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ABSTRACT I

Analyses o f the  records o f ships registers and  Electronic M onitoring Systems, o f the  trailer suction h opper dredgers, Hillii«» operating on the Belgian Continental Shelf, reveal that since the beginning of extraction in  1976, 75% of the total
extracted volume originates from  only one sandbank, the Kwinte Bank. At present, two morphologically-distinguished 
depressions are observed along the two most dredged areas of this sandbank: one in the central: and one in the 
n o rthern  part of the bank. In order to limit the impact of sand extraction on the bathymetry, the central depression 
of the Kwinte Bank was closed for exploitation, in February 2003.
An understanding of the m orphological evolution of this central depression is based upon  elata obtained: (a) from 
Novem ber 1999, until the closure for extraction in February 2003: and (b) on the subsequent post-clreclging evolution, 
until June  2005. D uring this 5-year period, a total of 17 surveys were carried out with a m ultibeam  echosouncler over 
the area of the central depression (KBMA) and over a reference zone on an adjacent non-exploitecl sandbank. 
The resulting time-series of bathymetrical digital terrain  models, together with backscatter strength maps, perm it a 
detailed comparison of the bathy-morphological and sedimentary evolution of both of the m onitored areas.
Since the com m encem ent of m ultibeam  m onitoring in 1999, an overall deepening (by 0.5m) of the entire KBMA 
m onitoring zone is observed, until the cessation of dredging, in  February 2003. Subsequently, the deepening slowed 
clown and the variation in sedim ent volumes became similar to that of the adjacent non-exploitecl sandbank. From 
this, m arine aggregate extraction appears to have only a local impact.

ADDITIONAL INDEX WORDS: North Sea; sandbank; dredging; multibeam echosounder; bathymetry; morphology; seabed 
imagety; monitoring; marine sand extraction; aggregate- extraction.

INTRODUCTION

N u m e ro u s  t id a l  s a n d b a n k s  c h a ra c te r is e  th e  se d im e n t d e ­
p o s its  o f th e  B e lg ian  C o n tin e n ta l  Shelf. F ro m  a n  econom ica l 
p e rsp ec tiv e , th e s e  s a n d b a n k s  r e p re s e n t  a n  im p o r ta n t  re so u rce  
of sa n d y  a g g re g a te s  (V a n  L a n c k e r  et al., t h i s  vo lum e). G rav e l 
occu rs  in  som e of th e  sw ales, b u t  i ts  e x p lo ita tio n  is  lim ited , 
d u e  to  th e  low in d u s t r ia l  q u a lity  of th e  g ra v e l d ep o sits .

W ith in  B elg ium , s a n d  e x p lo ita tio n  co m m en ced  in  1976, 
w ith  a n  a n n u a l  v o lu m e e x tra c te d  o f a ro u n d  2 9 ,0 0 0 m s. T h is  vo l­
u m e  in c re a s e d  to  2 2 0 ,0 0 0 m s in  1977; i t  h a s  in c re ased , s te a d ­
ily, to  re a c h  l,7 0 0 ,0 0 0 m s in  th e  m id d le  o f th e  1990’s. In  2001, 
p ro d u c tio n  ex ceed ed  l,9 0 0 ,0 0 0 m s (or n e a r ly  3 ,000 ,000  to n n es ,
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a t  a  m e a n  d e n s ity  of sa n d  of 1 .5 5 to n n e s/m s). S ince 2002, th e  
p ro d u c tio n  h a s  s ta b ilis e d  a t  a ro u n d  l,6 0 0 ,0 0 0 m s.

T h e  e x p lo ita tio n  of m a r in e  a g g re g a te s  (MA) on th e  B e lg ian  
C o n tin e n ta l  S h e lf  is  co nfined  to  th r e e  se a b e d  a re a s . T h ese  a r ­
e a s  w e re  d e fin ed  b y  th e  R oyal D ecree  of S e p te m b e r  1, 2004 
r e la te d  to  th e  re q u ire m e n ts , th e  g e o g rap h ica l d e lim ita tio n  
a n d  th e  a p p ro p ria tio n  p ro c e d u re s  for co n cessio n s for th e  ex ­
p lo ra tio n  a n d  e x p lo ita tio n  of m in e ra l  a n d  o th e r  n o n -liv in g  r e ­
so u rces  in  th e  te r r i to r ia l  sea  a n d  on  th e  c o n tin e n ta l  sh e lf  (see 
D e g r e n d e l e  et al., 2005; a n d  R a d z e v ic iu s  et al., t h i s  vo lum e).

E x tra c t io n  a c tiv it ie s  h a v e  b e e n  su b je c ted  to  a  m o n ito rin g  
p ro g ram m e , a lm o s t from  th e  co m m en cem en t o f e x p lo ita tio n  in  
1976. T h e  m o n ito r in g  u n d e r ta k e n  is  tw o-fold: (1) th e  a c tiv ity  
o f th e  e x tra c tio n  v e sse ls  is  fo llow ed (vo lum e d redged , loca tio n  
a n d  tim e), u s in g  e x tra c tio n  re g is te r s  and , s ince  1996, E le c ­
tro n ic  M o n ito rin g  S y s te m s  (EM S o r ‘b lack -b o x es’); a n d  (2) th e  
p h y s ic a l im p a c t o f th e  e x tra c tio n  on th e  e n v iro n m e n t (since 
1999, s tu d ie d  w ith  a  m u ltib e a m  ech o so u n d er).
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Figure 1. Superposition of extraction intensity  on a shaded relief map 
of the Kwinte Bank (number of dredging records, from 05/11/1996 to 
30/03/2005; each record represents 30s of operation of a trailer suction 
hopper dredger).

A ccord ing  to  th e  sh ip s  re g is te r s  d a ta b a s e  a n d  th e  E M S 
reco rds, th e  e x tra c tio n  is  c o n c e n tra te d  m a in ly  on one  p a r t ic u ­
la r  sa n d b a n k : 75% (11 ,620 ,OOOm3, of a  to ta l  of 15 ,5 7 0 ,0 0 0 m s, 
from  1997 u n t i l  2004) is  e x tra c te d  on th e  K w in te  B a n k . T he 
su p e rp o s itio n  of th e  d re d g in g  in te n s i ty  on  th e  g e n e ra l d ig ita l 
t e r r a in  m odel (DTM ) of th e  K w in te  B a n k  re v e a ls  th e  s p a t ia l  
co inc idence  b e tw e e n  a rea s , w h ich  a re  m o st d redged , to g e th e r  
w ith  tw o  m o rp h o lo g ica l d e p re ss io n s  in  th e  c e n tra l  a n d  n o r th ­
e rn  p a r ts  o f th is  s a n d b a n k  (F ig u re  1.).

A ccord ing  to  th e  F e d e ra l  L eg is la tio n , th e  e x tra c tio n  level 
is  l im ite d  to  a  m ax im u m  of 5m  below  th e  seabed , a s  de fin ed  
by  th e  m o st re c e n t  h y d ro g ra p h ic  c h a r t .  A s th e  h y d ro g ra p h ic  
c h a r ts  a re  u p d a te d  re g u la r ly  a n d  in c o rp o ra te  p o te n tia l  d e p re s ­
sions, th is  w o u ld  im p ly  t h a t  th e  l im it  o f 5m  is n e v e r  re ac h ed . 
H ow ever, w h e n  co m p a rin g  th e  o ld es t re lia b le  s in g le -b eam  
p ro file s  a n d  th e  re c e n t m u ltib e a m  d a ta , su ch  a d ifferen ce  h a s  
b e e n  o b se rv ed  a lo n g  th e  c e n tra l  d ep ress io n . T h ese  fin d in g s  led  
to  th e  c lo su re  of th is  zone, in  2003 (D e g r e n d e l e , R o c h e , a n d  
S c h o t t e , 2002).

