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ABSTRACT I

Using hydro-acoustic survey techniques (side-scan sonar and  m ultibeam ), high-resolution bathym etric and  acoustic Hillii«» images (sonographs) of form er m arine aggregate extractions, front Trom per Wiek (Rügen Island, Baltic German
Coast) were obtained. These elata, together with grouncl-truthing (underw ater video and seabed sedim ent samples) 
are used to describe the present condition of marks generated by m ining, in term s of their m orphology and superficial 
grain size distribution. Different features (pits and furrows), generated by different extraction techniques (anchor 
suction dredging and trailer hopper suction dredging, respectively) were detected at both of the study sites: Trom per 
Wiek 1 (sandy gravel seabed) and Trom per Wiek East (sandy seabed). Regeneration varies, depending upon  the 
material extracted and the m ining technique applied. In general, it is rapid during the first years following the 
extraction, becom ing almost undetectable over a longer period of time. However, the marks are still detectable after 
m ore than  10 years, since they were generated.

ADDITIO N A L INDEX W ORDS: Marine aggregates; dredging effects; regeneration; loestern Baltic Sea,

IN T R O D U C T IO N

M a rin e  a g g re g a te  d re d g in g  c o n s is ts  o f t r a n s f e r r in g  se d i
m en t, g e n e ra lly  u s in g  p o w e rfu l p u m p s  on  a  su c tio n  p ipe, 
from  th e  se a b ed  to  th e  d re d g in g  v esse l. In v e s tig a tio n  in to  th e  
p h y s ic a l im p a c t g e n e ra te d  b y  su c h  a c tiv itie s  h a s  b e e n  u n 
d e r ta k e n  p re v io u s ly  (i.e. B o y d  et al., 2004; D ic k s o n  a n d  L ee , 
1973; G a je w sk i a n d  U sc in o w icz , 1993; a n d  P r ic e  et al., 1978); 
how ever, m o st o f th e s e  s tu d ie s  h a v e  focused  m a in ly  u p o n  
tid a lly -d o m in a ted , san d y , a r e a s  of th e  seab ed . T h e  ob jective  
of th is  c o n tr ib u tio n  is  to  d e sc rib e  th e  p r e s e n t  s ta te  of fo rm er 
e x tra c tio n  s ite s  in  a  n o n - tid a l a rea , w h e re  th e  s e d im e n ts  a re  
m a in ly  re lic t. F o r th e  in v es tig a tio n , h ig h -re so lu tio n  hy d ro - 
a c o u s tica lly -b a se d  a p p ro a c h e s  w ere  u sed . T h ese  w ill p e rm it: 
1) e v a lu a tio n  of th e  r e s u l ts  o f d re d g in g  o p e ra tio n s , in  te rm s  of 
th e  m o rpho logy  a n d  su p e rfic ia l g ra in  size  d is tr ib u tio n ; a n d  2) 
th e  in v e s tig a tio n  of t r e n d s  a n d  p ro c esse s  r e la te d  to  th e  ev o lu 
tio n  o f th e  a re a . S u b seq u e n tly , re g e n e ra t io n  r a te s  can  b e  e s 
ta b l is h e d  th ro u g h  th e  co m p ariso n  w ith  p re v io u s  d a ta se ts ;  th is
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w ill p ro v id e  a n  in d ic a to r  o f th e  su i ta b il ity  o f th e s e  e x tra c tio n s , 
in  th e  lo n g -te rm .

T h e  B a lt ic  S e a  c a n  b e  c o n s id e re d  a s  b e in g  “s e d im e n t 
s t a r v e d ”, d u e  to  th e  low  in p u t  o f m a te r ia l .  A s su ch , th e  
r e g e n e r a t io n  o f m a r in e  a g g re g a te  e x tr a c t io n  s i te s  e x te n d s  
o v e r  lo n g e r  p e r io d s  o f tim e , in  c o m p a r is o n  to  m o re  a c tiv e  
a r e a s  (D ie s in g  et a l., 2006). D u r in g  th e  e a r ly  p h a s e  of d re d g 
in g  o p e ra t io n s  in  th e  B a lt ic  S ea , th e  v e s se l  w a s  s ta t io n a ry ,  
o r  a n c h o re d , w h i ls t  th e  d re d g e  p ip e  e x c a v a te d  th e  se a b ed . 
M a te r ia l  w a s  o f te n  s c re e n e d  o n b o a rd , w i th  th e  u n w a n te d  
f ra c t io n s  (u n d e rs iz e  o r o v e rs ize )  b e in g  r e tu r n e d  im m e d i
a te ly  to  th e  o v e r ly in g  w a te r s .  T h is  te c h n iq u e , “a n c h o r” o r 
“s t a t i c ” d re d g in g , g e n e r a te d  d eep  p i ts  o n  th e  se a b e d . E ls e 
w h e re , p re v io u s  s tu d ie s  h a v e  e v a lu a te d  th e  re c o v e ry  o f su c h  
p i ts ,  o v e r s e v e ra l  y e a rs ,  in  g ra v e lly  s u b s t r a t e s  (D ic k s o n  a n d  
L e e , 1973); o v e r  a  y e a r , in  th e  c a se  o f p i ts  in  c h a n n e ls  a s 
so c ia te d  w ith  h ig h  c u r r e n t  v e lo c i tie s  (V a n  D e r  V e e r ,  B e r g 
m an, a n d  B e u k e m a , 1985). In  o rd e r  to  m in im is e  th e  im p a c ts  
on  th e  se a b ed , d re d g in g  m a r in e  a g g re g a te s  h a s  ev o lv ed  to 
w a rd s  “t r a i l e r  ( su c tio n )  h o p p e r” d re d g in g . In  t h i s  c ase , th e  
lo w e r  e n d  of th e  su c tio n  p ip e  is  t r a i l e d  slo w ly  (a t  a r o u n d  1-2 
k n o ts )  a c ro s s  th e  se a b ed . S u c h  a n  a p p ro a c h  g e n e r a te s  lo n g  
sh a llo w  fu rro w s .
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Figure 1. Location of the study area, w ithin Europe and the Baltic Sea. In the Tromper Wiek image, the dashed lines correspond to the overall extent 
of the areas commissioned for dredging; solid lines to the zones o f interest selected for the present study. The grids followed for the data acquisition are 
also presented, together with the location of the specific sites for which detailed data sets are investigated (grey crosses).

