the  m ud  rem ains how ever still controversial. D ifferent m u d  sources have been identified, 
such as the  Dover S trait, the  erosion o f clay layers, the  Schelde, b u t  reliable q uan tita tive  d ata  
are often  n o t available, especially for the sm aller sources (erosion o f clay, Schelde), w hich  could 
be of im portance on a regional scale. The -M ocha- project aim s therefore a t  p resenting  different 
evaluation  tools and  strategies in  order to  s tu d y  these different sources o f m u d  on  the Belgian 
C ontinental Shelf. M ud is tran sp o rted  b y  n a tu ra l processes, such as tides, w inds, b u t  also h u 
m an  activities (dredging and  dum ping  operations) have an  im p o rtan t influence, therefore a 
tw ofold  s tra teg y  is followed:
1. Investigating the con tribu tion  of the different possible sources of m ud.
2. Investigating the  influence of h u m an  activities (dredging, dum ping  and  h a rb o u r exten
sion).

D uring the  firs t p a r t  o f the  -M ocha- project all the  re levant in fo rm atio n  on the  fine grained 
sedim ent tran sp o r t system  will be collected and  critically analysed. This p a r t  w ill form  the  m a
jo r  p a r t  of th is report. Together w ith  the  d a ta  m easured du ring  the  project th is in fo rm ation  will 
provide a rg u m en ts  to  trace the origin of the m u d  in  suspension and  on  the b o tto m  in the Bel
g ian  Coastal Zone. The new ly  gathered  d a ta  on clay m ineral associations, m icrofossils, m e
chanical and  erosion characteristics m ay  indicate the  origin and  p a th w ay s  of the  suspended 
load and  the  m u d  on the  b o tto m . The m echanical (density, strength) and  the  g ra in  size d a ta  to 
gether w ith  the  hydrodynam ic resu lts of num erical sim ulations leads to  a classification of dy 
nam ical sedim ent types and  can give an  indication of the  erosion behav iour of the m u d d y  sedi
m ents.

The -M ocha- project aim s to  increase know ledge on  the cohesive sedim ent d istribu tion , 
tran sp o r t system  and on  the  d ifferent m u d  sources, w hich  is especially im p o rtan t because of its
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effect on the  econom y (dredging and  dum ping), the env ironm ent and  as such also for setting 
up  a fram ew o rk  for a sustainable m anagem en t of the  area. The in fo rm ation  supplied can be in
tegra ted  as p a r t o f the  general and  p erm an en t duties o f m on ito ring  and  evaluation  of the ef
fects of all h u m an  activities on  the m arine ecosystem  to  w hich  Belgium is com m itted  following 
the  OSPAR-convention (1992). H arbour extensions, deepening of nav igation  channels and  o ther 
large scale projects (w indm ill farm s) w ill continue in  the fu tu re  and  th u s  the  choice o f e.g. effi
cient (from  an  economic and  a physical po in t of view) dum ping  sites w ith  a low  environm ental 
im pact is an  essential p a r t of the  sustainable m an ag em en t o f the Belgian EEZ.

1.3 Definitions

1.3.1 Cohesive sediment (mud and clay)

C ohesive sed im en ts are b u ilt of particles w hich  exert significant electrostatic forces on  each 
o ther. They consist of a m ix tu re  o f w a te r, clay m inerals, silt, carbonates, organic m a tte r  and 
sand and  can occur as suspensions, fluid m ud, fresh ly  deposited and  v ery  soft to  h ard  consoli
dated sedim ents. Cohesive sedim ents in  suspension o r suspended particu la te  m a tte r  (SPM) con
sist o f loose aggregates or floes o f various sizes and  densities. Deposits are called m u d  or clays. 
From  a geotechnical po in t cohesive sedim ents m ay  be described b y  their density  (table 1.1) or 
their s tren g th  (table 1.2).
Table 1.1: Classification of cohesive sedim ent based on density (Coastal Engineering Manual, 2002).

Suspension < 1 1 0 0
Fluid m ud 1100
Freshly deposited m ud 1300
V ery soft consolidated 1500
M edium  consolidated 1800
Stiff consolidated 1900
V ery stiff consolidated 2100
Hard consolidated 2200

Table 1.2.: Classification of cohesive sedim ents based on strength and consistency (British Standard Inst.).

Very soft Extrudes betw een fingers < 2 0
Soft Easily m oulded in  fingers 2 0 -40
Firm M oulded in  fingers b y  firm  pressure 40-75
Stiff C annot be m oulded in  fingers 75-150
Very stiff Brittle o r very  to u g h > 1 5 0

The term  m ud is used for a w a te r-rich  sedim ent (w ith  a g ra in  size < 62 .5  pm ) contain ing  a 
considerable a m o u n t of fine fraction  < 2  pm  and in  th a t sam e fine fraction  a considerable 
a m o u n t o f clay m inerals. The w a te r con ten ts are ab o u t 60-80  w eigh t % and  b u lk  density  is 
< 1 8 0 0  kg n r 3. In sedim entology the term  clay  is used for the  finest fraction, b u t  no standard  
lim its are defined (Folk scale: < 2  pm , W en tw o rth  scale: < 4  pm ).

In the  b o tto m  m u d  of the Belgian coastal zone the < 2  p m  fraction  is ab o u t 30% (Gullentops 
et al., 1976) and  in  the Schelde river 8 to  25% (Chen, 2003). The sand fraction  (> 62 .5  pm ) in 
m ud  is generally  low er th a n  5%. The average silt-clay  ra tio  of the  m u d  from  the Belgian coastal 
zone is 0 .92, see figure 1.2; th is ra tio  is a lm ost n o t influenced b y  the sand con ten t (Francken & 
Fettweis, 2003). In the Scheldt estu ary  the  silt-clay ra tio  is low er (0.66) and  increases w ith  de
creasing sand fraction  (W artel et al., 2000).

M u d  Origin, C h aracterisa tion  a n d  H um an A c tiv itie s Scientific Report Year I
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Figure 1.2: Distribution of bed sam ples from the Belgian coastal zone, (Folk scale; clay: < 2  /im , silt: 2 -62 .5  /im; sand: 

> 6 2 .5  /im  (from Francken & Fettweis, 2003)

There is a good chance th a t  the  < 2  /cm fraction  in  a sedim ent is positively correlated w ith  
the  < 62 .5  /am  fraction  b u t  the Pleistocene Eolian loam  sedim ents e.g. consist dom in an tly  of a 
size fraction  betw een 62.5 and  2 /cm. Therefore the  sim ple criterion % < 62 .5  /cm for the defini
tio n  o f m u d  m ay  represen t quite d ifferent types o f sedim ents and  has probably  been in troduced 
because o f the technical sim plicity  of a sieve analysis.

Clay m inerals and  often  calcium  carbonate are p resen t in  the  clay size fraction , and  q u a rtz  
and  feldspars and  m in o r m uscovite as well as calcium  carbonate gra ins are p resen t in  the  silt 
and  sand fraction. Organic m a tte r  is generally  present.

The term  c lay  (sedim ent) is used for the  a lready  com pacted sedim ent layers, o rig inally  de
posited as m u d  layers, occurring in  the  case o f the Belgian N orth  Sea a t  shallow  depth  under 
the  sea bo ttom . These clay layers are either o f Paleogene age contain ing  ab o u t 20% w eigh t of 
w a te r, or from  Q u a te rn ary  age w ith  h igher w a te r content; tfolocene clay has a b u lk  density  of 
1500-1800  kg n r 3.

1.3.2 Clay minerals

Clay m in era ls are sheet silicates, displaying crysta l lattice defects and  substitu tions, leading to  
a size of the m ineral sheets generally  sm aller th a n  2 /cm and  to  an  electrical charge on the  p a r
ticles, w hich  are com pensated b y  exchangeable cations. The m ain  g roups o f clay m inerals 
w hich  are of com m on occurrence in  the N orth  Sea and  its su rro u n d in g  are a kaolinite, an  illite, 
a sm ectite and  a chlorite g roup .

C haracteristic for the  k a o lin ite  group m inerals is the succession o f sheet u n its  consisting of 
one silica te trah ed ra l sheet linked to  one octahedral sheet; the  octahedral cation  sites are occu
pied b y  a lu m in iu m  (figure 1.3). D ifferent types of kaolinites exist, w hich  can be recognized by  
their degree o f ordering in  the crysta l lattice. The distance betw een tw o  successive u n its  in  the 
direction parallel to  the  sheets is slightly  h igher th a n  7 A.
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Figure 1.3: S t ru c tu re  of kaolin ite  (C ourse  Civil and  Environm enta l  Engineering, U nivers ity  o f  Alberta)

C haracteristic for the  illite  group m inerals is the succession o f sheet u n its  consisting o f a 
cen tral octahedral layer linked above and  below  to  the  top o f a silicate te trah ed ra l layer (figure
1.4). The cations in  the octahedral layer can be variable. Fe rich varieties exist and  the  m ineral 
glauconite is p articu la rly  rich in  iron  (glauconite gra ins are  generally  n o t p u re  m ineral- 
glauconite). Illite is from  a m ineralogical p o in t o f v iew  related to  the  large m ica m inerals m u s
covite and  biotite. Com pared to  these m inerals how ever, the  clay-sized illite has m ore crysta l 
defects, less po tassium  a t  the  in terlayer sites and  a m oderate  exchange capacity. The distance 
betw een tw o  successive u n its  in  the direction parallel to  the  sheets is ab o u t 10 A.

Pommum i:»; -

0 96 rn

Figure 1.4: S t ru c tu re  o f  illite (C ourse  Civil and  Environm enta l  Engineering, U nivers ity  o f  Alberta).
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The sm ectite  group has the sam e basic crysta l lattice u n it  as illite, b u t  the  n u m ero u s crysta l 
defects and su b stitu tio n s in  sm ectites are leading to  a h igher charge deficit, com pensated b y  a 
large exchange capacity  bring ing  a v arie ty  o f hydra ted  environm ental cations in  betw een the 
crysta l un its. Therefore sm ectite m inerals have an  im p o rtan t swelling capacity. A v arie ty  of 
chemical com positions are possible. As in  all clay m ineral g roups, b o th  octahedral a lum in ium  
(m ontm orillonite) and  m agnesium  (saponite) varieties exist, b u t  p articu la rly  a lu m in iu m  rich 
(beidellite), iron  rich (nontronite) and  o ther varieties exist. Smectites are generally  identified b y  
in tercalating  ethylene glycol m olecules in  the  in ter lay  er space expanding it to  17 A  betw een 
successive sheet un its.

V erm iculite is a g roup  nam e for clay m inerals w ith  a sim ilar s tru c tu re  as sm ectite m inerals 
b u t w ith  an  even larger charge deficit and  exchange capacity. There also exists a v arie ty  of 
chemical com positions.

The ch lorite group has a crysta l s tru c tu re  of successive u n its  consisting o f a central octahe
dral sheet linked on  b o th  sides to  the  top o f silicate te trah ed ra l sheets, as is the case w ith  illites, 
b u t betw een each such u n it an o th er free lying octahedral sheet is p resen t (figure 1.5). Generally 
in sedim ents chlorites are iron  rich, b u t  a w ealth  o f chem ical varieties exists due to  su b stitu 
tions and  defects in  all s tru c tu ra l elem ents. The distance betw een tw o  successive u n its  in  the di
rection parallel to  the  sheets is 14 A.

Because of the sim ilarities betw een the  d ifferent clay m inerals, n a tu re  has often  m ade clay 
m inerals consisting of ran d o m ly  a lte rn a tin g  crysta l m otifs described above. These m inerals are 
nam ed random  m ixed layers. The classical one is the illite-sm ectite in terlayer, how ever w ith in  
these in terlayers also chloritic and  verm iculitic com ponents m ig h t be present. The relative p ro 
po rtion  o f these several com ponents in  the  m ixed layer m ineral is v ery  variable.

BRUCITE

TALC

Figure 1.5: S tru c tu re  o f  ch lo r i te  (Lecture 11, A q u e o u s  G eochem istry ,  U nivers ity  o f  Calgary).

For the  sake o f com pleteness it should be m entioned th a t  o ther clay m inerals exist w hich  are 
how ever n o t re levant for the  discussion o f N orth  Sea m ud: attapu lg ite , sepiolite, talc, p y rophy l- 
lite. Details o f all clay m ineral s tru c tu res  can be found in  Brindley & Brow n (1980).

In m u d  and  clay sedim ents the  clay size fraction  consists o f appreciable am o u n ts  o f clay 
m inerals and variable am o u n ts  o f carbonate (see to ta l carbonate m aps Gullentops et al., 1976) 
and  organic m atte r. Generally the  clay size fraction  represents less th an  50 % o f the  sedim ent 
and  the silt and  sand sizes consist o f q u a rtz  w ith  som e feldspar and  m inor m uscovite. Shell 
carbonate fragm en ts can  be p resen t in  variable am oun ts.
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1.3.3 Suspended particulate matter

Suspended p articu la te  sedim ents are m ix tu res of m inerals (clay m inerals, q u artz , carbonate) 
and  organic m a tte r (p lan t and  an im al detritus, bacteria, algae and  o ther organic com ponents). 
The characterizing  featu re o f these m a tte rs  is th a t  the  individual g ra ins are too  sm all to  settle 
under their ow n  w eight. Due to  their cohesive n a tu re , the  clay m inerals together w ith  organic 
m a tte r m ay  form  aggregates or floes, w hich  are able to  settle.

1.4  A bbrev ia tion s
BCS Belgian C ontinental Shelf
B CP Belgian C ontinental Plateau
BCZ Belgian Coatal Zone
HCMS tfigh  C oncentration M ud Suspension
LISST Laser In Situ Scattering and  T ransm issom eter
OM Organic M atter
SPM Suspended Particulate M atter
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2. Cohesive  sed im ents  on the  Belgian Continental Shelf

2. / Cohesive sedim ents  an d  their erosion/deposition behaviour
Erosion o f m u d  is defined as the sum  o f the  processes responsible for the  resuspension and 
tra n sp o r t of particles attached  to  the  bed. M ehta et al. (1989) and  m an y  o thers la ter d istinguish  
betw een three types o f erosion:

1. re -en tra in m en t o f a s ta tio n a ry  h igh  density  m ud  suspension (fluid m ud), w ith  quick re
suspension of m ud  over the w a te r colum n;

2. surface erosion, w here m u d  particles are successively b ro u g h t in  suspension (freshly 
deposited-m edium  consolidated) and

3. m ass erosion of fu lly  consolidated deposits, w hich  re su lt in  the  fo rm atio n  of blocks or 
pebbles o f clay delineated b y  cracks.

The erosion m echanism  is called type I in  beds w ith  increasing bed shear s tren g th  w ith  depth 
and  type II in  un ifo rm  beds. The resistance of the bed is expressed b y  a critical shear stress for 
erosion above w hich  erosion s ta rts  and  an  erosion co n stan t (A riathurai, 1974). This critical 
shear stress approach  is controversial as is e.g. reported  b y  W ang (2003), w h o  found  from  
m easu rem en ts th a t  there is no  th reshold  stress. He proposed a pow er law  fit, th a t  has how ever 
large scatters, indicating th u s  no  definite relationship . The sand con ten t o f the m ud  has an  im 
p o r ta n t influence on the erosion resistance; W illiam son & Torfs (1996) have found th a t  w ith  
increasing sand con ten t the  erosion resistance increases.

The erosion o f consolidated cohesive sedim ents depends on the  n a tu ra l s tru c tu re  of the sedi
m en t (fissures, fractures, a m o u n t o f sand and  silt, clay m inerals) and  is a resu lt o f the  condi
tions during  deposition and  the  subsequent altering. Consolidated deposits invariab ly  exhibit a 
s trong  tendency to  slake or disperse du ring  rew etting  (Bots, 1986). This together w ith  the 
en largem ent o f cracks and  fissures due to  softening of the exposed layers b y  swelling m ay  de
crease their erosion resistance. Predicting the  erosion resistance o f consolidated cohesive sedi
m en ts is n o t s tra igh tfo rw ard , because the  geological h isto ry , the  clay m ineralogical com posi
tio n  and  the silt and  sand con ten t influence the  s tren g th  of the sedim ent. Erosion occurs as 
m ass erosion, as the  fo rm atio n  o f sm all easily erodable flakes o r as an  erosion o f type I, as is 
reported  for a cohesive shoreline a t  Lake O ntario  (D avidson-A rnott & Langham , 2000). Sand 
m ay  ac t as an  abrasive agen t and  increase the  erosion. The shear stresses necessary to  erode 
firm  to  very  stiff clays are h igh  and  very  variable, see e.g. Coastal Engineering M anual (2002). 
G askin et al. (2003) estim ated the critical shear stress for erosion o f the  St Lawrence River clay 
b anks as 6-20  Pa.

Deposition of cohesive sedim ents is often  described as a function  o f the b o tto m  shear stress, 
besides SPM concen tration  and  settling velocity. Deposition s ta rts  w hen  b o tto m  shear stress is 
below  a threshold  value. In the  equation  of Krone (1962) th is  is expressed as a probability  of 
the  m u d  particles to  be a ttached  to  the b o tto m , w hich  varies linearly  betw een 0 and  1. The 
Krone equation  is valid for low  suspended sedim ent concen trations (< a few  g/1). It assum es 
th a t  the  sedim ent is in  suspension or on  the b o tto m , b u t  it does n o t take in to  accoun t the  for
m atio n  and  tran sitio n  betw een h igh  concen tration  m u d  suspensions (HCMS) and  fluid m u d  and 
the  consolidation and  bed fo rm ation .

In order to  m odel m ore precisely the  m u d  tran sp o r t it is considered as u n w arran ted  to  sim u
late the  erosion, tra n sp o r t and deposition processes w ith  m u ch  detail (G erritsen et al. 2000). 
This requires in fo rm atio n  on the  vertical profiles of the b u lk  density, w a te r content, organic 
conten t, b iostabilisation or -destabilisation, clay and  sand con ten t and  geo technical param eters  
w ith  a h igh  spatial reso lu tion  and  o f an  excess shear erosion fo rm ulae w ith  a tim e-dependent 
expression o f the erosion rate , as is described in  Sanford & M aa (2001) or Aberle et al. (2004).
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2.1.1 Dynamical/mechanical differences of cohesive sediments on the BCS

On the  BCS different cohesive sedim ents from  a consolidation, erosion or depositional behav iour 
can  be identified. They are classified as stiff to  very  stiff consolidated, soft to  m edium  consoli
dated, freshly  deposited, fluid m u d  and  suspension. This classification is also a reflection of 
their geological h isto ry : T ertia ry  and  tfolocene clay and  recent m ud. Cohesive sedim ents w ill be 
described such th a t the  differences and  sim ilarities betw een the  various cohesive sedim ents on 
the  Belgian con tinen tal shelf (BCS) can  be characterised on  a physical basis.

B erlam ont et al (1993) focuses on the param eters  controlling  the  m echanical behav iour of 
m ud , th is is p articu la rly  useful because it com prises also the param eters  necessary to  sim ulate 
the  cohesive sedim ent tran sp o rt. In the p arag rap h  w e w ill p resent the cohesive sedim ents on  the 
BCS principally  based on  a 'm odelling ' approach . This m eans th a t  settling velocities, consolida
tion , rheological param eters  of fluid m ud, erosion and  deposition param eters  w ill be provided 
(w hen know n).

2 . 1.1.1 Stiff to hard consolidated cohesive sediments

The T ertia ry  clays on the  BCS are stiff to  very  stiff consolidated (firm  to  stiff consistency). They 
are generally  covered b y  Q u a te rn ary  sedim ents and  in  e.g. the swales the  Q u a te rn ary  cover 
m ay  have a thickness of less th a n  2.5 m  (Lanckneus et al., 2001). V an Lancker et al. (2002) m en
tion  the  W estdiep sw ale w here  the  clays o f the  K ortrijk fo rm atio n  are eroded and  to w ard s the 
east the  clays of the M aldegem  Form ation  arising e.g. in  the  Scheur. In the Flemish Bank re
gion, T ertia ry  deposits m ay  be eroded in  the sw ales w est of the  Kwinte Bank. F urther offshore 
the swales of the  so u th ern  p a r t  of Blinder Bank region have a th in  Q u a te rn ary  cover. To the 
so u th  and  n o rth eas t of the Goote Bank no  Q u a te rn ary  deposits are found.

The erosion of these T ertia ry  clays occurs in  the form  o f clay pebbles w ith  a firm  consis
tency; these have e.g. been found  on the sandbanks and  along the slopes of the  Scheur (figure
2.4). K ornm an & v an  M aldegem  (2002) m ention , th a t  the dredged Boom clay, w hich  has been 
dum ped in  the  W esterschelde has a h igh  erosion resistance.

2.1.1.2  Soft to medium consolidated cohesive sediments

Soft to  m edium  consolidated cohesive sedim ents (bulk density  pb 1500-1800 k g /m 3) w ith  v ari
able sand con ten t occur in the  Belgian coastal zone and  n o rth  o f the V lakte v an  de Raan and  are 
generally  o f Holocene age (figure 2.1). These deposits correspond to  the  so called 'coastal m ud  
fields'. The extension of these 'fields' has been m apped b y  am o n g st o thers Bastin (1974), 
Gullentops et al. (1976) and  Fettweis et al. (2004). M issiaen et al. (2002) describe an  area 
m arked  b y  poor seismic penetra tion  due to  gas fo rm atio n  in  shallow  peat layers; it  corresponds 
quite well w ith  the  extension of the Holocene m ud  layers.

The Holocene w as characterised b y  rap id  sed im entation in  m udfla ts  and  salt m arshes, w hich  
followed the  (relative) sea level rise and  the  m orpho logy  of the  Pleistocene su b s tra tu m  (Baete- 
m an , 1999). From ab o u t 3000  BP on  the  coastline started  to  re trea t and  these m u d  and peat 
layers w ere g rad u ally  flooded and  eroded and  form  to d ay  p a r t  of the sea bed in  the coastal 
zone. They are often  covered b y  a th in  layer (cm to  several 10 cm) o f v ery  fine sand o r m uddy  
sand. P art of the m u d  can be covered o r de-covered du ring  severe hydrodynam ic conditions. 
Erosion of the m u d  m ay  be enhanced b y  the  sand acting as abrasive agent.

No m easurem ents exist o f the erosion resistance (critical erosion shear stress, erosion con
stan t) of these sedim ents. Fettweis & V an den Eynde (2003) have used a value of 2 .0  Pa for the 
critical erosion shear stress in  a cohesive sedim ent tra n sp o r t m odel o f the BCS
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Figure 2.1 : Van Veen grab sample of H olocene layered clay covered by a thin layer (5 cm) of fine sand w ith patches of 
recent (‘liquid’) mud, w est of Pas van het Zand, R/V Belgica campaign 2005/07 .

Figure 2.2: Van Veen grab sample of recent mud (1 cm) on top of sand, R/V Belgica campaign 2003/04- (old dumping 
place O ostende)

Figure 2.3: Box core (com pletely filled, 50 cm) of very soft mud, which is gradually more com pacted underneath and 
covered by a recent layer of 7-8 cm mud, R/V Belgica campaign 200 3 /0 4  (old dumping place O ostende)

M u d  Origin, C h aracterisa tion  a n d  H um an A c tiv itie s Scientific Report Year I



13

2. Í . Í . 3 Freshly deposited mud

Freshly deposited m ud  occurs on  the  BCS m ain ly  in  the  m an  m ade environm ents such as navi
gation  channels and  h arbours. Layers o f ab o u t 0.5 m  o f fresh  and  very  soft consolidated m ud  
have also been found near the  old dum ping  site o f Oostende (Van Lancker et al., 2004), see fig
u re  2.2 and  2.3. V ery often  the fresh m u d  is lim ited to  a th in  layer o f m ax im um  a few  cm  on 
top  of the  sedim ent bed (fluffy layer), see sam ples east and  w est o f Zeebrugge, so u th  o f the 
V lakte v an  de Raan, in  the MUM M  m onito ring  poin ts 130, 230, 700, 702, in  the  swales be
tw een  the  sand banks. Kerkhofs (pers. com m .) m entions a fresh ly  deposited m u d  field near the 
beach a t  W enduine.

The erosion resistance of these m u d  layers is sm all (no quan tita tive  d ata  for the  BCS exist) 
and  as a consequence m o st o f them  are resuspended during  sto rm  events o r du rin g  spring tides 
(Fettweis & V an den Eynde, 2003). M easurem ents o f the  critical shear stress for erosion (xce) and  
deposition (xcd) have m ain ly  been perform ed in  laboratories; see e.g. B erlam ont et al. (1993) 
w h o  m ention  values for xce of soft estuarine m uds betw een 0 .1-2  Pa and  xcd o f 0 .05 -0 .2  Pa. Lar
ger aggregates w ill generally  begin to  deposit a t  h igher shear stresses of 0.2-1 Pa. The Fettweis 
& V an den Eynde (2003) have used 0.5 Pa and  an  erosion co n stan t o f 0 .1 2 X 1 0 3 k g /m 2/ s  in 
their cohesive sedim ent tra n sp o r t m odel of the  BCS.

Ravens & Gschw end (1999) have m easured  the erodibility of sedim ents from  the Boston h a r
bour, the  critical shear stress for erosion and  the erosion ra te  w ere quite un ifo rm  (xc= 0 .1 ± 0 .0 4  
Pa, M = 3 .2 ± 0 .2 x  IO 3 k g /m 2/s).

2 . 1.1.4 Fluid mud

V arious definitions o f fluid m u d  are used; th ey  are based on  density , rheological behav iour or 
SPM concentration . They all have in  com m on th a t  fluid m u d  is described as a benthic suspen
sion separated  from  the upper w a te r co lum n b y  a lutocline. In soil m echanics (Sills & Elder, 
1986) th is corresponds to  the tran sitio n  w here pore w a te r pressure and  to ta l vertical stress are 
equal (such as is the case in  HCMS) and  the situ a tio n  w here the pore pressure becom es less th an  
the  to ta l vertical stress such th a t  a s tru c tu re  to  ca rry  the  w eigh t o f the  sedim ents has devel
oped.