T h e  K w in te  B a n k  c e n tra l  a re a  is  im p a c te d  u p o n  re g u la r ly  
by  t r a i l e r  h o p p e r  d red g ers , b u t  is  su b je c ted  a lso  to  th e  n a tu r a l  
d y n a m ic s  o f th e  sa n d b a n k . A s such, i t  is  a n  id e a l c ase  to  s tu d y  
th e  effect of M A e x tra c tio n  from  a t id a l  sa n d b a n k ; likew ise , to  
e v a lu a te  th e  p o te n tia l  o f r e s to ra t io n  of th e  sa n d b a n k , follow ­
in g  th e  c e s sa tio n  of M A e x tra c tio n . T h is  c o n tr ib u tio n  focuses 
u p o n  th e  b a th y -g eo m o rp h o lo g ica l a n d  se d im e n ta ry  ev o lu tio n  
of th e  sa n d b a n k , d u r in g  a n d  a f te r  se d im e n t e x tra c tio n  in  th e  
c e n tra l  d ep ress io n ; s im ila rly , th e  re la tio n s h ip  b e tw e e n  th is  
e v o lu tio n  a n d  th e  e x tra c tio n  ac tiv itie s .

ENVIRONMENTAL SETTING

T h e  K w in te  B a n k  is  p a r t  of th e  F le m ish  sa n d b a n k  sy s tem  
(F ig u re  2.), a  g roup  of Q u a te rn a ry  sa n d  bo d ies  d ep o sited  on 
T e r tia ry  (Y presian ) u n i ts  (m ain ly  clays) (L e  B o t  et al., 2005, 
for a n  overview ). T he sa n d b a n k , N E -SW  aligned , is  ab o u t 
15km  in  len g th , 10-20m  in  h e ig h t, a n d  1 to  2 k m  in  w id th  (i.e. 
ab o u t 400 M m 3 in  volum e); i t  show s a n  a sy m m e tr ic  profile, 
b e in g  s te e p e r  to w a rd s  th e  NW . W a te r  d e p th s  a re  a ro u n d  5 to 
2 5m  M LLW S (M ean  L ow est Low W a te r  a t  S pring). M ac ro tid a l 
(4-5m), se m i-d iu rn a l t id e s  c h a ra c te ris e  th e  a rea . T h e  t id a l  c u r­
r e n ts  ro ta te  counter-clockw ise , w ith  m ax im u m  c u r re n ts  (1 m /s) 
o b se rv ed  g en era lly  d u rin g  th e  flood, to w a rd s  th e  N E  (V a n  C a u - 
w e n b e r g h e , D e k k e r , a n d  S c h u u r m a n , 1993). W aves o f 0 .5 0 - lm  
in  h e ig h t (period  o f 3.5 — 4.5s) a re  m o st com m on; w av es of m ore 
th a n  3m  o rig in a te  from  th e  W  to  W N W  (M in is t e r ie  V a n  D e  
V l a a m se  G e m e e n s c h a p , 1993). L a rg e  to  v e ry -la rg e  d u n e s  (sensu  
A s h l e y , 1990; w ith  h e ig h ts  of re sp ec tiv e ly  > 0.75m  a n d  >5m) 
cover th e  s a n d b a n k  ex tensively . T h e  K w in te  B a n k  is  c h a ra c te r ­
ized  by  fine  to  m ed iu m -sized  san d . T h e  g ra in -s ize  co arsen s  from  
so u th  to  n o rth ; 180 to  240 pm  is  fo u n d  over th e  so u th e rn  p a r t, 
w h ils t c o a rse r  se d im e n t (of u p  to  ab o u t 400 pm ) c h a ra c te ris e s  
th e  m id d le  a n d  n o r th e rn  p a r t  (V e r f a il l ie , V a n  L a n c k e r , a n d  
V a n  M e ir v e n n e , 2006). T h e  specific m orpho log ical a n d  sed im en- 
to log ical c h a ra c te ris tic s  a re  d iscu ssed  in  B e l l e c  et al. ( th is  vo l­
um e); th e  h y d ro d y n am ics  a re  p a r tic u la r ly  d e a lt  w ith  in  G a r e l  
( th is  volum e) a n d  V a n  d e n  E y n d e  et al. ( th is  volum e).

METHODOLOGY  

Monitoring o f the Extraction Activities
T h e  a c tiv itie s  of th e  e x tra c tio n  v esse ls  a re  m o n ito red  u s in g  

tw o  ap p roaches: th e  reg is te rs ; and, since  1996, a n  E M S system . 
F o r  each  tr ip , a  re g is te r  is  co m p le ted  a n d  p ro v id es th e  g en era l 
loca tion  (w hich sa n d b a n k ) of th e  ex trac tio n , th e  d a te  a n d  th e  
vo lum e ex tra c te d . T h is  vo lum e is  o b ta in e d  b y  m u ltip ly in g  th e  
w e ig h t of th e  ag g reg a te  load, by  1 .5 5 tonnes/m 3, th e  av era g e  d e n ­
sity  of co m p acted  sand . B a se d  u p o n  th e s e  d a ta , th e  e x tra c tio n  
v o lu m es for each  sh ip  a n d  for each  s a n d b a n k  a re  ca lcu la ted . In  
add ition , th e  r a te  a t  w h ich  each  sh ip  dredges, to g e th e r  w ith  th e  
av erag e  d red g in g  sp eed  a re  ob ta in ed . B ecau se  of th e  ab sence  of 
a n y  d e ta ile d  p o sitio n s  in  th e  reg is te rs , on ly  th e  o v era ll q u a n ti­
t ie s  for th e  e n tire  sa n d b a n k s  can  be  e v a lu a te d . In  c o n tra s t, th e  
EM S reco rd s a ll re le v a n t  p a ra m e te rs  (e.g. sh ip  ID, t r ip  n u m b er, 
da te , tim e, G PS position), a t  a n  a cq u is itio n  r a te  o f 30sec, d u rin g  
th e  d red g in g  o p era tio n s . T h ese  d a ta  a re  collected, a n a ly se d  
a n d  s to re d  in  a  s ing le  G IS d a ta b ase . T he av erag e  d red g in g  
sp eed  of e ach  v esse l is  m u ltip lie d  by  th e  freq u en cy  (n u m b er of 
30sec records), to  o b ta in  th e  e x tra c te d  v o lu m es w ith in  specific 
tim e  in te rv a ls  a n d  for d e lim ited  a rea s; th e s e  can  be  show n  on 
m a p s  a n d  in  d a ta  T ables, in  a  GIS.

Multibeam Echosounder
W ith in  th e  fram e w o rk  of th e  M A  e x tra c tio n  ‘fo llow -up’, 

th e  F u n d  for S a n d  E x tra c tio n  a c q u ire d  a  K o n g sb erg  S im ra d  
E M 1002  m u lt ib e a m  ech o so u n d er. T h is  sy s te m  is  in s ta l le d  
a b o a rd  B V  B elg ica . T h e  sy s te m  h a s  111 b e a m s  of 2° (a th w a rt)  
X 3.3° (fo re-aft) w id th , w o rk in g  a t  a  n o m in a l freq u e n c y  of 
95kH z, w ith  a  p in g -ra te  o f a ro u n d  4 to  6H z. T h e  d a ta  a re  co r­
r e c te d  in  re a l- tim e , fo r ro ll a n d  h eav e , u s in g  a  S e a te x  MRLT5 
m o tio n  se n so r  and , fo r h e ad in g , u s in g  a n  A n sch ü tz  S ta n d a rd  
20 gyrocom pas. A  S erce l N R 103 (from  1999 u n t i l  J a n u a ry

5,688,000m

5,686,000m

5,684,000m

5,682,000m

5,680,000m

5,678,000m

474,000m 476,000m
5,676,000rrG

472,000m

4
UTM zone 31 

Datum WGS84

Dredging Intensity 
(# records)

Jou rnal o f  Coastal Research, Special Issue No. 51, 2010



European Marine Sand and Gravei Resources 79

5,688,000m
KBMB

5,686,000m

M id d e lk e rk e b a n k

5,684,000m ■ .¿sV

r KBMA

Nieuwpoort

470,000m 472,000m 474,000m 476,000m 478,000m 480,000m 482,000m 484,000m 486,000m

Figure 2. Location of the m onitoring areas, KBMA, KBMB and R2.
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2003) a n d  a T h a le s  A q u a r iu s  02 (since J a n u a r y  2003) a re  u se d  
a s  G P S p o s itio n in g  sy s tem s; th e s e  h a v e  a th e o re tic a l  p rec is io n  
o f <5 m  a n d  10m m , re sp ec tiv e ly . T h e  d a tu m  u s e d  is  W G S84.

