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ABSTRACT I

Gravei pits created by anchor h o pper dredging may affect regional sedim ent transport patterns by trapping sediments. Hillii«» In turn , this may cause -or enhance- erosion a t the  adjacent coastline. Reliable assessment o f such impacts requires
a  good understanding of the  hydro-sediment dynamic processes acting a t dredged pits. This paper examines the 
processes for sand re-suspension from  pressure, curren t and  turbidity data collected inside and  outside a  single 
d redged  pit, in a  non-tidal environm ent (Trom per Wiek, Baltic Sea). The data confirm  the  generally weak sedim ent 
dynamics in  the  area, with waves being the m ain hydrodynamic agent fo r sedim ent re-mobilization. Comparisons 
with historical data indicate a  small num ber of sedim ent re-suspension events (<15%), over a  37 m onths-long period, 
w ithout significant difference inside and  outside the pit. Suspended sedim ent concentration profiles are predicted 
inside the  studied p it by a  simplistic m odel, tu n ed  to over-estimate sedim ent re-suspension. The results suggest that 
the  dep th  o f the excavation should be very shallow (<1 m) fo r the  bed  m aterial to be frequently extracted ou t by waves, 
and  redistributed over the  area. W ith pits up  to 7 m-deep within the  extraction zone, we conclude th a t a  significant 
fraction of sedim ent is trapped  over the  long-term  period (years).

ADDITIONAL INDEX WORDS: dredging, suspended sediment concentration.

INTRODUCTION

The volum e of g ravel ex trac ted  from th e  seabed  h a s  sig­
n ificantly  increased  since th e  1980s, in response to growing 
dem and  of th e  m ark e t (ICES, 2001). Offshore gravel ex trac ­
tion  is generally  carried  out by m eans of anchor suction dredg­
ing. The techn ique genera tes rounded  c ra te rs  on th e  seabed, 
typically  10-50 m in  d iam eter and  up to  10 m in depth. The 
u n w an ted  fraction  of (fine) m a te ria l is screened onboard  and  
dum ped  back  in to  th e  sea. These operations m ay  have n eg a­
tive effects upon th e  m arine  environm ent, including th e  ben- 
th ic  com m unities and  sed im ent tra n sp o rt p a tte rn s  (e.g. B oyd  
et al., 2005; K e n n y  and  R e e s , 1996; K o r t e k a a s  et al., th is  vol­
um e). Thus, in  a n u m b er of countries, E nv ironm en ta l Im pact 
A ssessm ent (EIA) an d  C oastal Im pact S tud ies (CIS) are  re ­
qu ired  before g ran tin g  licenses for ex trac tion  (R a d z e v ic iu s  et 
al., th is  volume). W ith respect to  sed im ent dynam ics, dredging 
close to th e  shore m ay affect th e  coastal sed im ent budget by 
trap p in g  fine sedim ents, and  cause -or enhance- coastline ero­
sion. A com prehensive u n d e rs tan d in g  of th e  hydro- sedim ent 
dynam ic processes acting  a t dredged p its  is im p o rtan t to a s ­
sess these  ha rm fu l effects.

Recently, increasing  a tten tio n  h a s  been  p u t upon th e  h y ­
drodynam ic im pacts and  regenera tion  (refilling) processes of 
(dredged) san d  tren ch es (e.g. th e  E uropean  projects PUTM OR 
(Boers, 2005) and  SANDPIT (V a n  R i j n  et al., 2005)). These ex­
cavations p resen t gentle in te rn a l slopes, and  are  su rrounded  
by large am oun ts of sand. By con trast, dredged gravel p its
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have steep walls, and  san d  is d is trib u ted  in  patches nearby  
th e  p its  (due to th e  se ttling  ou t of th e  fines du ring  th e  screen­
ing process) (K u b ic k i , M a n s o , and  D ie s in g , 2007). These differ­
ences in  m orphology and  m a te ria l availab ility  im ply d istinct 
hydro-sed im ent dynam ic conditions (e.g. flow s tru c tu re  and  
tim e-evolution) for bo th  types of excavations.

The m orphological changes and  regenera tion  processes of 
dredged gravel p its  have been  th e  subject of several in ves tiga­
tions, a t th e  T rom per W iek a rea  (Baltic Sea) (F igure 1) (D i e s ­
in g , 2003; D ie s in g  et al., 2006; F ig g e  et a l ,  2002; K l e in , 2003; 
K u b io k i , M a n s o , and  D ie s in g , 2007; Z e il e r  et al., 2004) How ­
ever, a p a rt from K l e in  (2003), no d irect hydrodynam ic m ea­
su rem en ts  have been  perform ed inside gravel dredged pits. 
In  th is  paper, we p re sen t new  hydrodynam ic d a ta  collected in 
th e  sam e area, du ring  a 4-days period w hich includes a storm  
event. P ressu re , cu rren t and  tu rb id ity  data , from bo th  inside 
and  outside a dredged gravel pit, a re  com pared and  discussed, 
in o rder to specify th e  processes responsib le for fine m ate ria l 
rem obilization. In  particu la r, we exam ine if some san d  can be 
n a tu ra lly  ex trac ted  ou t of th e  p it due to th e  w aves’ action.

