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IN T R O D U C T IO N

Marine aggregates (sand and gravel) have emerged as a 
strategic m ineral resource; th is is due to an increasing general 
demand and to stricter regulations on the exploitation of land- 
won aggregates, in EU Member States. Annually, approx. 40 
million m3 of marine sand and gravel are extracted, alone, from 
the North European inner (<60m w ater depth) continental 
shelf (www.sandandgravel.com/extraction). In the near future, 
the extraction will increase significantly, to provide vast 
quantities of m aterial needed for the realisation of large-scale 
infrastructure projects, planned for Europe’s coastal areas; this 
is combined with the burgeoning general urbanisation of the 
coastal zone. At the same time, European coastal zones are 
under increasing pressure from coastal erosion. Thus, beach 
replenishment and other coastal defence schemes, requiring 
large quantities of suitable aggregate material, are necessary to 
manage such coastal retreat and accommodate the development 
(S e l b y  and O o m s , 1996; H l m p h r e y s  et a l, 1996).

Such increasing demand, together with the conservation 
of coastal ecosystems and diverse stakeholders’ interests, 
require th a t resource sustainability, environm ental prudence 
and careful m anagem ent are crucial components of the 
practice and regulation of m arine aggregate operations. There 
is an urgent need for in tegrated and coherent approaches 
to the effective prospecting of commercially-viable marine 
sand and gravel deposits, the development of a science-based 
approach to the ir sustainable management, together with an 
environm ental impact assessm ent of the ir exploitation. Such 
objectives require an interdisciplinary approach, to develop a 
thorough understanding of the sedimentary, hydrodynamic 
and ecological conditions of the inner continental shelf 
and adjacent coasts. Likewise, the use of ‘state-of-the-art’ 
approaches and instrum entation is needed.

DOI: 10.2112 / SI51-001.1 received  9 J a n u a ry  2008; accepted in 
revision  1 A pril 2008.

The main objectives of the RTN project ELTMARSAND were:
(a) to train  young European researchers in individual research 
approaches; and (b) to provide them  with an integrated and 
balanced view of the diverse and complex issues involved, 
through the application of a wide range of scientific approaches. 
As such, close co-operationbetween marine geologists, biologists, 
hydrodynamic and morphodynamic modellers and coastal 
engineers was established. The task  of such a grouping was to 
integrate the research approaches involved in marine aggregate 
prospecting. Likewise, the undertaking of the assessment of 
the environmental impacts of offshore mining activities, using 
‘state-of-the-art’ approaches and instrum entation.

Nine Partners, from 8 countries, have been involved in the 
project, as listed in Table 1.

SCO PE O F TH E EUM ARSAND SPECIAL ISSUE

The objectives of the project ELTMARSAND comprised: (a) 
an estim ation of the usage, assessm ent of resource availability 
and the provision of a critical review of the licensing 
procedures, at an European level; (b) the investigation of the 
impact of m arine aggregate extraction, on the environment; 
and (c) the provision of recommendations on the integration of 
the research approaches involved.

A considerable am ount of effort was placed into the 
provision of a critical review of the licensing procedures, at 
an European level. The compatibility of the different national 
licensing/regulatory regimes was compared, with the present 
European Environm ental Legislation (e.g. EIA Directives, 
H abitats Directive) and International Conventions.

In relation to the field studies, two sites were investigated: 
the Kwinte Bank (Belgian p art of the southern North Sea), 
which represents a modern deposit in a relatively high energy 
tidal environment; and Tromper Wiek (German Baltic Sea); 
which represents a relict deposit, located within a non- 
tidal setting. The deposits are representative of commonly- 
occurring, European aggregate extraction sites.

http://www.sandandgravel.com/extraction
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Table 1. Participants in the EUMARSAND Programme

P ro je c t P a r tn e rs  111

M arine Research Division - AZTI Foundation (Technological 
Institute for Fisheries and Food), Spain

Dr. Wendy Bonne 
Dr. Adolfo Uriarte 
M arine ecology (and coordination)

Wendy.Bonne@health.fgov.be
aduriarte@pas.azti.es

School of Ocean and E arth  Science - University of 
Southampton, U nited Kingdom