T h e  d e p th  m e a s u re m e n t accu racy  of th e  E M 1002  is  u p  to  
10cm  RM S, o r 0.2%  of th e  d e p th  (K o n g s b e r g  S im r a d , 1999- 
2001), in  w a te r  d e p th s  o f le s s  t h a n  30m . A ccord ing  to  H a g a , 
P o h n e r  a n d  N il s e n  (2003), a n d  H a m m e r s t a d  (2001), th e  
E M 1002  is  c o m p lian t to  th e  IH O  S-44 s ta n d a rd .

T h e  so u n d in g s  h a v e  b e e n  tid a lly -c o rre c te d  u s in g  th e  M2 
t id a l  re d u c tio n  m e th o d  for th e  B e lg ian  c o a s ta l  zone (V a n  C a u - 
w e n b e r g h e , D e k k e r , a n d  S c h u u r m a n , 1993). T h e  w a te r  lev e l is 
m e a su re d  co n tin u o u s ly  a t  th r e e  re fe re n ce  s ta tio n s  (tid e  g a u g ­

es) a lo n g  th e  B e lg ia n  C oast. T h ese  v a lu e s  a re  u se d  to  c a lcu la te  
th e  w a te r  level, d u r in g  th e  m e a su re m e n ts . T h e  d e p th s  a re  co r­
re c te d  d u r in g  p o st-p ro c ess in g  a n d  re fe re n c e d  to  th e  leve l of 
m e a n  lo w est low w a te r , a t  sp r in g  t id e  (M LLW S). T h e  sw a th  
w id th  o f a  m u ltib e a m  sy s te m  a llow s ‘fu ll co v erag e’ d a ta  to  be  
o b ta in e d  from  th e  seafloor; from  th ese , to  c o n s tru c t h ig h ly  ac ­
c u ra te  t e r r a in  m odels. A  g lobal b a th y m e tr ic  e r ro r  (2o) of 0.35%  
of th e  d e p th  h a s  b e e n  e s tim a te d , on  th e  b a s is  o f th e  v a r ia n c e  
b e tw e e n  b a th y m e tr ic a l  d ig ita l  te r r a in  m o d els  o f 4 su ccessive  
su rv e y s  o f th e  sam e  a re a  w ith in  a  s in g le  t id a l  cycle (F u n d  for 
S a n d  E x tra c tio n , u n p u b lis h e d  re su lts ) .  T h is  g lobal e r ro r  on 
th e  f in a l p ro d u c t, th e  te r r a in  m odel, is  th e  c o m b in a tio n  o f th e  
in d e p e n d e n t  e r ro rs  o f th e  E M 1002  m u ltib e a m  ech o so u n d er, 
th e  a u x il ia ry  sen so rs , th e  d ra u g h t  a n d  th e  t id e  co rrec tio n .

T he b a c k s c a tte re d  aco u stic  s ig n a l w as p ro cessed  u s in g  P o se i­
don (K o n g s b e r g  S im r a d , 1999-2001) for se a b ed  im ag e  m osaic ing. 
T h is  invo lves m erg in g  of d a ta  from  o v e rlap p in g  su rv ey  lines, 
ap p ly in g  sy s te m a tic  co rrec tio n s w hich  a re  req u ired , f ilte r in g  
a n d  in te rp o la tio n . P oseidon  n o rm a lise s  th e  b a c k s c a tte r  u s in g  
L a m b e r ts  L aw . T h is  is  a n  op tic  ap p ro x im atio n , a n d  does th e r e ­
fore n o t ta k e  in to  accoun t vo lum e sc a tte r in g  o r a tte n u a tio n . 
S ince m u ltib ea m  ech o so u n d ers  receive  m ost o f th e  d a ta  in  th e  
d o m ain  w h e re  b o th  vo lum e a n d  su rface  s c a tte r in g  co n trib u te  
to  th e  ov era ll s c a tte r in g  s tre n g th ; L a m b e r ts  L aw  can  b e  u se d  
on ly  a s  a n  ap p ro x im atio n  w h e re  sc a tte r in g  is cau sed  by  su rface  
sc a tte r  (i.e. h a rd e r  sed im en ts) (H u g h e s  C l a r k e , D a n f o r t h , a n d  
V a l e n t in e , 1997). In  o rd e r to  e lim in a te  th e  in flu en ce  o f b ed fo rm  
m orphology, w h en  co m p arin g  re s u lts  from  successive  su rveys, 
th e  m e a n  b a c k s c a tte r  s tre n g th  over la rg e  a re a s  is  calcu la ted . 
T h e  re so lu tio n  of th e  m e a su re d  b a c k s c a tte r  s tre n g th  va lues, 
d u e  to  th e  v a r ia tio n  in  t ra n s d u c e r  sen s itiv itie s , is  e s tim a te d  to  
b e  ty p ica lly  ± ld B  (H a m m e r sta d , 1994 a n d  H a m m e r s t a d , 2000).

Monitoring o f  the Bathymetry and Nature o f  the 
Seabed

T h ree  sm a ll  zones ( to ta l su rfa ce  a re a  a ro u n d  1km 2) a re  s u r ­
v ey ed  se v e ra l t im e s  a  y ea r: th e  c e n tra l  (KBM A) a n d  n o r th e rn

Table 1. Overview of the surveys on the KBM A and R 2 monitoring areas.

S urvey M onth  Y ear KBMA R2 M onth In te rv a l m o n th s

9925 November 1999 16/11/1999 18/11/1999 0

0023 September 2000 28-29/09/2000 29/09/2000 10 10

0104 February 2001 21/02/2001 22/02/2001 15 5

0131 November 2001 27/11/2001 30/11/2001 24 9

0203 February 2002 12-13/02/2002 13/02/2003 27 3

0219 September 2002 04-05/09/2002 06/09/2002 34 7

0229 December 2002 12/12/2002 12/12/2002 37 3

0306 March 2003 03-04/03/2003 04/03/2003 40 3

0315 June 2003 10-11/06/2003 11/06/2003 43 3

0324 October 2003 01-02/10/2003 02-03/10/2003 47 4

0406 March 2004 18-19/03/2004 19-22/03/2004 52 5

0415 July 2004 09/07/2004 08-09/07/2004 56 4

0420 September 2004 15-16/09/2004 16-17/09/2004 58 2

0423 October 2004 12/10/2004 59 1

0429 December 2004 07/12/2004 07/12/2004 61 2

0504 March 2005 08-09/03/2005 09/03/2005 64 3

0514 June 2005 15-16/06/2005 14-15/06/2005 67 3
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Figure 3. Detail of the m onitoring area KBMA, with delineation 
of the central depression and the location of the single-beam tracks 
(rG21, rG21.5 andrG 22).

p a r ts  (KBM B) of th e  K w in te  B an k ; a n d  a re fe re n ce  a rea , o u t­
sid e  th e  e x tra c tio n  zone (F ig u re  2.). T h e  l a t t e r  a rea , de fin ed  
a s  R2 (F le m ish  A u th o ritie s , M a r itim e  S erv ices, V a n  C a u w e n - 
b e r g h e , 1996), is  s i tu a te d  on  th e  n o r th e rn  p a r t  of th e  M id- 
d e lk e rk e  B an k ; i t  is  a  s a n d b a n k  w ith  a  s im ila r  m o rp h o lo g y  a s 
th e  K w in te  B an k . T h is  p a r t ic u la r  s a n d b a n k  is  n o t exp lo ited , 
p e rm it tin g  th e  s tu d y  of th e  b a th y -g eo m o rp h o lo g ica l e v o lu ­
tio n  of a  re la tiv e ly  n a tu r a l  e n v iro n m e n t. In  th is  p a p e r , on ly  
r e s u l ts  from  th e  K B M A  a n d  th e  R2 m o n ito r in g  zones w ill be  
p re se n te d .