The study area
T h e  s tu d y  w as u n d e r ta k e n  w ith in  T ro m p er W iek, a  se m i

enclosed  b a y  lo ca ted  to  th e  N E  of R üg en  Is la n d  (F ig u re  1). T ida l 
c u r re n ts  a re  h a rd ly  d isce rn ab le  ( th e  t id a l  ra n g e  is  a  few cm). 
A lth o u g h  w in d  d riv en  c u r re n ts  m ay  h a v e  som e significance, 
th e  w av es a re  th e  m o st im p o r ta n t  h y d ro d y n am ic  a g en t for sed i
m e n t m obility . T h e  b a y  is  loca ted  e a s t  of a  spit, b e tw ee n  tw o 
h e a d la n d s  (F ig u re  1). D ue to  th is  c o as ta l configu ra tion , T ro m p 
e r  W iek is  exposed  only to  w aves from  th e  0-90° q u a d ra n t, w ith  
a  m ax im u m  fe tch  of ab o u t 90km . T h ro u g h o u t th e  y ear, w este rly  
w in d s d o m in a te . H ig h  w av es a re  on ly  g e n e ra te d  d u rin g  th e  la te  
w in te r  a n d  e a r ly  sp rin g  (F e b ru a ry  to  M ay), w h en  s tro n g  e a s t 
e rly  to  n o r th e a s te r ly  w in d s  p re v a il  (M o h rh o lz , 1998).

V a rio u s  se d im en to lo g ica l e n v iro n m e n ts  on  th e  seabed , 
ra n g in g  from  g ra v e l to  m ud , a re  a sso c ia te d  w ith  se v e ra l e x 
t ra c tio n  s ites , lo ca ted  close to  eac h  o th e r; h e re , d iffe re n t m a 
te r ia l s  a re  e x tra c te d . F o r  th e  p u rp o se  of th is  s tu d y , tw o  s ite s  
w ere  se lec te d  fo r in v e s tig a tio n  (no t u n d e r  e x p lo ita tio n  p r e s 
en tly ): T ro m p e r  W iek  1 (TW  1); a n d  T ro m p e r W iek  E a s t  (TW E). 
A t T ro m p e r W iek  1, 2 3 1 .0 0 0 m 3 of g ra v e l h a s  b e in g  e x tra c te d , 
in  w a te r  d e p th s  ra n g in g  b e tw e e n  9 a n d  14m, from  1988 to  
1999-2000. A t T ro m p e r W iek  E a s t, s a n d  h a s  b e e n  e x tra c te d  
from  w a te r  d e p th s  of a ro u n d  20 m, on tw o  occasions: in  1989 
(15 1 .0 0 0 m 3); a n d  in  2000 (10 4 .0 0 0 m 3) (D ie s in g  et a l ,  2006).

In  o rd e r  to  fa c ili ta te  e s ta b lish in g  th e  effec ts r e la te d  to  
d re d g in g  ac tiv itie s , th e  p re s e n t  s tu d y  h a s  fo cu sed  u p o n  lo ca 

tio n s , from  th e  co m m issio n ed  a rea s , w h e re  th e  e x tra c tio n  of 
m a te r ia l  w a s  m o st in te n se  ( Z e i le r  et a l ,  2004).

DATA A C Q U ISIT IO N  A N D  ANALYSIS

M u ltib eam  a n d  side-scan  so n a r d a ta  w ere  collected, s im u l
taneously , onb o ard  R V  L itto r in a  (IfM -GEOM AR) in  2003. T he 
su rv ey  lin es w ere  d esigned  in  such  a  w ay  a s  to  e n su re  d a ta  over
lapping, in  re la tio n  to  th e  sw a th  w id th  of in s tru m e n ts . T he vessel 
speed  w as se t a t  5 k no ts. D ue to  tech n ica l problem s, ground- 
tru th in g  (seabed  g rab  sam p les a n d  u n d e rw a te r  video) w as p e r
form ed  in  O ctober 2004, onboard  R I rA lk o r  (IfM-GEOM AR).

M ultibeam  Data
T h e  m u ltib e a m  u n i t  w a s  a h u l l-m o u n te d  L3 ELA C  NA U- 

T IC  SE A B E A M  1185 (126 b eam s, e m it tin g  p u ls e s  a t  180 kH z). 
M e a su re m e n ts  w ere  c a r r ie d  o u t in  w a te r  d e p th s  of b e tw e e n  9 
a n d  20m . To e n s u re  fu ll co v erag e  of th e  seafloor, a t  a ll d ep th s , 
th e  b e a m s  w ere  se t a t  150°; th is  p e rm it te d  a  sw a th  w id th  of 
7.5 t im e s  th e  w o rk in g  d e p th . T h e  re so lu tio n  of th e  m u ltib e a m  
(ra n g in g  from  0.26 to  0 .52m ) d e p en d s  u p o n  th e  en so n ified  a rea , 
w h ich  c an  be  c o m p u te d  on  th e  b a s is  o f th e  w id th  of th e  e m it
te d  b e a m s  (1.5°xl.5°) a n d  th e  w a te r  d e p th  (from  10 to  20m ). 
U tilis in g  th is  eq u ip m e n t, tw o  d iffe re n t d a ta s e ts  h a v e  b e e n  ac 
qu ired : b a th y m e try  a n d  so n o g rap h s, b a se d  m a in ly  u p o n  th e  
a m p litu d e  of th e  b a c k s c a tte re d  s ig n a l (F is h  a n d  C a r r ,  2001).
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F o llow ing  so u n d  v e lo c ity  a n d  w a te r  leve l c a lib ra tio n , th e  d a ta  
w e re  p ro c essed  u s in g  H D P -E d it'S 1 (E lac  Nautik® ). 3D e d itin g  
w ith  F led erm aus® 6.1 .4b -p ro  (IVS 3D®) w as  u n d e r ta k e n  to  co r
re c t a r te fa c ts  c a u se d  b y  M R U  (m otion  re fe re n ce  u n it)  c a l ib ra 
tio n  p ro b lem s. S u b seq u e n tly , d a ta  from  th e  o u te r  b e a m s  w ere  
re jec ted , d u e  to  in te r fe ro m e tr ic  n o ise . D a ta  w e re  v isu a lis e d  u s 
in g  S u rfe r  8® (G olden Software®) a n d  F lederm aus® 6.1 .4b -p ro .