The organization of th e  p ap er is as follows. The first p a rt de­
scribes th e  hydrodynam ic and  geological settings of th e  studied  
area. The nex t section p resen ts  th e  m ethods u sed  to collect and 
process th e  data. In  particu lar, a model to predict wave-induced 
bed shear stress  is described. The resu lts  are provided in th e  
following section. The subsequent discussion focuses on several 
points: firstly, we investigate th e  difference in suspended sedi­
m en t concentration w hich h a s  been observed inside and  outside 
th e  stud ied  pit; secondly, th e  relative num ber of sedim ent re ­
suspension events, over th e  long-term  period, is characterized, 
based  upon our records and  historical data; next, we propose 
th a t  sand  is hard ly  ex trac ted  out of the  p it by waves, on th e  
basis of a sim ple sedim ent re-suspension model; additionally, 
we confirm th a t  cu rren ts  have no significant effect upon th e  u p ­
w ard  diffusion of sand; a t last, prior to conclude, we discuss th e  
im pact of dredged p its  from a sedim ent tran sp o rt perspective.

SETTING

T rom per W iek is a sem i-enclosed bay  in  th e  W estern  B al­
tic  Sea, w ith  low sed im ent dynam ics in ten sity  (D ie s in g , 2 0 0 3 )  
(F igure 1). T idal cu rren ts  are  h a rd ly  d iscernable in th is  p ra c ti­
cally non-tida l env ironm ent (the tid a l range is a few cm). A l­
though  w ind driven cu rren ts  m ay have some significance, th e  
w aves are  th e  m ost im p o rtan t hydrodynam ic agen t for sed i­
m en t mobility. The bay  is located ea s t of a spit, betw een  two 
head lands, in  th e  n o rth e rn  p a r t  of R ügen Is lan d  (F igure 1). 
D ue to  th is  coastal configuration, T rom per W iek is exposed on­
ly to  w aves from  th e  0 -9 0 °  quad ran t, w ith  a m axim um  fetch of 
about 9 0  km  (F igure 1). T hroughout th e  year, w esterly  w inds 
dom inate. H igh w aves are  only genera ted  during  th e  la te  w in ­
te r  and  early  spring  (F ebruary  to May), w hen strong  easte rly  
to  n o rth ea s te rly  w inds p revail (M o h r h o l z , 1 9 9 8 ).

S and  and  gravel ex trac tion  h a s  been  carried  out a t T rom p­
e r W iek for m any  years  (F igure 1). W ith in  th e  gravel ex trac ­
tion  site  (T rom per W iek 1), betw een  9 an d  16 m w ater depth, 
th e  seafloor is m ark ed  w ith  c ra te rs  5 to 50 m in d iam eter and  
up to 7 m-deep. These fea tu res  have proved to  be stab le  for 
several years, a t lea s t ( F ig g e  et al., 2002). In  detail, spa tia l 
ex tension of th e  edge of th e  p its  is observed over th e  years, due 
to  collapsing of th e  w alls (K u b io k i, M a n s o , D ie s in g , 2007). I t is 
e s tim ated  th a t  am ong th e  460,000 m 3 of sed im ent ex trac ted

betw een  1988 an d  2000, h a lf  of th is  volum e w as dum ped back 
in to  th e  sea (B r a u c k h o f f , cited in  D ie s in g  et al., 2006). Thus, 
pa tches of fine sed im ent (<2 m m  in d iam eter, m ostly  sand) 
a re  comm only found in  th e  v icin ity  of th e  p its  (D ie s in g , 2003). 
These deposits constitu te  a possible source of p it refilling. In 
agreem ent, core analyses d em onstra te  th e  episodic occurrence 
of san d  advection inside th e  c ra te rs  (D ie s in g , 2003; M a n s o  et 
al., th is  volume), an d  rep ea ted  side-scan sonar surveys show 
th e  presence of bedform s toge ther w ith  rap id  changes in the  
p a tte rn  of th e  san d  pa tches (D ie s in g , 2003; D ie s in g  et al., 
2006). B ased upon acoustic seafloor im aging, K u b io k i , M a n s o , 
and  D ie s in g  (2007) observed a decrease in  th e  availab ility  of 
san d  a round  a p it an d  a deceleration  of th e  m ean  (pit) refilling 
ra te , over a 6 y ea rs  period. The key m echanism s for sedim ent 
rem obilization  are  th e  near-bed  o rb ita l m otions induced by 
surface w aves en te ring  th e  bay  (K l e in , 2003).

METHODS 

Data acquisition
H ydrodynam ic d a ta  w ere acquired  using  th ree  self-record­

ing A utonom ous B enth ic  L an d ers  (ABLs), from th e  19th to  the  
23rd of O ctober 2004. E ach ABL consists of a device (VALE- 
PORT 808) m oun ted  on a fram e w eigh ted  w ith  chains. The 
devices are  fitted  w ith  a p ressu re  gauge, an  E lectro-M agnetic 
C u rren t-M eter (EMCM) an d  an  O ptical B acksca tte r Sensor 
(OBS). The EM CM  and  OBS m easu re  th e  n o rth w ard  and  
e as tw ard  com ponents of th e  flow (in a ho rizon ta l plan), and  
th e  sca tte rin g  of in fra red  rad ia tio n  by suspended  partic les, re ­
spectively. One ABL (referred  as V3, hereafte r) w as deployed 
a t -14 .5  m  w ater depth, inside a circu lar dredged p it (at 
54.6291° N; 13.4208° E). The selected p it h a s  been  investiga ted  
previously  by K l e in  (2003) and  K u b io k i, M a n s o , an d  D ie s in g  
(2007). F rom  m ultibeam  bathym etry , th e  excavation was, in 
D ecem ber 2003, 3.5 m -deep and  -3 0  m in  d iam eter (K u b io k i , 
M a n s o , an d  D ie s in g , 2007). The two o th er ABLs (referred  as VI 
and  V2, h ereafte r) w ere m oored a t about 20 m from th e  edge of 
th e  pit, a t -1 1  m w a te r dep th  (F igure 1). Scuba-divers checked 
th e  location of th e  moorings, w ith in  sandy  pa tches displaying 
sym m etrical ripples.