Dr. Erwan Garel 
Prof. Michael Collins 
Sediment dynamics

egarel@ualg.pt
mbc@noc.soton.ac.uk

R enard Centre of Marine Geology (RCMG) - Ghent University, 
Belgium

Dr. Valérie Bellec 
Dr. Sophie Le Bot 
Dr. Vera Van Lancker 
M arine geophysics, North Sea

valerie .bellec@n gu .no 
sophie .lebot@univ-rouen .fr 
ver a .vanlancker@mum m. ae .be

Departm ent of Geography and Climatology - National & 
Kapodis-trian University of Athens, Greece

Dr. Arnaud Ballay 
Dr. Serafim Poulos 
Seabed characterisation

ara  au db allay@y ahoo .fr 
poulos@geol.uoa.gr

M arine Science Departm ent - University of The Aegean, 
Greece

Dr. Rolandas Radzevicius 
Prof. Adonis Velegrakis 
Legislation

rolandas.radzevicius@geo.lt
afv@aegean.gr

M aritime Institute - Gdansk (MIG), Poland

Dr. Nerijus Blazauskas 
Ms. Ingrida Bagdanaviciutè 
Mr. Juliusz M arek Gajewski 
Information systems

nb@geo.lt
ingrida@geo.lt
julgaj@im.gda.pl

Coastal Geomorphology and Shoreline Management Unit - 
Université du Littoral-Côte d’Opale, France

Dr. Stella Kortekaas 
Prof. Arnaud Hequette 
Coastal impact

s.kortekaas@fugro.nl
hequette@univ-httoral.fr

W ater Engineering and Management, Civil Engineering 
Departm ent - University of Twente, The N etherlands

Dr. Christophe Brière 
Dr. Déborah Idier 
Prof. Suzanne J.M.H. Hulscher 
Morphodynamic modelling

chr is tophe.brier e@deltares .nl 
d.idier@brgm.fr
S.J.M.H.Hulscher@ctw.utwente.nl

Institute of Geosciences, Marine Geology, Coastal and 
Continental Shelf Research - Christian-Albrechts-University 
Kiel, Germany

Dr. Faustino Manso 
Dr. Klaus Schwarzer 
M arine geophysics, Baltic Sea

f.manso@fugro.it
kls@gpi.uni-kiel.de

111 Note: w ith recen t e-m ail addresses incorporated.

Investigation of the Kwinte Bank focussed upon a particular 
area of the seabed th a t had been exploited intensively for 
dredging, since the 1970’s. It has been transform ed now into 
a depression, from which sand extraction has been prohibited, 
since February 2003. In the Baltic Sea, gravel and sand 
extraction areas have been investigated within the German 
Tromper Wiek area; these have been subjected to different 
aggregate extraction techniques, i.e. anchor and tra ile r suction 
hopper dredging, respectively. Both areas under investigation 
have been surveyed using ‘state-of-the-art’ geophysical/ 
geological techniques and instrum entation (acoustical data 
from seismic profiles, multibeam and side-scan sonar surveys; 
ground-truthing sediment samples, from Van Veen grabs 
and boxcores; and video imagery of the seabed). The physical 
impacts of the extraction on the seabed have been assessed 
also using hydro-, sediment- and morpho-dynamic modelling, 
calibrated and validated by high quality in-situ m easuring 
instrum entation (bottom- and hull- mounted ADCP, 
electromagnetic current m eters (S4), and Autonomous Benthic 
Landers). Ecological impacts have been investigated, whereas 
the physical effects on the adjacent coastline are assessed only 
for the Baltic Sea, between W arnemünde and Darss.