The b u lk  density  can n o t be defined exactly, because it is a function  of the  m ateria l com posi
tion  (sand or organic m a tte r  content). Values betw een 1030-1130 k g /m 3 and  even > 1 2 0 0  
k g /m 3 are m entioned in  lite ra tu re , having a SPM concentration  > 5 0 g /l (e.g. T oorm an, 1992). 
The tran sitio n  betw een fluid m u d  and  HCMS has been set a t  the  rheological tran sitio n , w hich  is 
n on-N ew ton ian  for fluid m ud, b u t  still N ew tonian  for HCMS (Verreet & B erlam ont, 1989).

In tu rb u len t flow s w ith  h igh  concentration  of m u d  (> 1 0  g/1) drag  reduction  in  the  viscous 
sub-layer w ith  respect to  the  ap p a ren t shear stress o f the logarithm ic layer in  the  u pper w a te r 
co lum n m ay  occur (Best & Leeder, 1993; Li & Gust, 2000; T oorm an  et al., 2002, W interw erp  et 
al., 2002b). The decrease of shear stress w ill in  a tidal env ironm ent decrease the  tim e available 
for erosion and  increase tim e for deposition. Suspensions w ith  h igh  m ud  concentration  will 
th u s  favour the  deposition o f m ud; th is  could also explain the  h igh  deposition of m u d  in  the 
nav igation  channels Pas v an  h e t Zand and  Scheur O ost on  the  BCS.

Fluid m u d  and  HCMS have been reported  on  the  BCS in the  Zeebrugge h a rb o u r and  the 
nav igation  channel 'Pas v an  het Z and ' (Strubbe, 1987). The reflection horizon  o f the  h igh  fre
quency (210 kHz) echo soundings can be in terpreted  as the tran sitio n  betw een HCMS and w a te r 
and  the one of low  frequency (33 kHz) as the tran sitio n  betw een fluid m ud  and the  consoli
dated m ud  bed (or sand bed). The tran sitio n  betw een HCMS and fluid m u d  form s the  nau tical 
depth. The reflection of the echo soundings can n o t be linked un iquely  to  the  density  o f the 
m ud, therefore the  nau tica l dep th  in  the  dredging in d u stry  is determ ined using  density  m eas
u rem en ts (D ruyts, 2000). Dredging is carried o u t w hen  the  density  of the m ud  above the 
m in im um  nav igation  depth  is h igher th a n  a certain  value. In the Zeebrugge th is  has been fixed
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a t  1150 k g /m 3 in R otterdam  a t  1200 k g /m 3. No in fo rm ation  on  quantities, fo rm atio n  as a 
function  o f tim e (seasons, sp ring-neap  cycles, tides, sto rm s, salinity) o r durableness, etc. have 
been found for the fluid m u d  layers on the  BCS

2.1 .2  Biological influence on erosion resistance

The effect of ben thos on  sedim ent stabilization (or -destab ilization) in  shelf seas is getting  m ore 
a tten tio n  (Friederichs, 2004). M acrobenthos is in teracting  actively w ith  sedim ents b y  filtering 
the  w ate r, 'ea ting ' the  sedim ent and altering  the  erosion resistance o r indirectly  th ro u g h  
affecting the hydrodynam ics a ro u n d  the m acrobenthic s tructu res. The erosion resistance o f the 
surface beds m ay  increase (e.g. developm ent o f m icrobiological m ats) as well as decrease. 
Reduction of erosion resistance has been ascribed to  the developm ent of biochem ical surface 
layer and  the  feeding and  rew ork ing  b y  m arine w o rm s (Lintern et al., 2002).

No or little in fo rm atio n  on  benthic species d istribu tion  and  frequency and  their in teraction  
w ith  sedim entology is available from  the  m u d  fields on the BCS. The tfolocene and  the  T ertiary  
clays are  characterised b y  the  Barnea candida  m acrobenthic co m m u n ity  (Degraer et al., 2000), 
including also the in troduced  A m erican piddock Petricola pholadiformis. The holes o f these 
bivalves m ay  also be used b y  the  bivalves Venerupsis senegalensis and  Hiatella arctica (pers. 
com m . F. Kerkhofs).

W e have found w h ite  piddocks in  consolidated m u d  layers in  h igh  num bers near the coast 
betw een N ieuw poort and  Oostende (R/V Belgica cam paign 2 0 0 2 /1 4b) and  east o f the  Pas v an  
h e t Z and (R/V Belgica cam paign  2 0 0 2 /0 6 ). The th in  sand cover as found  on  the  Flolocene m ud  
layers, lim its the g ro w th  o f the  popu lation  and  m ay  explain the  restricted and  often  ephem eral 
d istribu tion  in  the Flolocene layers.

The benthic com m unities in  fresh ly  deposited m ud  are even less diverse and  consist m ain ly  
o f w o rm s such as Capitella capitata  (the so called "Polydora m ud", see fresh  m u d  near coast of 
W enduine) and  - depending on  the oxygen level a n d /o r  organic con ten t - o f bivalves living in 
the sedim ent such as Macoma balthica and Abra alba (Kerkhofs, pers. com m .).

2 .2  Cohesive sedim ent d istribution

2.2.1 MUMM mud chart

The m ap in  figure 2 .4  is based on  the sedim ent sam ples tak en  b y  MUM M  and show s the d istri
b u tio n  o f cohesive sedim ents on  the  BCS based on  the  descriptions of consistency (see § 2.1). 
Fluid m u d  is n o t indicated on  the  m ap, because n o t enough d a ta  exist concerning its d istribu 
tion . This is p robab ly  also due to  the  sam pling m ethod  (Van Veen grab  or box-core). Thick lay 
ers of fresh  m u d  have been found  in  the  nav igation  channels, the Zeebrugge h a rb o u r and  near 
the  old dum ping  site of Oostende. The fresh  m u d  in  the rest of the area is on ly  a few  cm  thick.

2.2 .2  Bastin mud chart

Bastin (1974) m ade a sedim entological m ap  based on the rad ioactiv ity  o f sedim ents, m easured 
during  several surveys in  Ju ly -A ugust 1964. For th is reason  a probe w as developed w hich  w as 
dragged over the seabed. By m easuring  the g am m a ray s it w as possible to  differentiate betw een 
sand, sand & m ud, clay and  clay & m ud. M oreover, sedim ent sam ples w ere tak en  du ring  each 
cam paign to  validate the gam m a ra y  resu lts. The probe on ly  m easures a t  its b o tto m  side and  
one should take in  m ind th a t th is m ay  cause a p a rtly  w ro n g  idea of the  recent m obile m ud 
depositions.

The tracklines are perpendicular to  the  coast and  are 13 km  long. The to ta l surveyed area is 
m ore or less 1000 k m 2. Bastin (1974) defines m u d  as a light-packed m ix  o f clay, silt, sand, 
chalk  and  organic m a tte r  w ith  a h igh  w a te r conten t. Clay is defined as a m ore rigid and  denser 
sedim ent and  can have tw o  origins: either com paction o f m u d  layers o r erosion o f older eroded 
sedim ents. Sand and  m u d  can be one of the  follow ing th ree types of sedim ents:
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Figure 2.4: Distribution of cohesive sedim ents on the BCS. The small black dots indicates places where sam ples have 
been taken; if not coloured then they consist of sand; clay pebbles have been found in the light blue, H olocene clay in 
the red and fresh deposited mud in the green points. The w ood and peat fragments are from H olocene age.
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Figure 2.5: Distribution of the 4  sedim ent types defined by Bastin (I 974) based on his gamma ray technique.
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• Sand w ith  a th in  layer of m u d  on top: th is facies is heavily  influenced b y  w ave and  cu rren t 
conditions, e.g. near the  S troom bank.

• M ix o f sand w ith  m u d /c lay : either b y  a sim ultaneous deposition o r b y  diffusion of the  m ud  
layer in to  the underly ing  sand or b y  diffusion of elsewhere eroded clay w hich  w as tra n s 
ported  on  the sand and  diffused in to  it, e.g. near N ieuw poort.

• Layering o f sand and  m u d /c lay : due to  the different ebb- and  flood cu rren ts  eroding and  
depositing sedim ent from  different places, e.g. n o rth  of the W andelaar Bank.

The sand can n o t be fu r th e r divided in to  coarse, m edium  and fine sand due to  the lim itations 
o f the gam m a ra y  technique.

The occurrence of clay & m u d  is especially concentrated  betw een the  Oostende and  Zee
brugge h arb o u rs  and  east o f the Zeebrugge h a rb o u r (figure 2.5). The d istribu tion  of clay and 
sand & m u d  is m ore or less adjacent to  the  d istribu tion  of the  clay seaw ards. The d istribu tion  of 
sand is lim ited to  the  beach line and  to  the  m ore offshore parts . F urther on  offshore Bastin 
(1974) supposed a con tin u atio n  o f the  sand.

2.2 .3  RCMG database

RCMG hosts a large database o f sam ples (SEDISURF) tak en  over the course o f the 1980 's, 1990 's 
and  2 000 's . The database is populated  b y  m ore o r less 6200  sam ples and  m o st o f them  are V an 
Veen grabs taken  b y  different in stitu tes  on  d ifferent vessels. One o f the problem s w ith  th is large 
database is th a t  every in stitu te  has its ow n  definitions for silt-clay. M oreover there are a large 
nu m b er of zero values w hich  either can be tru e  values or errors. Before producing a re levant 
and  reliable m u d  m ap, the database therefore needs to  be carefully  analysed and  th is w ill be 
done in  the  near fu tu re . A t p resen t a m ap  o f the m edian g rain-size has been produced using 
m ultivaria te  geostatistics. This technique allow s a sound in terpo la tion  of d a ta  w hereby  the u n 
derlying b a th y m e try  is used as a second variable for the  in terpo lation  of the m edian grain-size.

2 .2 .4  Bathymetric evolution

A m ap o f 1959 (sheet V laam se Banken, published b y  the  M in istry  o f the  Flemish C om m unity , 
D epartm ent of E nvironm ent and  In frastructu re , W aterw ays and  M arine A ffairs A dm in istra
tion, Division Coast, H ydrographic Office) representing  soundings from  1953 to  1956 w as digi
tised and  is com pared w ith  the  m o st recent b a th y m etric  ch a rt of 2003 (also sheet V laam se 
Banken, published b y  the  M in istry  o f the  Flemish C om m unity , D epartm ent of E nvironm ent and 
In frastructu re , W aterw ays and  M arine A ffairs A dm inistration , Division Coast, H ydrographic 
Office). The co n to u r lines of 10 m  dep th  are plo tted  in  Figure 2.6. There are relative little m o r
phological changes, nevertheless it is strik ing  th a t  the  nav igation  channel to w ard s the Zee
b rugge h a rb o u r has been deepened due to  dredging over the  years. This resulted  in  dredging 
in to  the  Paleogene layers (Bartoon). A nother strik ing  featu re  is the  bu ild -up  near the  SI du m p - 
site due to  con tinuous dum ping  activities.
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Figure 2.6: Bathymetry map show ing the evolution of the 10 m depth contour from I 959 to  2003 .

2 .3  Historical da ta: Qilson collection
In 1899, Prof. Dr. G. Gilson started  an  am bitious sam pling p ro g ram  focusing on  nearly  all 
co m p artm en ts  in  the  so u th ern  b ig h t of the  N orth  Sea, m ain ly  w ith in  the  Belgian m arine  areas 
(van Loen et al., 2001). Gilson aim ed a t  understand ing  ho w  environm ental param eters  in flu 
ence the d istribu tion  of m arine  species. He therefore included an  exhaustive sedim ent sam pling 
scheme to  com plem ent ben thos sam pling. Sam pling in fo rm ation  (instrum ents, geo-positioning, 
date, etc.) w as generally  w ell docum ented. G ilson's p a rticu la r cup-shaped in s tru m en t w as able 
to  sam ple the firs t 10-20 cm  o f soft b o tto m s and  allow ed for som e conservation  of sedim ent 
layers in  the sam ple (van Loen et al., 2001). 3000 sedim ent sam ples w ere collected u n til 1939, 
w ith  90% collected b y  1911, la ter sam ples being m ore anecdotal. Gilson perform ed on ly  several 
grain-size analyses o f his sam ples. O nly 700 sub-sam ples w ere kep t u n til now adays in  the 
RBINS repositories. However, Gilson has provided a detailed description o f the sedim ent hauled 
onboard  for m o st of his sam ples. The level o f detail of these descriptions is h igh  and  allow s a 
standard iza tion  of their in fo rm ation  con ten t in  the form  o f "data", w hich  w e p rim arily  did to  
characterize benthic hab ita ts . For ab o u t 500 sam ples, the  orig inal detailed description could n o t 
be recovered in  the  archives and  only  a su m m ary  w as available. In these cases, the  in fo rm ation  
is therefore tru n ca ted  (e.g. "very fine, g rey  sand w ith  surficial g rey  m ud" becomes "fine sand 
w ith  m ud") and  should be used w ith  caution.

2.3.1 Sample selection and methods.

W e focus o u r a tten tio n  on the  coastal sam pling grid of Gilson (figure 2.7), o ther sam ples being 
m ore spread in  offshore areas. 1956 sedim ent descriptions w ere considered valid in  th is area in 
te rm s of either sedim entological in fo rm ation  con ten t and  geo-referencing accuracy.

D ifferent m ethods have been tested so fa r to  code Gilson's tex ts in to  quan tita tiv e  data . For 
the  purpose of th is  project, w e have addressed the  question  of cohesive sedim ents (Gilson does
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n o t m ake a difference betw een 'm u d ' and  'clay ') and  sand con ten t of the surface sedim ents by  
aggregating  specific in fo rm ations: m ain  n a tu re  o f sedim ent (sand, m ud); presence of m ixed 
m u d  and  separate m u d  layer in  sand sam ples; presence o f m ixed sand and  pu re  sand layers in 
m u d  sam ples. O ther constituen ts  like gravel o r shell debris w ere n o t considered. In a firs t step, 
m u d  and  sand con ten t w as ranked  accordingly to  fou r categories: pu re  sand; sand w ith  m ud; 
m u d  w ith  sand; p u re  m ud.

T hanks to  additional sem i-quan tita tive  indications provided b y  Gilson (e.g. “very thick m ud  
layer"), th is basic m u d /san d  p ro p o rtio n  scale w as m an u a lly  adjusted  w here possible w ith  steps 
betw een the 4 m ain  subdivisions. This ad ju stm en t is subjective and  it induces a b ias in  the m ud  
con ten t rank ing  since n o t all descriptions con tain  sem i-quan tita tive  in form ation , tfow ever, th is 
streng thens the overall p a tte rn  and  allow s m on ito ring  local heterogeneities th a t  w ould  n o t ap 
pear based solely on  the  firs t ro u g h  classification. The obtained values w ere th en  norm alized to  
o b tain  a scale o f m u d  conten t. Typical values resu lting  from  th is  stepw ise trea tm en t o f Gilson's 
descriptions are  illustra ted  in  table 2 .1. F urther d ata  verification, geostatistics and  in terpo lation  
m ethods could provide m ore accurate  results. For th is firs t m id-term  report, w e used the 
"kriging" in te rpo la tion  m ethod w ith  defau lt p aram eters  to  identify  m ajor trends derived from  
Gilson's observations.

Table 2.1 : Steps taken to  convert Gilson’s text into “mud content” (1. category ranking; 2. sub-ranking using available 
sem i-quantitative information; 3. normalization), illustrated w ith values obtained for som e typical cases. The “mud 
content” reflects the suggested proportion of mud in sand after all coarser constituents have been.

Sampling_NR Date Gilson's description Category mud/sand rank mud content
G5434 1 1 /1 0 /1 9 1 1 sable grossier, coquilles pure sand 4 0.00
G4087 2 8 / 0 7 / 1 9 0 6 Sable fin, petits grumeaux de vase noire et de vase grise sand with mud (trace) 3.75 0.08
G5420 2 5 /0 9 /1 9 1 1 sable a ssez lin, légèrement vaseux sand with mud 3.5 0.17
G2096 3 1 / 0 7 / 1 9 0 2 sable gris très néritique; morceaux de vase noire dure. sand with mud 3.25 0.25
G5442 2 0 /1 0 /1 9 1 1 sable vaseux gris, coquilles, vase grise sand with mud 3 0.33
G3232 1 7 / 0 9 /1 9 0 4 sable moyen très vaseux gris, très néritique, grossier sand with mud 2.75 0.42
G2662 9 /0 6 /1 9 0 3 Vase grise pure ; sable gris fin (à parts égales) Mud with sand 2.5 0.50
G1273 2 9 /0 7 /1 9 0 1 vase grise très sableuse Mud with sand 2.25 0.58
G5602 1 3 / 1 0 /1 9 1 3 Vase sableuse, beaucoup; v ase noire; vase grise de surface Mud with sand 2 0.67
G1887 1 1 / 0 4 /1 9 0 2 sable grossier très néritique, un peu; vase noire très dure, en morceaux, beaucoup ; vase grise mud with sand 1.75 0.75
G5424 2 5 /0 9 /1 9 1 1 Vase noire sableuse; un peu de sable gris-jaune Mud with sand 1.5 0.83
G1673 2 0 /0 9 /1 9 0 1 vase noire ; un peu de vase noire sableuse Mud with sand 1.25 0.92
G0070 1 2 / 0 6 /1 8 9 9 Vase noire bleuâtre Pure mud 1 1.00

This da ta  processing does n o t give an y  indication on  the n a tu re  o f m u d  w ith in  the  sedim ent. 
According to  Gilson's observations, m ud  can be m ixed to  sand, form  a separate surface o r deep 
layer, o r even fo rm  patches of vary in g  sizes w ith in  heterogeneous sedim ents. Only on several 
occasions does Gilson give an  indication o f the  vertical order of d ifferent observed layers. H ow 
ever, Gilson often  provides additional in fo rm ation  on  the  m u d  aspect: "pieces" or "lum ps", 
"hard", "liquid", "grey", "black", "surficial", etc. On the o ther hand , Gilson also occasionally 
provides indications on  the  "hardness" of the  sam pled b o tto m  as observed w ith  a sounding 
w eight.

M odels developed a t  MUM M  a ttem p t to  describe the  p a tte rn s  o f m u d  deposition and  erosion 
in  th is hydrodynam ical com plex area. A m ajor question  addressed b y  th is  project is to  track  
m u d  "origin" and  behav iour to  feed m anagem ent-o rien ted  m odels. W e therefore ten ta tively  ex
am ined som e aforem entioned param eters  w ith in  Gilson's descriptions to  check w h e th e r these 
could suggest hypotheses on long-term  changes. R unning m odels tak ing  in to  account physical 
changes in  the env ironm ent (like ba th y m etric  changes associated w ith  em ergence o f h a rb o u rs  
and  nav igation  channels) m ig h t provide a validation  of such hypotheses. In order to  perform  
long-term  com parisons w ith  m ud  deposition or erosion p a tte rn s  provided b y  con tem porary  
data , w e have ten ta tively  coded th is in fo rm ation  as well to  m o n ito r occurrences o f "soft" or 
"hard" m u d  areas. Use of these d a ta  m u s t be perform ed w ith  care since w e can n o t m ake the  as-
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su m p tio n  th a t  Gilson a lw ays recorded them  accurately , w hile a p a r t o f the  descriptions is on ly  
available in  a sum m arized  form .

Four item s related to  cohesive sedim ent consistency a n d /o r  erosion /deposition  processes 
have à p rio ri been extracted:
1. Occurrence o f "rolled m u d  balls" (i.e. clay pebbles) in  the  sam ple, indicative of eroded and 

tran sp o rted  clay.
2. "H ard m u d " from  b o th  b o tto m  soundings and  descriptions (breaking in to  "pieces" in 

hands), indicative o f (a t least) m edium  consolidated cohesive sedim ents. Probably Gilson 
m ean t Holocene clay as is show n in figure 2.1, the  clay is layered and  b reaks in to  pieces.

3. "Liquid" a n d /o r  "surface" m ud, flow ing th ro u g h  fingers, indicative o f fresh ly  deposited 
m u d .

4. "Soft m u d ", m o st p robably  indicative of fresh ly  deposited th ick  m u d  layers (see nav igation  
channel tow ards the  h a rb o u r o f Oostende) o r soft consolidated cohesive sedim ents w hich 
w ere form ed th ro u g h  rew etting  o f the  m ore consolidated Holocene clays (see figure 2.3).

2.3 .2  Relative mud content index

Despite questions on "data" accuracy, the  developed approach  provides a consisten t general 
m ap  of m u d  con ten t along the Belgian coast as w ell as along the m o u th  o f the  W ester schelde 
e s tu ary  (figure 2.7). High con ten t of cohesive sedim ents are m ain ly  located betw een Oostende 
and  Zeebrugge, w hich  is consisten t w ith  observations m ade m ore recently  (see figures 2 .4  &
2.5). In fro n t o f the w este rn  and  central Belgian coast, tw o  bands o f m uch  low er m u d  con ten t 
can  be observed, w hich  corresponds w ith  the W enduine and  N ieuw poort Bank, th is indicates 
th a t  the 'm u d  fields' are older th a n  the sandbanks. Higher m u d  con ten ts are also found in 
deeper areas, as along the island of W alcheren (Deurloo and  O ostgat gullies), n o rth  of the 
V lakte v an  de Raan and  along the  so u th ern  flank  o f the  Goote Bank. In fro n t o f the W estern  
coast and  in  the so u th ern  p a r t  o f the  W esthinder Bank, a slight b u t  significant a m o u n t of m ud 
is found  in  the  swales betw een the  banks, w here gravel is also present. On the V lakte v an  de 
Raan large m ud-free areas are found, w hich  is in  full ag reem ent w ith  con tem porary  data.

2.3 .3  “Hard” and “soft mud”

W hen considering the fo u r item s related to  cohesive sedim ent consistency, w e observe aga in  a 
p a tch y  d istribu tion  (figure 2.8). As m entioned earlier, w e do only  consider positive indications 
as "data" (i.e. absence o f a p a ram eter m ig h t be due to  inaccurate  recording). However, w e can 
d raw  areas w here respectively "hard" (i.e. a t  least m edium  consolidated) cohesive sedim ents and 
"soft" cohesive sedim ents dom inate. The m ore consolidated cohesive sedim ents have m ain ly  
been observed east o f Zeebrugge. In fro n t o f Zeebrugge and  m ore to  the  w est "softer" m u d  w as 
observed, possibly indicative o f fresh ly  deposited m u d  or rew etted  Holocene clay.

In terp reta tion  o f "liquid m ud" occurrences m u s t be perform ed w ith  caution, since fresh  m ud 
deposition /resuspension  can occur cyclically th ro u g h  tides and  sm all am o u n ts  can be deposited 
for sh o rt periods. However, several occurrences are  recorded a ro u n d  the  W estp it area (no rth  of 
the V lakte v an  de Raan), w here m u d  con ten t is high, w hich  corresponds to  con tem porary  ob
servations. The la tte r is an  in teresting  observation, because it proves th a t  these m u d  deposits 
are n o t due to  the im p o rtan t m ud  dum pings occurring cu rren tly  on  the B&W SI dum ping  
place.

M u d  Origin, C h aracterisa tion  a n d  H um an A c tiv itie s Scientific Report Year I



2 0

460000 470000 480000 490000 500000 510000 520000 530000 540000 550000

5710000-

5700000-

5690000-

5680000-

5670000-

Figure 2.7: Mud content (in %) of surface sedim ents as inferred from Gilson’s sample descriptions. The content is cal
culated by comparing relative mud and sand proportions according to  original descriptions, all other constituents b e
ing excluded of the analysis. Interpolation (Kriging) w as made w ithin Gilson’s sampling grid (one dot =  one sample) to  
visualize the general pattern. The result w as superim posed on modern coastline and 20 m MLLWS isobath data. (UTM 
projection 31 N, ED50 European Datum).
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Figure 2.8: Plot of different mud parameters extracted from Gilson’s descriptions. Areas where respectively “so ft” and 
“hard” mud tend to  dominate were drawn manually (UTM projection 3 IN, ED50 European Datum).
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2 .3 .4  Discussion
W hen com paring  these resu lts w ith  a recent m ap o f m u d  d istribu tion  (figures 2 .4  & 2.5), the 
overall p a tte rn  is v ery  consistent, a lth o u g h  of course absolute m u d  contents should n o t be di
rectly  com pared. As can be expected, m ajor changes are to  be searched in  the Zeebrugge h a r 
b o u r area and  in  nav igation  channels w here h igh  am o u n ts  o f m u d  accum ulate  now adays. Ad
ditional in fo rm ation  provided b y  V an M ierlo o r o ther au th o rs  before the  construc tion  o f the 
firs t p a r t o f the Zeebrugge h a rb o u r and  the dredging of the  Pas v an  h e t Z and channel w ould  
help to  evaluate the changes th ro u g h  tim e m ore accurately.

"Soft m ud" could suggest fresh  m ud  deposition, a lth o u g h  the exact m eaning  o f th is param e
te r can n o t be evaluated accurately . Occurrence o f "hard  m ud" in  the  Scheur (Tertiary or Holo- 
cene clay) fit con tem p o rary  observations du ring  capital dredging o f th is  nav igation  channel. 
Erosion o f these consolidated clay layers appear in the  form  of clay pebbles w hich  have m ain ly  
been found b y  Gilson in  the  v icin ity  of "hard" m ud.

In fro n t of Oostende w e observe the  co-existence of "hard" and  "soft m ud". In th is area, Gil
son has increased the  sam pling effort in  order to  k n o w  w h e th e r the im pact o f m u d  dum ping  b y  
h a rb o u r dredgers resulted in  an  increase o f m u d  am o u n ts  on  the  b o tto m . So far, w e did n o t 
find an y  conclusion regard ing  th is topic in  his papers and  archives.

In a le tter to  Gilson b y  an  officer of the "A dm inistration des Ponts et Chaussées", 1913, re la
tive to  m u d  dum ping  on  the N orth  slope o f the  W enduine Bank (by N ieuw poort and  Oostende 
h a rb o u r dredgers), w e find indications th a t  the  dum ped m u d  w as quickly elim inated b y  tidal 
cu rren ts  and  storm s:

• [Charles Verstraete] m 'a  d it [...] que des prélèvements d'échantillons de fo n d  effectués par 
vous et lui sur le talus Nord du banc de Wenduyne, près des bouées de dragages, permet
taient de croire que les produits que l'on y  déverse ne s 'y  maintenaient pas et étaient enlevés 
presque immédiatement.