The ABLs w ere set up  to  record th e  pressu re , ho rizontal 
cu rren ts  and  tu rb id ity  a t 4 Hz, du ring  b u rs ts  of 8 m in  32 sec, 
every 30 min. The p ressu re  sensor, OBS and  EM CM  w ere a t 
0.5, 0.45 and  0.25 m above th e  sea bed, respectively. In  add i­
tion, a 20 cm -high cylinder, opened a t top, w as a ttach ed  v e rti­
cally to  th e  fram es, in  o rder to  tra p  sed im ents a t th e  heigh t 
of th e  OBS. These tra p s  w ere collected by scuba-divers a t the  
end  of th e  experim ents, to g e th e r w ith  bed  sed im ent sam pled 
nearb y  th e  in s tru m en ts .

The ABLs w ere tr iggered  a t th e  sam e tim e, allowing direct 
com parison of th e  b u rs t records. B ecause sta tio n s V 1 an d  V2 
w ere located re latively  close to  each others, th e ir  o u tp u ts  are 
very  sim ilar; only th e  re su lts  of s ta tio n  V 1 are  p resen ted  here  
and  com pared to  th e  d a ta  collected inside th e  p it (V3).

One hour-averaged  w ind and  a ir  p ressu re  da ta  from K ap 
A rkona m eteorological sta tio n  (see F igure 1 for location) w ere 
provided by th e  G erm an W eather F orecast Agency. In  add i­
tion, h is to rica l wave p a ram e te rs  w ere ob ta ined  from  th e  BSH 
(Federal M aritim e and  H ydrographic Agency); th e  d a ta se t 
consists of th e  read ings (significant wave heigh ts, direction, 
period  an d  w avelength) from  a buoy located in th e  en tran ce  to 
th e  bay  (F igure 1), be tw een  2003 an d  2006, a t a 30 m in tim e 
in terval.
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Data processing
The p ressu re  is converted  to  sea surface elevation  w ith 

s ta n d a rd  calculations m ethods assum ing  lin ea r wave theory, 
as described by Tucker and  P itt (2001). A frequency-depen­
den t p ressu re  correction factor th a t  com pensates for depth  
a tten u a tio n  is applied  to  wave frequencies from 0.05 to  0.33 
Hz. The significant wave he igh t (Hs) an d  peak  period  (Tp) are 
derived from spectra l analysis applied  to  each b u rs t.

T hree techn iques w ere com bined for g ra in  size analysis: 
C oulter coun ter for th e  m ud  fraction; se ttling  tow er for the  
san d  fraction; and, sieving for coarser g rained  sedim ents. The 
s ta tis tic s  of th e  partic le  size d is tribu tion  are  described accord­
ing to M c M a n u s  (1988). The d is tribu tion  of th e  bottom  sed i­
m en t should be considered w ith  caution. The divers reported  
th e  loss of some fines during  th e  sam pling, an d  it is suspected  
th a t  th e  d60 of th e  bed  sed im ent is sligh tly  finer th a n  proposed. 
In  addition, sed im ent d is tribu tions a re  highly  variable, even 
a t nearby  locations, in  re la tion  w ith  th e  heterogeneous n a tu re  
of th e  seafloor (D i e s in g , 2003).

The observed tu rb id ity  w as converted  to suspended  sed i­
m en t concentration  (SSC) in laboratory . V arious know n con­
cen tra tio n s of sed im en t w ere s tirre d  in  a bucket, during  OBS 
m easurem ents, and  a regression  w as applied  to  th e  resu lting  
concen tra tion -tu rb id ity  graph. The ca lib ration  w as perform ed 
w ith  th e  sed im ents from th e  trap s, i.e. w hich w ere in  su spen ­
sion a t th e  he igh t of th e  sensor during  th e  experim ent. The 
following polynom ial equation  yields th e  b es t correlation  coef­
ficient (0.82), and  w as therefo re  u sed  to  convert th e  tu rb id ity  
(T, in  Volts) in to  suspended  sed im ent concentration  (SSC, in 
mg/1) (F igure 2):

SSC = 110.36T2+16.275T ( 1)

90 -I
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F ig u re  2. C a lib ra tio n  c u rv e  o f th e  O B S.

Bed shear stress
D ue to th e  w eakness of th e  flow during  th e  experim ent, the  

bed  sh ea r s tre ss  re su lts  essen tia lly  from th e  activ ity  of the  
waves. The wave induced bed  sh ea r s tre ss  is com puted from 
th e  near-bed  significant o rb ita l velocity (U ), using  S w akt 
(1974) friction factor (F ) for rough tu rb u le n t flow:

w ith

T = 0.5p F  Uw 1 w w

F w = 0 .00251exp(5 .21r019)

(2 )

(3)

w here r  is th e  re la tive  roughness: 
r  = A/K (4)

w ith  Ks, th e  N ikuradse  roughness. The grain  re la ted  bed  
sh ea r s tre ss  is com puted using:

Ks = 2 -5d6o (5)
w here d is th e  m ed ian  g ra in  d iam eter of th e  bed  m ateria l. 