D a ta  from  th e  G e rm a n  H y d ro g ra p h ic  Service, B S H  (ac
q u ire d  in  1999) w a s  co llected  u s in g  a h u ll-m o u n te d  A tla s  H y 
d ro sw eep  M D (80 b e am s, e m it tin g  p u ls e s  o f 50 kH z).

Side-Scan sonar Data
S id e -scan  so n a r  d a ta  w ere  a c q u ire d  u s in g  a  d u a l f req u en cy  

(100-500kH z) h ig h -re so lu tio n  s id e -scan  so n a r  (K le in  Assoc. 
Inc., USA, M odel 595). T h e  500 k H z  freq u e n c y  (b eam  w id th
0.2°) w a s  se lec te d  a n d  th e  ra n g e  w a s  se t a t  50m . T h e  side- 
scan  so n a r  d a ta  w ere  p ro c essed  w ith  a  re so lu tio n  of 0 .25m , 
s ince  a n  a lo n g -tra c k  re so lu tio n  (m ain ly  b e a m  w id th  d e p e n d 
e n t)  o f 0 .2m  a n d  a n  a c ro ss - tra c k  re so lu tio n  (b a sed  of th e  p u lse  
len g th ) o f 0 .075m  w a s co m p u ted . T h e  s id e -scan  so n a r  fish  w as 
fixed  u n d e r n e a th  a  la rg e r  b u o y a n cy  fish, to  m a in ta in  th e  sy s 
te m  in  a s ta b le  po sitio n , m in im is in g  th e  effect o f sh ip  m o tio n  
(S c h w a e z e e  et al., 1996). T h e  d a ta  w ere  p ro c essed  w ith  th e  
IS IS  Sonar® 6.06 so ftw are  (T rito n  Elies®), p e rfo rm in g  co rrec 
tio n s  on th e  v e sse l speed, s la n t  ran g e , lay b ack , tim e -v a ry in g  
g a in  a n d  n a v ig a tio n . F o r  v isu a lis a t io n  D e lp h m a p  2.9 (T rito n

Elies®), E rd a s  Im agine®  a n d  S u rfe r  8 (G olden software®) w ere  
u sed . G en era lly , in  th e  case  of sh a llo w  su rv ey s, w h e n  com 
p a r in g  tw o  s id e -scan  so n a r  so n o g ra p h s  fro m  th e  sam e  area , 
v a r io u s  e ffec ts can  g e n e ra te  f lu c tu a tio n  on th e  p o s itio n  o f th e  
fe a tu re s  (up  to  few te n s  o f m e tre s )  in  re la tio n  to: p o s itio n in g  
e rro rs , d u e  to  ra p id  c h a n g e s  o f p o sitio n  of th e  dG P S  a n te n n a ; 
c u r re n t-g e n e ra te d  d r if tin g  of th e  to w e d  so n a r  fish, etc.

Hydro-acoustic data im plem entation
S id e -scan  so n a r  a n d  m u ltib e a m  b a c k s c a tte r  m a p s  w ere  u se d  

to  e s t im a te  se a b ed  n a tu re ,  b a se d  on d iffe ren ces in  re flec tiv ity  
(a s  a  b a c k s c a tte re d  s ig n a l) ( B lo n d e l  a n d  M u b to n , 1997; F is h  
a n d  C abe, 2001; a n d  R o b in s o n  et al., 1995). H ig h e r  re flec tiv 
ity  r e p re s e n ts  a c o u s tic a lly -h a rd  m a te r ia l  a n d  is, in  th is  s tudy , 
d a rk e r  on  th e  im ag e ry . O n th e  b a s is  o f th e  h ig h e r  g eo m e trica l 
accu racy  of th e  m u lt ib e a m  b a c k s c a tte r  m ap , c o m p a red  w ith  
th e  sid e  sc a n  so n a r  m osaics, th is  m u ltib e a m  b a c k s c a tte r  w as 
m e rg e d  w ith  th e  m u ltib e a m  b a th y m e try . S till, th e  re so lu tio n  
of th e  s id e -scan  so n a r  m o sa ic s  is  h ig h e r.

Ground-truthing
B a se d  u p o n  th e  s id e -scan  so n a r  m o sa ic  a n d  th e  u n d e rw a 

t e r  v ideo  (tow ed  M arisco p e  M IC R O  u n d e rw a te r  v ideo  system , 
w ith  b la c k  a n d  w h ite  CCD), sa m p le  s ite s  w ere  se lec te d  from
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Figure 2. (a) bathym etric chart; (b) composite surface (multibeam  
bathym etry, m erged with multibeam  backscatter) o f TW1. D etail of 
an area o f furrows is presented in  (c). Depths presented are relative  
to mean sea  level.

Figure 3. Side-scan sonar m osaic of TW1, with detailed im ages of 
relevant features ((a), (b), (c)). Numbers represent sam ple locations; 
only those shown by circles were recovered. The grain size distributions 
of undisturbed sedim ents from the low reflectivity (d) and high  
reflectivity (e) areas are presented.
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F igure  4. T ernary  d iagram  of the  gravel-sand-m ud percentage of the  
sam ples from  the  stu d y  area. D ashed  lines group TW1 sam ples, w hist 
solid lines group TW E sam ples. V stands for the  sam ples re la te d  with 
the  sm all grid  on th e  sou thw estern  p a r t  of TW 1 (see F igure  3.). L stands 
for th e  subsurface sam ple tak en  from  TW E Sam ple 8 (Figure 6.).

r e p re s e n ta t iv e  loca tions, i.e. d re d g ed  ‘im p a c te d  a n d  ‘u n im - 
p a c te d  p a r t s  o f th e  seab ed . S e a b ed  sa m p le s  w e re  co llec ted  u s 
in g  a n  80 k g  V a n  V een  g ra b  (H E L C O M  s ta n d a rd ) . S a m p le s  
w ere  o b ta in e d  from  th e  u p p e r  5-10 cm; a t  one s ta tio n , tw o 
d e p th  in te rv a ls  (0-5 a n d  10-15 cm) w ere  sa m p le d  to  in v e s ti
g a te  g ra n u lo m e tr ic  ch an g es, b e tw e e n  th e  su p e rfic ia l a n d  th e  
u n d e r ly in g  se d im e n t d ep o sits .