• Cela me paraît plus que vraisemblable [...]
• Ne vous semble-t-il pas que c'est une dépense inutile que d'aller porter à 7 ou 8 kilomètres au 

large les produits de dragages, et que déversés dans la grande rade d'Ostende ils 
n ’ajouteraient pas grand-chose à l'énorme quantité de vase qui se ballade en mer et dont une 
partie vient se déposer devant les ports ?

• Eventuellement je  fera i usage de votre opinion et me permettrai d'en citer la source.
This letter suggests th a t  early  in fo rm ation  on  m u d  dredging and  dum ping  should be avail

able in  archives o f the  "A dm inistration  des Ponts et Chaussées". So far, w e do n o t k n o w  w h a t 
G ilson's opinion on  th is topic w as. This old observation supports  the  view  th a t  m u d  found in 
fro n t o f the  cen tral and  w este rn  coast is o f Holocene origin and  th a t  these old m u d  layers are 
exposed to  the  surface depending on  hydrodynam ics, w eather conditions and  sand tran sp o rt.

2.3 .5  Conclusions

Coding o f G ilson's in fo rm ation  provide "qualitative" b u t  valuable in fo rm atio n  on  the  n a tu re  of 
surface sedim ents, w hich  can in  tu rn  be used to  su p p o rt validation  of hypotheses on m u d  ori
gin and behaviour. The d a ta  available so fa r show  som e trends confirm ing hypotheses based on  
num erical m odels and  recent data , i.e. changes in local m u d  deposition occur m ain ly  a ro u n d  
Zeebrugge and  in  artificial, deepened nav igation  channels, due to  changes in  local h y d ro d y n am 
ics.

In teresting to  the h isto rian  is the fact th a t  V an M ierlo (1897; 1908) had  foreseen a fa s t fill
ing o f Zeebrugge h a rb o u r w ith  m u d  before its construc tion  begun, w hich  led h im  to  figh t 
ag a in st th is  project. A detailed analysis o f the hydrograph ical and  sedim entological changes 
a ro u n d  Heist after construc tion  of the firs t Zeebrugge h arb o u r, a t  the tu rn  o f the 20 th cen tu ry , 
can  be found in  V an M ierlo (1908). V an M ierlo (1899) also provided the firs t sedim entological 
m ap  of the BCS (based on  ab o u t 300 sam ple descriptions), th is m ap w as reproduced in  v an  
Loen et al. (2001).

M u d  Origin, C h aracterisa tion  a n d  H um an A c tiv itie s Scientific Report Year I



2 2

3. Suspended particulate matter on the  BCS

3. / Floe size  an d  settling ve loc ity
A floe is defined as an  aggregate of fine cohesive sedim ents and  organic m atte r. It is w ell k now n  
th a t  the SPM tra n sp o r t is affected b y  the fo rm atio n  and  b reak -up  o f aggregates (flocculation), 
because it m ay  v a ry  the  settling  velocity of the  particles (Van Leussen, 1994). Flocculation is a 
func tion  o f the  overall hydrodynam ic and  biological env ironm ent and also o f the  physical, 
chem ical and  biological characteristics of the  particles, such as the  SPM and  organic m a tte r  con
cen tration , the  size, cohesiveness and  form  of the  particles (B erlam ont et al., 1993). M ainly  
tu rbu lence and  to  a m uch  lesser ex ten t B row nian m otion  and  differential settling are the  re
sponsible physical agen ts (Van Leussen, 1994). Due to  tu rbu lence the  particles m ay  collide and  
w ill flocculate, large tu rb u len t m o tion  how ever resu lts in  d isrup tion  of the  aggregates.

In tidal areas flocculation effects m ay  v a ry  in  space and  tim e as a resu lt of tu rbu lence stress 
and  floe h isto ry . The residence tim e o f the  floes has fu rth e rm o re  to  be sufficient long (order of 
hours) such th a t  the  floes can a tta in  their equilibrium  size. This is particu la rly  re levant a t  low  
tu rb u le n t levels, a t  sm all sedim ent concen tration  a n d /o r  very  shallow  w a te r (W interw erp, 
2002). Deposition and  resuspension  of fine grained sedim ents m ay  affect the  size o f the p a r ti
cles, e.g. b y  b reak -u p  of the aggregates du ring  resuspension (Fugate & Friederichs, 2003) 
a n d /o r  changes in  the s tru c tu re  of the  aggregates due to  consolidation. The occurrence of 
p h y to p lan k to n  and  its associated m u cu s finally  is a crucial factor controlling  the  aggregate 
size, because these organic com ponents are larger and  stickier th a n  the  lithogenic com ponents 
(Flamm, 2002). In the  absence of p h y to p lan k to n  the aggregation  efficiency w ill be low er and  
the  aggregate size significantly  sm aller (Ziervogel, 2003).

The settling velocity determ ines the deposition ra te  and  depends on the size and  density  of 
the  m u d  floes. Large floes are m ore po rous and  m ay  con tain  m ore organic m ateria l, w hereas 
sm all floes m ay  have densities o f approaching  those of sand grains. The floe density  and  size 
can  be related b y  using  a fractal m odel (K ranenburg, 1994); W in terw erp  (2002) based his floc
cu lation  and  settling velocity m odel on  th is fractal approach  o f m u d  floes. The settling velocity 
increases firs t w ith  increasing SPM concentration , w h en  a t  a certain  SPM concen tration  (a few  
g/1) a m ax im um  in settling velocity is reached and  hindered settling  occurs.

3.1.1 Measurements of floe size

The LISST 100C uses laser d iffraction  technology (see §4.2.2) to  m easure particle size d istribu 
tions betw een 5 -500  /im  o f the  SPM and  m easures the  transm ission  coefficient (Agrawal & 
P ottsm ith , 2000). The volum e concen tration  is calculated (by the in strum en t) using these 
m easured  param eters  together w ith  an  em pirical vo lum e calibration  co n stan t and  the  assu m p 
tio n  th a t  the  particles are spherical. The LISST w orks w ell in  resolving un i-m odal and  m u ltim o 
dal silicate particle d istribu tions, w hich  are separated  b y  a t  least 1 ® (Traykovski et al. 1999). 
G artner et al. (2001) have show n  u nder lab o ra to ry  conditions th a t  the  LISST underestim ates 
m ono-sized particles b y  ab o u t 10% and  th a t  th is erro r tends to  increase as particle size in
creased. This is p a rtly  due to  the logarithm ic spaced ring  detectors o f the  in stru m en ts ; large 
particles are th u s  n o t well represented. A ggregates are slightly  flattened, because th ey  are com 
plex associations of lithogenic and  organic particles (Van Leussen, 1994; M ikkelsen & Pejrup, 
2001), w hich  m ay  th u s  influence the m easured  size d istribu tion . It has been show n  th a t  dif
fraction  p a tte rn s  are form ed b y  the  floes and  aggregates itself and  n o t b y  the  p rim ary  particles 
from  w hich  the  aggregates are b u ilt of (Van Leussen, 1994) and  th a t  no  m ultip le d iffraction oc
curs in  an  aggregate (Agrawal & Pottsm ith , 2000). M ultiple d iffraction  resu lts  in  a sh ift to 
w ards sm aller size classes and  can become im p o rtan t w h en  the  transm ission  is low er th a n  30% 
(Traykovski et al., 1999). The presence o f particles coarser th a n  the  size range of the  in s tru 
m en t changes the size d istribu tion  m easured b y  the  LISST. Traykovski et al (1999) have show n
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th a t  w ith  the LISST 100C particles larger th en  250  /im  are registered in  the 500 pm  class. The 
resu lts  o f LISST m easurem ents should therefore be in terpreted  as an  index for com paring  size 
d istribu tions ra th e r th a n  relying on  their exact values (Fugate & Friederichs, 2003).
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Figure 3.1 : Zeebrugge site, through tide m easurem ents from 8 September 8h00  PM until 9 September 9h00 AM 2003  

(R/V Belgica campaign 2003/22): (a) SPM concentration (mg/l), water depth (m) and vertical averaged current velocity  

(m/s) and (b) averaged particle size (pm) and Kolmogorov microscale of turbulence (pm, model result). M easurements 

have been taken at about 3 m above the bottom  (from Fettweis et al., 2005).

M easurem ents of floe size using the  LISST 100C (Agrawal & Pottsm ith , 2000) and  o f SPM 
concen tration  have been carried o u t in  (near Zeebrugge and  Oostende) and  ju s t  outside the  high 
tu rb id ity  zone (Kwinte Bank), see figures 3.1 & 3.2. Since no direct m easurem ents o f settling 
velocity have been carried o u t the  fall velocity w as calculated indirectly, follow ing a m ethod 
presented b y  M ikkelsen & Pejrup (2001) using  the  averaged floe size, the  SPM volum e concen
tra tio n  and  the SPM concen tration  (Fettweis et al., 2003).

An in teresting  resu lt is th a t  the particle size of the aggregates in  the coastal tu rb id ity  m axi
m u m  zone w as sm aller (average: 44-65 pm ) and  the  effective density  h igher (400-1800 k g /m 3) 
th a n  m ore offshore a t  a site situated  near the edge o f the tu rb id ity  m ax im um  (average: 122- 
198 pm ; 20 0 -8 0 0  k g /m 3), th is in  co n tra ry  w ith  m easurem ents from  the T am ar e s tu ary  (W in
terw erp  et al., 2002a). The settling velocity on  the  Kwinte Bank w as during  a tidal cycle be
tw een  1.8 and  8.2 m m /s  (m ean: 3.8 m m /s) and  near Zeebrugge 0 .3-2 .3  m m /s  (m ean 0.9 
m m /s). These resu lts underline the suggestion of v an  der Lee (2000), saying th a t  the  settling 
velocity depends on ly  indirectly  on  SPM concentration . The processes responsible for the occur
rence of differences in aggregate size have been ascribed to  -  beside m inor differences in  h ydro - 
dynam ic betw een the  tw o  areas - differences in availability  of suspended particu la te  organic 
carbon  (POC) w ith  respect to  SPM, w hich  is h igher outside the coastal tu rb id ity  m ax im um
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(Fettweis et al., 2005) and  possibly also to  the presence o f d ifferent types o f suspended m a tte r 
w ith  respect to  m ineral com position on  the Belgian N orth  Sea con tinen tal p la tfo rm  (see §4.4). 
POC is regu la ting  floe g row th , because o f its cohesive properties. In the  h igh  tu rb id ity  zone the 
POC is m ore quickly sa tu ra ted  b y  the less cohesive lithogenic fraction  and  g ro w th  o f aggregates 
is therefore lim ited.
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Figure 3.2: Kwinte Bank site, tripod m easurem ents of 2 - 1 I March 2004  (2004/05): (a) SPM concentration (mg/l), water 
depth (m) and vertical averaged current velocity (m/s) and (b) averaged particle size (pm) and Kolmogorov microscale 
of turbulence (pm, model result). M easurements have been taken at 0 .8  m above the bottom  (LISST) and I m above 
the bottom  (OBS). The slope of the regression line for particle size is - 7 .1 3 and for Kolmogorov microscale -2 0 .12. 
(from Fettweis et al., 2005).

3 .2  Through tide SPM concentration m easurem ents on the BCS
The process of re su sp en sio n /tran sp o rt/d ep o sitio n  will re su lt in  m ixing and  fractioning of the 
sedim ents and  as a consequence depends on  the sedim ents w hich  are supplied and  on  the 
hydrodynam ic conditions. SPM concen tration  m easurem ents (th ro u g h  tide and  long term ) have 
been carried o u t on  the  BCS using  the  R/V Belgica and  a s tand  alone benthic lander (tripod). A 
list o f them  is given in  table 3.1, the  figures w ith  the  resu lts can be found  in appendix. I.

The m easurem ents show  th a t  the  SPM concen tration  in  the coastal zone and m ore off shore 
varies strongly . Tidal v aria tio n s are clearly detectable. In the coastal zone (B&W Oostende, Pas 
v an  het Zand, B&W Zeebrugge Oost, Scheur E, V lakte v an  de Raan) the  SPM concen tration  is 
u su a lly  h igh  w ith  occasionally low  values. M axim a v a ry  betw een 8-592 m g /l and  m in im a be
tw een  1-99 m g /l. M ore off shore the  concentration  are during  m o st of the  m easurem ents low, 
w ith  occasionally h igher values. SPM concentration  m axim a are betw een 5 -340  m g /l and  m in 
im a betw een 1-44 m g /l. The peaks in  SPM concen tration  are coupled to  the peaks in  cu rren t

M u d  Origin, C h aracterisa tion  a n d  H um an A c tiv itie s Scientific Report Year I



2 5

velocity  and  occur afte r the  m ax im a in  cu rren t velocity (Fettweis et al., 2002). The occurrence 
o f a tim e lag in  suspended sedim ent tra n sp o r t is well k n o w n  (Bass et al., 2002; Dyer, 1995; 
H oitink et al., 2003) and  is related to  the  fact th a t  the  re-suspended m u d  needs a certain  tim e to  
be d istribu ted  over the w a te r colum n. V an Parys & Pieters (2001) observed th is  process near 
Zeebrugge, w here the  m u d  bed s ta rts  to  be re-suspended w h en  the  tidal cu rren t increases to 
0.15 m /s , b u t on ly  w h en  the cu rren t velocity w as >0 .5  m /s  the increase o f SPM concentration  
could be m easured  near the surface.

Table 3.1 : Max and min SPM concentration during through tide m easurem ents. A lso indicated are the time relative to  
HW and the averaged w ind speed & direction. Tide is the tidal amplitude: N T =neap tide, AT=average tide, ST=spring  
tide. The m easurem ents are grouped according to  locations (see fig 1 -8 in app. 1). The m easurem ents w ith  the SBE09 
are at about 3 m above bottom  and w ith the SBE1 9 system  at 3 m under sea surface.

B&W Oostende (fig 1-2) I
99/07 SBE09

SBEI9
NT -0.15

-1.13
203 
1 10

-7.57
-7.35

20
21

3.8 98 E

02/27-a SBE09
SBEI9

AT -2.08
-2.02

55
54

-8.18
-9.43

14
2

4.9 272 W

03/04-b SBE09
SBEI9

ST ± - 4
± - 4

> 3 0 0
> 3 0 0

-6.48
-6.40

54
59

2.4 132 SE

01/06-b SBE09
SBEI9

AT -9.45
-9.40

592
535

-0.98
-0.67

53
49

6.7 203 SSW

Pas van het Zand (fig 1-3) I
O l/06-a SBE09

SBE19
AT -6.92

-6 .58
509
401

-1.65
-1 .70

28
28

3.2 150 SSE

02/2 7-b SBE09
SBE19

NT -5.12
-7 .40

121 
1 10

-3 .63
-1 .13

29
18

7.2 159 SSE

03/04-a SBE09
SBE19

ST ± - 7
± - 7

> 3 0 0
> 3 0 0

-1.15
-1 .07

” 39 ”  
37

9.1 101 E

03/22 SBE09
SBE19

AT 5.12
5.20

106
106

-2 .20
-2 .18

17
15

6.0 30 NNE

B&W Zeebrugge Oost (fig. 1-4) I
00/08 SBE09

SBE19
ST 6.40

-1.55
600
618

-0 .87
-1 .03

44
41

4.3 36 NE

00/14 SBE09
SBE19

NT 5.80
8.95

215
368

8.02
8.07

16
64

9.6 252 W SW

00/26 SBE09
SBE19

AT 5.90
5.95

232
236

3.43
10.35

40
35

12.7 241 W SW

1 Scheur E (fig 1-5) I
00/31 SBE09

SBE19
AT 5.73

-4.82
24
26

-1.93  
-1 1.67

8
15

10.2 144 SE

0 2 /0 1 -a SBE09
SBE19

AT 1.18
6.80

309
275

3.37
__3:4_2__

10
20

9.3 61 ENE

0 2 /0 1 -b S BE 09 
SBE19

AT 1.63
1.65

3 0 6 ....
365

- - - - fg - -

-0 .63
” 99 ”  

78
15 24 NNE

02/06-a SBE09
SBE19

AT -5.62
1.05

160 
1 18

2.90
3.10

16
24

2.8 52 NE

02/14-a SBE09
SBE19

ST 4.12
9.22

.....3 5 ......
56

3.42
3.42

4
1

9.0 246 W SW

01/17-a SBE09
SBE19

AT 0.17
6.38

59
61

-2.62
8.55

6
13

3.5 316 N W

1 Kwinte Bank (fig. 1-6) I
03/15 SBE09

SBE19
AT 1.35

4 .5 0
5

24
4 .52
4 .75

2
1

3.5 36 NE

03/17 SBE09
SBE19

NT 5.75 5 -1 3 .6 0 2 5.8 353 N
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03/25 SBE09
SBE19

ST -8 .18  j 58 
-2 .62 i 47

-6 .53  j 6 
-7 .3 7  i 7

1 1.2 255 W SW

Off shore (fig. 1-7)
00/19 SBE09 NT -1 .4 7  I 19 1.63 : 3 12.8 261 W

SBE19 -1 .2 0  1 22 1.72 : 8
02 /14-b SBE09 ST -1 .08  I 10 -8 .20  : 2 5.8 31 1 N W

SBE19 -8.85 1 10 -8 .88  : 1
99 /17 SBE09 ST 2.62 1 20 -0 .6 0  : 7 4 .6 267 W

SBE19 2 .80  I 8 -3 .13  : 5
01 /29 SBE09 ST -3 .8 7  I 180 -1 .08  : 34 9.1 39 NE

SBE19 6.90  1 283 -1 .42  : 23
02/06-b SBE09 ST -2.25 I 75 4 .0 0  : i 6.9 37 NE

SBE19 -2 .2 0  I 77 4 .1 0  : 9

Vlakte van de Raan (fig. 1-8)
01/01 SBE09 AT 10.97 1 340 6.12 : 39 7.7 197 SSW

SBE19 1 1.02 1 268 6.15 : 44
01/1 7-b SBE09 AT 9.03 1 8 -1 .2 7  : i 5.6 185 S

SBE19 2.85 I 13 -1 .22  : 7

3.3  SPM concentration distribution on the BCS
The Belgian and  so u th ern  D utch coastal w a te rs  are an  effective trap  for fine grained cohesive 
sedim ents, resu lting  in  the fo rm atio n  of an  area of h igh  SPM concentration . The fo rm atio n  o f a 
coastal tu rb id ity  m ax im um  has been ascribed to  the  governing hydrodynam ic conditions, 
w hich  are  such th a t  the  residual w a te r tra n sp o r t is reduced resu lting  in  a congestion o f the 
sedim ent tra n sp o r t in  the  area (Fettweis & V an den Eynde, 2003). A ccurate know ledge of the 
SPM tra n sp o r t system  is especially im p o rtan t because o f its effect on  the  econom y (dredging 
and  dum ping), the  env ironm ent and  as such also for setting  up a fram ew o rk  for a sustainable 
m an ag em en t o f the area.

The firs t studies on  the  suspended fine-grained sedim ents have been published b y  V an M ierlo 
(1899). The a tten tio n  on th is subject w as red raw n  in the  seventies using  m easurem ents and 
m odelling (Bastin, 1974; N ihoul, 1975; G ullentops et al. 1976; Eisma & Kalf, 1979) w h en  the 
p o rt of Zeebrugge w as extended and  the  nav igation  channels deepened. The SPM concentration  
h as  a characteristic d istribu tion  in  the Belgian-D utch coastal zone, w hich  is due to  the h y d ro 
dynam ics, the  prevailing w inds, the  in p u t o f suspended m a tte r  in to  the area m ain ly  from  the 
English Channel and  the  resuspension a n d /o f  erosion of (recent and  old) fine grained sedim ents 
(Fettweis & V an den Eynde, 2003). Seasonal averaged SPM concentration  m aps have been con
structed  from  the  m easu rem en t data , w hich  have been dow nloaded from  the  BMDC database 
(h ttp ://w w w .m u m m .a c .b e /d a ta c e n tre ), see figure 3.3. On sm aller tim e scale v aria tio n  occur as 
a function  of tides (§3.2), neap-spring  tidal cycles, s to rm  events and  possibly also to  w ind  in 
fluences in  analogy  w ith  salin ity  varia tions in  the Belgian coastal zone (Lacroix et al., 2004).

3 .4  Use o f  satellite  images to retrieve SPM concentration distributions
SPM surface concentration  m aps can be retrieved from  satellite im ages. The advan tage o f satel
lite d a ta  is their geographical extension, the disadvantage is the relatively low  tim e reso lu tion  
and  the fact th a t  on ly  cloud free conditions and  surface w a te rs  are m apped. For the  Bel
g ian /D u tch  coastal zone SeaWiFS im ages have been successfully used. The m ethodology and  
resu lts  are presented in  V an den Eynde et al. (2005) and  are briefly  sum m arised  below .
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(a) March-May (b) June-August

(c) Septem ber-Novem ber (d) December-February
Figure 3.3: Suspended particulate matter concentration (mg/1), The map has been constructed using the arithmetic 
m ean of minimum 10 sam ples per point of MUMM’s m onitoring data (1 9 7 7 -1 9 9 6 ). A lso indicated is the 10 m depth 
contour.

3 .4 .1 Calculation of surface SPM concentration from SeaWifs images

The SeaWiFS im agery  uses the  Top Of A tm osphere (TOA) radiance m easured  a t  the  sensor level. 
Processing is needed to  calculate the SPM concen tration  a t  the  w a te r surface. First the  various 
atm ospheric  con tribu tions to  the  TOA radiance, i.e. ligh t scattering  b y  air m olecules and  aero
sols, absorp tion  b y  oxygen and  ozone and  the sky  glint, have to  be rem oved to  produce the  re
flectance a t  the  sea level. This w as carried o u t using  the  SeaDAS softw are algo rithm  extended to  
tu rb id  w aters. The description o f th is a lgorithm  can be found in  Ruddick et al. (2000). Next, a 
hydro-op tical m odel (Nechad et al., 2003), designed for Belgian w a te rs  is used to  convert the 
reflectance a t  the  sea level in to  SPM surface concentrations.

3.4.2 SPM concentration from in situ measurements

Knowledge of resuspension, tra n sp o r t and  deposition o f fine grained sedim ent is im p o rtan t to  
u n d erstan d  the varia tions in SPM concen tration  observed in  satellite im ages. This know ledge is 
provided from  in situ  m easurem ents carried o u t w ith  the R/V Belgica from  1999 to  2002.

The tu rb id ity  in  the  w a te r co lum n w as m easured w ith  an  Optical Back Scatter (OBS) sensor, 
m ou n ted  on  a Rosette w a te r sam pling - SBE09 SCTD system . D ata w ere acquired every h a lf 
second. Every h o u r a vertical profile w as m easured. F urtherm ore  every 20 m inutes, a w a te r 
sam ple w as collected a t  ab o u t 3 m  above the  b o tto m  using the  10 litre N iskin bottles of the Ro
sette w a te r sam pling system . These w a te r sam ples w ere used for g ravim etrical determ ination  of 
the  SPM concentration. The vertical profiles cover the  w a te r co lum n from  ab o u t 3 m  above the 
b o tto m  to  ab o u t 1 m  below  the  sea surface. In order to  take in to  accoun t the entire profile, in 
cluding the  low est layer in  w hich  the  h ighest concentrations are expected, an  ex trapo lation  is 
m ade using a theoretical profile (Van Rijn, 1993).

The vertical profiles reveal th a t  the  surface SPM concen tration  as well as the  stratifica tion  is
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h igh  only  for ab o u t 2 h o u rs  during  ebb and  flood (about 1 /3  of the tidal cycle). D uring the rest 
o f the  tide the  m easured  SPM concen tration  and  stratifica tion  are m u ch  low er and  correspond 
to  a background  value, w hich  is h igh  (50 mg/1) in  the h igh  tu rb id ity  zone (Oostende and  Zee
brugge area). For all the  profiles the  depth-averaged and  the surface SPM concentration  w ere 
calculated, together w ith  their ra tio . In the  near-shore  Zeebrugge and  Oostende area a clear cy
cle can be observed: 1 h o u r before h igh  w a te r and  a ro u n d  low  w ate r, the  ra tio  betw een the 
depth-averaged and  the  surface SPM concentration  increases to  ab o u t 2 and  ab o u t 1.5 respec
tively. In the Oostende area the  ra tio  a ro u n d  low  w a te r increases to  a lm o st 2 .2. In the offshore 
area, on  the  o th er hand , the ra tio  betw een the depth-averaged and  the  surface SPM concen tra
tio n  stays co n stan t over the  entire tidal cycle and  is lim ited to  values below  1.1. Only one h o u r 
afte r h igh  w ate r, does the ra tio  increases to  ab o u t 1.25.

3.4.3 Seasonal and depth-averaged SPM concentration maps

In order to  ob ta in  depth-averaged SPM concen trations from  satellite m easured  surface SPM 
concen tration  m aps, corrections have been applied. The ra tio  betw een the  surface SPM concen
tra tio n  and  the  depth-averaged SPM concentration  varies during  the  tidal cycle. D uring the 
background  period, the ra tio  betw een the  surface SPM concentration  and  the  depth-averaged 
SPM concentration  is a lm o st equal to  one and  the  surface SPM concentration, derived from  the 
satellite im ages, w ill rep resen t w ell the averaged SPM concentration . D uring the  periods w ith  
h igher stratifica tion , how ever, th is ra tio  can be higher th a n  2.2 and  the satellite im ages u n d er
estim ate the depth-averaged SPM concentration . Furtherm ore, th is correction factor varies over 
the  BCS. Therefore d ifferent correction functions have been setup (see V an den Eynde et al. 
2005).