F ro m  N o v em b er 1999 u n t i l  J u n e  2005, a  to ta l  o f 17 m u lt i ­
b e a m  su rv e y s  w ere  c a r r ie d  o u t on th e  K B M A  m o n ito r in g  a re a  
a n d  15 su rv e y s  on th e  R2 m o n ito r in g  a re a  (T ab le  1). B o th  a r ­
e a s  w ere  su rv e y e d  w ith in  th e  sam e  w eek . T h e  a p p lic a tio n  of a 
s ta n d a rd is e d  o p e ra tin g  a n d  p ro c ess in g  p ro ced u re , for a ll s u r ­
veys, a llow s co m p ariso n  of th e  b a th y m e tr ic a l  a n d  b a c k s c a tte r  
s t r e n g th  m odels.

F o r  e ach  su rvey , a  h ig h  re so lu tio n  D T M  of l x l m  is  com ­
p u ted , u s in g  a n  in v e rse  d is ta n c e  in te rp o la t io n  a lg o rith m . 
C o m p ariso n  of th e  su ccess iv e  D T M ’s p e rm its  th e  e v a lu a tio n  
of th e  m o b ility  of th e  m o rp h o lo g ica l s t ru c tu re s  a n d  th e  b a th y ­
m e tr ic a l ev o lu tion . F ro m  c o m p ariso n  of som e c ro ss-sec tio n s 
from  eac h  DTM , th e  sh if ts  fro m  la rg e  to  v e ry -la rg e  d u n e s  can  
b e  q u a n tif ied . H is to g ra m s  a n d  s ta t is t ic a l  a n a ly se s  u n d e r ta k e n  
of th e  d e p th  v a lu es , o f e ac h  DTM , p ro v id e  a d d itio n a l in fo rm a ­
t io n  on th e  b a th y m e tr ic a l  ev o lu tio n . S im ila rly , th e  m a p p in g  
a n d  th e  s ta t is t ic a l  a n a ly s is  o f b a c k s c a tte r  s t re n g th , reco rd ed  
d u r in g  su ccess iv e  su rv ey s, a re  u se d  to  e v a lu a te  a n y  c h an g e s  
in  th e  se d im e n ta ry  n a tu r e  o f th e  seab ed . B a se d  u p o n  th e  m o r­
p hology  of th e  m o n ito r in g  a re a  KBM A, a  d is tin c tio n  w a s  m ad e  
w ith in  KBM A, b e tw e e n  th e  d e p re ss io n  sen su  str ic to  a n d  th e  
re m a in d e r  of th e  zone (F ig u re  3.).
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Figure 4. Extracted sediment volume inside the KBMA m onitoring area 
an d in the depression. In February 2003, the depression was closed for 
extraction; any values after this date are due to the infringem ents of 
some vessels.

U n ti l  1999, th e  m o rp h o lo g y  a n d  to p o g ra p h y  of th e  s a n d ­
b a n k s  w ere  m o n ito re d  u s in g  a  s in g le -b e am  ech o so u n d er, a long  
t r a c k  lin e s  p e rp e n d ic u la r  to  th e  b a n k  (F ig u re  3.). A t t h a t  tim e, 
th e  e v a lu a tio n  of th e  b a th y m e tr ic a l  c h an g e s  w a s  r e s t r ic te d  to  
in d iv id u a l p ro file s  a n d  w a s  l im ite d  b y  th e  n e e d  of a c c u ra te  
n a v ig a tio n , to  p e rm it  co m p ariso n  b e tw e e n  su ccess iv e  re c o rd ­
ings. S u ch  p ro file s  w ere  su rv e y e d  u p  to  4 t im e s  a  y e a r  a n d  
th e i r  e v o lu tio n  w a s  s tu d ie d  by  c a lc u la tin g  a n d  co m p a rin g  
th e  s a n d b a n k  vo lum e, b e n e a th  e ach  p ro file  (D e  M o o r , 1985; 
D e  M o o r c í al., 1994; a n d  V e r n e m m e n  a n d  D e g r e n d e l e , 2002). 
S ince  1992, th e  p ro file s  w e re  re co rd e d  d ig ita lly  a n d  co rre c te d  
in  re a l- tim e  for th e  h e a v e  of th e  sh ip , w ith  a  d e p th  accu racy  of 
12cm  (V a n d e w ie l e , 2000; a n d  H a r t s u ik e r , 1992 In : V e r n e m m e n  
a n d  D e g r e n d e l e , 2002). T h e  accu racy  of th e  p o sitio n  fix ing  w as  
co m p a rab le  to  th e  p re s e n t  G P S s ta n d a r d s  (V a n z ie l e g h e m , 1998 
a n d  V e r n e m m e n  a n d  D e g r e n d e l e , 2002). In  th e  p re s e n t  s tudy , 
th e  e v o lu tio n  of th e  b a th y m e try  a lo n g  a re fe re n ce  line , c ro ss ­
in g  th e  c e n tra l  d e p re ss io n  ( rG 2 1, F ig u re  3.), is  in v e s tig a te d  for 
th e  p e r io d  1992-1998. F o r  e ac h  of th e  p rofiles, th e  d e p th  v a lu e s  
a re  c o m p a red  to  th e  co rre sp o n d in g  d e p th s , e x tra c te d  from  th e  
m u ltib e a m  m odel of th e  K w in te  B a n k . A s th e  e x ac t p o sitio n  
of th e  so u n d in g s  is  re sp ec ted , e rro rs , b a s e d  on th e  n a v ig a tio n  
d e v ia tio n  d u r in g  th e  reco rd in g s, a re  e lim in a ted .

RESULTS 

Extraction Activity
B a se d  u p o n  E M S d a ta  from  N o v em b er 1999, a n  a v e ra g e  

M A  e x tra c tio n  r a te  o f 0 .6 4 m 3/m 2 (8 2 5 .103m 3/1 2 9 0 .1 0 3m 2) can  
b e  c a lc u la te d  for th e  K B M A  m o n ito r in g  zone (F ig u re  4.). In  th e  
d ep ress io n , th is  r a te  in c re a s e s  to  1 .08m 3/m 2 (394 .103m 3 (48 % 
o f KBM A) fo r a  su rfa ce  a re a  of on ly  3 66 .103m 2 (i.e. 28 % of 
th e  to ta l  su rface); fo r th e  re m a in d e r  o f KBM A, 0 .4 7 m 3/m 2 is  
derived .