RESULTS O F TH E EUM ARSAND RESEARCH

The first three contributions in the Special Issue explain 
some general aspects of the exploitation of marine sands. Firstly, 
R a d zev iciu s  et al. (this volume) address the range of legislative 
arrangements, for the different Member States. Secondly, 
V e l e g r a k is  et al. (this volume) summarise the origin and use of 
marine aggregates and the processes involved in marine aggregate 
extraction. The synthesis demonstrates tha t the industry faces 
several problems, which hinder its sustainable development, 
including (amongst others): lack of standardisation of the relevant 
information; difficulties in the access to information; and limited 
collaboration/coordination between the marine scientific research 
establishments and the marine aggregate industry. The third 
review relates to modelling research methodologies, to investigate 
the impact of aggregate extractions ( I d ie r  et al., this volume). 
Based upon a series of examples, this paper provides an overview 
on the three main morpho-dynamic modelling approaches used 
for offshore marine aggregate extraction impact assessments: (1) 
full process-based; (2) idealized process-based; and (3) conceptual 
models. It illustrates also the way in which these models, applied
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to extractions on a flat bed or from sandbanks, complement each 
other, towards the establishment of Coastal State Indicators.

Subsequent papers in the Issue address the field studies 
undertaken in the North and Baltic Seas (see below).

N orth  Sea -  Kwinte Bank

The research activities undertaken on the Kwinte Bank are 
introduced in the paper of V a n  L a n c k e r  et al. (this volume). 
This contribution sets the scene for the evaluation of aggregate 
extraction from tidal sandbanks; likewise, it summarises the 
evolution of research activities carried out on the Kwinte Bank, 
together with the main conclusions arising from previous 
studies, into the effects of sand extraction from the sandbank. 
The history of the ‘follow-up monitoring’ of the extraction effects 
highlights th a t information availability/discontinuity, together 
with the temporal and spatial scales over which observations 
are obtained and interpreted, can significantly influence the 
assessment of the impacts of aggregate extraction.

(a) G eo p h ysics  a n d  se d im e n to lo g y
The morphology and sedimentology of the central depression 

on the Kwinte Bank and its imm ediate surroundings are 
described, in detail, in B e l l e c  etal. (this volume). The depression 
could be distinguished clearly from its surroundings, based 
upon acoustic imagery obtained from multibeam and si de-scan 
sonar data, together with autom ated seabed classification. The 
analysis of sediment samples (collected using Van Veen grab), 
has shown th a t the depression was characterized by a high 
variability of medium to fine-grained sediments, containing 
variable shell contents. Morphological and sedimentological 
differences were detected on both sides of the depression; 
these are the result of reworking of the bed by tidal currents. 
The elongated very-large dunes of the western side of the bank 
are related directly to the stronger flood current, whereas the 
large dunes on the eastern  side are related to the longer ebb 
current. Remarkably, the tem poral differences in mean grain- 
size, between surveys, has revealed the same trend  for the 
depression and in the Kwinte swale. This trend  differed from 
those observed for other areas of the sandbank, with very- 
large and compound dunes.

(b) S e d im e n t d y n a m ic s , d e r iv e d  fro m  in -s itu  
h y d ro d y n a m ic  m e a su re m e n ts

G a r e l  investigated the short-term hydro-sediment dynamic 
processes, acting on the depression and its immediately 
surrounding area. These was identified through the use of in- 
situ current measurements, together with a one-dimensional 
sediment transport model. Hull-mounted ADCP data were 
acquired, across the bank and during a nominal spring tidal cycle. 
Two self-recording current meters (S4 and ADCP) were moored, 
on the bank and within the central depression. The results 
indicate tha t net sand transport, over a tidal cycle, converges 
from both flanks, towards the crest of the bank. This sediment 
transport pattern relates to the veering of the peak (ebb and 
flood) currents, when passing over the bank, due to enhanced 
frictional drag. Variability in the tidal flow induces fluctuations in 
the extension and location of the net sand transport convergence

zone. During the tidal cycle experiment with the hull-mounted 
ADCP, divergence of net sand transport has been observed 
inside the depression, which in indicative of erosion. Differences 
in the tidal ellipses and the across-bank component of the peak 
currents, during the ebb and flood, have been observed inside the 
depression, compared to over the crest of the bank.

(c) G ra in -s iz e  tr e n d  a n a ly s is
An alternative approach to defining sediment transport 

pathways is grain-size trend  analysis (M cL a r e n  and B o w l e s , 

1985; G a o  and C o l l in s , 1991). Based upon a grid of samples, 
two m ain transport pathways have been identified ( P o u l o s  

and B a l la y , th is volume): over the central depression and its 
western part, directed towards the northeast; and towards the 
southwest, over the gentle eastern  slope of the Kwinte Bank.