The corrected satellite im ages are th en  used to  calculate a season-averaged SPM concen tra
tion , the resu lts  are presented in  figure 3.4. The influence o f seasons is clearly visible: the SPM 
concen tration  is low er du rin g  spring and  sum m er and  higher during  a u tu m n  and  w in ter. This 
seasonal v a ria tio n  is due to  v aria tio n  in  im p o rt o f suspended m a tte r th ro u g h  the S tra it o f Do
ver, o f h igher frequencies o f sto rm s during  the  w in te r period and  th u s  h igher resuspension and 
m aybe also to  tem p era tu re  effects on  the settling  velocity  o f the  particles. A particle w ith  a 
fixed size and  density  settles faster in  w a rm  w a te r th a n  in  cold w a te r (Krogel & Flemming, 
1998) resu lting  th u s  in  less favourable depositional condition in  w in te r th a n  in  sum m er.
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Summer

Autum n

W inter

Figure 3.4: Seasonal and depth averaged SPM concentration (mg/1) derived from 370 SeaWiFS images (1997-2002) and 
in situ m easurem ents. (Correction to  obtain depth averaged SPM concentrations has only been applied to  the B/Nl 
coastal waters, in the rest of the domain the SPM surface concentration values are displayed).
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4.  Analysis  o f  clay minerals, microfossils ,  grain s izes  of  se lected  bo t tom  
and su sp ens io n  samples

4.1 C lay  m ineralogy an d  microfossils as provenance indicators for the 
North Sea mud: a critical review

Clay m inerals in  recent deposits such as the  N orth  Sea m u d  are alm ost exclusively detrital. 
They have been eroded from  older rocks exposed in  the  drainage area of the  rivers supplying 
sedim ents to  the  sea or from  coastal cliffs. In addition, clay m inerals in  the dra inage area can be 
eroded from  the  present top  soils; clay m inerals in top  soils reflect a clim atic s ignatu re  super
posed on the p aren t clay m ineral com position (see e.g. Cham ley, 1989). In the  case of recent 
N orth  Sea m ud, it can be safely stated  th a t  the detrita l s ignatu re  of the eroded geological fo r
m ations w ill be d o m in an t over the tem perate-clim atic effect on  the m ineralogy  in  the top  soils 
a ro u n d  the  N orth  Sea. The different possible sources for the clay m inerals in  the N orth  Sea m ud  
are sum m arized  below.
1. If the suspensions en ter via the  S tra it o f Dover th ey  m ay  have been derived from  the  A tlan

tic w a te rs , from  erosion of English a n d /o r  French coasts o r from  river in p u t in the  Channel 
(English and  French side). These possibilities are  sum m arized  in  figure 4.1.

Engeland 'Z .5  - 4 4  m i l j .
t o n  p e r  i a a r

0 .3 5  m i l j .  
t o n  p e r  i a a r

S o m m e

0 .1 5  m ilj .  
t o n  p e r  i a a r

C o te n t in F rank rijk

0 . 6  m i l j .  
t o n  p e r  j a a r 50 k m

Totale îe d im e n tin p u t van de b elang rijk ste  
r iv ie re n  in ton  p e r  ja a r

* m in d er dan zooo +  zo.ooo - 50.000

•  2 000  - 2 0 .0 0 0  *  _ M a r i e n e  SPM  - f lu x

Figure 4-1 : Different sources of suspended sedim ents in the English Channel and the sedim ent flux through the Strait

of Dover (from Velegrakis et al., 1 999).

2. Erosion in  the  Belgian p a r t  o f the  N orth  Sea from  pre-recent Cenozoic substra te  of the 
N orth  Sea. Such erosion m ig h t involve leper G roup clays, clayey sands and  clays o f the Tielt 
& M aldegem  fo rm ations and  Holocene clays (Duinkerke clays). Even w innow ing  of the 
Pleistocene fluviatile and  eolian sand cover of the  N orth  Sea could be a m ajor m u d  source.

3. M ud can also en ter the N orth  Sea via the Schelde estu ary  as suggested b y  som e satellite ob
servations o f the  SPM concen tration  (figure 3.4). O ther studies suggest th a t  a large volum e 
of m u d  tran sp o rted  in  the river system  is deposited on sa lt m arshes (Tem m erm an, 2003). 
Sels (1997) has show n  the  active local erosion and  sed im entation  in  the  Schelde estu ary  and 
in the N orth  Sea in  fro n t of the  estu ary  during  the las t decades.

4. Large quan tities o f m u d  are dredged in  re la tion  w ith  the con tinuous access o f the Zeebrugge 
h arbour; the dum p sites to  the  n o rth  o f Zeebrugge (figure 1.1) m ig h t becom e resuspended.
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The presence of a m u d  b o tto m  in the sea existed how ever before the h arb o u r w o rk s firs t 
started , as is docum ented b y  repo rts  of the  early  2 0 th  cen tury . Sels (2003) h as  calculated 
fo rm  differential dep th  m aps the  sed im entation and  erosion sites a ro u n d  the dum ping  sites.

5. A lthough  n o t favoured  b y  m any , an  en try  via n o rth ern , n o rth -w este rn  p a r t o f the  N orth  
Sea does n o t seem to  be entirely  excluded from  the  sta rt.

Figure 4-2: Major residual circulation in the North Sea (from Proctor et al., 2001)

A lthough  som e d a ta  are available on the  clay m ineralogical com position of these po ten tial 
source areas, q uan tita tive  da ta  are lacking w ith  regard  to  eroded volum es involved and  also the 
q uan tita tive  clay m ineralogical com position is a t  best sem i-quan tita tive  and  generally  very  
poorly  com parable betw een laboratories. D ata on  the  clay m ineralogical com position  of the dif
feren t po ten tial sources are dispersed in  the  lite ratu re .

However, seen the  d ifferent po ten tial sources of the m ud, it is expected th a t  different clay 
m ineral associations could be found on the  Belgian p latfo rm , poin ting  to  the  provenance areas. 
Indeed, a p re lim inary  s tu d y  o f the clay m ineralogy  in  the  so u th ern  N orth  Sea show s a sm ectite 
dom inated  association b u t  also show s som e variab ility  (Irion & Zöllm er, 1999), see fig.4 .3. In 
th is  s tu d y  intensities w ere m odulated  b y  param eters  to  q u an tify  the  clay m ineral com positions. 
Therefore it seems justified  to  expect objective sta tem en ts on  clay m ineral varia tions in  the  Bel
g ian  N orth  Sea from  a rigorously  q uan tita tive  analysis and  a relative dense and  well p lanned 
sam pling grid.

In order to  explore fu r th e r the  in fo rm ation  on  provenance, an  u n til no w  unused  m ethod  
will be tried ou t, nam ely  the  stu d y  o f rew orked m icrofossils. It is reasonable to  expect th a t  w ith  
the m inerals also m icrofossils have been eroded from  the source rocks and  th a t  a lth o u g h  these 
m icrofossils are so m u ch  m ore fragile th a n  m inerals, som e m ig h t have survived and  leave a 
trace o f the origin o f the  sedim ent.
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Figure 4-3: Smectite content in surface sedim ents of the North Sea (from Irion & Zöllmer, 1 999).

4 .2  A n a ly t ica l  M ethod
The XRD technique w hich  has been applied for clay m ineral analysis is described in  appendix  II. 

4-2.1 The problem of quantitative clay mineral analysis

A fter the  identification o f the  d ifferent m inerals p resent according to  the  criteria outlined in  ap 
pendix II (§ II.3), quan tification  o f these m inerals is required  and  u n fo rtu n a te ly  no generally  
accepted standard  procedure exists for quan tify ing  clay m inerals. On the  con tra ry , a v arie ty  of 
quan tifica tion  m ethodologies have been proposed in  the literature .

In the p resen t research on  N orth  Sea m ud, a m ethod  has been chosen reporting  all clay m in 
erals in  relative p ro p o rtio n  to  each o ther using  M ineral In tensity  Factors (MIF) and  norm alized 
to  100% (Moore & Reynolds, 1997; Kahle et al., 2002). The simplified basic q uan tita tive  diffrac
tio n  equation  (Moore & Reynolds, 1997):

Ut = (1 /V i)2.( l /P i) \F i \2. ( l  +cos22 0 i).(l/s in 2 6 \)  (4.1)

w ith  U; = a co n stan t for a specific d iffraction peak  I,
V; = vo lum e o f the u n it cell o f the  m ineral producing peak  I,
Pi = density  o f the  m ineral producing peak  I,
F, = s tru c tu re  factor o f the  m ineral producing peak I, 

can be used to  dem onstra te  the relationship  betw een the  in tensity  o f a diffraction peak  and  the
w eigh t fraction  of a m ineral:

Ii = K .W fi.U i.a/ii) (4.2)

w ith  I, = in tensity  o f the diffraction peak  I,
K = a constan t,
Wf¡ = the  w eigh t fraction  o f m ineral I, 
p. = m ean  m ass-abso rp tion  coefficient, 

and  the re lationship  betw een peak  intensities of tw o  m inerals (I) and  their relative w eigh t pres
ence (W) m odulated  b y  their m ineral in ten sity  factors (U):

li/1 , = (W fi/W fJ .iU i/U J  (4.3)
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In th is equation  (U 1/U 2) is a co n stan t and  indicated as the M ineral In tensity  Factor (MIF). If 
the  relative w eigh t fraction  o f each m ineral can  no w  be calculated using their peak  in tensity  
and  their MIF. A ssum ing th a t  all m inerals in  the sam ple are know n, then

W  i = (I ¡/MIF i)/Z'¡=i(l¡/Mir¡) for n  m ineral phases p resen t (4.4)

W idely vary in g  M IF's are cited for the  d ifferent clay m inerals in  the  lite ra tu re  (Kahle et al.,
2002) and  the  values trad itionally  used in  o u r labo ra to ry  for the  re levant m inerals in  N orth  Sea 
m u d  are given in  the  table 4.1.

Table 4-1 : Mineral Intensity Factors (MIF) used in the Historic Geology Section of the KUL.

1 1/MIF 1 0.25 1 0.34 1 1 1 0.7 1

The in tensities on  the  d iffractogram s are m easured  estim ating  the  surface covered b y  the 
peaks. In a firs t step the background  is reconstructed  a t  the  peak position. The peak  heigh t is 
n o w  m easured  as well as the  peak  w id th  a t  h a lf height; b o th  values are m ultiplied to  represen t 
the  peak  surface. For sm ectite, kaolinite and illite th is  surface determ ination  is done on  the re
spectively 17, 7 and  peaks o f the  EG sam ples. For chlorite no intensities w ere calculated as the 
concentrations presen t in  the  sam ples are very  low  o r absent, and  therefore also do n o t in te r
fere w ith  the kaolinite determ ination .

4-2.2 Grain-size analysis by laser diffraction

All grain-size analyses are perform ed using a M alvern M astersizer S long bed laser diffractom e
ter. Laser ligh t is in terfering  w ith  particles and  different theoretical m odels relate absorp tion  
and  dispersion o f ligh t as a func tion  o f the size of particles. An a r ra y  o f optical sensors m easure 
the  diffraction p a tte rn s  produced b y  the gra ins and  convert these p a tte rn s  in to  a vo lum etric 
size d istribu tion  of the  gra ins in  a sam ple.

The ligh t source is a 2 M W  He-Ne laser w ith  633 nm  w avelength . The ligh t bundle has a di
am eter o f 28 m m  and is polarized. The optical u n it consists o f 48 sensors: 42 sensors for re
cording the  diffraction p a tte rn s, one central detector sensor, 2 sensors for aligning, 2 sensors 
for direct reflection m easu rem en t and  1 laser m onito ring  sensor. For th is project the m easuring  
range is set a t  0 .05 -900  /im .

The ra w  d a ta  are  transfo rm ed  in to  size d istribu tions using  the M alvern softw are. The soft
w are  uses M ie-theory  for spherical particles. The tu rb u len t sam ple flow  leads to  a vo lum etric 
size d istribu tion  estim ate.

In com parison  w ith  the  trad itio n a l settling techniques in  colum ns or in  au to m ated  sedi- 
g rap h -ty p e  ap p a ra tu s , based on Stokes law , the m ax im um  size of the  fine p la ty  clay fraction  
p o pu la tion  defined as 2/xm equivalent-spherical d iam eter in  Stokes law , becomes ab o u t 8 ¡im  
using  the d iffraction m ethod (Konert & V andenberghe, 1997). Therefore in  th is study , the clay 
fraction  of a sedim ent is defined b y  <8/im .

4 .3  Size analysis  o f  suspen ded  m atter  a t  tw o  locations  

4-3.1 Choice of the measurement locations

In situ  m easurem ents of suspended m a tte r  particle sizes using the  LISST 100C a t  the  Kwinte 
Bank (in fro n t of N ieuw poort) and  near Zeebrugge, show ed differences in  size d istribu tion  (see 
§2.1.3). The differences could p o in t to  the  presence o f different types of suspended m a tte r  on 
the Belgian N orth  Sea con tinen tal p latfo rm . A t the one han d  a background  suspension clearly 
visible outside the direct coastal area as a t  the  Kwinte Bank and  on  the  o ther han d  suspended 
m a tte r in  the tu rbu lence m ax im um  of the direct coastal zone. To tes t if the size differences of 
the floes correspond to  either changes in  the  size d istribu tion  of the  individual com posing 
g rains (after floe destruction) or to  the  degree o f flocculation of the  sam e fun d am en ta l grains,
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lab o ra to ry  laser size analysis and  clay m ineral analysis have been perform ed to  com plem ent the 
in  situ  laser size m easurem ents.

4-3.2 Basic data from the in situ size measurements using LISST

Above the  sandy  p a r t of the  Kwinte Bank tw o  LISST in situ  m easurem ents w ere carried o u t 
during  tw o  different sam pling cam paigns (see also §3.1). S lightly different size resu lts are ob
tained  (table 4.2). However a rem arkable featu re o f the  size d istribu tion  seems to  be the  bi- 
m odal n a tu re  o f the floe size d istribu tion : 50 /im  and  3 00-500  pm  m odal sizes in  cam paign 
2 0 0 3 /1 5  and  10 /im  and  20 0 -5 0 0  /im  m odal sizes in  cam paign 2 0 0 3 /1 7 . M odal sizes o f 500 
¿um po in t to  the  possible occurrence o f even larger floes. On the co n tra ry  the  sam pling during  
cam paign  2 0 0 3 /2 2  to  the  w est of Zeebrugge over a m edium  consolidated m u d  b o tto m  covered 
b y  fine sand w ith  patches of liquid m u d  a un im odal size d istribu tion  is m easured w ith  50 pm  
m odal size. The b o tto m  m ud sam ples consist of alm ost equal p a r t of silt and  clay fractions w ith  
a m edian  size of ± 3 0  p m  (Fettweis et al., 2003).

In the Zeebrugge sam ple, calculated effective densities o f the floes are high: 300-2000  
k g /m 3; to ta l suspension load is betw een 20 -1 0 0  mg/1; particles are  sm all: 2 0 -9 0  p m  and the 
settling  velocities are sm all: 0 .3 -2  m m /s . In the Kwinte Bank sam ples, effective densities are 
sm aller: 20 0 -8 0 0  k g /m 3; to ta l suspension load is lim ited to  3-9 mg/1; particle sizes are betw een 
100-250  pm  and the  settling velocities are 2 -1 0  m m /s .

Table 4-2: The sedim entological characteristics of the suspended particulate matter and the sedim ents on the bottom  
at the tw o  measuring stations. In situ particle size distribution measured by LISST 100C..

Suspension
A veraged SPM eone. (mg/1) 35 < 1 0 < 1 0
M axim um  floe size (pm) > 500 > 500
A veraged floe size (pm) 44 pm 158 198
M odus (pm) a t 50 50

300-500
10

2 00-500
Effective density  of floes (k g /m 3) 700-2000 2 0 0-800 -

B ottom  sed im en t
M ud con ten t (%) in  b o ttom 65 <1
D50 o f b o tto m  m u d  (pm) 30 ± 2 0 0

4-3.3 Size analysis with the laboratory laser diffractometer

For com parison  reasons, sam ples w ere tak en  o f the  suspended m a tte r near Zeebrugge and  over 
the  Kwinte Bank using  a centrifuge. The Kwinte Bank sam ple w as tak en  during  a th ro u g h  tide 
m easu rem en t du ring  cam paign  2 0 0 3 /1 5 ; the centrifuged sam ple has been frozen, one week 
la ter it w as defrosted and fu r th e r kep t a t  room  tem p era tu re  in  closed sam ple bag. The Zee
brugge sam ple w as tak en  during  cam paign 2 0 0 3 /2 2 ; it w as n o t frozen  and fu r th e r kep t in  the 
sam e w a y  as the  Kwinte Bank sam ple. Both sam ples have n o t been com pletely dew atered or 
rinsed before tran sfe r to  the sam ple bags and  therefore have been preserved in  sea w ate r. Care 
w as tak en  n o t to  squeeze o f com press the  sam ple bags.

In order to  m easure as closely as possible the n a tu ra l d istribu tion  th ree analyses types have 
been applied. A firs t sub-sam ple w as analyzed  as it cam e o u t o f the sam ple bags w ith o u t an y  
fu r th e r trea tm en t. In a second analysis, a sub-sam ple of 10 g w as shaken overn igh t in  w ate r 
and  sp lifted twice. A th ird  analysis w as perform ed on  an o th er 10 g of sam ple w hich  w as 
trea ted  b y  boiling and  adding d ispersan t and  fu rth e r splitting  tw ice; in  th is  las t tre a tm e n t it 
w as hoped to  decom pose the floccules to  their fun d am en ta l com posing grains. For each an a ly ti
cal step a repeat analysis w as done. In addition  an o th er grain-size analysis w as carried o u t af-
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te r carbonate and  organic m a tte r  rem oval using  d ispersant. C arbonate con ten t of the  sam ples 
w as determ ined b y  w eigh t loss afte r tfCl (1.5N) addition  and  organic m a tte r con ten t b y  w eigh t 
loss afte r 24 h o u rs  heating  betw een 190 and  387 °C. Repeat analyses are labelled 1 and  2 in  ta 
ble 4.3.

Direct analysis d a ta  show  large differences and  in  p articu la r the 5% coarse percentile data  
suggest the  d a ta  to  be unreliable because o f secondary aggregation  during  the  preservation  pe
riod of the sam ple. A nalysis in  w a te r show s a b e tte r repeatability . Both sam ples have a large 
clay fraction. The 5% coarse percentile of the  Kwinte Bank sam ple is 48 pm  and  of the Zee
b rugge sam ple 65.5 pm . The Kwinte Bank sam ple show s a n on  repeatable th ird  coarse p opu la
tion  (43% w ith  m ode a t  114 pm ).

Table 4-3: Grain size analysis of suspended matter using laser-diffractometry. Repeat sam ples are labelled 1 and 2.

Belgica cam paign 2 0 0 3 /2 2 2 0 0 3 /2 2
Repeat sam ple 1 2 1 2
O.M. (%) 4.23 5.37
CaC03 (%) 36 40

Direct an a lysis
N um ber of popu lations 2(3) 2 3 2
B oundary  (pm) 1.0 0.8 0.6 + 70 0.7
M ode (pm) 0 .5 0  +  0 .3 6  (7.5% ) 

18.13 (92.5%)
0.35 (8.5%) 

15.27 (91.5%)
0.52 (6.0%) 

8.43 (88.5%) 
113.11 (5.5%)

0.52 (8.5%) 
6 .94 (91.50%)

5% biggest fraction  (pm) 88.5 56.5 76.5 36
Clay con ten t (%) 32.0 43.0 47.0 59.0

A nalysis w ith  w a ter
N um ber of popu lations 2 2 3 2
B oundary  (pm) 0.8 1.0 0.8 0.8
M ode (pm) 0.35 (8.5%) 

10.92 (91.5%)
0.50 (9.5%) 

9.31 (90.5%)
0.35 (3.5%) 
10.60 (53.5) 

114.35 (43.0%)

0.35 (3.5%) 
8.49 (96.5%)

5% biggest fraction  (pm) 65.5 65.0 48.0 48.0
Clay con ten t (%) 44.0 45.0 46.5 50.5

A n alysis w ith  p ep tisan t
N um ber of popu lations 2 2 2(3) 3
B oundary  (pm) 0.9 0.8 0.9 1.0
M ode (pm) 0.35 (6.5%) 

13.48 (93.5%)
0.35 (6.0%) 

16.68 (94.0%)
0 .3 6 + 0 .5 0  (6%) 

14.90 (94%)
0 .3 6 + 0 .5 0  (7%) 

12.03 (93%)
5% biggest fraction  (pm) 48.5 41.5 66.0 76.0
Clay con ten t (%) 31 31 34 35

A nalysis after rem oval o f  OM and  CaC03
N um ber of popu lations 2 2 1 1
B oundary  (pm) 32 31
M ode (pm) 7.43 (78%) 

53.09 (22%)
7.50 (77.5%) 

5 2 .87  (22.5%)
7.07 7.50

5% biggest fraction  (pm) 196 103 41.4 48
Clay con ten t (%) 45.5 44.5 55.5 53.0
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D ispersant is supposed to  b reak  dow n the floccules. The Zeebrugge sam ple only  show s m i
n o r differences w ith  the  in -w a te r analysis: a slight increase in  size is observed. The Kwinte Bank 
sam ple loses the  coarse 114 /im  m ode popu lation  w hich  is added to  the  10 pm  popu lation  in  the 
sam e w a y  as did the  repeat in -w a te r analysis. Both sam ples show  after d ispersan t addition  a 
decrease in the  clay fraction  content, a som ew hat unexpected resu lt. A fter rem oval of carbon
ates and  organic m atte r, the clay fraction  appears sim ilar as in  the in -w a te r analysis. However 
the o ther descriptive grain-size param eters  becom e quite different. In the Zeebrugge sam ple the 
5% coarse percentile size doubles com pared to  the  d ispersan t on ly  tre a tm e n t and  the m ain  m o
dal size decreases to  7 p m  instead o f 13 p m  b u t a new  popu la tion  appears w ith  m odal size 53 
pm . There is no obvious explanation  for th is result.

The Kwinte Bank sam ple is no w  characterized b y  a un im odal size d istribu tion  w ith  m ode of 
ab o u t 7 p m  w h ilst the 5% coarse percentile and  the  clay fraction  percentage are ro u g h ly  com 
parable w ith  the  in -w a te r analysis.

The clay m ineral com position of the Zeebrugge and  Kwinte Bank suspended m a tte r  is sim i
lar as show n in table 4.4.

Table 4-4: Results of clay mineralogical analysis (% of clay minerals)

Zeebrugge
(SPM0322_TT20)

53.5 25.9 20.6 + 16.89 0.1

Kwinte Bank 
(SPM0322_KW)

60.5 20.0 19.5 + 16.83 0.1

4 .4  C lay  m ineralogy o f  North Sea mud: b o tto m  sedim ents  an d  SPM 

4 - 4 ■ 1 The sampling strategy and sample locations.

Based on  the discussion on  possible sources o f m ud  as reported  in  §4.1 additional sam ples have 
been collected for th is  study , b o th  in  suspension and  in  the b o tto m  sedim ent. The sam ples are 
listed in  the  table 4 .5. In the  left co lum n the  areas suspected as m u d  source are listed, in  the 
second co lum n the  location code o f the  sam ples has been given, additional rem ark s are given in 
the th ird  co lum n and  in  the  las t co lum n it is indicated if suspension o r/a n d  b o tto m  sam ples 
have been taken . Suspended sedim ent sam ples have been collected using the on  board  centri
fuge.

The locations of b o tto m  and  suspension sam ples collected in  cam paign  2 0 0 3 /2 2  in  the  N orth  
Sea are indicated in  figures III—1, III-2, III-3 (appendix III). In order to  estim ate the  influence of 
the tidal cycle, a t  one location TT20, suspension sam ples have been collected every tw o  ho u rs  
(sam ples TT20-1 to  TT20-7, in  cam paign  2 0 0 3 /2 2 ).

In order to  contro l the m ud  m ineralogy  arriv ing  in  the  N orth  Sea th ro u g h  the Schelde estu 
a ry  several b o tto m  and  suspension sam ples have been analysed, the location of w hich  is indi
cated in  figure III-4 (appendix III) to  gain  som e insigh t in to  the  tim e evolution o f the clay m in 
eralogy, sam ples from  a shallow  borehole in  the  Paulina m u d  plate have been analysed the  re
cent s tra tig rap h y  o f w hich  has been studied b y  (Tem m erm an, 2003).

The b o tto m  sam ples have been tak en  either using box  cores o r V an Veen sam pler. The 
lithology of these b o tto m  sam ples has been described in  tables in  appendix  III.

A las t sam ple set w as collected a t  and  a ro u n d  the  N ieuw poort h a rb o u r. The sam ples have 
been provided b y  the  Afdeling W aterbouw kund ig  L aboratorium  en H ydrologisch O nderzoek of 
the M in istry  of the Flemish C om m unity . The sam ple set w as used to  te s t in  a well defined area 
the clay m ineralogy  o f the  incom ing sea w a te r and  o f the  incom ing fresh w a te r in  the  h arb o u r 
w hich  is experiencing im p o rtan t m ud  sed im entation rates. Sam ple locations are show n in fig
u re III-5 (appendix III).
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Table 4-5: Suspended and bottom  sam ples. Suspended sam ples have been collected w ith  the centrifuge. (B/6=dum ping  
site Br&W Zeebrugge O ost, B /9=dum ping site Br&W O ostende), see figures in app III for location map.

S tra it o f  D over SPM 0403 Cap Griz-Nez, SPM 0404 C alais-D unkerque 

BC0322 115bis; SPM 0322 115BIS

Susp.

B o t+ susp

2 0 0 4 /0 3

2 0 0 3 /2 2

E rosion o f  Tert. & 

Q uart, c lays

Kw inte Bank: B C 0322JÍW 1-+ B C 0322JÍW 7

Kw inte Bank: S P M 0322JÍW

O ostdyck: BC0322_OD3, BC0322_OD4

Zeebrugge: BC0227_ZB1, RK0227_ZB3, RK_0227_ZB5

Oostende: BC0304 OEIO, BC0227 OE13, BC0304 OE14

track

B ottom

Susp

B ottom

B ottom

B ottom

2 0 0 3 /2 2  

2 0 0 3 /2 2  

2 0 0 3 /2 2  

2 0 0 2 /2 7  

0 3 /0 4 ; 0 3 /2 2

Schelde W esterschelde: S4-S12 

Zeeschelde: S18-S22

W 0 4 0 9 _ S 4 , W 0 4 0 9 _ S 1 2 , W 0 4 0 9 _ S 1 8 , W 0 4 0 9 _ S 2 2  

BC0322_250, BC0322_700, BC0322_702 

SPM 0322 250 , SPM 0322 700

Track

Track

Susp.

Susp.

B ottom

B ottom

Susp.