Grain size analysis
S e d im e n t sa m p le s  w e re  a n a ly se d  by  co m b in in g  th e  r e s u l ts  

of a  B e ck m an  C o u lte r  L S  1 3 3 2 0  la s e r  d iffrac tio n  p a r tic le  a n a 
ly se r  (frac tio n  <2000 pm ) a n d  of d ry  siev in g  (frac tio n  >2000 
pm ). F o r  th e  v e ry -co a rse  se d im e n ts , d ry  s iev in g  w as  u n d e r ta k 
en  u s in g  s iev es of 4 0 0 0 , 2 8 0 0 , 1400, 1000, 710, 500 , 355 , 250 , 
180, 125, 9 0  a n d  6 3  pm . A ll th e  g ra in  size d a ta  w e re  t ra n s p o s e d  
in to  p h i  u n its ,  w ith  a  IO  in te rv a l. B a se d  u p o n  th e  lo g a rith m ic  
g ra in  size d is tr ib u tio n  of th e  se d im e n ts , th e  m e a n  g ra in  size 
a n d  so r tin g  coefficient w e re  c a lcu la ted , acco rd in g  to  th e  F o lk  
a n d  W ak d  m e th o d  (1 9 5 7 ). C a lc u la tio n s  w e re  p e rfo rm e d  u s in g  
th e  G R A D IST A T  p ro g ra m  ( B l o t t  a n d  P y e , 2 0 0 1 ).

RESULTS 

Tromper W iek 1 (TW l)
O n th e  co m posite  im ag e  of th e  T ro m p e r W iek  1 site , e s ta b 

l ish e d  u s in g  m u lt ib e a m  b a th y m e try  a n d  b a c k s c a tte r  d a ta s e ts  
(F ig u re  2), a  s h a rp  c o n ta c t b e tw e e n  tw o  a re a s  o f d if fe re n t r e 
f lec tiv ity  is  observed , p a r t ly  b e c a u se  of a  ch an g e  in  th e  slope 
of th e  seab ed .

Furrow s, g en era ted  by  tra i le r  suction  h opper dredging, a p p ea r 
in  th e  u p p e r p a r t  of th e  im age. However, th e  m ain  fe a tu res  con
sis t of a b u n d an t deep pits, g en era ted  b y  anchored  suction  dredg
ing; a ro u n d  these, p a tch es of low er reflectivity  can  be  identified. 
In  te rm s  of reflectivity  som e horizon tal a rte fac ts  (re la ted  to th e

Easting (UTM, in)

Figure 5. Bathym etric map (a), together with a composite surface 
(multibeam bathym etry  m erged with m ultibeam  backscatter). of TWE (b).

tra c k s  followed b y  th e  vessel) a re  visible; th is  p a tte rn  is re la te d  
to  th e  au to m atic  gain  of th e  m u ltib eam  a tte m p tin g  to a d ju s t th e  
signal, in  response  to th e  sh a rp  changes in  reflectivity  of th e  dif
fe ren t seabed  m ate ria ls . F rom  th e  im agery, it ap p ea rs  th a t  a rea s  
w here  d redging activ ities took place co rre late  w ith  h igh  reflectiv
ity  zones. In  th ese  zones, a ro u n d  21% consists of pits, a n d  3% of 
furrow s. T he average size of th e  p its  is 16±5.4m in  d iam ete r (on 
th e  b a s is  of 47 m easu rem en ts) a n d  1 .7± lm  in  te rm s  of th e  average 
w a te r  d ep th  (on th e  b a s is  of 82 m easu rem en ts). T he len g th  of th e  
fu rrow s ran g e  be tw een  15m a n d  290m, w ith  an  average  w id th  of 
2.4±0.5m. A  m osaic of th e  side-scan so n ar trac k s  revea ls th e  sam e 
genera l featu res, a s  observed on th e  m u ltib eam  b a ck sca tte r  m ap  
(F igure 3), i.e. sh a rp  contact be tw een  a rea s  of different reflectivity, 
including fu rrow s (F igure 3a) a n d  p its  (F igure 3b).

T h is h ig h er reso lu tion  im age p e rm its  d e ta iled  fe a tu res  to  be 
exam ined, such  as th e  a rea  of low er reflectivity  a ro u n d  th e  p its  
(-32%  of th e  to ta l area). Looking in to  m ore detail, som e observa
tio n s can  be  m ade  about th e  com position of th e  seabed, p rio r to th e  
g round-tru th ing . O n th e  h igh  reflectivity  area , low er reflectivity  
p a tch es  occur only a ro u n d  th e  pits, ind ica ting  th e ir  d redg ing-re la t
ed  origin. T h is fin er m a te ria l (associated  w ith  low er reflectivity) is 
re la te d  to th e  “u n d ersize” p a rtic les  sp illed  back  to  th e  w a te r  d u r
ing  dredging  operations, as e s tab lish ed  du rin g  p rev ious stud ies 
u n d e rta k e n  on th e  sam e a rea  (K le in , 2003). T he presence  of r ip 
p les on th e  deeper p a r t  of th e  p its  (F igure 3c), in s tea d  of th e  sam e 
m a te ria l (in te rm s  of reflectivity) observed on th e  u n im p ac ted  sea 
bed, ind ica tes th a t  spilled m a te ria l accum ula tes on th e se  features. 
The w aveleng th  of th e  ripp les (0.7±0.15m) a n d  th e ir  Crestline 
o rien ta tio n  (from 45° NE, to 174° NW), hav e  b een  com puted, on
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F igure  6. S ide-scan sonar m osaic of TW E. w ith  deta iled  im ages of re le v a n t fea tu re s  ((a) to (e)). N um bers re p re se n t sed im en t sam ple sites. 
The g rain  size d istribu tion  of ch a rac te ris tic  sam ples (f) an d  differences betw een  superficial an d  subsu rface  sam ples (g) are  also p re sen ted  
(see also. F igu re  3.).