To com pute th e  to ta l bed  sh ea r stress, th e  N ikuradse  rough­
n ess  (Ks) is derived from  th e  to ta l bed  roughness (ZJ th rough  
th e  relationsh ip :

K = 30Z (6)

Zo is th e  sum  of th e  sk in  friction com ponent (d6Q/12) and  
form  drag  com ponent of th e  bed  roughness (Zo(). Following 
N IE L SE N  (1992), Zo( is ob tained  from th e  wave ripp les he igh t 
(H.) an d  w avelength  (L.):

Z = 0.267H VLoí r  r (7)

w here th e  size of th e  ripp les is es tim a ted  for m obile sand, 
b ased  upon th e  w ave m obility n u m b er (XF) and  th e  sk in  friction 
Shields p a ra m e te r  (0 ):

H .=  A(0.275-0.022'F06) 

L = H /(0 .182-0.24 9 16)r  r  s s '

'F and  9s are  defined by:

Xî/ = U„V/fed60(s-l)] 

es = D j f e c y p s  - p)]

(8)

(9)

( 10)

( 11)

w ith  g, th e  acceleration  due to g rav ity  (9.81 m /s2), Tws, th e  
sk in  friction bed  sh ea r stress, p s, th e  sed im ent density  (2650 
kg/m 3), p , th e  w a te r density  (1027 kg/m 3), and  s, th e  ra tio  of 
g ra in  and  w a te r densities ( p s/p ) .  I t h a s  been  verified th a t  th e  
w ash-out conditions (XF=156 an d  9s=0.831) w ere no t m et d u r­
ing th e  period  of m easurem ents.

In  equations (4) an d  (8), A is th e  wave sem i-orbital excur­
sion:

A = LT T /(2 n )ws p  s '
( 12)

The significant o rb ita l velocity is considered as m ore rep re ­
sen ta tiv e  of th e  w aves’ activ ity  th a n  th e  m axim um  orb ita l ve­
locity, du ring  a b u rs t. The o rb ita l velocities are  com puted for 
each b u rs t from th e  EM CM  records. The la t te r  a re  filte red  to 
e lim inate  th e  velocity com ponents no t re la ted  to  w aves (high 
pass, 0.1 Hz cut off frequency). The filte red  velocity compo­
n e n ts  are  ro ta ted  in  th e  direction of th e  waves, an d  analyzed  in 
th e  spectra l domain, to  yield th e  significant (crest and  trough) 
n ear-bed  wave o rb ita l velocities (i.e. above th e  w ave boundary  
layer). The difference betw een  th e  crest and  th e  trough  v a l­
u es is generally  less th a n  0.2 cm/s, w ith  a m axim um  of about 
1 cm/s, observed a t V I du ring  th e  storm , for corresponding 
significant o rb ita l velocities about 25 cm/s. Thus, th e  w aves 
can be reasonab ly  considered as sym m etrical. Only th e  crest 
o rb ita l velocities w ere u sed  for calculations.

The bed  is m obile w hen th e  m axim um  grain  re la ted  bed  
sh ea r s tre ss  is h ig h er th a n  th e  critical bed  sh ea r s tre ss  (x ), 
derived from equation  (11), w here 9 th e  th resh o ld  Shields 
p a ra m e te r  is ob ta ined  using  S o u l s b y ' s  (1997) form ula:

6cr = 0.30/(l+1.2D ) + 0.055 [l-exp(-0.02D)] 

w here D is th e  dim ensionless grain-size:

(13)
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Figure 3. W ind and hydrodynamic conditions during the experiment; (a) w ind strength (line) and direction (reported from which it  originates, with  
dots); (b) significant wave height (line) and direction of advance (marks) at both stations (VI: black fine and crosses; V3: grey line and dots); (c) 
Wave peak period at both stations (VI: black; V3: grey); (d) stick plot o f the averaged currents at station VI; e) stick plot o f the averaged currents 
at station V3.

Table 1. Statistical grain-size parameters and descriptive terms after McMANUS (1988).

S am p le 5̂0 C la ss ifica tio n S o rtin g S k e w n e ss K u rto sis

V I bed 0.5mm coarse/medium sand moderately sorted (0.84) positively skewed (0.08) leptokurtic (1.2)

V3 bed 0.34mm medium sand well-sorted (0.46) Symmetrical (-0.03) mesokurtic (0.98)

V I trap 0.1mm very fine sand poorly sorted (1.21) symmetrical (-0.07) leptokurtic (1.19)

V 3 trap 0.07mm very fine sand poorly sorted (1.43) symmetrical (-0.09) leptokurtic (1.24)
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Figure 4. (a) bed shear stress at V I (black) and V3 (grey), and threshold of motion for grain-sizes of 0.06, 0.5 and 0.1 mm; (b) observed SSC (mgd). 
Lines A  and B indicate the beginning of the SSC peak at V3 and V I, respectively.

D = d60 [g (s-l)/\r]is (14)

w ith  U, th e  k inem atic  viscosity (1.36. IO'6 nrVs).