Bathymetrical Evolution
B a se d  u p o n  th e  b a th y m e tr ic a l  e v o lu tio n  in  th e  d e p ress io n  

(p e rio d  1992 u n t i l  1999), a  g ra d u a l  d e ep e n in g  is  o b se rv ed  (F ig ­
u re  5.). In  1992, th e  d e p re ss io n  is  b a re ly  v is ib le  a n d  e x is ts  on ly  
a s  a  t ro u g h  b e tw e e n  th e  la rg e r  b ed fo rm s. In  1995, th e  tro u g h  
b e ca m e  b ro a d e r  and , by  1998, i t  evo lved  in to  a  sm a ll  d ep res-
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Figure 5. Comparison of single-beam profiles along reference line rG21 
across the  KBMA monitoring area against the m ultibeam  data of 
December 1999 (depths referenced to MLLWS).
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Figure 7. Evolution of the mean depth in the KBMA m onitoring area 
and within its depression.

sion. O n ly  sm a ll  ch an g es, d u e  p ro b a b ly  to  b ed fo rm  m ovem en t, 
a re  o b se rv ed  o u ts id e  th is  d ep ress io n .

T h e  b a th y m e tr ic a l  e v o lu tio n  from  1999 u n t i l  2005  show s a n  
o v e ra ll d e ep e n in g  of th e  e n tire  KBM A, w ith  a  d e p th  in c re a se  of 
0 .5m  b e tw e e n  N o v e m b er 1999 a n d  M a rch  2003 (F ig u re  6.).

F ig u r e  7 sh o w s th e  o v e ra l l  in c re a s e  in  m e a n  d e p th . A f te r  
t h e  c lo su re  o f th e  s i te  fo r f u r th e r  d re d g in g , th e  m e a n  d e p th

Figure 6. Successive terrain  models of the KBMA m onitoring area 
(depth in negative values and referenced to MLLWS). Notice the 
trailer-dredged furrow m arks within the depression, in November 
1999 and March 2003.
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Figure 8. Depth evolution of the m onitoring areas KBMA and R2, the 
evolution of the extracted thickness on KBMA and the depth evolution 
of KBMA, together with the extracted thickness.

v a r ia t io n  b e co m es  r e la t iv e ly  s ta b le .  F o r  t h e  c e n t r a l  d e p r e s ­
sion , th e  d e e p e n in g  is  m o re  p ro n o u n c e d  (0 .9m ), t h a n  fo r th e  
K B M A  m o n ito r in g  a re a .  T h e  e v o lu tio n  of b o th  th e  K B M A  
a n d  R 2 m o n ito r in g  a r e a s  is  sh o w n  in  F ig u re  8 a n d  l is te d  in  
T a b le  2.

S im ila r  t r e n d s  a re  o b served , b u t  th e  e ro sio n  is  h ig h e r  for 
KBM A, a t  le a s t  u n t i l  F e b ru a ry  2003. A fte r  th e  c e ssa tio n  of 
d red g in g , th e r e  is  s t i ll  a  d e ep e n in g  o f th e  d e p re ss io n  (0 .12m  
from  M a rch  2003, u n t i l  J u n e  2005); in  th e  sam e  p eriod , a  s im i­
la r  d e ep e n in g  is  o b se rv ed  o ver th e  R2 (0.1 lm ) a n d  K B M B  m o n ­
ito r in g  a re a s  (0 .10m) (for loca tions, see  F ig u re  2.). T h e  d re d g ed  
v o lu m es in  K B M A  c an  b e  c o n v e rted  in to  a  d re d g ed  v o lu m e p e r  
su rfa ce  u n it,  o r  th ic k n e s s  o f th e  e x tra c te d  v o lu m e (T ab le  2.). 
A d d in g  th e s e  v a lu e s  to  th e  d e p th  d ifferences, p ro v id es  th e  evo­
lu tio n  of KBM A, w ith o u t th e  e x tra c te d  q u a n ti t ie s . C o m p ared

Mean depth = 14.03m

June 2005 (0514)

Mean depth = 13.30m

Mean depth = 13.91m 
Closure for extraction

November 1999 (9925)
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Table 2. Bathymetric and extraction evolution over the KBM A and R 2 monitoring areas . Depths given relate to MLLWS.

KBMA R2
SURVEY

ID m ean
d e p th

(m)

d e p th
d ifferen ce

(m)

ex tra c te d
volum e

(m3)

T h ick n ess o f d e p th  d ifferen ce  
e x tra c tio n  + th ic k n e ss  

(m) e x tra c tio n  (m)

m ean
d e p th

(m)

d e p th
d iffe ren ce

(m)
9925 -13.30 -10.88
0023 -13.59 -0.28 228640 0.18 -0.11 -11.18 -0.30
0104 -13.45 0.14 78085 0.06 0.20 -10.97 0.21
0131 -13.53 -0.09 236126 0.18 0.10 -10.86 0.11
0203 -13.59 -0.06 59093 0.05 -0.01 -10.92 -0.06
0219 -13.64 -0.05 124389 0.10 0.05 -10.90 0.02
0229 -13.86 -0.22 82168 0.06 -0.15 -10.99 -0.09
0306 -13.91 -0.05 10533 0.01 -0.04 -11.09 -0.10
0315 -13.82 0.09 5838 0.00 0.10 -11.00 0.09
0324 -13.94 -0.12 0 0 -0.12 -11.19 -0.19
0406 -13.96 -0.02 0 0 -0.02 -11.19 0.00
0415 -13.90 0.05 0 0 0.05 -11.08 0.11
0420 -13.98 -0.08 0 0 -0.08 -11.10 -0.02
0429 -13.88 0.11 0 0 0.11 -11.09 0.01
0504 -13.99 -0.11 0 0 -0.11 -11.14 -0.05
0514 -14.03 -0.04 0 0 -0.04 -11.20 -0.06

to  th e  “n a tu r a l ” e v o lu tio n  of R2, th e  d ifferences, o b se rv ed  b e ­
fore F e b ru a ry  2003, a re  now  re d u c e d  (T ab le  2. a n d  F ig u re  8.).

T h e  l in e a r  c o rre la tio n  coefficient b e tw e e n  th e  ‘c o rre c t­
e d ’ K B M A  a n d  R2 v a lu e s  (F ig u re  9.) is  h ig h ly  s ig n ifican t 
(R=0.83). H ence , b y  c o rre c tin g  th e  b a th y m e tr ic  evo lu tion , w ith  
th e  e x tra c te d  s e d im e n t vo lum e, a  close to  n a tu r a l  ev o lu tio n  
is  o b ta in ed . T h is  re su lt,  to g e th e r  w ith  th e  l im ite d  d ec rease  
in  d ep th , s ince  th e  c losu re, su g g e s ts  t h a t  th e  e x tra c tio n  is 
th e  m a in  c au se  of th e  d e ep e n in g  of th e  d ep ress io n . Also, th e  
t im e -se rie s  do n o t in d ic a te  a  f u r th e r  c u m u la tiv e  effect on th e  
b a th y m e try , a f te r  th e  c lo su re  o f th e  d ep ress io n .

T h e  d ifferen ce  in  e v o lu tio n  in s id e  K B M A  w a s  s tu d ie d  in  
m o re  d e ta il: c learly , m o re  e ro sio n  is  o b se rv ed  w ith in  th e  d e ­
p re ss io n , t h a n  o u ts id e  o f i t  (F ig u re  10.). A fte r  c o rrec tio n  of 
th e  e x tra c te d  se d im e n t v o lu m es in s id e  b o th  a re a s , th e  d e p th  
d iffe ren ces b e ca m e  (once ag a in ) v e ry  s im ila r . A p p a ren tly , th e  
h ig h e r  e x tra c tio n  in  th e  d e p re ss io n  h a s  h a d  no  a d d itio n a l e f­
fect on  th e  su rro u n d in g  a rea , w h e re  th e  e x tra c tio n  is  le s s  im -
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Figure 9. Scatter plot of the depth difference between successive surveys 
of the m onitoring areas KBMA (corrected for extracted volume) and 
R2. The linear correlation coefficient (r) =0.83 is highly significant.

p o r ta n t .  T h is  o b se rv a tio n  su g g e s ts  a  r a th e r  lo ca lised  im p a c t of 
th e  e x tra c tio n  ac tiv itie s .