th e  b a s is  of 89 m easu rem en ts . F o u rteen  sam ples w ere collected 
from  TW1 (Figure 3); 9 in  th e  h ig h er reflectivity  zone a n d  5 in  th e  
a rea  w ithou t d redging  featu res, to  charac te rise  th e  lower reflec
tiv ity  area . T he superficial sed im en ts v a ry  from  gravel to  sand. 
O n th e  b asis  of sonographs a n d  ground-tru th ing , from  each  of th e  
reflectivity  areas, th e  re lev an t fea tu res a n d  th e  superficial sedi
m en t d istrib u tio n  can  be  described. T he stu d ied  surface a rea  w as
1.301.000m 2, w ith in  w hich th e  low reflectivity  zone (-21%  of th e  
area) consisted  of poorly so rted  very  fine sands; th ese  increase  in 
g ra in  size (fine sand) in  th e  vicinity  of th e  h ig h er reflectivity  a rea  
(F igure 3d). T he re m a in d e r of th e  a rea  (-79% ) is ch arac te rised  by  
h ig h er reflectivity; h e re  poorly so rted  sa n d  a n d  gravel (F igure 3e) 
occurs. F inally, th e  sp illed  m a te ria l (lower reflectivity, a ro u n d  th e  
p its) corresponds to  coarse sand. Sam ples rich  in  spilled m ate ria l

show ed a  sligh t increase  in  th e ir  m u d  con ten t (from 0.2% to 4.8% ). 
To ev a lu a te  any  tre n d s  reg ard in g  sed im en t composition, sam ples 
w ere p lo tted  on th e  Folii te rn a ry  d iag ram  (% gravel-sand-m ud) 
(F o lk , 1954; Fig u re  4). T h ree  different groups w ere observed: 
san d y  gravel from  th e  u n d is tu rb ed  areas, show ing h igh  reflectiv
ity; sa n d  a n d  m uddy  sand, from  th e  low er reflectivity  area; a n d  an  
e longated  group of gravelly  sands, corresponding to  th e  dredged  
areas. T he m ore in ten se  th e  im pact of th e  extraction, th e  rich er 
th e  sam ples a re  in  fin er-g ra ined  m ateria ls .

Trom per W iek East (TWE)
T h e  co m posite  im ag e  of th e  T ro m p e r W iek  E a s t  s ite  show s 

a  c o n ta c t b e tw e e n  tw o  a re a s  of s lig h tly  d iffe re n t re flec tiv ities ,
i.e. h ig h e r  in  th e  w e s t a n d  lo w er in  th e  e a s t  (F ig u re  5).
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T h e  sh a rp  co n tac t b e tw ee n  g rav el a n d  sand , o b se rv ed  in  
TW1 (F ig u re  2), is  also  v isib le  on th e  w e s te rn m o s t p a r t  of th e  
a rea . Som e diffuse  fu rro w s a re  o b se rv ed  w ith in  th e  n o r th e rn  
p a r t  of th e  h ig h  re flec tiv ity  a rea . C ro ss in g  th e  a re a  from  SW  to  
NW , som e deep  w ell-defined  fu rro w s ap p ear, ly ing  v e ry  close to 
each  o th er. D ep en d in g  u p o n  th e  location , from  2 to  4 in d iv id u a l 
fu rrow s, w ith  a  m ax im u m  w id th  of 8m, 1.3km  m ax im u m  len g th  
a n d  2.4 m ax im u m  d ep th , can  b e  id en tified . Som e p i ts  a p p e a r  
also  in  th e  v ic in ity  of th e  n o r th e rn  e n d  of th e  deep  furrow s, w ith  
m ax im u m  d ia m e te rs  of 28 .5m  a n d  m ax im u m  d e p th s  of 2 .5m . 
T he d iffuse  fu rro w s w ere  g e n e ra te d  d u rin g  th e  e x tra c tio n s  t a k 
in g  p lace  in  1989; m ore  d is tin c t fu rro w s a re  seen  in  2000 (D ies- 
ing, 2003). No sid e -scan  so n a r  d a ta  a re  av a ilab le  from  th is  a rea , 
from  th e  2003 survey . N ev erth e le ss , g iven  th e  low dy n am ics of 
th is  a re a  (D iesing , 2003), a n o th e r  m osaic, g e n e ra te d  from  d a ta  
co llected  in  2004, w a s  u se d  (F ig u re  6). In  th is  sonograph , th e  
sam e  fe a tu re s  a s  show n  in  th e  com posite  m u ltib ea m  im ag e  a re  
p re sen te d : th e  co n tac t b e tw ee n  g rav el a n d  sa n d  (F ig u re  6 a); th e  
co n tac t b e tw ee n  th e  tw o  a re a s  w ith  d iffe ren t reflectiv ity , w h ere  
r ip p le s  a re  obse rv ed  in  th e  aco u stica lly  d a rk e r  a re a  (F ig u re  6b); 
th e  (1989) d iffuse  fu rro w s (F ig u re  6c); th e  (2000) w ell-defined  
fu rro w s (F ig u re  6d); a n d  th e  p i ts  (F ig u re  6e).

In  o rd e r  to  c o r re la te  r e f le c t iv ity  w ith  su p e rf ic ia l  g ra in  
size  d is t r ib u t io n ,  8 s a m p le s  w e re  c o lle c te d  o v e r  t h i s  a re a ; 
th e s e  w e re  fro m  u n d is tu r b e d  lo c a tio n s  fro m  e a c h  re f le c t iv ity  
zone, in  th e  e x tr a c t io n  s i te s  a n d  o n  th e  se a b e d  s u r r o u n d in g  
th e  e x tr a c t io n  s i te s  (F ig u re  6). O n  th e  b a s i s  o f th e s e  d a ta ,  
i t  c a n  b e  e s ta b l i s h e d  t h a t  th e  low  re f le c t iv ity  zone  (-6 0 %  
of th e  s tu d y  a re a ,  i.e. 1 .2 6 6 .1 0 0 m 2) c o r re sp o n d s  to  p o o rly  
s o r te d  v e ry  f in e  sa n d ; th e  r e m a in d e r  (-4 0 % ) w ith  h ig h e r  r e 
flec tiv ity , to  p o o rly  s o r te d  m e d iu m  s a n d  (F ig u re  6f). W ith in  
th e  h ig h  re f le c t iv ity  a re a , th e  n e w e r  fu r ro w s  e x te n d  o v e r

ro u g h ly  9% o f th e  a re a ,  sh o w in g  s u p e r f ic ia l  s e d im e n t  f in e r  
t h a n  t h a t  o f th e  s u r r o u n d in g  s e a b e d  (p o o rly  so r te d , v e ry  
c o a rse  s ilt) . T h e  a r e a  c o v e re d  b y  th e  o ld e r  fu rro w s , c o r re 
sp o n d in g  to  v e ry  p o o rly  s o r te d  f in e  sa n d , c o u ld  n o t  b e  e s t a b 
l is h e d  (d u e  to  t h e i r  d iffu se  p ro file ). T h e  e ffec t o f e x tr a c t io n  
o n  th e  su p e r f ic ia l  s e d im e n ts  c a n  b e  d e te c te d  a lso  in  r e la t io n  
to  th e  m u d  c o n te n t .  O n  th e  u n d is tu r b e d  m e d iu m  sa n d , th e  
m u d  c o n te n t  is  a ro u n d  8%; in  s a m p le s  a f fe c te d  b y  d re d g in g  
a c t iv it ie s ,  t h i s  c o n te n t  is  h ig h e r  ( -7 0 %  on  th e  20 0 0  fu rro w s ; 
-6 6 %  on th e  1989 fu rro w s).