2 0 0 4 /0 9

2 0 0 4 /0 9

2 0 0 4 /0 9

2 0 0 3 /2 2

2 0 0 3 /2 2

D redging and  

du m ping

Zeebrugge: BC0227 ZB6,

BC0322_700; SPM 0322_700

Oostende: BC0304_OE10, BC0227_OE13, BC0304_OE14 

BC0322 130, SPM 0322 130

B/6

B/6

B/9

B/9

B ottom

B ot+ susp

B ottom

B ot.+ susp

2 0 0 2 /2 7  

2 0 0 3 /2 2  

0 2 /2 7  0 3 /0 4  

2 0 0 3 /2 2

N orthern  BCS SPM 0322_421 -4 3 5-800 , SPM 0322_Bf (Birkenfels) Track Susp. 2 0 0 3 /2 2

BC=Box Core, RK=Reineck Core, W = V a n  Veen grab

4 .4-2 Identification and quantification of the clay minerals present

The resu lts of the  clay m ineral identification and  the  quantification , as described above in  the 
section on m ethodology, are presented in  the  tables 4 .6 -4 .1 4  below . The relative con ten ts of the 
to ta l clay m inerals are expressed as percentages and  for chlorite the  estim ation  is expressed as: - 
= absent, + en + + = traces, + + + = a few  percent.

Also the  exact peak  position  and  the v /p -ra tio  shape o f the sm ectite peak  afte r ethylene gly
col sa tu ra tio n  are reported. D iffractogram  expressions o f th ree different v /p  values in  the sam 
ples are show n in figure 4 .4 . The peak  shape o f d(001) of illite is a lw ays n a rro w  and  conse
quen tly  no open illite is present.

The quan tita tiv e  d a ta  have been represented graphically  as circles w ith  a d iam eter p ro p o r
tional to  their con ten t and  positioned on  the  m ap  w ith  their centre a t  the sam ple location, see 
figures IV -1 -  IV -12 (appendix IV).

Table 4-6: Clay mineralogy of bottom  sam ples from the BCS. (BC=BoxCore sample), see figure lll-l for location map

BC0322 1 1 5bis 60 18 22 + 17.1 0.0
B C0322_130 top 47 29 24 - 18.7 0.2
BC0322 1 3 0  b o ttom 54 27 18 + 17.3 0.3
BC0322 2 3 0 89 1 9 + 16.8 0.4
BC0322 2 5 0 49 17 34 + 17.2 -0 .2
BC0322 3 3 0 18 80 1 - 17.1 0.5
BC0322 7 00 47 28 25 + 17.1 0.2
BC0322 702 43 31 25 + 17.5 0.4
BC0322_MC5 top 50 37 12 - 19.9 0.3
BC0322 MC5 clay flakes 53 29 18 - 17.7 0.4
BC0322 KW4 64 8 28 - 17.0 0.1
BC0322 KW7 80 4 16 - 17.6 0.2
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Table 4-7: Clay mineralogy of suspension samples on the BCS, see fig III-2 for location map.

S P M 0 3 2 2  1 1 5 b i s 6 2 1 7 2 1 - 1 7 .1 - 0 .3

S P M 0 3 2 2  1 3 0 5 2 2 5 2 3 + 1 7 .4 - 0 .2

S P M 0 3 2 2  2 5 0 5 0 13 3 7 - 1 7 .3 - 0 .3

S P M 0 3 2 2  3 3 0 5 2 2 7 2 1 + 1 7 .2 -0 .1

S P M 0 3 2 2  4 2 1 - 8 0 0 - 4 3 5 6 6 6 2 8 - 1 7 .0 - 0 .5

S P M 0 3 2 2  B F 5 3 19 2 8 + 1 7 .7 0 .0

S P M 0 3 2 2  K W 5 8 2 0 2 2 +  +  + 1 9 .0 - 0 .5

Table 4-8: Clay mineralogy of bottom  samples in the vicinity of Zeebrugge (BC=BoxCore, RK=Reineck Core sample), 

see figure lll-l for location map.

B C 0 2 2 7  Z B 1 5 6 2 8 1 7 + 1 6 .9 0 .2

R K 0 2 2 7  Z B 3 6 2 2 6 1 2 + 1 7 .2 0 .2

R K 0 2 2 7  Z B 5 8 3 5 1 2 - 1 5 .1 - 0 .3

B C 0 2 2 7 _ Z B 6  to p 6 0 1 4 2 7 - 1 7 .2 0 .2

B C 0 2 2 7  Z B 6  b o t t o m 5 9 13 2 9 + 1 7 .7 0 .2

Table 4-9: Clay mineralogy of bottom  samples in the vicinity of O ostende (BC=BoxCore sample), see 
location map.

figure III-1

B C 0 3 0 4  O E IO 5 5 6 3 9 - 1 4 .7 - 0 .3

B C 0 2 2 7 _ O E 1 3  to p 6 4 11 2 6 - 1 5 .7 - 0 .4

B C 0 2 2 7  O E 1 3  b o t t o m 71 1 2 8 + 1 4 .5 - 2 .0

B C 0 3 0 4 _ O E 1 4  to p 6 7 18 15 + 1 7 .1 0 .0

B C 0 3 0 4  O E 1 4  b o t t o m 6 9 6 2 5 - 1 7 .0 - 0 .3

Table 4-10: Clay mineralogy of suspension samples from the Dover Strait, see figure III-3 for location map.

S P M 0 4 0 3  C a p  G r i s - N e z 5 9 13 2 8 + 1 7 .1 - 0 .3

S P M 0 4 0 3  C a l a i s - D u n k e r . 6 5 3 31 0 .0 1 5 .8 - 0 .3

Table 4-1 1 : Clay mineralogy of bottom  (W = V a n  Veen grab) and suspension samples (SPM) from the Schelde estuary 
(W = V a n  Veen grab), see figure III-4 for location map.

W 0 4 0 9  S 4 15 7 7 8 + 1 7 .2 0 .5

W 0 4 0 9  S I  2 4 4 3 9 1 7 - 1 7 .0 0 .2

W 0 4 0 9  S I  8 4 9 2 0 31 - 1 7 .3 0 .0

W 0 3 0 4  S 2 2 5 1 18 31 + 1 6 .8 0 .0

S P M 0 4 0 9  S 0 4 - S 1 2 4 8 3 2 2 0 - 1 7 .1 0 .2

S P M 0 4 0 9  S 1 8 - S 2 2 4 5 2 9 2 7 - 1 7 .1 0 .2
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Table 4-12: Clay mineral in suspended sam ples (every 2 h) during a through tide m easurement near Zeebrugge
(0322_TT20 8 -9 /0 9 /2 0 0 3 ), see figure ill-2 for location map.

SPM 0322 TT20-1 53 24 23 + 17.5 0.2
SPM 0322 T T 20-2 36 33 31 + 17.2 0.1
SPM 0322 T T 20-3 55 20 25 + 16.9 -0 .2
SPM 0322 T T 20-4 52 24 24 - 17.1 -0 .2
SPM 0322 T T 20-5 60 12 28 + 17.1 -0.5
SPM 0322 T T 20-6 57 17 26 + + 17.4 0.0
SPM 0322 T T 20-7 55 20 25 + 17.0 -0.3

Table 4-1 3: Long term clay mineralogical variation in bottom  sam ples from the Schelde estuary (Paulinaschor), see fig
ure ill-4 for location map.

P01 18-20cm 46 48 36 + 17.4 0.0
P01 27-28cm 66 6 29 + 17.0 -0.1
P01 41 -42cm 71 2 26 + 16.7 -0.3

Table 4-14: Clay mineralogy of bottom  sam ples from the Yzer basin and the harbour of N ieuwpoort), see figure ill-5 for
location map.

Y zer L o-F in tele 42 44 15 - 16.9 0.2
K a n a a l Ieper-Y zer 49 30 22 - 16.9 0.0
P I 47 33 20 - 16.9 0.2
P2 82 6 12 - 14.6 -0.3
P3 62 15 23 - 15.2 -0.3
P7 61 10 29 - 15.2 -0 .2
P8 71 7 22 - 16.0 -0.3
P9 55 16 29 - 14.7 0.0

8 0 0 0

2 0 0 0 -

Figure 4-4: Diffractograms of sam ples BC 0322_330, SPM0322_BF and BC0227_OE13 after glycolisation. The v/p ratio
of the sm ectites are respectively 0.5 , 0 .0  and -0 .4  (from left to  right).
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4 .5  A n  exploration into the use o f  reworked microfossils as  provenance in
d ica tors o f  N orth Sea m ud

M icrofossils in  the m u d  sedim ents w ill be on  the  one han d  dom inated b y  the recent m icro
organ ism s th a t  ra in  dow n th ro u g h  the  w a te r co lum n in the sedim ents together w ith  the  clay 
floccules b u t  on the o ther hand  also a lim ited nu m b er of older fossil m icro-organism s will be 
included in  the  m ud, eroded from  the sam e sources as the detrita l clay particles. Therefore m i
crofossils can also be provenance indicators in  the sam e w a y  m inerals can be. In th is reconnais
sance stu d y  a lim ited nu m b er of sam ples have been analyzed.

4-5.1 The preparation of microfossils from North Sea mud 

N an n op lan k ton
A few  g ram  o f a carbonate contain ing  sam ple is shaken  in  w ate r: som e drops are sm eared on a 
glass plate, evaporated and  covered w ith  C anada balsam  and  a th in  cover-glass. The n an n o -
p lan k to n  is th en  identified u nder the  m icroscope w ith  m agnifications o f 1000, in  n o rm al and
polarized light.
Organic w a lled  m icrofossils
Sam ples are treated  w ith  HC1 for carbonate rem oval, and  in  several fu r th e r subsequent steps 
w ith  HF to  separate silicates from  the  organic m atte r, rinsed, fu r th e r acid trea ted  under heating  
and  th en  centrifuged to  separate the organic w alled m icrofossils. A  drop of th is residue, sieved 
on  a 30 ¿um m esh, is m ixed w ith  m olten  glycerin, covered w ith  a glass slide and  w arm ed  till 
60°C. The sam ples are studied under a m icroscope w ith  m agnification  o f 4 0 0 -1 0 0 0  and tra n s 
m ittin g  light.
Foram inifera
C arbonate contain ing sam ples are m ixed w ith  w ater, w e t sieved over a 63 ¿um m esh, eventually  
fu r th e r w ashed  w ith  N a2C 03 and  trea ted  w ith  H20 2 (10-30%). The foram inifera are density  
separated  from  the  silicates in  CC14 and  fu rth e r sieved on  a 125 ¿um m esh. This fraction  is the 
studied u nder the m icroscope.

4-5.2 Microfossils in North Sea mud

4 .5 .2 .1 Nannoplankton

Sam ples from  suspension and  b o tto m  sam ples have been investigated, qualita tively  and  q u an ti
tatively , tak ing  in to  accoun t on ly  com plete specim ens and  n o t fragm en ts a lth o u g h  these are 
ab u n d an tly  presen t in  som e sam ples. The specim ens identified are described below.

4.5.2.1.1 Zeebrugge area and O ostende dumping site

BC0227_ZB1 Top: A bundance n an n o p lan k to n : 5 ex /m m 2 glass-slide (very rich in  diatom s: 18 
spec im en/m m 2 glass-slide), w ith  the  follow ing provenance:

• C retaceous fo rm s: 65%
• Paleogene form s: 11%; w ith  Isthm olithus recurvus, Reticulofenestra umbilica, Coccolithus 

formosus and  Dictyococcites daviesii, the  occurrence of b o th  species poin ts to  N P21 zona
tion  (Earliest Oligocene) and  sequence Ba3 (Bassevelde 3) or PRI 3 (V andenberghe et al.,
2003).

• Coccolithus pelagicus: 11%; large specimen, probably  of recent origin
• rest: sm all Prinsiaceae: 11%, p robably  recent o r sub-recent form s.

RK0227_ZB3 Top: A bundance n an n o p lan k to n : 6 ex /m m 2 glass-slide, w ith  the  follow ing 
provenance:

• Cretaceous form s: 81%
• Paleogene form s: v ery  scarce (<1%) w ith  Reticulofenestra umbilica and Braarudosphaera 

bigelowii, po in ting  to  la test P riaboniaan
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• rest: Coccolithus pelagicus: 7%; large specimen, p robably  recent form s
• sm all Prinsiaceae: 11%, p robably  recent o r sub-recent form s.

RK0227_ZB5 Top: Association w ith  som e Cretaceous coccoliths and  w ith  Coccolithus pelagicus: 
difficult to  in te rp re t the  m eaning  of the  association.

BC0227_OE13 Top: A bundance n an nop lank ton : 4 ex /m m 2 glass-slide, w ith  follow ing prove
nance:

• Cretaceous form s: 87%
• Paleogene form s: 4%; am o n g st w hich  Reticulofenestra umbilica, Coccolithus formosus,

Dictyococcites bisectus and  Dictyococcites daviesii, po in ting  to  nannofossil zone NP21 
(Earliest Oligocene) sequence Ba3 (Bassevelde) o r PRI 3 (Vandenberghe et al., 2003).

• Rest: Coccolithus pelagicus: 4%; large p robably  recent form s
• sm all Prinsiaceae: 4%, p robably  recent or sub-recent form s.

BC0227_OE13 2 0 -3 0 cm : A bundance nan n o p lan k to n : 1 e x /m m 2 glass-slide, w ith  follow ing 
provenance:

• Cretaceous form s: 92%
• Paleogene form s: < 1 %; som e specim en of Reticulofenestra umbilica po in ting  to  the Earli

est Oligocene.
• rest: Coccolithus pelagicus: 8%; large probably  recent form s.
• sm all Prinsiaceae: 0%

4.5 .2 .1 .2  Nieuwpoort and w est coast

BC0322_KW 7: A bundance nan n o p lan k to n : 2 ex /m m 2 glass-slide, w ith  the follow ing prove
nance:

• Cretaceous form s: 72%
• Paleogene form s: 0%
• rest: Coccolithus pelagicus: < 1%; a few  large specimen, p robab ly  recent form s
• sm all Prinsiaceae: 27%, p robably  recent o r sub-recent form s.

SPM0322_KW : A bundance n an nop lank ton : 26 ex /m m 2 glass-slide, m an y  sm all coccoliths:
• Cretaceous form s: 6%
• Paleogene form s: <1%, w ith  som e sm all Reticulofenestra spp., b u t no  typical P riabonian- 

Earliest Oligocene form s
• rest: Coccolithus pelagicus: <1%; som e large specim en p robably  recent form s; sm all Prin

siaceae: 93%, p robably  recent o r sub-recent form s.

SPM 0322_115bis: A bundance n an n op lank ton : 35 ex /m m 2 glass-slide, m an y  sm all coccoliths:
• Cretaceous form s: 19%
• Paleogene form s: <1%, w ith  som e sm all Reticulofenestra spp., b u t  no  typical P riabonian- 

Earliest Oligocene form s.
• rest: Coccolithus pelagicus: <1%; som e large specim en of p robably  recent origin
• sm all Prinsiaceae: 79%, p robably  recent o r sub-recent form s.

B C 0322_115bis: A bundance n an nop lank ton : <1 ex /m m 2 glass-slide, percentages on ly  indica
tive because of to  poor associations:

• Cretaceous form s: 80%
• Paleogene form s: Braarudosphaera bigelowii: 10%, poin ting  to  coastal influence
• rest: sm all Prinsiaceae: 10%, probably  recent or sub-recent form s

4.5 .2 .1 .3  MUMM monitoring points

SP M 0322_130: A bundance nan n o p lan k to n : 5 ex /m m 2 glass-slide, w ith  follow ing provenance:
• Cretaceous form s : 75%
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• Paleogene form s: 17%, am o n g st w hich  Isthm olithus recurvus and  Braarudosphaera bige
lowii, po in ting  to  the  Latest Eocene - Earliest Oligocene.

• rest: Coccolithus pelagicus: <1%; som e large specim en probably  recent form s
• sm all Prinsiaceae: 8%, p robably  recent or sub-recent form s.

B C 0322_230: A bundance n an n op lank ton : 10 ex /m m 2 glass-slide, very  rich in  d iatom s, w ith  
follow ing provenance:

• Cretaceous form s: 72%
• Paleogene form s: <1%, am o n g st w hich  Reticulofenestra umbilica, Coccolithus formosus, 

Braarudosphaera bigelowii en Pontosphaera zigzag, po in ting  to  biozone NP21
• rest: Coccolithus pelagicus: 2%; large specim en probably  recent form s
• sm all Prinsiaceae: 26%, p robably  recent o r sub-recent form s

SPM 0322_330: A bundance nan n o p lan k to n : 11 ex /m m 2 glass-slide, m ay  sm all coccoliths:
• Cretaceous form s: 31%
• Paleogene form s: 7%, am o n g st w hich  Reticulofenestra umbilica and  Isthm olithus recur

vus, po in ting  to  nannofossil zone NP21 or the  Earliest Oligocene sequence Ba3 (Basse- 
velde) or PRI 3 (V andenberghe et a l.,2003)

• rest: Coccolithus pelagicus: <1%; som e large specimen, p robably  recent form s.
• sm all Prinsiaceae: 62%, p robably  recent o r sub-recent form s

4.5 .2 .1 .4  Mouth of W esterschelde estuary

B C 0322_250: som e coccolith fragm ents, no  in te rp re ta tio n  possible.

SP M 0322_250: A bundance nan n o p lan k to n : 6 ex /m m 2 glass-slide, very  rich in  d iatom s, m an y  
sm all coccoliths:

• Cretaceous form s: 50%
• Paleogene form s: <1%, am o n g st w hich  Reticulofenestra umbilica, Dictyococcites bisectus 

and  Dictyococcites daviesii, po in ting  to  nannofossil zone NP21 or Earliest Oligocene se
quence Ba3 (Bassevelde) o r PRI 3.

• rest: Coccolithus pelagicus: <1%; som e large specimen, p robably  recent form s
• sm all Prinsiaceae: 49%, p robably  recent o r sub-recent form s

4.5.2.2  Organic w alled  microfossils

N annop lank ton  in  chalk  sedim ents is m u ch  m ore ab u n d an t th a n  dinoflagellates, consequently  
reflecting the  chances of finding these m icrofossils rew orked. The dinoflag ella te search w as car
ried o u t on very  lim ited sam ple volum es. Ratios betw een m arine dinoflagellates and  continental 
pollen and  spores are  variable.

BC0227_ZB1: Chiropteridium spp., M em br. A sp inatum  typical for Ruisbroek Form ation (NP22) 
and  possible younger, b u t  n o t yo u n g er th a n  S90 (mid NP23 Rupelian) because of the presence 
o f Enneadocysta. This m eans an  a lm o st a t  location rew orking .

RK0227_ZB3: Ba3 (Bassevelde) or m arine  T ongrian  sequence, characteristic presence o f Areaos- 
phaeridium dictyoplococus

SPM 0322_TT20-4: sim ilar association as BC0227_ZB1

SPM0322_KW : Dracodinium varielongitudum  p o in t to  Roubaix M em ber (Lower Ypresian). Pos
sible from  a local source as also suggested b y  the a lm o st u n tran sp o rted  m icrofossil properties 

BC0322_KW 7, SP M 0322_330: one Cretaceous dinoflag ella te 

BC 0227 OEI 3: no usefull in fo rm ation
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BC0322_230, BC0322_250, SPM 0322_115bis, SPM 0322_130, SPM 0322_250 do n o t contain  
useful in fo rm atio n  on  dinoflagellates. The variable ra tio s betw een recent and  rew orked m icro
fossils, and  betw een pollen and  spores on  the  one h and  and  dinoflagellates on  the o ther hand, 
are rem arkable and  rem ain  a t  the  m o m en t unexplained (table 4.15).

Table 4-15: Results of counting’s of m icrofossils w ith  organic wall: *1 =  oval brown cyst, *2 =  brown spherical w ith  
tw o  ‘leg’, *3 =  foram test lines, *4 =  bissacate pollen (# = n u m b er , to t .= to ta l, rec. =  recent, fo s.= fossils )

Sample Mass

(g)

Tot.

(#)

Rec. Fos. *1 *2 *3 Spores *4 A □ 0

BC0322 1 1 5bis 31 416 21 4 20 2 21 338 10 0 0 0 0
BC0322 2 3 0 15 153 8 4 30 2 31 22 44 6 3 0 3
BC0322 2 5 0 49 72 14 2 4 0 22 18 6 5 0 0 1
BC0322 KW7 30 247 16 8 43 9 84 25 56 4 0 1 1
BC0227 OE13 21 316 21 11 48 11 34 20 158 7 0 1 5
BC0227 ZB1 27 139 31 4 11 10 29 17 29 4 0 0 4
RK0227 ZB3 24 143 38 11 5 5 47 6 30 0 0 0 1

SPM0322 1 3 0 15 245 83 10 43 0 44 19 37 7 0 0 2
SPM0322 2 5 0 7 264 24 7 21 5 31 81 25 11 52 2 5
SPM0322 3 3 0 8 313 71 13 33 23 63 9 101 0 0 0 0
SPM0322 KW 36 337 29 9 38 25 66 13 155 0 0 0 2
SPM0322 T T 20-4 9 404 72 14 29 21 81 27 155 1 0 0 4

BC=Box Core; RK=Reineck Core
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Figure 4-5: Content of nannoplankton of Cretaceous age in the suspension sam ples on the BCS.
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Figure 4-6: Graphical representation of the age of Paleogene reworked dinoflagellates.
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Figure 4-7: Graphical representation of the age of reworked dinoflagellates from suspension and bottom  samples on the 

BCS.
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4.5.2.3  Foraminifera

The s tu d y  o f the foram inifera show s th a t  b o th  suspension and  b o tto m  sam ples con tain  a sub
s tan tia l a m o u n t o f rew orked U pper Cretaceous specimen, probably  o f C am panian-M aastrich t- 
ian  chalks. The sam ples how ever also con tain  Paleogene and  Neogene-Pleistocene specim en. It is 
n o t im possible th a t  som e deep w a te r specim en have been sw ept in to  the basin . The observed 
specim ens are discussed according to  age:
Cretaceous:
In the sam ples m an y  biserial p lan k to n  and  tfedbergella is found; seldom are double keeled 
form s observed.

Tappanina selmensis has the sam e w h ite  preservation  as the Cretaceous p lan k to n  and  hence 
is p robably  derived from  the C am panian-M aastrich tian ; in  N orth  Europe (N orth-G erm any, Po
land, D enm ark) the  species has on ly  been described from  the  M aastrich tian  (Frenzel, 2000).

Loxostomum subrostratum  (= Loxostomum eleyi) is a species of S an ton ian -M aastrich tian  age, 
occurring am o n g st o thers in  N orth  France, G erm any, Poland, Sweden (Frenzel, 2000). 
Paleogene:
Turrilina alsatica  dates back  from  Fate-Eocene till Early-Oligocene (Revets, 1987).

Pararotalia, also called Rotalia, are  of Y presian-B artonian  age (Kaasschieter, 1961).
N  eogeen -su b -r  ecen t :
Uvigerina pergegi'ina groep, Globbocassidulina en Cassidulina are, surprising ly , deep w a te r form s 
from  older fo rm ations b u t  their origin in  the N orth  Sea sam ples is u n know n .

Recent species are a.o.: Trifarina angulosa, Quinqueloculina spp., Elphidium crispum  and  m an y  
o thers  (Dupeuble et al. 1972)

O stracodes have been identified du ring  the  p rep ara tio n  for foram inifera. All observed species 
how ever are  o f recent age except for one Cretaceous form  and  one o r tw o  Pleistocene form s. 

Farge quan tities o f d iatom s o f recent origin are p resen t in  the  sam ples.

Table 4-1 6: Results of counting’s of carbonate microfossils

Sample Mass

(g)

Total
Forams

Plankton Benthos Fossii Recent Milio
lina

biserial 
&tris erial

ostra
codes

BC0322 1 1 5bis 16 286 262 200 43 243 11 89 0
BC0322 2 3 0 22 86 84 72 7 79 8 3 0
BC0322 2 5 0 18 219 208 111 54 165 17 8 1
BC0322 KW3 25 935 924 911 12 923 163 307 17
BC0322 KW7 22 349 341 325 12 337 89 59 18
BC0227 ZB1 17 278 262 210 34 244 35 27 60
RK0227 ZB3 14 108 105 86 11 97 9 2 16
RK0227 ZB5 27 739 703 647 46 693 56 115 30

5PM0322 1 1 5bis 15 151 135 83 34 117 1 40 1
5PM0322 130 13 614 584 5 70 22 592 49 47 61
5PM0322 2 5 0 8 111 103 91 10 101 1 23 4
5PM0322 3 3 0 6 112 101 88 12 100 6 19 9
5PM0322 KW 21 210 208 186 12 198 41 5 27
5PM0322 T T 20-4 7 213 209 203 5 208 1 0 1
BC=Box Core, RK= Reineck Core
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5. Classification of  cohes ive  b o t tom  and su spended  sed im ents

5.1 Qeology
On the  Belgian con tinen tal shelf, the su b s tra tu m  is com posed of solid layers of various ages. 
The Paleozoic basem ent is a relatively stable con tinen tal block called the  London-B rabant M assif 
w hich  w as only  flooded since Late Cretaceous tim es. The Cenozoic is confined to  a series o f Pa
leogene and  Pleistocene/ffolocene deposits. These layers w ere deposited du rin g  the  T hanetian  
(started  som e 5 7 Ma) to  Rupelian period (ended 30 M a ago), ou tcropp ing  locally on the seabed 
under a d iscontinuous cover of Pleistocene/ffolocene sedim ents (Le Bot et al., 2003).

5.1.1 Paleogene (mostly Eocene)

De B atist (1989) recognized 8 seism o-stratig raphic u n its  and  a num b er of subun its  w ith in  the 
Belgian offshore Paleogene succession using geom etry  and  facies characteristics. Erosional t ru n 
cation  and  valley  incisions are com m on featu res a t  the top o f the u n its  and  m ark  the  base of 
the  Pleistocene/ffolocene deposits. The Paleogene u n its  gen tly  (0.5-1°) dip to w ard s the  NNE, 
w hich  resu lts in  progressively you n g er s tra ta  subcropping below  the su b -horizon ta l base of the 
Pleistocene/ffolocene cover from  SW to  NE (figure 5.1; Le Bot et al., 2003).