Morphological Evolution
T h e  h e ig h ts  of th e  la rg e  to  v e ry -la rg e  d u n e s  a re  c o n s is t­

e n tly  sm a lle r  in  th e  d ep ress io n ; th e y  d e c re a se d  slow ly  w h ils t 
e x tra c tio n  to o k  p lace  (C ro ss-S ectio n  2, F ig u re  11.). W ith in  
th e  d ep ress io n , th e  d u n e s  a re  c le a rly  a sy m m e tr ic  to w a rd s  th e  
N E  a n d  h a v e  a m ig ra tio n  r a te  of 2 0 m /y ea r. To th e  w e s t o f th e  
d ep ress io n , th e  d u n e s  m ove in  th e  sa m e  d irec tio n , a t  a  r a te  
o f 10m /year; to  th e  e a s t  o f th e  d ep ress io n , th e  d u n e s  becom e 
m o re  sy m m e tr ic a l a n d  th e  m ig ra tio n  r a te  re d u c e s  to  5 m /y ea r 
(C ro ss -S ectio n s 1 a n d  3, F ig u re  11.). In  th e  d ep ress io n , m e ­
d iu m  d u n e s  a re  o b se rv ed  a s  b e in g  a b u n d a n t;  to g e th e r  w ith  
th e  h ig h e r  m ig ra tio n  r a te  of th e  la rg e r  bed fo rm s, th is  re flec ts  
th e  s tro n g e r  d y n a m ic  c h a ra c te r  o f th e  c e n tr a l  p a r t  of KBM A, 
co m p a red  to  th e  p e r ip h e ra l  a re a . A fte r  th e  c losu re, th e  m ig ra ­
tio n  r a te  d id  n o t ch ange , how ever, th e  slow  d e c re a se  in  th e  
d u n e  h e ig h ts , in  th e  d e p re ss io n  ceased . D re d g in g  fu rro w s  a re  
observed , w ith  th e i r  d e p th s  v a ry in g  from  10 to  50cm  (F ig u re  
6 . ).

Evolution o f the nature o f the seabed
T h e  n a tu r e  o f th e  se a b e d  is  d e r iv e d  in d ire c t ly  fro m  s p a ­

t i a l  v a r ia b il i ty  in  b a c k s c a tte r  s t r e n g th  v a lu e s . O n  th is  b a -

Figure 10. Depth evolution of the depression and its surroundings; the 
depth evolution plus the extracted thickness is in cheated also.

-Outside depression + entrad i
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Figure 11. Evolution of bedform position across the KBMA monitoring area. Locations of Cross-Sections shown on the inset. The identification of 
the different surveys is given.
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sis, the surficial sediments in the depression appear to differ 
clearly from those outside of the depression (Figure 12.). The 
central depression has a mean backscatter strength value of 
-24dB, which, compared to data presented in the literature, 
corresponds to medium- to coarse-grained sand (De M o u s t i -  
e r ,  2001). The mean backscatter strength values, along the 
eastern side of the KBMA area, extends up to -27dB, sug­
gesting the dominance of very-fine sand. To the west, more 
intermediate backscatter strength values are observed; these 
correspond with medium to coarse sand, as validated by the 
grab samples obtained (see B e l l e c  et al., this volume). The 
backscatter strength values are fairly stable and do not show 
a clear evolution, before or after the cessation of dredging 
(Figure 13.). Similar results are obtained for the R2 monitor­
ing area.

DISCUSSION  

Local versus regional impact o f  MA extraction
The spatial relationship between the extraction intensity 

data and the depression, along the crest of the Kwinte Bank, 
suggests a local impact of the MA extraction. This conclusion 
is consistent with the findings of B r i è r e  et ai.: G a r e l ,  and V a n  
d e n  E y n d e  et al. (this volume), based, respectively, on hydro­
dynamic measurements, numerical model output and stability 
analyses. In the short-term, these results show reveal erosion- 
al behaviour of the depression; in the long-term, regeneration 
of the sediment volumes is predicted. This interpretation con­
trasts to the findings of D e  M o o r  et al, (1994) and N o r r o  et 
al, (2006), studying the sediment volume changes along fixed

-50dB -40dB -30dB -20dB -10dB

Figure 12. Backscatter strength image of the KBMA monitoring area 
(September 2002).
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Figure 13. Box plot of the backscatter strength values derived from 
DTMs from successive surveys (x-axis. aiso Table 2.) undertaken on 
the KBMA m onitoring area (the values are in dB; the central line is 
the mechan; the box represent the interquartile  25 % and 75 %; the 
'whiskers' show the range of values, falling within the quartiles ± 1.5 
interquartile; outside values are not represented).

tra c k lin e s  co v erin g  e n tire  s a n d b a n k  a re a s  (see V a n  L a n c k e r  
et al. ( th is  volum e), fo r a n  o v e ra ll d iscussion ). O n  th e  b a s is  
o f s in g le -b e am  d a ta  o b ta in e d  d u r in g  th e  p e r io d  1987-2000, 
N o r r o  et al. (2006) ca lcu la te d , fo r th e  K w in te  B an k , a  s t a t i s t i ­
cally  s ig n ifican t, a n n u a l  dec lin e  o f +/- 1.5%, w h ich  q u e s tio n e d  
th e  lo n g -te rm  s u s ta in a b il i ty  o f th e  M A  e x tra c tio n . H ow ever, 
i t  m u s t  b e  h ig h lig h te d  th a t  on ly  l im ite d  k n o w led g e  is  a v a il­
ab le  on  th e  n a tu r a l  e v o lu tio n  o f th e  seab ed , w h ils t  th e  b a la n c e  
a g a in s t  th e  a n th ro p o g e n ic a lly - in d u ce d  d y n a m ic s  is  n o t  c le a r  — 
h e re  a n d  e lsew h ere . F u r th e rm o re , th e  E M S re co rd s  o b ta in ed , 
w ith in  th e  K B M A  m o n ito r in g  a rea , r e p re s e n t  o n ly  18% of th e  
to ta l  n u m b e r  o f re co rd s  on th e  K w in te  B a n k  o b ta in e d  d u r ­
in g  th e  p e r io d  N o v em b er 1996 to  M a rch  2005; a s  such, on ly  a 
lim ite d  p a r t  o f th e  e x tra c tio n  a c tiv it ie s  a re  c o n s id e re d  in  th is  
s tu d y . F u tu r e  r e se a rc h  sh o u ld  focus b o th  u p o n  a d e ta iled , as 
w ell a s  on  a  reg io n a l, a p p ro ac h  to  c la rify  th e  re a l  im p a c t of 
M A ex tra c tio n .