V e rtic a l g ra in  size v a r ia tio n s , o b se rv ed  on th e  su b sa m p le s  
from  S ta tio n  8, in d ic a te  t h a t  th e  e ffec ts  o f d re d g in g  affec t a l 
so th e  a re a  su r ro u n d in g  th e  e x tra c tio n  s ite s . T h e  su p e rfic ia l 
sa m p le  is  a sso c ia te d  w ith  a  g ra in  size  d is tr ib u tio n , w h ich  is  
s im ila r  to  t h a t  from  th e  n e w e r  e x tra c tio n  s ite  sa m p le  (S am p le
7); i t  h a s  h ig h  a  m u d  c o n ten t, b u t  n o t  a s  h ig h  a s  in  th e  e x tra c 
tio n  a re a  (-5 4 %  a n d  -7 0 % , resp ec tiv e ly ). T h e  sa m p le  from  th e  
u n d e r ly in g  se d im e n t p re s e n ts  a  g ra in  size d is tr ib u tio n  (poorly 
so rted , m ed iu m  san d ) a n d  m u d  c o n te n t (-7% ), w h ich  lie s  w i th 
in  th e  sa m e  ra n g e  a s  th e  u n d is tu rb e d  se d im e n t from  th e  h ig h  
re fle c tiv ity  a re a  (F ig u re s  6 f  a n d  6g).

O n  a  t e r n a r y  d ia g ra m  (% g rav e l-san d -m u d ), th e  sa m p le s  
from  T W E  can  b e  c la ss ified  in to  3 g ro u p s  (F ig u re  4). Two of 
th e  g ro u p s  re la te  to  u n d is tu rb e d  s e d im e n ts  from  th e  m a in  a r 
eas, a s  o b se rv ed  on th e  so n o g rap h s: s lig h tly  g ra v e lly  san d , on 
th e  h ig h  re fle c tiv ity  a re a  (S a m p le s  2, 5 a n d  th e  su b -su rface  
sa m p le  o f S ta tio n  8); a n d  s lig h tly  g rav e lly  m u d d y  san d , on  th e  
low re fle c tiv ity  a re a  (S a m p le s  4 a n d  6). T h e  th i r d  group, th e  
sa n d y  m u d  sam p les, a re  a sso c ia te d  w ith  s ite s  im p a c te d  u p o n  
b y  d re d g in g  (S a m p le s  1, 7 a n d  8); h e re , a n  in c re a se  in  th e  m u d  
c o n ten t, co inc id ing  w ith  a  d ec re a se  in  th e  p e rc e n ta g e  of sand , 
is  obse rv ed . T h e  g ra in  size  d is tr ib u tio n  of S a m p le  3, lo ca ted  
w ith in  a  h ig h  re fle c tiv ity  a rea , lie s  c lo ser to  t h a t  of th e  u n d is -

V ertic a l E x a g g e ra tio n  1:4 

0  2 0 0 4 0 0  m

397900 398700
E as ting  (UTM,m)

Figure 7. M ultibeam surfaces derived from the 1999 (a) and 2003 (b) Figure 8. 2000 M osaic of TW1. Note: the zones m arked (1 to 4) are
surveys: TWE. D etails o f som e relevant features are also presented. shown, in detail in  Figure 9.
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F ig u re  9. C om parison of th e  changes observed in som e a reas  of TW 1, 
from  2000 (first colum n) to 2003 (second colum n) (for locations, see 
F ig u re  8.).

tu r b e d  se d im e n ts , from  th e  lo w er re fle c tiv ity  a rea . A n e x p la 
n a tio n  o f th is  effect w ill b e  d isc u sse d  la te r .

Seab ed  Evolution along D redging Sites
D a ta s e ts  a c q u ire d  w ith in  th e  fram e w o rk  of o th e r  p ro jec ts , 

u n d e r ta k e n  in  1999 a n d  2000, a re  c o m p a red  now  w ith  th e  
d a ta s e ts  a v a ila b le  from  2003 a n d  2004. T h e  se a b e d  ev o lu tio n  
a lo n g  TW E is  s tu d ie d  on  th e  b a s is  o f m u ltib e a m  b a th y m e try  
c o m p a riso n s  (N ote: no  b a c k s c a tte r  in fo rm a tio n  is  a v a ilab le  
from  th e  o ld e r d a ta se t) ;  TW 1 by  sid e -scan  so n ar, s ince  no 
m u ltib e a m  d a ta  a re  av a ilab le .

D redging mark evolution  on  a sandy seabed  (TWE)
F ig u re  7 r e p re s e n ts  th e  m u ltib e a m  su rfa c e s  of b o th  th e  

1999 a n d  2003 su rv ey s. O verall, b o th  su rfa c e s  show  th e  sam e  
fe a tu re s , excep t fo r th e  n o ise  w ith in  th e  1999 d a ta s e t  a n d  
th e  deep, w e ll-d e fin ed  fu rro w s, ru n n in g  p a ra l le l  (from  SW  to  
NW ) on  th e  2000  d a ta s e t  (F ig u re  7). T h e  d ia m e te r  o f th e  p it 
h a s  in c re a s e d  b e tw e e n  th e  tw o  su rv ey s, lik e ly  to  b e  r e la te d  to  
co llap s in g  of th e  w a lls  (F ig u re  7). No v o lu m e tr ic  d iffe ren ces 
w e re  c a lc u la te d  b e tw e e n  th e  tw o  su rfaces , b e c a u se  of th e  n o ise  
of th e  1999 d a ta se t,  d u e  to  c a lib ra tio n  p ro b lem s. S ig n ifican t 
ch an g e s  can  b e  seen  a lo n g  th e  fu rrow s; i.e. a f te r  4 y ea rs , a 
m a x im u m  v e r tic a l  v a r ia tio n  e x is ts  o f a lm o s t 2 .5m .