Table 5.1 sum m arizes the  nom encla tu re and  characteristics o f these deposits. The layers 
consist o f either sandy o r clayey deposits or a m ix tu re . Y l, Y4b/Y4c, Y5 and  PI u n its  and  the 
Ursel, Zom ergem  and Onderdijke M em bers of BÍ are clayey m em bers. The B uisputten  M em ber 
o f u n it BÍ is m ade of sand. The m ajo rity  of m em bers are a m ix tu re  of sand and  clay, often 
evolving laterally : clayey sands (W emmel, Asse and  Onderdale M em bers o f u n it BÍ and  Beer- 
nem  M em ber of LÍ) and  sandy  clays (Asse M em ber of u n it  B Í, Oedelem M em ber o f u n it  LI, Y4, 
Y3 and  Egem M em ber of Y2). The Oedelem M em ber is described as a clayey sand u n it  onland, 
b u t  displays a vertical rap id  a lte rn a tio n  o f clayey and  sandy u n its  tow ards the  offshore. The 
sandy  clay Pittem  M em ber of Y3 con tains nu m ero u s m u d  drapes and  a rh y th m ic  in terlayered 
bedding. The Y4.a u n it displays a fining of sand (m edium  coarse to  fine) in  the offshore direc
tion , and  the Y4.b u n it displays an  increasing a m o u n t of silt in  th is  direction. The u n its  display
ing im p o rtan t la teral variab ility  of the litho logy  (Oedelem m em ber o f u n it  LI, Y2 and  Y5) con
cern sedim ents deposited in  a v ery  coastal env ironm ent w here rap id  changes of sed im entary  
sources and  processes occurred.

The spatial d istribu tion  o f the different Paleogene lithologies is presented in  figure 5.2 
w hereby  it is clear th a t  clay is the  d o m in an t sedim ent. However to  the east there is a ban d  of 
sandy  clay evolving in  a sm all band  of clayey sand and  sand. The m o st eastern  p a r t  again  con
sists o f clay. However it should be tak en  in to  accoun t th a t  there is relatively few  offshore data  
and  th a t  the in terp re ta tions offshore are largely  based on the  be tte r k n o w n  equivalent onshore 
u n its

The thickness o f the Paleogene deposits is h igh ly  variable from  one u n it to  ano ther, b u t  qu i
te co n stan t w ith in  each u n it (Table 5.1). The depth  o f the Paleogene show s m ore o r less the 
m orphology  o f the  top  erosion of the  Paleogene subcrop surface. It m ark s the tran sitio n  be
tw een  Paleogene and  Pleistocene/Holocene (figure 5.3). It consists o f cuestas, scour hollow s, 
slope breaks, scarps and  paleovalleys (Liu et al., 1992). Im p o rtan t is th a t  the  m ore offshore the 
deeper th is tran sitio n  surface occurs. A nother strik ing featu re is the  scour hollow s offshore the 
h a rb o u r o f Oostende causing the  infill during  Pleistocene/Holocene to  be im p o rtan t and  thicker 
th a n  in  the su rro u n d in g  region.
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ONLAND MEMBERS

TtKo: Tielt Fm.. Kortemark M. MaWe: Maldegem Fm.. Wemmel M.
TtEg: Tielt Fm.. Egem M. MaAs: Maldegem Fm., Asse M.
GeMe: Gentbrugge Fm., Merelbeke M. MaUr: Maldegem Fm., Ursel M.
GePi: Gentbrugge Fm ., Pittem M. MaOn: Maldegem Fm.. Onderdale M.
GeVI: Gentbrugge Fm., Vlierzele M. MaZo: Maldegem Fm., Zomergem M.
AaBe: Aalter Fm., Beernem M. MaBu: Maldegem Fm.. Buisputten M.
AaOe: Aalter Fm., Oedelem M. MaOd: Maldegem Fm.. Onderdijke M.

Figure 5.1: Subcrops of solid deposits (Paleogene) under the non-consolidated deposits (Le Bot et al., 2003) (offshore 
data: com pilation after Maréchal et al. (I 986), De Batist (I 989), De Batist & Henriet (I 995) /  onshore data: Jacobs et 
al. (2002)).

M u d  Origin, C h aracterisa tion  a n d  H um an A c tiv itie s Scientific Report Year I



4 8

Table 5.1 : Nom enclature and lithological properties of the BCP Paleogene units.

wmmmm
WM■■1

pi Ze Zelzate Stiff and slightly sandy, green grey clay 40-90m

Bid MaOd Maldegem Onderdijke
Stiff to very heavy clay, with various amounts 
sand

B 1 c MaBu Maldegem Buisputten Sand
MaZo Maldegem Zomergem Strongly bioturbated blue-green clay
MaOn Maldegem Onderdale Moderately clayey sands

45-60m
Bib

MaUr Maldegem Ursel
Blue-grey bioturbated massive clay with pyrite 
concretions

MaAs Maldegem Asse Bioturbated clayey sands and sandy clays

Bia M a W e Maldegem Wemmel
Grey glauconitic slightly clayey fine sands with 
sandstones

Lib AaOe Aalter Oedelem
Very stiff to hard silty to sandy clay with sandy 
parts

25-30m
Lia AaBe Aalter Beernem

Grey-green bioturbated glauconitic clayey fine 
sands

Y5 GeVI Gent
Vlierzele
(upper)

Clay with a low amount of very fine sand 0-1 7m

Y4c GeVI Gent
Vlierzele
(basal)

Compact clay to loam 0-25m

Y4b GeVI Gent
Vlierzele
(basal)

Brittle to compact clay to loam, low amount of 
shell debris

0-20m

Y4a GeVI Gent
Vlierzele
(basal)

Compact clay with high amount of silt and sand 0-2 Im

Y3
GePi Gent Pittem Bioturbated sandy clay with mud drapes

0-25m
GeMe Gent Merelbeke Strongly bioturbated silty clay

Y2 TtEg Tielt Egem Olive-grey, stiff, sandy loam to silty clay + /-  30m

Yl
TtKo Tielt Kortemark Silty sand laminae in a poor clay matrix

150-180m
Ko Kortrijk Massive, very heavy and hard, green-grey clay
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Figure 5.2: Distribution of clay and sand in the Paleogene deposits, largely based on sedim entology of the better 
known onshore equivalents (Cone Penetration Data and cores) and verified by a few  offshore cores.
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Figure 5.3: Depth contour lines of the Transition surface Paleogene and Pleistocene/H olocene (Liu, I 990).

5.1.2 Pleistocene/Holocene

The Pleistocene/Holocene deposits are  regarded as non-cem ented sedim ents and  are charac ter
ized b y  a la tera lly  as well as vertically  com plex and  heterogeneous facies assem blage. These 
sedim ents consist essentially of sand w ith  sporadic shelly layers (Le Bot et al., 2003). The m ain  
depositions consist of Pleistocene scour hollow  infillings and  Holocene tidal sandbanks (figure 
5.4).

The geology o f the BCS clearly allow s erosion of clays on ly  in areas w here the  p resen t-day  
sea-floor reaches the  Paleogene deposits. These are the swales in  betw een the  sandbanks created 
b y  cu rren t scouring. N avigation  channels are n o t tak en  in to  accoun t here a lth o u g h  deepening 
o f the  nav igation  channels reaches the Paleogene deposits. In m o st of the swales on  the Belgian 
con tinen tal shelf, the thickness o f the Pleistocene/Holocene ranges betw een 0 and  10m , and  is 
m o stly  less th a n  2 .5m  (M aréchal & Henriet, 1983, 1986) (figure 5.4). H igh-resolution reflection 
seismic m apping  w ith  a v arie ty  of different seismic tools over the w hole Belgian continental 
shelf since 1978 b y  the  RCMG resulted  in  a coverage of m ore th a n  16000 km . These d a ta  have 
been used to  m ap  the  areal ex ten t o f the  Paleogene un its, the Paleogene deform ation  zones, the 
depth  o f the Paleogene/Pleistocene-Holocene border, the thickness o f the Pleistocene/Holocene, 
the m orpho logy  o f the  Pleistocene/Holocene base surface, ... (Liu, 1990; Le Bot et al., 2003).
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Figure 5.4: Thickness of the P leistocene/H olocene sedim ents (Liu, 1 990).

5.2  D ynam ic  classification o f  b o tto m  sedim ents

5.2.1 Erosion capability of Paleogene sediments

The lithological descriptions of the  Paleogene sedim ents clearly show  a m ajo rity  of clayey sedi
m en ts over sandy  sedim ents (Table 5.1). The large areal ex ten t o f the Y1 seismic u n it, w hich  
covers m ore th a n  h a lf o f the  BCP (figure 5.1), show s the  thickness and  im portance of th is un it. 
M ost o f the  Paleogene clays are how ever very  hard , stiff clays w hich  are n o t com parable w ith  
the  ligh ter less com pacted Pleistocene/Holocene m u d  w hich  is ab u n d an tly  presen t closer to  the 
coast. M oreover the  Paleogene sedim ents are buried  u nder a Pleistocene/Holocene cover w hich  
m ain ly  exists of sand (sandbank regions and  scour hollow  infillings) and  o f m ore fluid m ud  
(confined to  the areas a ro u n d  the  Oostende and  Zeebrugge harbour).

In th is study , on ly  the  possible "natu ra l"  clay erosion will be estim ated. Therefore, all the 
available geological d a ta  w as in troduced in to  a GIS environm ent. The used surfaces for estim at
ing the erodible c lay /m u d  q u an tity  are the  zones w ith  less th a n  2.5 m  o f Pleistocene/Holocene 
cover (figures 5.1 & 5.4). It can be assum ed th a t  th is cover is m axim al a t  the  sides o f the poly
gons, w hile near their centre th is cover is m in im al and  in  som e cases is even zero. This is e.g.
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the  case so u th  and  n o rth ea s t o f the  Goo te Bank, in  the  W estdiep sw ale and  w est o f the Kwinte 
Bank (Le Bot et al., 2003). However, a t  th is  stage it is on ly  possible to  ro u g h ly  estim ate the ero
sion capabilities. No a tten tio n  has been paid to  the access channels to w ard s the  h a rb o u rs  or to  
the  dredged areas. Only n a tu ra l erosion sites have been considered (Table 5.2).

The to ta l surface o f the BCP is m ore o r less 3485 k m 2 from  w hich  663 km 2 lies w ith in  the 
polygon edges representing the  Pleistocene/Holocene cover less th a n  2.5 m . This m eans th a t  
theoretically  19.02 % o f the BCP is the m ax im um  possible area of n a tu ra l erosion. The largest 
share comes from  the Y l-u n it  w hich  represents 63% o f the  possible erosion area and  12% of the 
to ta l surface o f the  BCP. On the o ther hand , sm all u n its  as the basal p a rts  of the Vlierzele 
M em ber (Y4) seem to  be located in  a zone w here 60 to  85 % of the u n it surface can be eroded.

Table 5.2: This table firstly identifies the proportion of Paleogene units on the BCP, in area and percentage (Total BCP 
colum ns). Secondly, its share in possible erosion is expressed respectively in area and percentage w ith respect to  the 
total possible erosion area, percentage possible erosion of the entire unit and percentage possible erosion w ith  respect 
to  the BCP (Possible erosion capability colum ns).

Proportion o f  P aleogene  
u n its w ith  respect to  

th e  BCP

P ossib le  erosion  capability

Share in erosion in relation to the 
total erosion area

% erosion w ith  
respect to entire 

unit

% erosion w ith  
respect to BCP

Seism ic unit Area (km2) % Area (km2) %
PI 90.04 2.58 7.86 1.19 8.73 0.23
Bid 45.49 1.31 1.87 0.28 4.12 0.05
B1 b & B1 c 485.02 ¡3.92 45.52 6.87 9.39 1.31
Bia 71.91 2.06 12.93 1.95 1 7.99 0.37
Lib 267.72 7.68 42.45 6.40 1 5.85 1.22

Lia 63.41 1.82 1 7.80 2.69 28.07 0.51

Y5 65.42 1.88 23.14 3.49 35.37 0.66

Y4c 19.97 0.57 12.57 1.90 62.94 0.36

Y4b 14.64 0.42 10.94 1.65 74-67 0.31

Y4a 6.50 0.19 5.58 0.84 85.89 0.1 6
Y3 159.49 4.58 23.92 3.61 1 5.00 0.69
Y2 1 76.90 5.08 39.64 5.98 22.41 1.14
yi 1916.51 54.99 418.56 63. i 5 21.84 ¡2.0!
No data 101.98 2.93

Total 3485.00 100.00 662.77 100.00 19.02

Evidently, fo r th is study , on ly  the deposits contain ing clay can be tak en  in to  account for the 
orig in  of SPM. Here, w e d istinguish  areas of pu re  clay-bearing sedim ents and  areas contain ing 
clayey sedim ents m ixed w ith  silt a n d /o r  sand (figure 5.2). As the  offshore d istribu tion  o f the 
m em bers o f the B ib  u n it  is n o t know n, a ra w  division is m ade here on the  basis o f its onshore 
d istribu tion .

The pu re  clay-bearing possible erosion areas (i.e. the areas falling in  the polygons represen t
ing the  Pleistocene/Holocene cover less th a n  2.5 m) represen t 513.63 k m 2 or 14.74 % o f the 
BCP, w hile the clayey possible erosion area m ixed w ith  silt a n d /o r  sand is m ore o r less 146.88 
k m 2 o r 4.21 % o f the  BCP. The surficial cover o f Paleogene sand (only the  B uisputten  m em ber) 
inside the  polygons representing  the Pleistocene/Holocene cover less th a n  2.5 m  is on ly  2.28 
k m 2 o r 0.065% of the  w hole BCS. Nevertheless, one has to  keep in  m ind th a t  these are m axi
m u m  values and  p robably  on ly  a sm aller area is really  undergoing erosion. Based on  the  size of 
the  areas, the  com position o f the  u n its  and  the areal d istribu tion  of the  polygons representing 
the  Pleistocene/Holocene cover less th a n  2.5 m , it is m o st likely th a t  SPM w ill find its orig in  in 
Y1 o r Y4 sedim ents.
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5.2.2 Bulk density

The b u lk  density  gives an  indication of the consolidation o f the  m ud  and  can be used to  predict 
the  erosion behav iour o f the sedim ent. W illiam son & Torfs (1996) did erosion tests w ith  n a tu 
ra l and  in  artificial deposited beds. They found  an  asym pto tic  function  for the re la tion  betw een 
the  critical erosion shear stress and  the  density  o f the bed. The in -situ  erosion shear stress 
m easu rem en ts varied betw een 0.05 Pa for soft sand free beds to  1.9 Pa for sandy, consolidated 
beds. Lintern et al. (2002) w ro te  th a t  the resistance to  erosion is directly  related to  bed density. 
H ouw ing (1999) how ever found  no s tra ig h t re lationship  betw een the critical shear stress and 
the  b u lk  density  of the  top  layer on  an  in tertidal m udflat. He proposed th a t  co n tra ry  to  w h a t 
m ig h t be expected the  beds become less re s is tan t to  erosion as th ey  m a tu re  due to  the develop
m en t o f biochem ical surface layer and  the  feeding and  rew ork ing  b y  m arine w orm s. Zreik et al. 
(1998) argue th a t  the  increase in  erosion s tren g th  o f soft cohesive sedim ents betw een 1.8 and 
5 .7  days is m ain ly  due to  th ixo tropic hardening  and  on ly  slightly  to  an  increase in  density  due 
to  consolidation.

The b u lk  density  of the sedim ents on the  BCS has been determ ined from  box  cores, w hich  
w ere sam pled w ith  PVC tubes o f 8 cm diam eter and  closed b y  rubber stoppers. The m ethod  
used to  infer the  density  of the  "non-disturbed" core sedim ents contained in  a PVC tube is based 
on the  transm ission  o f g am m a-ray  p ho tons th ro u g h  the  core, it is a fa s t and  non-destructive 
w ay  of m easuring  b u lk  density, see V an Lancker et al. (2004) for a description of the  m ethod. 
Boc core sam ples have been tak en  near the  old dum ping  place of Oostende, in  the Zeebrugge 
area and  in  som e of the  m on ito rings po in ts of MUMM. The d istribu tion  o f the  b u lk  density  of 
the cohesive sedim ents is presented in  figure 5.5. The b u lk  density  of the  bed sedim ents gives an  
indication o f the  consolidation and  can be used to  calculate the  erosion behav iour (critical ero
sion shear stress) see figure 5.5.

The detailed resu lts  are presented in  appendix  V. The b u lk  density  o f the  fresh ly  deposited 
m ud  varies betw een 1200-1350  k g /m 3 (see near the old dum ping  site of Oostende: upper 1 cm 
in OE13; upper 30 cm  in OE14, u pper 10 cm in OE17 and  on the  BCS: w hole the core 130 and 
upper 5 cm in 230). Soft to  m edium  consolidated m u d  has a bu lkdensity  of 1500-1700  k g /m 3 
(see Oostende area: OE13 and  OE14; Zeebrugge area: ZB01, ZB02, ZB06 and  700). The th in  
sand (or m u d d y  sand) layer covering the  Holocene m u d  has a h igher density  (1800-2200 
k g /m 3). H om ogeneous sand beds have a density  of 2 0 0 0 -2 2 0 0  k g /m 3 (see OE01, OE03, b o ttom  
of OE14, KW01, KW05-KW07) or h igher if shells or shell fragm en ts (KW04) or gravels (KW03) 
are present.

5.2.3 Bottom shear stress

Cohesive beds are form ed b y  settling and  consolidation processes. The erodibility o f the bed is 
influenced b y  the  consolidation and  com position and  b y  the  governing hydrodynam ic condi
tions. The p aram eters  for erosion and  deposition are expressed as shear stresses, therefore the 
dynam ic classification as presented below , w ill be based on the b o tto m  shear stress exerted by  
the  tidal cu rren ts  and  on  the erosion resistance (expressed in  Pa) o f the  surface sedim ents.

The curren ts, surface elevation and  b o tto m  shear stresses have been modelled w ith  the 3D 
hydrodynam ic m odel COHERENS. A full description of the num erical model, including the de
tails on  num erical d iscretisation  as well as a u ser 's  guide is given b y  Luyten et al. (1999). The 
source code o f the  s tandard  version is available publicly on  CD-ROM. The 3D m odel solves the 
co n tin u ity  and  m o m en tu m  equations on  a staggered grid, sigm a coordinate grid w ith  an  ex
plicit m ode-sp litting  tre a tm e n t o f the  baro trop ic  and  baroclinie modes.

The 3D hydrodynam ic m odel o f the Belgian con tinen tal shelf (OPTOS-BCS) covers an  area 
betw een 51°N and  51.92°N in la titude and  betw een 2.08°E and  4.2°E. The m odel has a grid 
reso lu tion  of ± 820 x 7 7 2  m 2 (coarse) or ±273x25  7 m 2 (fine) in  the ho rizon ta l and  20 sigm a lev
els in  the  vertical plane. B oundary conditions are w a te r elevation and  depth-averaged curren ts,
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th ey  are provided b y  the  OPTOS-NOS model, w hich  is also based on  the  COHERENS code, b u t 
covering w hole the  N orth  Sea and  p a r t o f the English Channel. M eteorological surface forcing is 
from  the  forecasts of the  UK M eteorological Office a t  Bracknell. The cu rren t velocities o f the 
OPTOS-BCS m odel have been validated  using  ab o u t 400  h o u rs  of ADCP cu rren t profiles col
lected during  12 cam paigns from  Septem ber 2002 on  (see V an Lancker et al., 2004).

51 .6

51 .5

51 .4

51 .3

51 .2

51.1
Fresh mud p  = 1300 kg/m3 ( I  <1.0 Pa)

Soft/medium cons, mud |0=1500-1800 kg/m3 (1.4 Pa<Tcr<2.0 Pa)

2 .6  2 .8  3 3 .2  3.4
Figure 5.5: Bulk density and estim ates of the critical shear stress for erosion of the cohesive sedim ents on the BCS,

The b o tto m  shear stress du ring  a typical neap and spring tide are show n  in figures 5.6 and  
5 .7. S triking are the  big differences in  m agn itude betw een neap and  spring tide. The tidal aver
aged b o tto m  shear stresses during  a neap tide are below  0.5 Pa in  alm ost w hole the  dom ain. 
The m ax im um  b o tto m  shear stresses are < 0 .5  Pa except in  the  nav igation  channel 'S cheur' and  
Pas v an  h e t Z and (< 1 Pa). In the  m ud  tra n sp o r t m odel of Fettweis & V an den Eynde (2003) the 
critical shear stress for erosion o f fresh  m ud  and  deposition w as set to  0.5 Pa. The cu rren t re
su lts affirm  th a t  du ring  neap tide favourable conditions for m u d  deposition exist. D uring 
spring tide the  b o tto m  shear stresses are m u ch  higher and  reach on average 0 .7-1 .5  Pa in  the 
coastal zone w ith  peak  values up to  3 Pa and m ore. These values indicate th a t fresh  m u d  layers 
are n o t stable and  th a t  - given the calculated critical shears stress values of the consolidated 
Holocene m u d  o f 1 .3-1 .4  Pa (see above) -  the hydrodynam ics during  extrem e conditions are 
s trong  enough  to  erode the  Holocene m ud.
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5.3 D ynam ic  classification o f  suspen ded  sedim ents

5.3.1 Residual SPM transport

The SPM tra n sp o r t in  the  so u th ern  N orth  Sea has been calculated b y  m ultip ly ing  the residual 
discharge (calculated using  the  OPTOS m odelling system ) w ith  the  seasonal averaged SPM con
cen tration , derived from  corrected SeaWiFS im ages of 1997-2002 (Fettweis et al., 2004), see 
figure 5.8. SPM enters the so u th ern  N orth  Sea th ro u g h  the  S tra it o f Dover w here it is p a rtly  
deviated to w ard s the  English and  p a rtly  tow ards the  Belgian coast. The h ighest residual m ud  
tran sp o rts  occur du ring  w in te r and  the  low est during  sum m er. W in ter and  also a u tu m n  are 
seasons w ith  a h igh  SPM concentration  w hile during  w in ter and spring the h ighest residual dis
charges occur. Therefore the  n e t m u d  tran sp o rted  are alm ost equal during  spring and  a u tu m n  
and  the  h ighest m u d  tran sp o rts  are  observed during  w in ter. The residual m u d  tra n sp o r t has 
been calculated th ro u g h  the S tra it of Dover (51°N, 1°E-2.0°E) and  th ro u g h  a b o u n d ary  betw een 
the  UK and  the N etherlands a t  51.9°N. The residual tra n sp o r t th ro u g h  the  S tra it of Dover is 
s ituated  betw een 1 .4 5 x l0 6 t  du rin g  su m m er and  1 1 .5 9 x l0 6 t  during  w in ter. This resu lts in  a 
y early  SPM tra n sp o r t o f 2 1 .9 6 x l0 6 to n  entering the  so u th ern  N orth  Sea, divided ab o u t equally  
betw een the  English and  French side of the  S trait. These values correspond w ith  values from  lit
era tu re  (Lafite et al., 1993; M cM anus & Prandle, 1997; Velegrakis et al., 1999).

The residual tra n sp o r t of SPM entering  the Belgian coastal zone (W -boundary: 51°-51.6°N, 
2.08°E) is situated  betw een 1 .1 8 x l0 6 t  du rin g  sum m er and  7 .4 5 x l0 6 t  during  w in ter, corre
sponding th u s  to  14 .38xIO6 t /y r .  D uring spring and  a u tu m n  m ore m u d  leaves the  m odel do
m ain  th ro u g h  the  N -boundary  (51.6°N, 2.08-3.6°E) th a n  is entering th ro u g h  the W -boundary . 
In w in te r the opposite occurs: m ore m ud  inflow  via the  S tra it of Dover th a n  o u tflow  tow ards 
the D utch con tinen tal shelf. The m u d  balance is m ore or less in  equilibrium  during  sum m er.

On average th u s  0 .9 1 x l0 6 t /y e a r  o f m u d  is m ore leaving the dom ain  th a n  is entering. This 
corresponds w ith  an  erro r o f 7% on the sedim ent balance. The erro r could be due to  inaccura
cies in  the  SPM concentrations, w hich  are derived from  satellite im ages (see § 2.2.4) o r due to  
erosion of cohesive sedim ent layers on  the  BCS. This w ould  m ean  th a t  w e could expect a sup 
p lem en tary  in p u t o f SPM of m ax im um  0 .9 1 x l0 6 t /y e a r  orig inating  from  Holocene m u d  layers.
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Figure 5.6: Bottom  shear stress (Pa) calculated w ith the 3D OPTOS-BCS model (fine grid) during a neap tide. Above: 
minimum bottom  shear stress. Middle: tidal averaged value. Below: maximum bottom  shear stress. A lso indicated are 
the 1 0 m, 20  m and 30 m bathymetrical lines (MSL).
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Figure 5.7: Bottom  shear stress (Pa) calculated w ith the 3D OPTOS-BCS model (fine grid) during a spring tide. Above: 
minimum bottom  shear stress. Middle: tidal averaged value. Below: maximum bottom  shear stress. A lso indicated are 
the 1 0 m, 20  m and 30 m bathymetrical lines (MSL).
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Figure 5.8: A bove :  y ear ly  averaged  res idual  w a t e r  t r a n s p o r t  (vectors)  a n d  SPM c o n c e n t r a t i o n  (co lou r  sh a d in g ) .  Below: 

SPM t r a n s p o r t  ( v ec to rs  an d  sh a d in g ) .  T h e  SPM t r a n s p o r t  h a s  b e e n  c a lcu la ted  by m u l t ip ly in g  th e  res idual  H 2 0  t r a n s 

p o r t  s im u la t e d  b y  t h e  OPTOS m o d e l  (w i th  m e teo ro lo g ic a l  forcing) w i t h  t h e  s e a s o n a l  av e rag ed  SPM c o n c e n t r a t i o n ,  d e 

rived f rom  SeaW ifs  SPM m a p s .

5.3.2 SPM high correlation areas (HCA)

To fu rth e r characterise the  dynam ics o f SPM in the area o f in terest, the spatial correlation  of 
the  SPM concen tration  tim e-series w as calculated to  identify  separate areas w ith  sim ilar SPM 
dynam ics. The SeaWiFS im ages (see § 3.4.3) have been processed as explained below .

For each grid cell of the  SeaW ifs im age, fu rth e r called a reference grid cell, the  follow ing p ro
cedure w as followed (Van den Eynde et al., 2005):

• all valid surface SPM concentrations for the  reference grid cell, n o t d isturbed due to  
clouds or to  atm ospheric correction failure, w ere selected.