(d) M o rp h o d y n a m ic  m o d e llin g
In order to investigate the seabed dynamics, in general, and to 

predict the long-term morphodynamic impact of sand extraction 
from tidal sandbanks, in particular, process-based modelling 
is a connnonly-used method. Herein, different approaches can 
be considered: (i) based upon complex numerical simulation; 
or (ii) by applying an idealised model, designed specifically to 
describe sandbank dynamics. The first of these approaches has 
been applied to the Kwinte Bank (B r iè r e  et al., th is volume). 
The short-term modelling was set up with the complex full 
process-based model, Delft 3D — Online. The numerical results 
obtained, together with the field measurements, showed good 
agreement. Sand transport is directed towards the northeast, 
along the western flank of the bank; it is southward along 
the eastern part. In the area of the depression, the residual 
sediment transport direction is opposed to th a t of the residual 
currents, i.e. directed towards the east, suggesting deepening 
of the depression (at least, under the conditions of the field 
measurements). The long-term impact of sand extraction is 
assessed, considering complementary approaches (combining 
the benefits from the complex numerical modelling and the 
idealised model). From the idealised model, the anticipated 
long-term trend  of an excavated area is the recovery of the 
depression, resulting in a new equilibrium of the sandbank. 
However, the modelling approaches assume an infinite source 
of sand which, in reality, may not be the case. No clear trend  in 
the evolution of the depression area can be deduced from the 
long-term full process-based modelling, whilst the short-term 
observations and modelling results suggest a deepening of the 
depression area.

(e) B e n th ic  eco lo g y
In order to establish the nature and vulnerability to 

aggregate mining, of the benthic communities on the Kwinte 
Bank, macrobenthic fauna have been investigated in the 
central depression and its surrounding areas; these are 
compared with the adjacent Middelkerke Bank, where no 
exploitation takes place (B o n n e , th is volume). Compared with 
historical data available for the Kwinte Bank, together with 
the reference stations on the Middelkerke Bank, crustaceans 
and echinoderms have become now more important over the 
area of the depression; th is suggests higher similarity to the
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swale environment, than  was the case previously. However, the 
species composition difference hasbeen observed within the wide 
niche width of the sandbank transitional species assemblages, 
described earlier for the Kwinte Bank and the Belgian subtidal 
sandbanks. Sand extraction has created a locally-different 
habitat on the Kwinte Bank, to which the benthic fauna has 
adapted. However, the change is not significant over the larger 
scale of the sandbank system, one year after cessation of the 
intensive anthropogenic disturbance (see above).

(f) S y n th e s is  o f  r e s u lts
V a n  L a n c k e r  et al. (this volume) have in tegrated the 

different research results and discussed these within the 
perspective of sustainable exploitation. A suite of criteria 
are proposed (geographical, geological, morphological, 
sediment dynamical, ecological and exploitational) th a t can 
assist in lim iting the environm ental impact of extraction. 
A methodological framework for research is put forward, 
whilst recommendations for future monitoring schemes are 
highlighted. The information provided can guide decisions on 
the m anagem ent of the impact of aggregate extraction, within 
the m arine environment.

Baltic Sea -  Trom per W iek and the W arnem ünde, the 
Darss Coastal Zone

The research activities undertaken on the Baltic Sea are 
introduced in the paper of S c h w a r z e r  (this volumen). This 
contribution explains the background to the extraction of sand 
and gravel resources.

Likewise, emphasis is placed on the diversity of the Baltic 
Sea, in relation to its geological, environmental and ecological 
settings; its area is around 4 x IO6 Km2 , with a volume of approx 
2 X 10 Km3. Detailed information is provided on the geological 
developments, environmental conditions, aggregate resources and 
their exploitation; these serve as a background to the subsequent 
detailed, in term s of process and locations, investigations.

(a) G eo p h ysic s
The Tromper Wiek area was selected as the study area, for 

geophysical and sedimentological research, undertaken in the 
Baltic Sea. Tromper Wiek is a semi-enclosed embayment of 
the W estern Baltic Sea, lying to the NE of Rügen Island.