RESULTS

From  th e  m orning of O ctober 20th, an  easte rly  to  so u th ­
easte rly  w ind w as recorded a t K ap A rkona, w ith  an  in creas­
ing s tren g th  peak ing  a t 15 m/s in  th e  afternoon (F igure 3a). 
S torm y waves, w ith  a saw -toothed significant he ig h t signal, 
up  to 1.2 m, w ere genera ted  inside th e  bay  (F igure 3b). About 
m idday of O ctober 21st, a still strong  (about 10 ms/) sou thw est­
erly  to  w esterly  w ind se ts in, u n ti l  th e  end  of th e  deploym ent 
period. The change in  w ind direction  induced a rap id  decrease 
in  wave activity, due to  th e  sheltering  effect of th e  coast. D u r­
ing th e  26 hours-long storm , th e  p eak  period  rem ained  fairly  
constant, about 6 sec, typ ical of locally genera ted  w aves (Fig­
u re  3c). The w aves w ere d irected  tow ards th e  w est du ring  the  
whole experim en t (F igure 3b). In  agreem ent, coincident side- 
scan sonar records d isplayed sym m etrical ripples, w ith  ~N-S 
c rest o rientation , over th e  sandy  pa tches and  inside th e  p its  
(M a n s o  et al., th is  volume). A system atic  slight angle betw een 
th e  w ave direction a t s ta tio n s V I and  V3 can be observed. 
This is a ttr ib u te d  to refraction  due to  changes in  ba th y m etry  
nearb y  th e  pit.

The cu rren ts  p re sen t significant differences inside an d  o u t­
side th e  pit. A t th e  o u te r sta tion  V I, th e  flow is about 2, 5 
a n d  up  to  8 cm/s before, during  and  a fte r th e  storm , respec­
tively  (F igure 3d). The direction of th e  flow show s no relation  
to  th e  w aves and  wind, suggesting  a com plicated p a tte rn  of 
w a te r circu lation  in  th e  bay  (th is circu lation  is probably in ­
duced m ain ly  by th e  wind, w hich pu sh es th e  w a te r in  or ou t of 
th e  bay). The flow is tow ards th e  NE a t th e  beg inn ing  of th e  
storm , and  th e n  ro ta te s  anticlockw ise, to th e  SW, a fte r th e  
sto rm  (F igure 3d). In  con trast, th e  flow recorded a t s ta tio n  V3, 
inside th e  pit, is w eaker, w ith  p eak  velocities up  to  3 cm/s, d u r­
ing th e  sto rm  (F igure 3e). A part from short periods of tim e, its  
direction is alm ost constan tly  tow ards th e  NW. T his ind icates 
a decoupling of th e  flow inside and  outside th e  pit, as p rev i­
ously observed by K l e in  (2003). N evertheless, th e  flow o rien ­
ta tio n s  inside an d  outside th e  p it a re  b e tte r  co rre la ted  during 
th e  storm . Thus, th e  p it hydrodynam ics appears  to  re la te  as 
well to th e  w ind-driven w a te r c irculation  in  th e  bay  during 
ex tended  periods of strong  easte rly  winds.

The s ta tis tic a l grain-size p a ram e te rs  of th e  sed im ent sam ­
p led  n e a r  th e  ABLs and  collected in  th e  tra p s  a re  d isplayed 
in  Table 1. Bed sed im en ts a re  finer (d60=0.34 mm) and  b e tte r  
so rted  inside th e  p it (V3), com pared to  s ta tio n  V I (d60= 0.5mm). 
The sed im ents in  th e  tr a p s  consist of poorly-sorted fine sand, 
w ith  d60=0.1 and  0.07 m m  a t s ta tions V I and  V3, respectively. 
In  addition, m uch m ore sed im en ts w ere found in  th e  tra p  a t­
tach ed  to  V3 (80% of th e  re la tive  percentage, in  weight).
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Figure 5. Predicted bed shear stress versus observed SSC, at stations V I (a) and V3 (b).
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D uring  th e  storm , th e  pred ic ted  (grain re lated) bed  sh ea r 
s tre ss  exceeds th e  th resh o ld  of m otion for grain-size up  to  1 
m m  a t sta tion  VI, and  up  to 0.5 m m  a t sta tion  V3 (Figure 
4a). These grain-sizes correspond to 85% an d  90% in w eight of 
th e  en tire  grain-size d istribu tion , a t V I an d  V3, respectively. 
Thus, m ost of th e  san d  fraction  w as m obile a t th e  stud ied  sites 
du ring  th e  storm . P eaks in  th e  SSC signal are  observed a t V I 
and  V3, from a sim ilar background  value, sim ultaneously  w ith 
th e  increase in  bed  sh ea r s tre ss  (F igure 4b). Fligher m axim um  
concentrations w ere noticed  inside th e  p it (~30 mg/1) th a n  o u t­
side (~8 mg/1), despite  a h ig h er p red ic ted  bed  sh ea r s tre ss  a t 
th e  ou ter sta tion . In  addition, th e  SSC inside th e  p it s ta r te d  
to  ra ise  for a bed  sh ea r s tre ss  of ~ 0 .12 N .n r2, i.e. ju s t a fte r th e  
th resh o ld  of m otion for very fine san d  (0.06 mm) w as reached  
(F igure 4). By contrast, a t V I, th e  SSC p eak  s ta r te d  h a lf  an 
ho u r la ter, for bed  sh ea r s tre ss  va lues about 4 tim es la rger 
(-0 .4  N .m '2), w hen a m uch la rg er fraction  of sed im en ts w as 
already  rem obilized. R elatively good correlations a re  observed 
betw een  bed  sh ea r s tre ss  and  SSC (F igure 5), w ith  b es t fit 
lines w hich follow exponentia l law  equations. However, large 
discrepancies a re  observed for h igh  values (of th e  bed  sh ea r 
s tre ss  and  SSC), i.e. during  th e  storm .