• for an o th er grid cell, the  valid surface SPM concen trations are selected from  the SeaWiFS 
im ages as well.

• if a t  least 100 corresponding valid SPM concen tration  pairs are  found, the correlation  be
tw een  the SPM concentrations a t  these tw o  grid cells is calculated. A v a lu é  of 100 pairs is 
tak en  to  insure th a t  the  resu lts are based on  a large nu m b er of SeaWiFS im ages.

• th is selection o f valid surface SPM concentrations and  calculation o f the correlation  if 
100 corresponding valid SPM concentration  pairs are  found  is repeated for all grid cells.

• w h en  all correlations betw een the  SPM concentrations a t  the  reference grid cell and  the 
SPM concentrations a t  the o ther grid cells are calculated, a m ap can be prepared of the 
area w ith  correlations h igher th en  70 %. This area is defined as the Fligh C orrelation 
Area (HCA) for th a t  reference grid cell.

By doing so the  BCS could be divided in  th ree HCA (see figure 5.9). The firs t HCA h as the 
largest surface (around  3500 km 2) and  is located offshore. A  second high  correlation  area is lo
cated in  the n o rth  east, near the  m o u th  o f the  W esterschelde estuary . The area represents ab o u t
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1100 k m 2. The th ird  HCA is situated  in  the 20  km  b and  along the coast outside the HCA-1 and
HCA-2. The SPM concen tration  in  these th ree  areas is characterised as follows:

• Offshore area, w here SPM concen trations rem ain  generally  low  (< 1 0  mg/1).
• Zeebrugge area, w hich  extends from  ab o u t Zeebrugge to  the  m o u th  o f the  W esterschelde 

estuary . In 60 % of the im ages, the  SPM concentration  is low er th a n  50 mg/1, w hile 40
% o f the im ages show  a h igh  SPM concentration  in  th is  area.

• Oostende area, w hich  has h igh  SPM concentrations m ore often  th a n  in  the  Zeebrugge 
area (70 % of the  im ages show  high  SPM concentrations in  th is area).

,! ZB
— t

Figure 5.9: High Correlation Area (HCA) found in SeaWifs images: division of the BCS in the offshore area (light), 

Zeebrugge area (middle) and O ostende area (dark) (from Van den Eynde et al., 2005). (ZB =Zeebrugge, O S=O ostende)

The difference betw een the  offshore area and  the coastal areas is due to  the fact th a t  ( 1 ) the 
tra n sp o r t of SPM is m ain ly  concentrated  in  the coastal area and  (2) the differences in  b a th y m 
etry . For the ap p a ren tly  different SPM dynam ics in  the  tw o  neighbouring  Zeebrugge and  Oos
tende areas on  the  o ther hand , a convincing explanation  has n o t y e t been established. Some 
strik ing differences betw een b o th  areas can how ever offer explanations:

• 95 % of the  dredging and  dum ping  occurs in  the  Zeebrugge area. C om parison betw een 
the n a tu ra l in p u t o f SPM and  the quan tities dredged and  dum ped a t  sea show ed 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 & V an 
den Eynde, 2003).

• The b o tto m  in the  Zeebrugge area consists of Holocene m u d  near the  coast, w hich  is dif
ficult to  erode, and shallow  sand plates offshore, w here the hydrodynam ic conditions 
p reven t m u d  from  being perm an en tly  deposited. In the  Oostende area, soft m u d  w hich 
has been deposited during  slack w a te r can be found  (see above, §2.1.1.3). This could 
m ean  th a t  in  the Zeebrugge area the m u d  stays in  suspension du ring  m ost of the  tidal 
cycle and  th a t  m u d  is on ly  perm an en tly  deposited in  the  m an-m ade environm ents of 
nav igation  channels and  h arbours. In the Oostende area on  the o ther hand , the  h y d ro 
dynam ics allow  SPM to  be deposited and  on ly  severe sto rm s w ill b ring  the fine m ateria l 
back  in to  suspension.

• The W esterschelde estu ary  also has an  influence, even if it is lim ited, on  the SPM d y n am 
ics o f the Zeebrugge area. A lthough  the ra tio  of fluvial to  m arine SPM is alm ost co n stan t 
a t  the  m o u th  of the estu ary  (V erlaan et al., 1998), the  SPM concen tration  varies signifi
can tly  as a function  of river discharge.

M u d  Origin, C h aracterisa tion  a n d  H um an A c tiv itie s Scientific Report Year I



6 0

5 .4  C lay  minerals a n d  microfossils in b o tto m  a n d  suspen ded  sedim ents  

5.4-1 In terpre ta tion  of the  clay mineral data

A firs t im p o rtan t resu lt from  the  analyses is th a t  the  observation  th a t  clay m ineral p roportions 
do v a ry  on  the  Belgian continental p la tfo rm  and  in  the  estuaries leading to  the  N orth  Sea (see 
figures 5 .10-13). The differences are im p o rtan t for illite vary in g  betw een 15 and  83 % and 
sm ectite vary in g  betw een 1 and  80 %. For kaolinite the  differences are less vary in g  betw een 1 
and  36 %. Differences in chlorite con ten t have n o t been quantified  in  detail.

A second certain ly  in teresting  observation  is th a t  the crysta llin ity  of the sm ectites, m easured 
as the v /p  ra tio , from  suspended m inerals and  from  b o tto m  sedim ents is m arked ly  different 
(figures. IV.7-IV.12); sm ectites from  suspension are less w ell crystallized th a n  from  bo ttom  
sedim ents. M ore w o rk  on the  influence of the sam pling conditions on the  v /p  ra tio n  is neces
sary.

A th ird  conclusion is th a t  a trend  can be observed, a lth o u g h  certain ly  m ore d a ta  are needed 
for confirm ation , in  the b o tto m  sedim ents of m ore sm ectite in  the  n o rth  and  eastern  sectors of 
the N orth  Sea, and  m ore illite in  the so u th -w este rn  sector.

R em arkably th is  difference betw een sectors is n o t observed in  the m ineralogy  of suspended 
m a tte r w hich  seems to  have a m ore hom ogeneous com position.

A fu rth e r observation  concerns sam ple location 330, w hich  is characterized b y  a h igh  con
ten t o f well crystallized sm ectite and  a low  illite content, especially in  the  b o tto m  sedim ents and 
n o t in  suspension. The reasons for th is u n u su a l com position need to  be found. A  possible ex
p lanation  could be the influence o f n earby  dredging dum p sites (B /l and  B/2) w here eventually  
such sm ectite rich m u d  possibly from  Eocene origin are dum ped. The low  concentration  in  sus
pension how ever is n o t supporting  th is hypothesis and  also the m u d  sam pled directly  from  the 
h a rb o u r access channel (ZB3 and  ZB5) show  low  sm ectite con ten ts (36% in ZB3 and  5% in 
ZB5), w hereas it is u su ally  assum es th a t  the  dum ped m u d  flow s p a rtly  back  in to  the access 
channels.

Suspension sam ples in  the Calais channel show  very  low  sm ectite p roportions (3 and  13%). 
This is som ew hat unexpected as the erosion o f the  chalks exposed along the  coast in  th is  area 
w ould  n o rm ally  produce relatively h igh  sm ectite p roportions. This re su lt suggests th a t  the 
coastal erosion of chalk  is n o t a m ajor co n trib u to r to  the suspended m atte r. The crysta llin ity  of 
the sm ectites in  suspension is low  as is the  case in  all o th er suspension sam ples.

The sam pling TT20-1 till 7 during  a tidal cycle does n o t show  an y  trend  and  the differences 
betw een the sam ples is lim ited. Sam ple TT20-2 show s a different com position  w hich  is p roba
b ly  due to  som e m ishandling  during  sam pling or analysis; u n fo rtu n a te ly  n o t enough  sus
pended m a tte r w as available to  do a repeat analysis. The good correspondence betw een the  clay 
m ineral com positions of the sam ples, except one, during  one tidal cycle a t  the sam e spo t indi
cates the repeatab ility  o f the  results. C rystallin ity  values show  no  trend  w ith  the  tide and  v /p  
values v a ry  betw een 0.2 and  0.5.
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Figure 5.10: Illite, sm ectite and kaolinite content in the bottom  sam ples from the BCS.
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Figure 5.11: Illite, sm ectite and kaolinite content in the suspension sam ples from the BCS.

M u d  Origin, C h aracterisa tion  a n d  H um an A c tiv itie s Scientific Report Year I



62

S12,

NEUER NED

S i r S1E

TW

Suspen si esta  Len DllHet ■ S meet et DKaoIriet Bodem stalen □ llliet ■ S meet et DKaoIriet

Figure 5.12: Illite, sm ectite and kaolinite content of suspension (left) and bottom  (right) sam ples from the Schelde e s 

tuary.

The d a ta  for the Schelde estu ary  b o tto m  sam ples show  a clear trend , a lth o u g h  it m u s t be 
adm itted  th a t  the  sam ple locations are still lim ited. D ow nstream  the  sm ectite con ten t increases, 
from  18% to  77% w h ils t the  illite and  kaolinite sam ples decrease respectively from  51 to  15% 
and  from  31 to  8%. A ccom panying the  increase in  sm ectite con ten t also occur an  increase in 
c rysta llin ity  o f the m ineral from  0 to  0.5. It should be rem em bered here th a t  the  N orth  Sea 
m ud  in the sector a t  the  m o u th  o f the e s tu ary  is rich in  sm ectite and  could indicate th a t  m ud 
enters the  estu ary  from  the sea. However, in  the suspension sam ples the sm ectite increase is 
m uch  m ore limited.

In the  Schelde estuary , b y  analysing  core sam ples from  the  Paulina salt m arsh , a clay m in 
eral com positional trend  w ith  tim e can be dem onstrated . Illite increase w ith  dep th  from  46 to 
71% w h ilst sm ectite and  kaolin ite decrease w ith  depth, respectively from  18 to  2% and  from  36 
to  26%. W ith  decreasing sm ectite also the  crysta llin ity  decreases w ith  depth. A pparen tly  one 
cen tu ry  ago there w as m ore illite and  less sm ectite and  kaolinite in  the Schelde m ud. A n expla
n a tio n  could be the dredging activ ity  a lth o u g h  also o ther an thropogenic changes in  the  Schelde 
river system  m ig h t have contributed. M ore d a ta  are needed to  stu d y  th is  phenom enon.

A t tw o  o ther locations a te s t w as carried o u t to  find o u t differences in  com position w ith  
tim e b y  analysing  tw o  sam ples , one a t  the very  top  and  one slightly  deeper. N ear Zeebrugge in 
sam ple ZB6 com position  does n o t change. N ear Oostende b o th  the  sam ples OE13 and  OE14 
show  slight differences: the deeper sam ple in  b o th  locations show s higher illite and  kaolinite, 
and  low er sm ectite con ten ts th a n  the  top sam ple. H igher sm ectite a t  the top  also corresponds to  
h igher crysta llin ity . These differences w ith  dep th  are rem ark ab ly  sim ilar as in  the case o f the 
Paulina sam ples.

Finally, the  Yser river canals d ischarging to w ard s N ieuw poort have low er illite and  higher 
sm ectite con ten ts th a n  in  the  h a rb o u r m u d  of N ieuw poort. The m u d  m ineralogy  o f the h arb o u r 
sam ples are sim ilar in  com position to  the  N orth  Sea m ud  in  fro n t o f N ieuw poort. The exception 
is sam ple PI from  the  tidal dock (tijdok) b u t  ea rthw orks during  the  construc tion  of the dock 
have disturbed the  n a tu ra l soil com position. Also the  sm ectite crysta llin ity  in  the  h a rb o u r m ud  
leads to  generally  negative v /p  ra tio s unlike in  the  tw o  sam ples of the  canals. In conclusion it 
can be stated  th a t  the  clay m ineralogy  strong ly  suggests th a t  the N ieuw poort h a rb o u r excessive 
m ud  sedim entation  is derived from  sea w a te r suspended m a tte r and  n o t from  river influx.
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Figure 5.13: Illite, sm ectite and kaolinite content in the bottom  sam ples from the river Yser and the harbour of 

Nieuwpoort.

5.4.2 Interpretation of the microfossils

For the 2 0 0 2 /2 7  cam paign in  the  v icin ity  of the  h a rb o u r of Zeebrugge, including the dredging 
sludge dum ping  sites it can  be stated  th a t  the:

• d o m in an t m ajo rity  o f Cretaceous nannofossils, w ith  a m in o rity  of recent form s and 
som e percentages, are derived from  the  Bassevelde 3-M arine T ongrian  and  Ruisbroek 
sequence sensu V andenberghe et al. (2003) described form  the Doei 2b well. This earliest 
Oligocene is located definitely to  the  east of the  sam ples b u t  the  chalks are located w est.

• D inoflagellates show  associations from  the  Ruisbroek Sand, ou tcropping  ju s t  to  the east 
o f the Bassevelde 3 sequence, and  eventually  the Boom Clay, yo u n g er th an  the S90 
level.

This m eans th a t  in  the  eastern  coastal zone, suspensions m u s t be transferred  b o th  from  the 
w est (Cretaceous nannop lank ton ) and  from  the  east (n an nop lank ton  and  dinoflagellates) and 
possibly even from  the  Schelde estuary .

In the w est coast-N ieuw poort area, in  presen t suspensions occur significant am o u n ts  o f re
w orked  Cretaceous nannofossils and  a lm o st no  Paleogene form s. Also in  the b o tto m  sam ples, 
the  large m ajo rity  of the  nannofossils are Cretaceous specimen. In one sam ple, an  u n tra n s 
ported  Lower Eocene dinoflagellate specim en w as found. This m eans th a t  on ly  cu rren ts  from  
the  w est are active, b ring ing  Cretaceous and  th a t  also som e a t  least local erosion of the leper 
G roup Clay occurs.

A t the middle coast in  the  Oostende area, m ostly  Cretaceous sedim ents occur in  the b o ttom  
sedim ents po in ting  to  cu rren ts  com ing from  the  w est, b u t  also som e Earliest Oligocene speci
m ens are present com ing from  the east. In the  presen t suspension sam ples Cretaceous fo rm s de
rived from  the w est dom inate b u t  also eastern  derived Earliest Oligocene specim ens are present.

A suspension sam ple ju s t  n o rth  o f the Schelde estu ary  m o u th  show s h a lf of the  n an n o p lan k 
to n  to  be o f Cretaceous origin and  hence to  be o f w este rn  origin and  n o t derived from  the 
Schelde estuary . Some specim en are o f Earliest Oligocene NP21 zone sedim ents and  therefore 
either locally eroded, slightly  to  the  w est o f the sam ple, or m ig h t be tran sp o rted  from  the 
Schelde estuary . The la tte r is less likely as in  th a t  case also n an n o p lan k to n  from  o ther Eocene 
and  Oligocene bio-zones w ould  be expected to  be m ixed in  the  Schelde w ater.
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In conclusion it can be said th a t  on all sites the presence o f cu rren ts  b ring ing  Cretaceous 
n an n o p lan k to n  from  the  w est are present and  th a t  in  addition  cu rren ts  b ring ing  m ateria l from  
the  east, in  particu la r from  the  Eocene-Oligocene tran sitio n a l s tra ta , are p resen t in  the east 
coastal area show ing an  influence till the  area betw een Oostende and  N ieuw poort. Rem arkably 
the  zone of east- derived cu rren ts  coincides w ith  the  m u d  b o tto m  as m apped b y  Bastin (1974) 
and  also the  differences in  clay m ineral associations (sm ectite dom inated  versus illite dom i
nated) are a t  firs t sigh t coinciding w ith  these cu rren t influences as dem onstra ted  b y  m icrofossil 
s tudy . Could it be an  indication th a t  the  m u d  in  the  m ud  b o tto m  has an  eastern  origin?
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A ppendix  I

Through tide m easurem ents  -  SPM concentration
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The m easurem ents, w hich  are presented below , have been carried o u t w ith  a Sea-Bird 
SBE19 'SeaCat' CTD profiler and  a Sea-Bird SBE09 CTD system  w ith  Sea-Bird carrousel 
w a te r sam pling system  'SBE32'. Optical B ackscatter Sensors (OBS) w ere used to  m easure 
backscattering. The OBS signal w as calibrated w ith  SPM concentrations determ ined from  
w a te r sam ples and  filtration . The 'SeaCat' has been installed a t  ab o u t 3 m  from  the w a te r 
surface, w hereas the Sea-Bird SBE09 w as kep t a t  ab o u t 3 m  above the  bo ttom .
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Figure 1 - 1 : Location of through tide and tripode m easurem ents, period 1999-2004- (a) location names, (b) R/V 
Belgica campaign numbers..
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Through tide m easurem ents locations. The m easurem ents are classified according to  location (see fig I- 

!)•

Cmp. Start timed End time Latitude Longitude Season

yy/nr (GMT) (GMT) (N) (E)

B&W Oostende
99/07 08/03/1999 15h47 09/03/1999 05h03 51° 17.69’ 2° 56.87’ winter
02/27-a 25/1 1/2002 18h 12 26/1 1/2002 7h09 51° 17.958’ 2° 57.888’ autumn
03/04-b 20/02/2003 18h53 21/02/2003 08h 10 51° 17.224 2° 58.953’ winter

Wenduine
01/06-b 08/03/2001 10h37]09/03/2001 06h00 51° 20.97’ 3° 01.23’ winter

Pas van het Zand
01/06-a 07/03/2001 16h 12 08/03/2001 09h38 51° 22.51’ 3° 07.960’ winter
02/27-b 26/1 1/20021 8h32 27/1 1/2002 7h3 1 51° 22.525’ 3° 07.987’ atumn
03/04-a 19/02/2003 18h22 20/02/2003 07h09 51° 22.464’ 3° 07.738’ winter
03/22 08/09/2003 18h02 09/09/2003 07h09 51° 22.477’ 3° 07.986’ summer

B&W Zeebrugge Oost
00/08 21/03/2000 1 Oh 15 21/03/2000 23h00 51° 23.238’ 3° 15.697 spring
00/14 29/05/2000 08h53 29/05/2000 22h01 51° 23.12’ 3° 13.48’ spring
00/26 23/10/2000 20h 10 24/10/2000 08h52 51° 23.66’ 3° 15.28’ autumn

Bol van Knokke
00/31 07/12/2000 lOhOl 08/12/2000 06h44 51° 25.26’ 3° 16.10’ autumn
02/01-a 30/01/2002 10h40 31/01/2002 00h09 51° 25.38 3° 15.96’ winter
02/01 -b 31/01/2002 01 h 16 31/01/2002 04hl9 51° 24-19’ 3° 17.49’ winter
02/06-a 11/03/2002 16h04 12/03/2002 06h40 51° 24-88’ 3° 16.95’ winter
02/14-a 26/06/2002 12h30 27/06/2002 04hl2 51° 24-905’ 3° 17.181’ summer

Scheur E
01/17-a 18/06/2001 18h34 19/06/2001 07hl 1 51° 25.99’ 3° 23.66’ summer

Kwintebank
03/15 1 1/06/2003 18h23 13/06/2003 07h07 51° 18,071’ 2° 40,206’ spring
03/17 26/06/2003 16h33 27/06/2003 05h25 51° 17.65’ 2° 40.280’ summer
03/25 09/10/2003 15h41 10/10/2003 04h21 51°18.035’ 2°40.470’ autumn
04/04-05 02/03/2004 12h45 51° 18.151 ’ 2o40.245’ winter

B&W SI
00/19

00-Coooo(Noo

10/07/2000 22h22 [51° 27.5’ 3° 03.07’ summer
Akkaert NE

02/ 14-b 27/06/2002 1 7h25]28/06/2002 6h08 51° 25.832’ 2°58.007’ summer
Station330

99/17 13/07/1999 06h 1 7 13/07/1999 19h20 [51° 25.97’ 2° 48.14’ summer
Scheur W

01/29 12/1 1/2001 1 7h 1 7 13/1 1/2001 06h56 51° 22.93’ 3° 00.42 autumn
02/06-b 12/03/2002 15h 15 13/03/2002 4h31 51° 23.38’ 2°57.06’ winter

Vlakte van de Raan
01/01 25/01/2001 1 lh45 ]26 /01/2001 00h27 [51° 28.12’ 3° 12.57’ winter

Westpit
01/17-b 19/06/2001 19h4l]20/06/2001 8h29 51° 30.51’ 3°09.03’ summer
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B&W Oostende and Wenduine
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Figure I-2: SPM concentration during through tide m easurem ents near O ostende (B&W O ostende: 99/07, 02/27a,
0304b  and W enduine: 0 1/06b). Time is related to  HW  at O ostende. Coloured lines represents data of the SBE09 
CTD system  (about 3 m above the bottom ), black lines of the SBEI 9 system  (about 3 m from surface). The OBS’s 
during TT 03 /04b  were saturated from -6h to  -2h and I h to  3h.
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Figure I-3: SPM concentration during through tide m easurem ents near Pas van het Zand. Time is related to  HW  at
Zeebrugge. Coloured lines represents data measured by the Sea-Bird SBE09 CTD system  (about 3 m above the  
bottom ), black ones of the SBE I 9 system  (about 3 m from surface). The OBS’s during TT 03/04a  were saturated 
from -8h to  -6h and around 2h.
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B&W Zeebrugge Oost
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Figure I-4: SPM concentration during through tide m easurem ents near B&W  Zeebrugge O ost. Time is related to  
HW  at Zeebrugge. Coloured lines represents data measured by the Sea-Bird SBE09 CTD system  (about 3 m above 
the bottom ), black ones of the SBEl 9 system  (about 3 m from surface).
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Figure I-5: SPM concentration during through tide m easurem ents near eastern Scheur (Bol van Knokke: 00/31, 
02/01 a, 02/06a, 02/14a  and ScheurE: 01/1 7a). Time is related to  HW  at Zeebrugge. Coloured lines represents data 
measured by the Sea-Bird SBE09 CTD system  (about 3 m above the bottom ), black ones of the SBEl 9 system  
(about 3 m from surface).
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Kwintebank
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Figure I-6: SPM concentration during through tide m easurem ents on the Kwintebank. Time is related to  HW at 
O ostende. Coloured lines represents data measured by the Sea-Bird SBE09 CTD system  (about 3 m above the 
bottom ), black ones of the SBEI 9 system  (about 3 m from surface).
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Figure I-7: SPM concentration during through tide m easurem ents off shore (B&W SI: 00/19; Akkaert: 02 /14b;
Station 330: 99/1 7 and ScheurW: 01 /29 , 02/06a). Time is related to  HW at Zeebrugge/O ostende. Coloured lines 
represents data measured by the Sea-Bird SBE09 CTD system  (about 3 m above the bottom ), black ones of the 
SBEl 9 system  (about 3 m from surface).
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Vlakte van de Raan
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Figure 1-8: SPM concentration during through tide m easurem ents off shore (Vlakte van de Raan: 01/01; W estpit: 
01/1 7b). Time is related to  HW  at Zeebrugge/O ostende. Coloured lines represents data measured by the Sea-Bird 
SBE09 CTD system  (about 3 m above the bottom ), black ones of the SBEl 9 system  (about 3 m from surface).
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A ppendix  II

Clay mineralogy o f North Sea mud  

Q uantitative XRD clay mineral analysis
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II. I Basics o f  th e  XRD m ethod

A lthough  o th er techniques, such as th erm a l analysis, electron m icroscopy and  infrared 
spectroscopy, can significantly  con tribu te  to  a q uan tita tive  analysis of clay m ineral 
com positions of m u d  sedim ents, the  m ain  technique used is X ra y  diffraction.

A Philips PW 1050/3  7 X -ray  d iffractom eter is used w ith  a P W 2236 /20  cobalt-anode. 
The cobalt-anode is h it b y  electrons m oving in  a h igh  tension field, p roducing Co-Ka (a, 
and  a 2 have very  close w avelengths b u t  the  in tensity  o f the  firs t is double the  in ten sity  of 
the  second) rad ia tion  (the Kß rad ia tion  is filtered using Fe filter), is com m only  used to  avoid 
fluorescence excitation in  the  sam ples w hich  w ould  be particu la rly  the  case if m ore th a n  
ab o u t 5% iron  is p resen t (Brindley & Brown, 1984). The operation  conditions for the 
generato r are 40 kV and  30 mA. Divergence- and  receiving-slits are respectively I o and 
0 .2 °.

The m easu ring  tim e per step is a balance betw een peak to  noise ra tio  and  the  d u ra tio n  
tim e required  for an  analysis; o u r analyses have been carried o u t coun ting  1 sec per step of 
0 .030°23. Sm aller step length  could produce p a tte rn s  w ith  h igher resolution.

For the  analysis of clay m inerals the  recording in terval chosen is 2°23 to  3 5 °2 3. The 
re levan t d(001) en d(002) values o f the  clay m inerals do occur in  th is  in terval and  allow  
their identification. The digital records are produced as g raphs using the  Philips softw are 
PW 1877 version  3.6.

The diffraction phenom ena o f the  rad ia tion  on  the  sam ple are m ade possible b y  the  fact 
th a t  a sim ilar distance exists betw een dispersion centres (atom  centres) and  the X ra y  w ave 
length . The d iffraction conditions are  th en  governed b y  B ragg 's law  (eq .l), w hich  specifies 
the  condition for constructive interference o f the  individual X rays:

n.Ä  =  2 .d .s in 3  (1)

w ith  n a w hole num ber, X the X -ray  w avelength , d  the distance betw een tw o  successive 
atom ic layers and  3  the  angle of incidence o f the X -rays on  the atom ic layers.

The diffracted rad ia tion  is passing th ro u g h  a series o f slits and  counted in  a pho to - 
m u ltip ly ing  counter. Peak intensities, expressed in  coun ts per second, are recorded versus 
the  2B angle of incidence of the X ray s on  the sam ple. The intensities are  determ ined b y  the 
Bragg law , b y  the  Lorenz-Polarization factor w hich  expresses the  dependence on  the  angle 
B, and  b y  the  precise chem ical-structu ra l p roperties o f the m inerals in the  sam ple. In 
addition  to  the  coheren tly  diffracted X- ray s also background  noise is also recorded.

M inerals can  be identified based on the  recorded X -ray  peaks for w hich  B ragg's law  is 
valid and  a d value can  be calculated. Clay m ineral identification poses a particu la r problem  
because of the  sim ilarity  of the different m inerals w hich  w ill require p articu la r trea tm en ts  
o f the  sam ples and  because o f the  poor reg u la rity  in the  crysta l lattices requ iring  p articu lar 
sam ple m o u n tin g  techniques to  increase the  reflection intensities (M oore & Reynolds, 
1997).