Based upon boomer data, the late Q uaternary history of the 
Tromper Wiek was reconstructed w ithin the framework of the 
evolution of the Baltic Sea. B e l l e c  et al. (this volume) describe 
the formation of gravel bars on the seabed, a t particular 
locations within Tromper Wiek. Different periods of drainage 
led to the formation, or the re-activation of, channels th a t 
were infilled with coarse-grained m aterial (in some places) 
during lower sea level. The gravels present originated from 
the erosion of the cliffs and till outcrops, on the seabed. After 
the formation of the barrier/bar and back-barrier system of 
gravel deposits covering the channels, sea level rose. Waves 
and currents eroded, in part, the barrier system th a t evolved 
into submerged bars. This pattern  of evolution explains the 
direction of the steep slope towards the coast. The rapid rise

in sea level, together w ith the coarse granulom etry of the 
deposits, has perm itted the ir preservation.

LTsing hydro-acoustic survey techniques (side-scan sonar 
and multibeam), high-resolution bathym etric and acoustic 
images (sonographs) of former marine aggregate extractions 
were obtained from the Tromper Wiek area (M a n so  et al., th is 
volume). These data, together with ground-truthing (underwater 
video and seabed sediment samples) were used to describe 
the present condition of m arks on the sea bed generated by 
mining, in term s of their morphology 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: Tromper Wiek 1 (a sandy gravel seabed); 
and Tromper Wiek East (a sandy seabed). Regeneration 
varies, depending upon the m aterial extracted and the mining 
technique applied. In general, it is rapid during the first years 
following the extraction, becoming almost undetectable over a 
longer period of time. However, the m arks are still detectable 
after more than  10 years, since they were initially generated.

(b) S e d im e n t d y n a m ic s
Sand lying at the bottom of the gravel pits is remobilized 

episodically; it is transported  partially  into and out of the pits. 
However, the long-term balance of sand within the dredging 
craters has not been established. W ithin the context of the low 
sand supply and intense coastal erosion, it is of importance 
to determ ine if the p its act as sediment traps; thus, reducing 
the overall sediment budget towards the coast and, as such, 
enhancing erosion.

G arel  (this volume) and L e fe b v r e  (this volume) investigate the 
above issue, based upon hydrodynamic measurements obtained 
within and outside of an isolated pit, over a 4-day period; this 
included a storm event, with significant wave heights of up to 
1.2 m. The dataset consists of current magnitude and direction, 
water level variations and turbidity. Re-suspension events have 
been observed within and outside of the crater, during the storms. 
The currents are relatively weak, but reveal significant differences 
within and outside of the pit; these are indicative of a decoupling 
of the flow. Although the bed shear stress is greater outside of 
the pit, the suspended sediment concentration is higher within 
the pit; it increases earlier than outside the pit, before the storm 
event. As there is no evidence for significant additional turbidity 
inside the pit, the higher suspended sediment concentration is 
the result of the advection of fine-grained sediment towards, 
then captured, by the pit. Over the long-term (a year), fine sand 
is trapped preferentially; this is in response to the dominance 
of moderate storm activity, throughout the year. In relation to 
sediment transport out of the pit, no evidence is available for sand 
re-suspension above the crater rim, during moderate storm events; 
nonetheless, this is possible during more severe storms. The study 
has emphasised the need to investigate, in greater detail, the flow 
structure inside the pits; this is to assess the sediment balance 
within the pits, based upon the prevailing long-term wave climate 
over the area. Such an approach would assist in the provision of 
guidelines for gravel removal over the area, in term s of the water 
depth for extraction and the dimension of the pits.
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(c) C o a s ta l im p a c t
Offshore sediment extraction may affect the coastline in 

different ways: cause beach draw-down; change tidal currents; 
affect sediment transport; modify nearshore wave conditions; 
or reduce shelter provided to the adjacent coastline. K o r t e k a a s  

et al. (this volume) investigated an area located on the 
German Baltic Sea coast, between W arnemünde and Darss. 
The coastline here is eroding rapidly and extensive offshore 
sand extraction is taking place. Sand resources, of Holocene 
sedim entary material, are lim ited over the area and are 
restricted to a layer of < 2 m in thickness. To investigate the 
effect of sand extraction on the coastline, bathym etric data 
obtained from 2 different periods were compared; th is was in 
addition to establishing the location of the coastline, during 
5 different years, over a tim e-span of 50 years. Waves and 
wave-induced sediment transport were simulated, using an 
in tegrated coastal zone model (Sistema de Modelado Costero- 
SMC (Coastal Modelling Aid System, 2002), developed by the 
Ocean and Coastal Research Group from the University of 
C antabria with the support of the Directorate General to the 
Coast in the Environm ental M inistry of Spain).