D redging mark evolution  on  a gravel seab ed  (TW1)
D re d g in g  o p e ra tio n s  on  TW 1 w ere  u n d e r ta k e n , c o n tin u 

ously, from  1989 to  2000. T h e  2000 m o sa ic  from  TW 1 (F ig u re
8) sh o w s s im ila r  f e a tu re s  to  th o se  of 2003.

M ajo r d iffe ren ces  can  b e  o b se rv ed  w ith in  th e  p i ts  (F ig u re
9), in d e p e n d e n t  o f th e i r  d im en sio n s; th is  p e rm its  d irec t re c 
o g n itio n  of th e  v a r io u s  p its , a f te r  a  3 y e a r  p e rio d . G en era lly , 
th e r e  a p p e a rs  to  b e  som e c o rre la tio n  b e tw e e n  th e  d ia m e te r  
a n d  th e  d e p th  of th e  p its : a s  a  re su lt,  th e  p o te n tia l  fo r w all- 
co llap s in g  w ill b e  h ig h e r  in  th e  case  o f th e  d e ep e r  p its ; th e  
sm a lle r  o n es a re  m o re  s ta b le  in  t h e i r  sh a p e  (F ig u re s  8 a n d  
9, L o ca tio n s  1 a n d  2). S u ch  a n  effect is  ev en  m o re  m a rk e d  on 
th e  fu rro w s  w h ere , d u e  to  th e i r  sh a llo w  b a th y m e tr ic  profile, 
t h e i r  ed g es re m a in  h ig h ly  s tab le . F u r th e r  in fillin g  w ith in  th e  
fu rro w s, b y  f in e r—g ra in e d  se d im e n ts , is  le s s  in te n s e  (F ig u re s  
8 a n d  9, L o ca tio n  2). E v en  in fillin g  o f fu rro w s  a sso c ia te d  w ith  
th e  a re a  o f s a n d  is  n o t  s ig n ific a n t (F ig u re s  8 a n d  9, L o ca tio n  3). 
T h e  m a in  ch an g e  o b se rv ed  is  r e la te d  to  th e  a re a  w ith  sp illed  
s a n d  (F ig u re s  8 a n d  9, L o ca tio n  4). T h e  su rfa ce  a re a  covered  
b y  th is  m a te r ia l  d e c re a se s  w ith  tim e , re m a in in g  o b se rv ab le  
in s id e  th e  p its . T h is  c o rro b o ra te s  th e  ro le  of p its , a s  t r a p s  of 
su ch  s e d im e n ts  (D ies in g , 2 0 0 3 ).

DISC U SSIO N

R e su lts  o b ta in e d  from  th e  h y d ro -ac o u stic  su rv ey s, fo r b o th  
s tu d y  a re a s , re v e a l m o rp h o lo g ica l f e a tu re s  on th e  seabed , r e 
la te d  to  d re d g in g  ac tiv itie s . T h e  effec ts  of d re d g in g  can  b e  d e 
te c te d  a lso  in  th e  su p e rfic ia l s e d im e n t g ra in  size  d is tr ib u tio n s . 
A re a s  a ffec ted  b y  d re d g in g  o p e ra tio n s  a re  a s so c ia te d  w ith  f in 
e r -g ra in e d  s e d im e n ts  a n d  a  h ig h e r  a m o u n t o f m ud, in  re la tio n  
to  u n im p a c te d  a rea s ; th is  h a s  b e e n  o b se rv ed  p rev io u sly , in  
o th e r  s tu d ie s  (B oyd  et al., 2 0 0 4 ). O n th e  g ra v e l a rea , th e  finer- 
g ra in e d  se d im e n ts  a re  th e  r e s u l t  o f th e  sp illin g  of u n d e rs iz e d  
m a te r ia l,  d u r in g  e x tra c tio n . S u ch  m a te r ia l  is  e a s ily  d e te c ta b le  
on so n o g rap h s, a s  lo w er re fle c tiv ity  p a tc h e s  a ro u n d  th e  p i ts  
th em se lv es . O n  th e  a re a  w ith  san d , th e  e x tra c tio n  s ite s  h a v e  
re v e a le d  th e  p re se n c e  of sa n d y -m u d  m a te ria l,  w h ils t  th e  u n 
im p a c te d  se d im e n t c o n s is ts  o f s lig h tly  g ra v e lly  m u d d y  san d . 
T h e  m u d  c o n te n t o f th e  u n im p a c te d  se d im e n t is  a ro u n d  8%, 
w h ils t  i t  is  a ro u n d  66%  a t th e  o ld e r e x tra c tio n  s ite s  (1989) a n d  
70%  on th e  m o re  re c e n t s i te  (2 0 0 0 ). A re a s  ly in g  a d ja c e n t to  th e  
e x tra c tio n  s ite s  h a v e  s im ila r  su p e rfic ia l se d im e n t g ra in  size 
d is tr ib u tio n s , to g e th e r  w ith  s lig h tly  lo w er m u d  co n ten ts , th a n  
th e  d ire c tly - im p a c te d  zones.