DISCUSSION

OBS m easu rem en ts  are  h ighly  influenced by bo th  th e  n u m ­
b er of partic les  and  th e  partic le  size (Xu, 1997). Thus, th e  
differences in SSC values, observed a t V I and  V3 during  th e  
storm  (F igure 4b), can be explained by th e  presence of finer bed 
sed im ent inside th a n  outside th e  pit, ra th e r  th a n  advection

from th e  su rroundings. The presence of finer m ed ian  grain  di­
am eter of th e  bed  an d  tra p p e d  m a te ria l a t V3, com pared w ith 
V I, supports th is  view (Table 1.); likewise, th e  re la tive  volum e 
of sed im ent collected inside th e  tr a p s  w as g rea te r inside the  
pit. In  agreem ent, th e  SSC a t V3 s ta r te d  to increase w hile the  
th resh o ld  of m otion for very  fine san d  is exceeded (F igure 4). 
A lthough a t a g rea te r depth, th e  fines a t th e  bottom  of th e  p it 
requ ire  a re latively  low er bed  sh ea r s tre ss  in  o rder to be u p ­
lifted. In  tu rn , they  a re  m ore easily  m a in ta in ed  in  suspension, 
due to  slower se ttling  velocities. As an  exam ple, th e  se ttling  
velocity (Ws) of th e  sed im ent found in  th e  tr a p s  (referred  h e re ­
a fte r w ith  th e  subscrip t ‘s’) a re  de term ined  using  S o u l s b y ’s 
(1997) equation  for n a tu ra l sand:

Ws = (V/ d60g)[(10.36- + I. il 191) i -  10.36] (15)

The re su ltin g  se ttling  velocity is tw ice as fas t a t V I (5.6 
mm/s) th a n  a t V3 (2.8 nnn/s). A pproxim ately, sed im en t is su s­
pended  w hen th e  se ttling  velocity is slow er th a n  th e  skin fric­
tion  velocity (U„ ), th e  la t te r  being function  of th e  square  root 
of th e  bed  sh ea r stress:

U ,s = ( iws/ p ) -  (16)

Thus, in  our exam ple, th e  trap p ed  sed im en ts a t V3 require  
a m uch sm aller (-4  tim es) bed  sh ea r s tre ss  th a n  a t V I to  re ­
m ain  in  suspension. However, previous investigations in the  
a rea  ind ica te  th a t  th e  fines inside th e  p it o rig inate  from the  
su rround ing  sandy  patches, w hich m a te ria l is rem obilized 
during  sto rm s (K u b io k i, M a n s o  a n d  D ie s in g , 2007; D ie s in g , 
2003). S edim ent advection m ight con tribu te  p a rtly  to  th e  SSC 
signal observed inside th e  p it du ring  th e  storm .

Table 2. W aves p aram eters used  to p red ic t suspended  sed im ent concentration profiles.

Storm D ate H s (m) Tz (secon d s) U w s (m/s) A s (m) H rs (cm ) Lrs (cm ) O rig in  o f  th e  
d a ta

M ild 20/10/2004 1.3 5.4 0.19* 
(measured=0.2) 0.17* 3.3* 18* This study

S ev ere 20/03/2001 3.1 6 0.59* 0.57* 7*(1) 40*(1) Klein (2003)

E xtrem e 13/02/2005 4.3 6.7 1* 1.07* 12* 85(2) BSH+

(*) predicted values (measured otherwise): (1) for (1=0.3 1 m m : (2) from side-scan sonar imagery: (+) period 2003-2006, 0-90: quadrant.
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Figure 6. Significant wave heights from the 0-90o quadrant in Tromper 
Wiek; the periods without records are in cheated in grey.
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Figure 7. Percentage of sedim ent re-suspension events at stations V I 
and V3, between 2003 and 2006; explanations in the text.

■ no suspension 
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B ased  upon th e  re la tion  betw een  pred ic ted  bed  sh ea r stress  
and  SSC (F igure 5), th e  h is to rica l w aves w ere u sed  to quantify  
th e  re la tive  nu m b er of sed im en t re-suspension  events, during  
th e  years  2003 to  2006. D ue to  some periods w ithou t data, the  
en tire  orig inal d a ta se t rep resen ts  ~37 m onths-long (30min- 
averaged) continuous records. Only th e  w aves from th e  0-90° 
q u ad ran t w ere considered, to account for th e  she lte ring  effect 
of th e  coast. The significant wave he ig h ts  are  p resen ted  in  F ig ­
u re  6.

As m entioned  previously, sto rm  even ts p redom inate  b e ­
tw een  F eb ruary  an d  M ay (note th e  ex trem e storm  w hich oc­
cu rred  in F eb ruary  2005 (Fls>4 m) and  th e  d a ta  gap during  
w in te r 2006). The bed  sh ea r s tre ss  h a s  been  predicted, based  
upon th e  m odel described previously, an d  com pared to  the  
th resh o ld  for sed im ent re-suspension  observed inside an d  o u t­
side th e  p it (0.12 N .m '2 an d  0.4 N .m '2, respectively) (see F igure 
4). T his approach docum ents th e  percen tage  of (wave induced) 
sed im ent re-suspension  events, a t 0.45 m above th e  bed  (i.e. 
h e igh t of th e  sensor), during  th e  37 m onths-long period. R e­

su lts  show negligible differences inside and  outside th e  p it 
(F igure 7).