11.2 Sample preparation and m ou ntin g  for clay mineral investigation

Chemical treatment
Prelim inary  analyses o f the  N orth  Sea m u d  clay m inerals have show n  th a t  follow ing the 
classical procedure (Thorez, 1976) o f apply ing  no chemical trea tm en t of the sam ples and 
w ork ing  only  in  dem ineralised w ate r, did produce low  peak  to  noise ra tio  diffraction 
records. To im prove th is peak  to  noise ra tio  the  sam ples in  th is research project have been 
system atically  trea ted  for rem oval o f carbonates and  organic m atte r.
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C arbonates h inder the o rien ta tion  of the p la ty  clay m inerals in  the  sam ple m o u n ts  and 
have been rem oved b y  adding 1.5N tfCl till no  fu r th e r effervescence could be observed. The 
rem ain ing  acid is evaporated.

Organic m a tte r agglom erates the  m u d  particles h indering the  full dispersion o f the 
sam ples and  a good o rien ta tion  of the  p la ty  m inerals in  the  sam ple m oun ts. Organic 
m a tte r is rem oved b y  oxidation in  15% H20 2 on  a 60°C h o t plate. This tre a tm e n t is carried 
o u t after carbonate  rem oval as the  peroxide trea tm e n t is n o t efficient in  alkalic 
environm ent.

The separation o f the clay minerals from the m ud samples
The clay m inerals have a lm o st exclusively sizes sm aller th a n  2 /im  (defined b y  settling 
velocity). Therefore a size separation  is carried ou t, concentrating  the  clay m inerals and 
avoiding coarser spherical particles to  h inder the  o rien ta tion  o f the m inerals in  the sam ple 
m oun ts. The separation  procedure used is as follows:
• 5 g ram  o f clay rich sedim ents and  20 g o f sandy  sam ples, a lready  treated  for 

carbonates and  organic m atte r, are sub-sam pled, soaked in  dem ineralised w a te r, and 
shaken for 24  h o u rs  to  im prove dispersion.

• Subsequently  the sam ple is centrifuged and  a n ea t separation  betw een the  coarser
g ra in y  sedim ent popu la tion  and  the  fine clay population  is produced in  the  centrifuge
tube.

• The clay popu la tion  is carefully  scraped off and  b ro u g h t in  a sm all flask  w ith  
dem ineralised w a te r and  p u t back  in  the shaking table.

• The suspension is th en  p u t to  rest and  the  upper 2 cm are pipetted after 1 h o u r 36 
m inutes, contain ing  on ly  < 2  /im  sized particles according to  Stokes law .

• The pipette drops p a r t o f the  suspension on tw o  sm all h o rizon ta l glass plates w hich  fit
the d iffractom eter sam ple cham ber. The suspension is left evaporating  on  a 60°C h o t
plate. The slow  evaporation  and  the  alm ost pu re  p la ty  clay m ineral com position 
produce a h ighly  oriented sam ple.

W ith  respect to  th is p re -trea tm en t procedure, the exact chem ical trea tm e n t and the 
sam ple m o u n t procedure (evaporation  versus sm ear o r suction  m oun ts) can be debated. 
The followed procedure how ever follow s from  experience and  testing  over the  years in  the 
labora to ry .

XRD-records o f the sample m ount
In order to  differentiate betw een the  d ifferent clay m ineral lattices, the oriented sam ple 
m o u n t is scanned b y  X -rays after different trea tm en ts.

A firs t record is m ade w ith o u t a n y  trea tm e n t (N record), a second record is scanned after 
v ap o u r sa tu ra tio n  w ith  ethylene glycol m olecules (EG record) and  a th ird  and  fo u r th  record 
after heating  the  sam ple m o u n t during  24 h o u rs  respectively a t  300°C and  500°C (H). The 
low er tem p era tu re  leaves chlorites unaffected b u t  has already  degraded sm ectites; the 
h igher tem p era tu re  degrades in  addition kaolin ite and  poorly  crystalline chlorite. Illites and 
well crystalline chlorite rem ain  unaffected a t  500°C.

M ore advanced trea tm en ts  are possible, such as cation trea tm en ts  followed by  
sa tu ra tio n  w ith  different organic m olecules a n d /o r  different h ea t regim es; such trea tm en ts  
can confirm  difficult identification of species or give m ore detailed in fo rm atio n  on  the 
n a tu re  o f the  m inerals.
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11.3 Identification and qualification criteria o f  clay minerals relevant for 
North Sea mud

The table below , afte r Thorez (1976), gives a su m m ary  of the m ain  d-values o f (001) 
reflections of clay m inerals re levant for the  N orth  Sea cohesive sedim ents, on  N, EG and  H 
550° records. The selection of succession o f (001) lattice spacing is justified  because of the 
o rien ta tio n  of the clay m inerals on the glass plate.

Table II. 1 : Main d-values of clay mineral reflections relevant for North Sea m ud’s on N, EG and H 500°C records..

Chlorite N 14 7 4.7 3.5
EG 14 7 4.7 3.5

500° C 14 7 4.7 3.5
Kaolinite N 7.1 3.58 2.33 -

EG 7.1 3.58 2.33 -

500° C - - - -

Illite N 10 5 3.3 2.5
EG 10 5 3.3 2.5

500° C 10 5 3.3 2.5
Smectite N 15.4 - 5.1 -

EG 17 8.5 5.7 4.2
500° C 10 - 5 -

Illite
Illite reflections are n o t influenced b y  the different trea tm en ts . The reflections are ra th e r 
sym m etrical. The d(001) and  d(003) reflections have sim ilar intensities and  the  d(002) 
reflection has on ly  one th ird  of the in tensity  o f b o th  o thers. The ra tio  of (001) and  (002) 
intensities can be used to  estim ate the octahedral iron  con ten t (Esquevin param eter). The 
exact d-(001) value is influenced b y  the  n a tu re  o f the exchangeable cations a t  the in terlayer 
position  (Holtzapffel, 1985).

The exact shape of the (001) reflection on the  XRD record, from  very  n a rro w  and sharp  
to  broad  and  asym m etrical or open illite, can be in terpreted  in  term s of the  progressive loss 
o f in terlayer po tassium  .The behav iour o f the  broad  asym m etrical shoulder after the 
d ifferent trea tm en ts , can be in terpre ted  in  te rm s of the  n a tu re  o f the  in tercalated  lattice 
p a tte rn s  (smectitic IM, chloritic Ic o r verm iculitic Iv ) appearing  u p o n  altering  the  p u re  illite 
s tru c tu re  (see figure II. 1).

Smectite
Sm ectites have a large range o f com positional varia tions. Their m ain  characteristic is a 
com plete swelling after EG trea tm e n t shifting  the  d(001)-reflection a t  12-14.5 Â to  17-18 
A, accom panied b y  a collapse of the s tru c tu re  afte r heating , due to  the  evacuation  of the 
in terlayer w a te r molecules h y d ra tin g  the  exchangeable cations, shifting the d-(001) 
reflection to  10 A. The d(001)-reflection of sm ectite u nder N condition can show  a broad  
tail till even 10A. It is p robably  related to  h y d ra tio n  conditions and  to  the adm ix tu re  of 
illite-sm ectite random  layers in  the  m ineral.

The shape o f the 1 7A-reflection on  EG records is generally  b road  and  takes variable 
profiles. The geom etrical description of th is  17 A-reflection in  term s o f the  ra tio  betw een V 
and  P (see figure II.2)- respectively the  peak height above background  of the valley  (V) a t 
the h igh  2d  side and  the  heigh t above background  a t  the 17 A peak  (P) is in terpre ted  as a 
m easure for the crysta llin ity  of the  m ineral. This ra tio  can becom e negative if no tru e  peak
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is observed. A lthough  the  exact m ineralogical in te rp re ta tio n  of th is  ra tio  is debatable, it 
helps to  describe the m ineralogical con ten t and establish v aria tio n s betw een sam ples.

EG/Gi K+ 350“C 550"C NAME

ASYM.

LU

10 10 10 10 10c C C

LU

10 10
E

Figure II. I: Shapes of d(OOI) reflection in open illite, their interpretation and nomenclature (Thorez, I 976) .

5.2 2 0

- 1

5 .2  °28

V/p =0.7

Figure II.2: V/P ratio for characterizing the crystallinity of sm ectite A: well crystallized and B & C: poorly 
crystallized sm ectites (Thorez, I 976).

Kaolinite
Kaolinite is characterized b y  the d(001)-reflection a t  7.1 A and  the  d(002)-reflection a t  3.58 
A (distinguishing it from  the  3 ,54 A peak  of chlorite), w hich  rem ain  unchanged  afte r EG 
trea tm e n t b u t  d isappear after H trea tm en t. The identification of kaolinite in  the  presence of 
chlorite is hindered b y  the fact th a t  (001) reflections of chlorite w here  1 is even overlap w ith  
the kaolinite reflections and  show  the sam e behav iour as kaolin ite after EG and  H 
trea tm en ts. The variable crysta llin ity  o f the  chlorite influences its stab ility  a t  h igher 
tem peratu res w hich  m akes h ea t trea tm en ts  an  unreliable criterion.

In the N orth  Sea m u d  sam ples the presence o f chlorite w as checked a t  H 300 °C; only  a
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v ery  poorly  expressed chlorite d(001)-reflection could be observed. Therefore chlorite can 
n o t have m uch  influence on the  kaolinite peak  and  no fu rth e r a ttem p ts  w ere m ade to  
confirm  the  presence of kaolinite. Positive identification of kaolinite can be done b y  
sa tu ra tin g  it w ith  DMSO w hich  shifts the 7 A peak  to  ab o u t 11 A.

Chlorite
Chlorites have a very  variable chem ical com position. M ost chlorites are rich  in  M g b u t  Fe-, 
M n-, Co-, Cr- and  N i-rich varieties exist, w ith  the  iron  v arie ty  as the  m o st com m only  
occurring  one. Reflections a t  14 A, 7 A, 4 .7  A, 3 .54 A are p resen t u nder N conditions and 
rem ain  unchanged  after EG trea tm en t. On heating  a t  500 °C the  14 A  d(001) the peak 
position  shifts to  13 ,6-13,8  A w h ilst the  in ten sity  increases as a function  o f the  iron  
con ten t and  the  crysta llin ity  of the chlorite present. C haracteristically, the  even 001 
diffraction peaks disappear u p o n  heating  a t  500-550°C.

Poorly crystallized chlorites how ever, as found in  recent sedim ents, soils and  altered 
rocks can decom pose a lready  a t  low er tem p era tu res (see table II.2). The replacem ent of the 
b rucite layer in  the  chlorite atom ic p a tte rn  b y  hydra ted  cations leads to  random  
in terlayering  patterns, som etim es described as 'degraded chlorite '.

Table II.2: Influence of crystallinity on the d(001)-peak of chlorites due to  heating (Holtzapffel, 1 985).

well crystallised chlorite 14 14 13.8-14 Â
bottom chlorite of degraded chlorite with 
instable interlayers

14 14 decomposed or between 10- 
13 Â

bottom chlorite 14 14 decomposed

Random mixed layer clay minerals
The can form  m ixed stacks in  irregu lar p roportions. These random  individual clay m inerals 
have sim ilar crystallographic p a tte rn  and  consequently , the  m ixed layer m inerals have 
properties analogous to  the  individual com posing m inerals and  p roportional to  their 
relative quan tities in  the m ixed m ineral.
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A ppendix  III

Clay mineralogy o f North Sea mud  

Sample location  and description
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51.50

51.40

51.30

51.20

2 .

BC0322_11 5bis 3 cm of very fine sand; underneath is black m uddy sand Bc=Box core, Rk=Reineck 
corer; KW =Kwintebank, OD=Oostdyck, OE=Oostende)

BC0322_130 1 cm m uddy sand on top w ith  shells, 10 cm of black rather soft m ud, 1 cm of m uddy 
sand, black m ore consolidated m ud beneath w ith  layer of 'tubes' (2-3 m m  diameter, 
3-4 cm long) inside (box core full)

BC0322_230 Surface: 3 cm m ud to  sandy mud, living snail on top; 10 cm of fine sand w ith  shell 
fragm ents and shells; 10 cm black m uddy sand w ith  shell fragm ents and shells, living 
Ensys

BC0322_250 Top: 3 cm fine sand; underneath: about 7 cm sand w ith  shell fragm ents, lowest 10- 
15 cm black reduced sand w ith  shell fragm ents and shells. Lot of living Ensys

BC0322_330 Top: 30 cm of m edium  sand w ith  lot of shell fragm ents and some shells, a th in  m ud 
layer inside; underneath is gravel w ith  pebbles of 1-10 cm

BC0322_700 Top: th in  layer of grey silt, underneath black compact and consolidated m ud from  
probably Holocene age w ith  th in  sandy m ud layers inside

BC0322_702 5 cm soft silty m ud above fine sand and a t the bottom  of the bucket black sand
BC0322_MC5 Fine sand w ith  lot of shell fragm ents. On the surface are rather soft grey clay-pebbles 

of 1-5 cm. In the sand m atrix  some black clay lenses were found (separately sampled)
BC0322_KW4 Top: m edium  sand w ith  lots of shell fragm ents and shells, clay pebbles are in and on 

top of the sand; a t the bottom : fine sand w ith in  a layer of shell fragm ents
BC0322_KW7 Top: 30 cm of fine brow n sand; underneath: black m uddy sand w ith  lots of shells
BC0322_OD3 Top: gravel w ith  pebbles of 1-10 cm. no core sample
BC0322_OD4 on top is a th in  layer of mud; 5 cm of m edium  sand underneath gravel w ith  pebbles 

of 2-15 cm; no core sample
BC0227_ZB1 Surface: grey sand w ith  shell fragm ents (1 cm); underneath: consolidated black m ud
Rk0227_ZB3 soft m ud
Rk0227_ZB5 surface: fine oxidated mud; underneath: gray consolidated fine silt
BC0227_ZB6 20 cm brow n mud; underneath: black consolidated m ud (full box core)
BC0304_OE10 Top: 5cm fluid m ud, underneath 2cm  m edium  sand; under black consolidated m ud
BC0227_OE13 surface: 20cm  green mud; underneath: consolidated black m ud (box core full)
BC0304_OE14 Core full (50cm); Top: fluid m ud (2-3cm); under 30 cm little bit compacted mud; 4-5 

cm shell fragm ents+ s and+ mud; underneath black little compacted m ud
B C = B o x  C o r e , R K = R e in e c k  c o r e

250

ZB3&0 700

'D4

KW4

2.6 2.8 3.0 3.2 3.4
Figure III-1 : Bottom  sam ples on the BCS
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51.
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51.

51.

/  /
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2.4 2.6 2.8 3.0 3.2 3.4 3.6
Figure III-2: Suspension sam ples from the BCS, which have been used for clay mineral analysis

O ostende
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uinkerke

^ - <"Calais 

Cap Gris-Nez

Figure III-3: Suspension sam ples from the Strait of Dover (R/V Belgica campaign 2004/03).
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519

_ 1 . 1-

Paulina

Figure III-4: Samples taken in the Schelde estuary.

W 0409_S4 M uddy sand, lot of shell fragm ents
W 0409_S12 M uddy sand
W 0409_S 18 M uddy sand
W 0409_S22 M uddy sand

W = V a n  Veen grab
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Figure III-5: Sample locations in the harbour of Nieuwpoort and the Yzer basin.
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A ppendix  IV

Clay mineralogy o f North Sea mud: 

Identification and quantification o f th e  clay minerals
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■Veu m e
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Figure IV -1 : Clay mineralogy of the bottom  (I) and suspension (r) sam ples on the BCS. The diameter of the

circles is proportional to  the content and the positioned on the map w ith  their centre at the sample location.
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- ILLI ET Bodem stalen

- SMECTIET B odem stalen

Kaoliníet Bodem stalen

Figure IV-2: Clay mineralogy of the bottom  sam ples in the vicinity of Zeebrugge. The diameter of the circles is 

proportional to  the content and the positioned on the map w ith  their centre at the sample location.

M u d  Origin, C h a ra c te r isa t io n  a n d  H um an  A c t i v i t i e s Scientif icReport Y ear  I



Appendix IV-4

HAMMEE:?"

E - :

NEDI NED

S H j

■ T.V

ILLI ET SuspensiestalenILLI ET Bodemstalen

NE NED

pv t y ;

SMECTIET SuspensiestalenSMECTIET Bodemstalen

H A ' f e W E E Í " H A ' f e W E E Í "

E - :  ■ E - :

NED NED

5 1 r 1

p/; p/;

KAOLINIET Bodemstalen KAOLINIET Suspensiestalen

Figure IV-3: Clay mineralogy of the bottom  (left) and suspension (right) sam ples in the Scheldt estuary. The

diameter of the circles is proportional to  the content and the positioned on the map w ith  their centre at the 

sample location.
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Figure IV-4: Clay mineralogy of the bottom  sam ples from the harbour of Nieuwpoort. The diameter of the  

circles is proportional to  the content and the positioned on the map w ith  their centre at the sample location.
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Figure IV-5: Clay mineralogy of the bottom  sam ples from the river Yzer (Lo-Fintele and Kanaal leper-Yzer). The 

diameter of the circles is proportional to  the content and the positioned on the map w ith  their centre at the 

sample location.
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Figure IV-6: Clay mineralogy of the suspension sam ples from the Strait of Dover. The diameter of the circles is 
proportional to  the content and the positioned on the map w ith  their centre at the sample location.
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Figure IV-7: Crystallinity of sm ectites as indicated by the v/p ratio in bottom  and suspension sam ples from the
BCS. The v/p ratio is represented as a sphere w ith  radius proportional to  the absolute value of the ratio and a 
colour code for negative (red) and positive (green) values; zero values are represented by a black colour and 
w ith  a radius w ithout quantitative meaning.

v/p-RATIO Bodemstalen

12J

Figure IV-8: Crystallinity of the sm ectites as indicated by the v/p ratio in bottom  sam ples near Zeebrugge. The 
v/p ratio is represented as a sphere w ith  radius proportional to  the absolute value of the ratio and a colour 
code for negative (red) and positive (green) values; zero values are represented by a black colour and w ith  a 
radius w ithout quantitative meaning.

M u d  Origin, C h a ra c te r isa t io n  a n d  H um an  A c t i v i t i e s Scientif icReport Y ear  I



Appendix IV-9
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F igu re IV -9: C rysta llin ity  o f  the sm ectites  as indicated by the v/p ratio in  b o tto m  and su sp en sio n  sam p les  
o f  the Scheld t estuary. The v/p ratio is represented as a sphere w ith  radius proportional to  the absolute value 
of the ratio and a colour code for negative (red) and positive (green) values; zero values are represented by a 
black colour and w ith a radius w ithout quantitative meaning.
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F igure IV -10: C rysta llin ity  o f  the sm ectites  as indicated by the v/p ratio in  b o tto m  sa m p les fro m  the  
harbour o f  N ieu w p o o rt. The v/p ratio is represented as a sphere w ith radius proportional to  the absolute  
value of the ratio and a colour code for negative (red) and positive (green) values; zero values are represented 
by a black colour and w ith a radius w ithout quantitative meaning.
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Kanaal leper-Yzer

v/p-RATIO Bodemstalen

F igu re IV -11: C rysta llin ity  o f  the sm ectites  as indicated by the v/p ratio in  b o tto m  sa m p les fro m  the  
Y zer . The v/p ratio is represented as a sphere w ith radius proportional to  the absolute value of the ratio and a 
colour code for negative (red) and positive (green) values; zero values are represented by a black colour and 
w ith  a radius w ithout quantitative meaning.
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F igure IV -12: C rysta llin ity  o f  the sm ectites  as indicated by the v/p ratio in  su sp en sio n  sam p les from  the  
D o v e r  Strait. The v/p ratio is represented as a sphere w ith  radius proportional to  the absolute value of the  
ratio and a colour code for negative (red) and positive (green) values; zero values are represented by a black 
colour and w ith  a radius w ithout quantitative meaning.
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A ppendix  V

Bulk d ensity  m easurem ents  o f  box  core sam ples
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Oostende area (old dum ping site)

BC0405 OE1 H om ogeneous fine sand
BC0405_OE3 Fine to  m edium  sand, layer w ith  shells and  shell fragm en ts a t  the 

b o ttom
BC0405_OE7 Fine to  m edium  sand, layer w ith  shells and  shell fragm en ts a t  the 

b o ttom
BC0405_OE11 Top: 1 cm of beige and n on  com pacted (recent) m ud, th en  30-35 cm  of 

d ark  m u d  th en  ~ 5  cm o f d ark  fine sand th en  consolidated d ark  m ud
BC0405 OE13 3 0 /3 5  cm of grey  m ud
BC0405_OE14 Top: a few  cm o f beige n on  com pacted (recent) m u d  th en  30-35 cm of 

d ark  m u d  th en  ~ 5  cm  o f d ark  fine sand; a t  the  b o tto m : d ark  and  m ore 
com pact m ud

BC0405_OE17 Top: n on  com pacted (recent) m ud, th en  beige sandy  m u d  th en  m ore 
com pact m ud

BC0405 OE22 Top: ~ 5 cm  o f beige m uddy  sand th en  d ark  grey  m u d d y  sand

51.32

51.30

51.28
22

51.26

51.24

2.85 2.90 2.95 3.00
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•OEOl

Bulk DensityBulk Density

•OE07

OE11

Bulk DensityBulk Density
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OE 13 OE14

Bulk Density Bulk Density

OE17

Bulk Density Bulk Density
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Zeebrugge area

BC0304_ZB1 Surface: 2m m  of fresh  m ud; 4 cm m u ddy  sand; beneath: consolidated 
m ud

BC0304_ZB2 Surface: recent m u d  (several m m ); u n d ern ea th  consolidated m u d  w ith  
shell frag m en t (<1 cm); th en  consolidated m ud

BC0227_ZB6 Surface 20 cm b ro w n  m ud; under: black consolidated m ud  (full box 
core)

BC0227_ZB7 Surface: green-grey  sand w ith  shells and  broken  shells; then: 0.5 cm 
sand w ith  few  shells; 1 cm m ud; coarse sand w ith  in tercalation  of 
m ud; b o tto m  : a lte rn a tio n  o f m u d  and  coarse sand

BC0227_ZB08 Surface: sand w ith  shells and  shell fragm ents; th en  15 cm  sand; 
b o tto m  black consolidated m ud.

51.45

51.40

51.35

51.30

3.00 3.05 3.10 3.15 3.20 3.25 3.30
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Bulk Density Bulk Density

•ZB07

Bulk Density Bulk Density
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Kwinte Bank

BC0322 KW1 fine hom ogeneous sand w ith  shell fragm ents
BC0322_KW3 on  top 2 m m  m ud;

beneath : a few  cm  of sand w ith  a lo t of gravel and  shells 
beneath : gravel layer w ith  pebbles of 2 to  5 cm 
to ta l thickness: 10cm

BC0322JCW 4 m edium  sand w ith  lots of shell fragm en ts and  shells,
clay pebbles are  in  and  on  top  o f the sand,
a t  the  b o ttom  : fine sand w ith in  a layer of shell fragm ents

BC0322_KW5 clean sand
m u d d y  black spots a t  a dep th  from  15 cm on

BC0322 KW6 25 cm fine to  m edium  clean sand w ith o u t shells
BC0322_KW7 30 cm of fine b ro w n  sand,

u nderneath : black m u d d y  sand w ith  lots of shells

5 1 .3 0

5 1 .2 5

5 1 .2 0

i .M?

2 .50 2 .60 2 .7 0
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Appendix V-9

1,0 1,2 1,4 1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0

Bulk Density
1,0 1,2 1,4 1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0

Bulk Density

'KW04

1,0 1,2 1,4 1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0 3,2 3,4

Bulk Density
1,8 2,0 2,2 

Bulk Density
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1,0 1,2 1,4 1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0

Bulk Density

1,0 1,2 1,4 1,6 1,8 2,0 2,2 2,4 2,6 2,8 3,0

Bulk Density
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Appendix V - 11

MUMM m onotorings point on theBCS

BC0322 1 1 5bis 3 cm  of very  fine sand; u n d ern eath  there is b lack m u ddy  sand

BC0322_130 Bucket w as com pletely full.
1 cm  m uddy  sand on  top  w ith  shells; 10 cm o f b lack  ra th e r soft m u;
1 cm  of m u d d y  sand; b lack m ore consolidated m ud  beneath  w ith  layer 
o f 'tu b es ' (2-3 m m  diam eter, 3 -4  cm  long) inside

BC0322_230 3 cm  of m u d  to  sandy m ud , living snail on  top; u nderneath : 10 cm  of 
fine sand w ith  shell fragm en ts and  shells; 10 cm  black m u ddy  sand 
w ith  shell fragm en ts and  shells, living ensys

BC0322_250 surface: 3 cm  fine sand; underneath : ab o u t 7 cm  sand w ith  shell 
fragm ents, low est 10-15 cm b lack reduced sand w ith  shell fragm ents 
and  shells. Lot of living ensys

B C 0322-330 30 cm  of m edium  sand w ith  lo t of shell fragm en ts and  som e shells, a 
th in  m u d  layer inside; u n d ern ea th  is gravel w ith  pebbles of 1-10 cm

BC0322_700 Surface: th in  layer o f g ra y  silt; u n d ern ea th  black com pact and 
consolidated m u d  w ith  th in  sandy  m u d  layers inside

BC0322_702 5 cm  soft silty  m u d  above fine sand and a t  the  b o tto m  o f the  bucket 
b lack sand

BC0322_MC5 Fine sand w ith  lo t o f shell fragm ents. On the  surface are ra th e r soft 
g ray  clay-pebbles o f 1-5 cm. In the  sand m a trix  som e black clay-lenses 
w ere found  (seperately sam pled)

250

51 .50

/  X

51 .40 r  / /

51 .30 130

51 .20

2.4 2.6 2.8 3.0 3.2 3.4
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Appendix V-12

13010-sept-03 I-1 L'bis

Bulk Density Bulk Density

•230 lO-sept-03

Bulk Density Bulk Density
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Bulk Density
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Bulk Density
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Bulk Density
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