Natural Evolution
W h en  th e  se d im e n t v o lu m e  v a r ia t io n  is  co n sid e re d , w i th ­

o u t th e  e x tra c t io n - in d u c e d  c h an g e s , th e r e  is  a n  o v e ra ll  s im i­
la r i ty  b e tw e e n  th e  K B M A  a n d  R2 m o n ito r in g  a r e a s  (i.e. a 
s l ig h t  d e c re a se  o f +/- 0 .0 5 m 3/m 2/y ea r). O n  th e  b a s is  o f th is  
o b se rv a tio n , a  s im p le  m o d e l fo r th e  s e d im e n ta ry  b a la n c e  i n ­
s id e  th e  K B M A  a re a  w a s  su g g e s te d ; w ith  th e  to ta l  s e d im e n t 
v o lu m e  v a r ia t io n  b e in g  th e  su m  of th e  n a tu r a l  co m p o n e n t 
a n d  th e  a m o u n t o f s e d im e n ts  e x tra c te d .  H ow ever, i t  m ig h t  be  
q u e s t io n e d  w h e th e r  th e  R2 a re a , lo c a te d  on th e  M id d e lk e rk e  
B an k , is  r e p re s e n ta t iv e  o f ‘n a tu r a l ’ re g io n a l s e d im e n ta ry  
c o n d itio n s , u n a f fe c te d  b y  th e  n e a rb y  in te n s iv e  e x tra c t io n  on 
th e  K w in te  B a n k . In d e ed , th e  v o lu m e  d iffe re n ce s  p e r  su rfa c e  
u n it,  fo r b o th  th e  K B M A  a n d  R2 a re a s , f lu c tu a te  c o n s id e ra b ly  
d u r in g  th e  e x tra c t io n  p e rio d : fo r b o th  a re a s , th e  d iffe ren ces  
s ta b il is e  a f te r  c e s sa t io n  o f th e  d re d g in g . L ik e w ise  fo r th e  R2 
a re a , th e  r e s u l ts  show  v e ry  h ig h  v a r ia b il i ty , o f 0 .3 m /y ea r, b e ­
tw e e n  th e  tw o  f i r s t  su rv e y s  (N o v em b er 1999 a n d  S e p te m b e r

2000) (T ab le  2.). A n a ly s is  o f c o in c id en t h y d ro -m e teo ro lo g ica l 
d a ta s e ts  co u ld  n o t  e x p la in  th is  v a r ia n c e . T h is  s tu d y  h a s  p r o ­
p o se d  a n  a v e ra g e  se d im e n t v o lu m e  v a r ia t io n  of 0 .0 5 m s/m 2/ 
y e a r ; t h is  w o u ld  b e  th e  r e s u l t  o f o n ly  n a tu r a l ly - d r iv e n  p ro c ­
e sse s . O n  th e  B e lg ia n  C o n t in e n ta l  Shelf, o n ly  l im ite d  s tu d ­
ie s  a re  a v a ila b le  to  v a l id a te  th e s e  f in d in g s : t r e n d  a n a ly se s  
u n d e r ta k e n  a re  b a s e d  u p o n  th e  c o m p a riso n  of w id e ly -sp ac ed  
s in g le -b e a m  p ro file s , fro m  w h ich  th e  r e s u l ts  a re  d ifficu lt to  
c o m p a re  to  th o se  b a s e d  u p o n  m u lt ib e a m  e c h o so u n d e r  d a ta , 
c o v erin g  th e  fu ll e x te n t  o f a n  a re a . M ore  d e ta i le d  in fo rm a tio n  
is  a v a ila b le  (e.g. H o u t h u y s , T r e n t e s a u x , a n d  D e  W o l f  , 1994), 
b u t  th e  te m p o ra l  s p re a d  of th e  su rv e y s  is  m u c h  too  b ro a d  
(once o r tw ice  a  y ear), in h ib i t in g  th e  s tu d y  of th e  n a tu r a l  
e v o lu tio n  of a  s a n d b a n k  a re a . H o w ev er, c lo se r to  th e  coast, 
a  sm a ll  s a n d b a n k  a r e a  h a s  b e e n  m o n ito re d  in te n s iv e ly  (V a n  
L a n c k e r , 1999). F ro m  12 D T M ’s, b a s e d  u p o n  c lo se ly -sp aced  
s in g le -b e a m  m e a s u re m e n ts  (1996-1998), a  m e a n  s e d im e n t 
v o lu m e  v a r ia t io n  of 0 .0 5 m s/m 2 w a s  d ed u ced , w ith  a  m a x im u m  
of +/- 0 .1 m 3/n r ,  T h ese  v a lu e s  a re  c o m p a ra b le  to  th e  ev o lu tio n  
o b se rv e d  on th e  R2 m o n ito r in g  a re a  lo c a te d  on  th e  n o r th e r n  
p a r t  o f th e  M id d e lk e rk e  B a n k . In  th e  sa m e  in v e s tig a tio n , s e d ­
im e n t  v o lu m e  c h a n g e s  w e re  s tu d ie d  o v er th e  s o u th e rn  p a r t  of 
th e  M id d e lk e rk e  B an k ; th e s e  w e re  s u b tle  a n d  v a r ie d  a ro u n d  
zero . V in c e n t , S t o l k , a n d  P o r t e r  (1998) h a v e  sh o w n  p re v i­
o u sly  a d iffe ren ce  in  se d im e n t t r a n s p o r t  a lo n g  th e  s o u th e rn  
a n d  c e n tr a l  p a r t  o f th e  N W  f la n k  of th e  M id d e lk e rk e  B an k . 
O v e r a  4 9 -d a y  p e rio d , th e  se d im e n t flu x  w a s  d iffe re n t over 
b o th  a re a s , w ith  v a lu e s  o f 0 .05  a n d  0 .9 to n n e s /m /d a y  (a t 
0 -0 .3m  ab ove  th e  bed), re sp ec tiv e ly . S im ila rly , th e  a n a ly se s  
of D e  M o o r  et al. (1994) h a v e  id e n tif ie d  a h ig h e r  s e d im e n t 
flux, to  th e  n o r th  o f th e  F le m ish  B a n k s .

Morphological Changes
B a se d  u p o n  su ccess iv e  D T M ’s (F ig u re  6.), c ro ss - lin e s  (F ig ­

u r e  11.) a n d  b a c k s c a tte r  s t r e n g th  im a g e s  (F ig u re  12.), th e  
e v o lu tio n  o f d u n e s  a n d  d re d g in g  fu rro w s  w a s  in v e s tig a te d . 
T h e  d a ta  show  th e  im p a c t  o f th e  e x tra c t io n  a c tiv it ie s , on 
th e  h e ig h t  o f th e  la rg e  d u n e s  in s id e  th e  d e p re ss io n ; o u ts id e  
of it, th e  h e ig h t  d iffe re n ce s  a re  m u c h  less . F o llo w in g  c e s sa ­
t io n  of th e  d re d g in g , th e  d e c re a se  in  d u n e  h e ig h t  ceased : tw o  
y e a r s  a f te rw a rd s ,  th e  h e ig h t  o f th e s e  d u n e s  w a s  s ta b le  a n d  
no  t r e n d  of r e s to r a t io n  o f th e  d u n e  h e ig h t, in  th e  d e p re ss io n , 
w a s  o b se rv ed . T h e  m ig ra t io n  r a te  o f th e  d u n e s  in  th e  K B M A  
a n d  R2 a r e a s  a g re e  w e ll w ith  v a lu e s  r e p o r te d  p re v io u s ly  for 
th e  K w in te  B a n k  a n d  th e  M id d e lk e rk e  B a n k ; in  th e  sh o r t-  to  
m e d iu m -te rm , t h is  is  d e p e n d e n t  u p o n  th e  d o m in a n t  t id a l  c u r ­
r e n ts  a n d  m e te o ro lo g ica l e v e n ts  (e.g. D e g r e n d e l e , R o c h e , a n d  
S c h o t t e  , 2004; H o u t h u y s , T r e n t e s a u x , a n d  D e  W o l f , 1994; 
L a n c k n e u s  a n d  D e  M o o r , 1994;, andLANCKNEUS et a l., 1992,
2001). H ow ever, th e  h ig h e r  m ig ra t io n  r a te s  o f th e  d u n e s  in  
th e  c e n t r a l  d e p re ss io n  is  r e la te d  to  th e  h ig h e r  c u r re n t  sp e e d s  
in  th e  d e p re ss io n , d u e  to  c a n a lis a t io n  of th e  flood flow (G a r e l , 
t h i s  vo lum e).