Sedim ent re-suspension  is p red ic ted  to  ta k e  place during 
14.3% and  12.4% of th e  tim e, a t V I andV 3, respectively. These 
va lues rep resen t less th a n  5.3 m on ths of th e  (37 m onths-long) 
period, confirm ing th e  low in ten sity  of th e  hydrodynam ic ac­
tiv ity  inside th e  bay. Bed sed im ent are  re la tively  ra re ly  re ­
suspended  by w aves. A slow refilling of th e  dredged gravel p its  
is predicted . T ow ards th e  assessm en t of p its ’ recovery ra te , it 
w ould be of in te re s t to  quan tify  th e  concentration  of re-sus- 
pended  sedim ents. T his h a s  no t been  done here, due to  th e  
poor re la tion  ob tained  betw een  h igh  values of bed  sh ea r stress  
a n d  SSC (F igure 5).

From  th e  echo in ten sity  of ADCP records, K lein (2003) p ro ­
posed th a t  w aves m ay  re-suspend  bed  sed im ent above th e  rim  
of th e  pits, allowing some m a te ria l to  be episodically rem oved 
an d  red is tr ib u ted  over th e  shallow er su rroundings. To te s t 
th is  scenario, vertical concentration  profiles w ere computed, 
inside th e  c ra te r  (i.e. a t 14.5 m  w ate r depth) for various wave

(a) Burst 116 (b) Burst 139
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U(V1)=4.5cm/s
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Figure 9. Sem i-log plot o f the flow m agnitude spectrum for bursts 116 (a) and 139 (b).
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conditions, re fe rred  to  mild, severe an d  ex trem e storm , h e re ­
a fte r (see Table 2.).

For w eak cu rren ts  (<0.1 m/s), th e  SSC profile induced by 
w aves only is s im ila r to th e  one induced by com bined w aves 
and  cu rren ts  (V a n  R i j n , 1993). Thus, only th e  tim e-average 
w ave-induced SSC over ripp led  beds w as modeled, using  
N ie l s e n ’s  (1992) equation:

C(z) = Coe '™ (17)

Since U /W > 18, th e  vertica l scale (1) corresponds to:ws s ’ \  /  r

1= 1.4H (18)

The reference concentration  (C =0.0050 3) is ob tained  from'  o r  7
th e  modified effective Shields p a ra m e te r (9r):

9. = ( F ^ M ^ s H J g d J  1 - n iy L ^  (19)

The significant w ave o rb ita l velocity, U  , is es tim ated°  ’ WS;

from:

U ws = n H /[T s in h (k h )]  (20)

w here sinh  is th e  hyperbolic sine, h, th e  w ate r depth, k, 
th e  w ave nu m b er (2n/L), and  L, th e  w avelength. C om parisons 
show very  little  differences betw een  th e  w ave o rb ita l veloci­
ties  m easu red  in  th e  p resen t study, an d  th e  ones derived from 
equation  (19) (see m ild  storm , in  Table 2.). E quation  (17) ap ­
p lies to uniform  bed  m ateria l. For g raded  bottom  sedim ent, 
such in  th e  p resen t study, th e  m edian  grain  d iam eter of th e  
sed im ent in  suspension will be appreciably  finer th a n  th e  one 
a t th e  bed. In  th is  case, as no ted  by S o u l s b y  (1997), reliable 
m ethods of p red ic ting  sed im en t concentration  profiles u n d er 
w aves are  no t available yet. In  th e  p resen t model, th e  s i tu a ­
tion  w as sim plified by considering a uniform  bed, w here th e  
m edian  grain  d iam eter re la te s  to  th e  sed im ent trap p ed  a t V3 
(i.e. 0.07 mm), ra th e r  th a n  to  th e  bed  m ateria l. The objective is 
to  te s t a favored case for sed im en t re-suspension, ra th e r  th a n  
to  aim  a t accura te  predictions. Since th e  suspended  sed im ent 
concentration  profile is very  sensitive to  th e  g rain  se ttling  ve­
locity, th e  m odel pred ictions are  enhanced  in  com parison w ith  
those b ased  upon th e  bed  m ateria l. L ikewise, ripp les have 
been  im posed to  th e  model, to enhance th e  up w ard s sed im ent 
diffusion: for m ild  and  severe storm s, th e  ripp le  dim ension h as 
been  pred ic ted  using  equations (8) and  (9); for ex trem e storm s, 
it corresponds to  large bedform s, as observed w ith  side-scan 
sonar (M a n s o  et al., th is  volum e) (although  sheet flow condi­
tions are  easily  m et du ring  severe storm s, for such fine sed i­
m ent). The N ielsen’s ca lib ration  constan t (0.005) seem s appro ­
p ria te  to  com pute th e  reference concentration  (C ), since it is 
derived from  m easu rem en ts  over ripp led  beds and  sheet flow 
conditions, w ith  san d  d iam eters betw een  0.08 and  0.55 mm, 
and  wave periods betw een  1.0 an d  9.1 sec ( N ie l s e n , 1986). The 
m odel fails to re-suspended  m a te ria l above th e  rim  of th e  c ra ­
ter, u n d e r th ese  optim ized conditions (F igure 8). Then, it is 
un likely  th a t  th e  bed  sed im ent inside th e  p it is ex trac ted  due 
to  th e  action of th e  w aves alone, even during  ex trem e storm  
events. If  some sand  is n a tu ra lly  ex trac ted  out of th is  pit, a n ­
o ther process h a s  to be considered.

Flow separa tion  and  reversa l in th e  near-bed  layer, due to 
adverse p ressu re  gradien ts, is observed for p its  w ith  slopes 
of 1:5, or s teeper (A l f r in k  and  V a n  R i j n , 1983). T his effect 
genera tes add itional tu rbu lence  energy w hich m ay consider­
ably reduce th e  se ttling  process, and  therefore, enhance  th e  
concentration  of suspended  m ateria l. W ith com puted slopes of 
about 1:3, flow separa tion  m ay ta k e  place in  th e  stud ied  pit.