In  o rd e r  to  a s se ss  re g e n e ra t io n  of th e  e x tra c tio n  s ites , th e  
d re d g in g  te c h n iq u e  a d o p te d  a n d  th e  n a tu r e  of th e  m a te r ia l  
d re d g ed  a re  co n sid ered . No p i t  h a s  b e e n  observed , w ith in  an y  
of th e  d a ta se ts , in  a n  a d v a n c e d  s ta g e  of re g e n e ra tio n , in d e 
p e n d e n t  o f th e  m a te r ia l  d red g ed . T h e  p i ts  fro m  th e  g ra v e l a re a  
a re  a sso c ia te d  w ith  sh a rp  edges, e v en  th o u g h  som e of th e m  
w ere  fo rm ed  som e 15 y e a rs  b e fo re  th e  p r e s e n t  d a ta s e t  w as  col
lec ted . Som e re fillin g  h a s  o c cu rre d  in  re sp o n se  to  a c c u m u la 
t io n  of sp ille d  san d , g e n e ra tin g  r ip p le s  in  th e  c ra te rs , a s  c ited  
p re v io u s ly  (B oyd  et al., 2 0 0 4 ) . L ikew ise , th e  re -su sp e n s io n  a n d  
t r a n s p o r t  o f m a te r ia l,  a ro u n d  th e  p its , h a s  b e e n  in v e s tig a te d  
e ls e w h e re  ( G a k e l  a n d  L e fe b v k e , t h is  vo lum e; K le in , 2 0 0 3 ;). 
P its  ly in g  w ith in  a sa n d y  se a b ed  (TW E) a re  a sso c ia te d  w ith  
m o re  d iffuse  edges; th is  is  r e la te d  to  “w all co llap s in g ” effects, 
a s  d e sc rib e d  by  o th e r  in v e s tig a to rs  (B o e rs , 2 0 0 5 ). F u rro w s  
g e n e ra te d  by  t r a i l in g  su c tio n  h o p p e r  d re d g in g  h a v e  b e e n  ob
served , in  a n  a d v a n c e d  s ta te  of refilling , b u t  on ly  on th e  sa n d y  
b ed s. F u rro w s  g e n e ra te d  in  th e  g ra v e l p a r t  o f th e  se a b ed  a re  
sh o w n  to  re m a in  a lm o s t c o n s ta n t  in  t h e i r  ex p ress io n , ev en  
w h e n  ly in g  close to  a n  a re a  c o n ta in in g  a n  a b u n d a n c e  of f iner- 
g ra in e d  m a te r ia l.
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B a se d  u p o n  th e  above o b se rv a tio n s , a  c h an g e  fro m  a n ch o r 
su c tio n  d re d g in g  to  t r a i l in g  h o p p e r  su c tio n  d re d g in g  a p p e a rs  
to  be  a n  a p p ro p ria te  decision . In  th e  case  o f th e  a re a s  s tu d ied , 
th e  fu rro w s  show  e n h a n c e d  re g e n e ra tio n ; a s  such, th e y  im p a c t 
le s s  u p o n  th e  e n v iro n m e n t, t h a n  th e  p its . N e v e rth e le ss , m u lt i 
p le  d re d g in g  profiles, o v er th e  sa m e  tra n s e c t,  g e n e ra te  d eep e r 
fe a tu re s  w ith in  th e  seab ed , c o m p lica tin g  th e i r  re g e n e ra tio n ; 
th is  is  th e  case  o f th e  2000 ex tra c tio n , from  TW E. In  re la tio n  
to  th e  e x tra c te d  m a te ria l,  th e  d re d g in g  of th e  g ra v e l a r e a s  of 
th e  se a b e d  c re a te s  a  d e ep e r im p ac t. R ew o rk in g  of co arse r- 
g ra in e d  m a te r ia ls  o ver th e  a re a  follow s a v e ry  slow p a t t e rn  
of recovery; th is  is  c o rro b o ra te d  by  o th e r  s tu d ie s  ( G a r e l  a n d  
L e fe b v re ,  th i s  vo lum e; K le in , 2003;).

C O N C LU SIO N S

(1) H y d ro -aco u s tic  su rv e y  te c h n iq u e s  h a v e  g e n e ra te d  d e 
ta i le d  im a g e s  o f th e  seab ed , w h e re  th e  m o rp h o lo g y  of a re a s  
of e x tra c tio n  c an  b e  d escribed . In  th e  case  of T ro m p e r  W iek, 
th e  im p a c ts  from  a n ch o r  su c tio n  d re d g in g  (p its) a n d  t r a i l in g  
h o p p e r  su c tio n  d re d g in g  (fu rrow s) c an  b e  observed , in  b o th  of 
th e  a re a s  s tu d ied . O n th e  g ra v e l a re a  (TW 1), deep  p i ts  a n d  
d re d g in g -re la te d  sp ill m a te r ia l  r e p re s e n t  th e  m a in  o b se rv ab le  
fe a tu re s . O v e r th e  sa n d y  a re a  (TW E), long  a n d  deep  fu rro w s  
a re  th e  m a in  d e te c ta b le  fe a tu re s .

(2) D re d g in g  a c tiv it ie s  can  b e  id en tif ie d  a lso  from  in fo rm a 
t io n  o b ta in e d  from  th e  g ra in  size  d is tr ib u tio n  o f th e  su p e rfic ia l 
se d im e n ts . D re d g ed  a re a s  re v ea l a  f in e r  su p e rfic ia l g ra in  size 
d is tr ib u tio n  a n d  h ig h e r  m u d  c o n ten t, t h a n  th e  u n im p a c te d  a r 
eas . In  som e cases, th is  effect is  d e te c ta b le  on  th e  so n o g rap h s, 
d u e  to  th e  p re se n c e  of sp ill m a te r ia l  (e.g. a f te r  a n c h o r  su c tio n  
d red g in g , on  a g ra v e l bed).

(3) R e g e n e ra tio n  d e p en d s  u p o n  th e  a d o p te d  d re d g in g  te c h 
n iq u e  a n d  th e  n a tu r e  o f th e  d re d g ed  m a te r ia l.  P i ts  re m a in  
m o re  s ta b le  t h a n  fu rrow s, in d ic a tin g  a h ig h e r  im p a c t of a n ch o r 
su c tio n  d red g in g , in  co m p ariso n  w ith  t r a i l in g  h o p p e r  su c tio n  
d red g in g . In  re la tio n  to  th e  ty p e  of d re d g ed  se a b ed  m a te ria l,  
r e p re s e n ta t iv e  m a rk s  on  g ra v e l a r e a s  a re  m o re  s ta b le  th a n  
th o se  on  a  sa n d y  bed.

(4) S e a b ed  e v o lu tio n  in  th e  sa n d y  g ra v e l a rea , s tu d ie d  on 
th e  b a s is  o f so n o g rap h s, in d ic a te s  h ig h  s ta b il i ty  of th e  d re d g 
in g  m a rk s . T h e  m a in  o b se rv ed  p ro c esse s  w ere  c o llap s in g  of th e  
p i t  w a lls  a n d  re fillin g  b y  sp ille d  san d .

(5) S e a b e d  e v o lu tio n  in  th e  sa n d y  a rea , e x a m in e d  on th e  b a 
sis of m u lt ib e a m  b a th y m e try , sh o w s t h a t  re g e n e ra t io n  is  ra p id  
d u r in g  th e  f i r s t  y e a rs  a f te r  th e  e x tra c tio n ; su b seq u e n tly , th is  
b eco m es h a rd ly  d e tec tab le , b u t  m a rk s  a re  s ti ll  v isib le , even  
a f te r  a  decade.
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