T h e  lo n g ev ity  o f t r a i l e r  d re d g in g  m a rk s  in  th e  m e d iu m  
s a n d s  on  th e  K w in te  B a n k  h a s  b e e n  s tu d ie d . T h e  fu rro w s  on 
th e  b o rd e rs  o f th e  c e n t r a l  a n d  n o r th e r n  d e p re ss io n s , on  th e  
K w in te  B a n k , r e m a in  v is ib le  fo r a  m a x im u m  of 6 m o n th s ; 
t h i s  is  b a s e d  u p o n  th e  r e s u l ts  o f th e  b a th y m e tr ic  m o d e ls  a n d  
on th e  b a c k s c a t te r  s t r e n g th  im a g e s . W ith in  th e  c e n t r a l  d e ­
p re ss io n , th e  M A  e x tra c t io n  is  too  in te n s e  to  d e d u ce  a n y  life 
sp a n  of th e  fu rro w s . A  re d u c e d  sh ip  sp e e d  d u r in g  th e  M A  e x ­
t r a c t io n  e x p la in s , p ro b a b ly , th e  la rg e  v a r ia b il i ty  in  th e  d e p th  
of th e  fu rro w s  (10 to  50cm ). T h e  in fill o f th e  fu rro w s  co u ld
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r e s u l t  fro m  loca l s e d im e n ta t io n , c o m b in ed  w ith  (o r a c t iv a te d  
by) th e  M A  e x tra c t io n  itse lf . H ow ever, th e  t im e -sc a le s  o f r e ­
g e n e ra tio n  of th e  d re d g e  fu rro w s  w ill v a ry  a cc o rd in g  to  s u b ­
s t r a te ,  w a te r  d e p th , c u r r e n ts  a n d  w av e  c lim a te . H it c h c o c k , 
N e w e l l , a n d  S e id e r e r  (1998) r e p o r te d  on  th e  d is a p p e a ra n c e  
o f th e  d re d g e d  fu rro w s  on  s a n d b a n k s ,  o v e r 2-3 t id a l  cycles 
w h e re a s , in  a r e a s  w ith  low se d im e n t m o b ility , d re d g e  f u r ­
ro w s m a y  b e  v is ib le  fo r u p  to  a  d ecad e . In  th e  fin e  to  m e d iu m  
s a n d s  of th e  G ra a l-M ü ri tz  a re a  in  th e  B a lt ic  Sea, s im ila r  f u r ­
row s, in  8 - 10m  w a te r  d e p th s , re fil le d  ra p id ly  w ith in  m o n th s  
(M a n s o  et al., t h i s  v o lum e).

Sedimentary Stability
D e sp ite  sh o r t- te rm  h y d ro d y n a m ic  m e a su re m e n ts , in d ic a t­

in g  e ro s io n a l b e h a v io u r  in  th e  d e p re ss io n  (G a r e l , th is  volum e), 
e v o lu tio n  o f th e  b a c k s c a tte r  s t r e n g th  d id  n o t  show  a s ig n ifican t 
c h an g e  in  th e  in fe r re d  n a tu r e  o f th e  seab ed , b e fo re  o r  a f te r  
th e  c e s sa tio n  o f d red g in g . S im ila r  co n clu sio n s w e re  reach ed , 
b a s e d  u p o n  4 su ccess iv e  a n d  d e ta ile d  se d im e n t sa m p lin g  c a m ­
p a ig n s , in s id e  a n d  o u ts id e  o f th e  d e p re ss io n  (V a n a v e r b e k e  et 
al., 2007). E v e n  on a  lo n g er tim e-sca le , se v e ra l a u th o rs  h a v e  
co n firm ed  th e  g e n e ra l s ta b il i ty  o f th e  se d im e n t c h a ra c te r is tic s  
over th e  K w in te  B a n k  (D e  M o o r  et al., 1994; a n d  V e r n e m m e n  
a n d  D e g r e n d e l e , 2002).

CONCLUSIONS

T h e  b a th y m e tr ic a l,  m o rp h o lo g ica l a n d  se d im en to lo g ica l im ­
p a c t  o f m a r in e  a g g re g a te  e x tra c tio n  on a t id a l  s a n d b a n k  h a s  
b e e n  e v a lu a te d , b a s e d  u p o n  th e  r e s u l ts  o f a n  in te n s iv e  a n d  
d e ta i le d  m o n ito r in g  p ro g ram m e . O v e r th e  p e r io d  1976 to  1999, 
th e  m o n ito r in g  w as  b a s e d  u p o n  a follow -up of s in g le -b e am  p ro ­
files, t h a t  w e re  w id e ly -sp aced . A fte rw ard s , m u ltib e a m  te c h ­
nology  p e rm it te d  h ig h ly  a c c u ra te  d ig ita l  te r r a in  m o d els  to  be  
o b ta in ed , o f b o th  b a th y m e try  a n d  b a c k s c a tte r  s t r e n g th  v a lu e s . 
R e su lts  from  su ccess iv e  su rv ey s, over ex p lo ited  a n d  non-ex- 
p lo ite d  sa n d b a n k s , w e re  e v a lu a te d  a g a in s t  e x tra c tio n  s t a t i s ­
tics, d e riv e d  from  sh ip  re g is te r s  a n d  E M S d a ta .

O v e r th e  p e r io d  1992-1999, M A  e x tra c t io n  on  th e  K w in te  
B a n k  h a s  c h a n g e d  s ig n if ic a n tly  th e  s h a p e  of th e  sa n d b a n k , 
w ith  th e  c re a tio n  o f a  loca l d e p re ss io n  of 5m . T h e  c re a tio n  of 
t h is  d e p re ss io n  h a s  le d  to  th e  c lo su re  o f th e  e x tra c t io n  s ite , 
p e r m i t t in g  th e  s tu d y  of th e  p o te n t ia l  r e g e n e ra t io n  o f th e  
m o rp h o lo g y  a n d  th e  n a tu r e  o f th e  se a b ed . C o n s id e r in g  th e  
p e r io d  fro m  1999, u p  to  th e  c lo su re  o f th e  s i te  in  2003  (i.e. 4 
y e a rs) , a n  o v e ra ll  d e e p e n in g  of 0 .5 m  co u ld  b e  o b se rv ed . T h e  
r e s u l ts  show  t h a t  tw o  y e a r s  a f te r  th e  c lo su re , th e  s ite  h a s  n o t 
u n d e rg o n e  se d im e n ta t io n , n o r  h a s  th e r e  b e e n  a s ig n if ic a n t 
c h a n g e  in  n a tu r e  o f th e  se d im e n t. T h e  m o rp h o lo g ic a l c h a n g ­
es, id e n tif ie d  d u r in g  th e  e x tra c tio n , ceased , b u t  no  s ig n if ic a n t 
re g e n e ra t io n  to o k  p lac e  a f te r  c e s sa tio n  of th e  d re d g in g . I f  th e  
se d im e n t v o lu m e  v a r ia tio n , d u r in g  e x tra c tio n , is  c o m p e n s a t­
ed  fo r th e  a m o u n t o f e x tr a c te d  se d im e n ts , th e  r e s u l t in g  v a r i ­
a tio n  is  s im ila r  to  th e  n a tu r a l  e v o lu tio n  o f a  n o n -e x p lo ite d  
s a n d b a n k ; t h is  w o u ld  im p ly  t h a t  M A  e x tra c t io n  h a s  o n ly  a 
loca l im p a c t.

A t p re se n t, a  n ew  d e p re ss io n  is  b e in g  o b se rv ed  over th e  
n o r th e r n  p a r t  o f th e  sa n d b a n k , w h e re  th e  M A  e x tra c tio n  is 
s t i ll  h ig h ly  c o n c e n tra te d . T h e  m o n ito r in g  of th is  new  d e p re s ­
sion, to g e th e r  w ith  th e  c e n tr a l  d ep ress io n , re m a in  im p o rta n t;  
th is  w ill p ro v id e  fu r th e r  k n o w led g e  on  th e  im p a c t of M A  e x ­
t r a c tio n  on t id a l  s a n d b a n k s .
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