The spectra l density  of th e  flow m agn itude  w as com puted for 
b u rs ts  corresponding to  th e  fa s te s t flow and  low er wave activ­
ity  during  th e  experim ent, a t V I and  V3 (i.e. for b u rs ts  w hen 
flow separa tion  is expected to be th e  m ost pronounced). In 
th e  case of significant flow separa tion  inside th e  pit, th e  flow 
m agn itude  spectra  a t V3 should  com prise add itional (high 
frequency) energy in  com parison w ith  V I. The re su lts  show 
energy peaks w hich correspond to th e  sea wave frequencies, 
b u t no significant difference is observed betw een  V I an d  V3 
(F igure 9). Obviously, th e  cu rren t recorded during  our survey 
w ere too w eak to be significantly  affected by th e  m orphology 
(~3 cm/s, a t m axim um , inside th e  pit). The fa s te s t cu rren ts  
m easu red  by K l e in  (2003) a t th e  bottom  of th e  pit, in  M arch 
and  A pril 2001, w ere less th a n  8 cm/s (and only ~4 cm/s d u r­
ing th e  severe sto rm  of M arch 2001). B ased upon th ese  obser­
vations, sto rm s are  no t associated  w ith  stronger bottom  cu r­
ren ts. Thus, flow separa tion  h a s  probably  a reduced  effect, if 
any, on th e  suspended  sed im ent concentration  profile in  the  
dredged pits.

D redged p its  have m in im al im pacts upon (regional) sedi­
m en t tra n sp o rt p a tte rn s  if th e ir  bottom  (fine) sed im en ts are 
frequen tly  ex trac ted  by w aves’ action. At a yearly  scale, ex­
trem e  sto rm y w aves are  too ra re  in th e  bay  for frequen t re ­
d is tribu tion  of th ese  fines over th e  area. D uring  th e  m ore 
common severe storm s, significant am oun t of (very fine) sand  
a re  up lifted  a t ~1 m above a bottom  lying a t 14.5 m  w ater 
dep th  (F igure 8). In  o th er words, th e  m odel p red ic ts frequen t 
m a te ria l rem oval ou t of ~1 m-deep pits, or less, a t -1 3 .5  m 
w a te r depth. As po in ted  ou t before, th e  p red ic ted  SSC profiles 
correspond to op tim al conditions, and  are  therefo re  over-esti­
m ated . Thus, bed  sed im ents a re  probably long-term ed (years) 
tra p p e d  in  p its  m ore th a n  1 m-deep, w ith  bottom  a t 14.5 m 
w a te r depth. A t th is  w ate r depth, th e  m axim um  depth  of exca­
vation, for frequen t w ave-induced sed im ent extraction , is very 
shallow, e s tim a ted  less th a n  1 m.

CONCLUSION

H ydrodynam ic m easu rem en ts  w ere ca rried  ou t a t T rom p­
e r Wiek, close to  th e  bo ttom  of a 3.5 m -deep d redged  gravel 
p it (14.5 m  w a te r depth), an d  a t a shallow er n ea rb y  p a tch  
of san d  (11 m w a te r depth). O ur in v estig a tio n s confirm  th e  
genera lly  w eak  sed im en t dynam ics, governed by th e  w aves’ 
activ ity . I t  is e s tim a ted  th a t  sed im en t re -su spension  even ts 
a re  observed, a t 0.45 m above th e  bed, d u ring  - 5  m on ths over 
a 37 m onths-long  period  (i.e. less th a n  15% of th e  tim e), w ith ­
ou t sign ifican t difference inside  an d  ou ts ide  th e  p it. D uring  
a m odera te  sto rm  (Hs up  to  1.2 m), m ost of th e  san d  frac­
tion  w as rem obilized, includ ing  inside  th e  p it. There, bed  
sed im en ts  a re  finer th a n  a t th e  su rro u n d in g s sandy  patches. 
They a re  th ere fo re  e a s ie r  to  uplift, re su ltin g  in  re la tive ly  
s tro n g er SSC. H owever, it  is u n like ly  th a t  th e se  fines a re  r e ­
su spended  h igh  enough to  be rem oved ou t of th e  pit, even 
d u ring  h is to rica l ex trem e sto rm  even ts (Hs=5.1 m). We sug ­
gest th a t  p its  a t 13-14 m w a te r dep th  should  be very  shallow  
(<1 m -deep) for th e  fines to be  frequen tly  re d is tr ib u te d  over 
th e  area . D redged  p its  a re  genera lly  m uch deeper (e.g. M a n s o  
et al., th is  volum e). T hus, fine sed im en ts  located  in  dredged  
p its  a t 14.5 m  w a te r  depth, or deeper, a re  probably  tra p p e d  
over th e  long-term  (years).

The estim ation  of re liab le  (dredged pits) recovery ra te  is 
fund am en ta l to  carry  ou t com prehensive env ironm enta l im ­
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pac t assessm en ts. T ow ards th is  objective, n um erica l m odels 
m u s t be  ca lib ra ted  by field observations, in  o rder to  quantify  
accura te ly  sed im en t re-suspension  even ts u n d e r  various w ave 
conditions. F o r fu r th e r  stud ies, de ta iled  investiga tions of th e  
suspended  sed im ent com position an d  concentration , inside 
dredged  pits, a re  recom m ended.
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