Because of the extensive shore protection structures, it is 
difficult to distinguish between natu ra l and artificially-induced 
coastal change. As such, no direct relationship was established 
between changes in the coastline and the bathym etric alteration 
at the extraction sites. However, the results obtained indicate 
some prim ary areas of concern, i.e. very small changes in 
bathym etry are sufficient to cause significant modifications in 
the sediment transport potential at the coast, causing variations 
in the patterns of erosion and accretion. Sediment transport by 
both wave action and currents (induced by the inflow of North 
Sea waters) is in a NE direction, towards Darss; here, deposition 
takes place in a National Park where dredging is prohibited. 
There is very little input of sediment into the system. Any sand 
th a t is removed by marine aggregate extraction, for industrial 
use, is likely to have a negative effect on the total sediment 
budget at the shoreline.

Invited Papers

This Special Issue includes also some Invited Contributions; 
these have been selected to enable an overview to be provided 
of research relevant to the study of the environm ental impact 
assessm ents (EIA’s), of the two field sites. For the Kwinte 
Bank, th is consists of the work of D e g r e n d e l e  et al. (this 
volume), on the morphological evolution of the Kwinte Bank 
central depression, before and after the cessation of aggregate 
extraction. The results show th a t two years after the closure, 
the site has not undergone sedimentation, nor has there 
been a significant change in the natu re  of the sediments. The 
morphological changes, identified during the extraction, have 
ceased, but no significant regeneration took place following 
cessation of the dredging. If the sediment volume variation, 
during extraction, is compensated for the am ount of extracted 
sediments, the resulting sediment volume variation is sim ilar 
to the na tu ra l evolution of a non-exploited sandbank; this 
would imply th a t m arine aggregate extraction has only a local 
impact.

V a n  d e n  E y n d e  et al. (this volume) contribute to the modelling 
of the effects of sand extraction on sediment transport, due to 
tides. Numerical models are used to simulate the response of 
the sediment transport pattern, to extensive sand extraction of 
the sandbank. A ‘worst-case’ scenario, together with (two) ‘more 
likely’ scenarios, were simulated. Likewise, the effect of the 
bathym etric changes, on sediment transport, was studied. The 
results reveal th a t the intense sand extraction does not appear 
to affect the stability of the sandbank. Although erosion and 
deposition is decreasing, a regeneration mechanism appears to 
be present; this could cause the sandbank to rebuild, on the 
condition th a t sand resources are available elsewhere, to be 
transported to the bank (which has not yet been confirmed). A 
trench depression, perpendicular to the crest of the sandbank, 
could be slowly infilled. However, the time-scale of the 
regeneration process is still uncertain.

G ia r d in o  et al. (this volume) have modelled the interaction 
between wave activity and tidal currents; th is  has revealed 
a high increase in sediment transport, but also a change in 
direction of the net flux of sediments. In particular, the crests 
of the shallow sandbanks are highly vulnerable and erosion 
as deposition as patterns may change, according to the wave 
activity. In addition, the dominance of the ebb current along 
the eastern flank can be suppressed by southerly (or SW) 
winds, i.e. the most common wind direction over th is area. 
Against a background of all the sediment transport activity, 
the sandbanks do not appear to migrate. This pattern  might 
be related to: (a) a long-term equilibrium of sand transport, 
due to currents and low waves along the eastern flank; and (b) 
sand transport, due to currents and more significant waves, 
along the more exposed western flank.

For the Baltic Sea, K r a u se  et al. (this volume) have provided 
a contribution on the physical and biological impact of sand 
extraction, associated with a dredging site in the western 
Baltic Sea. Oxygen depletion zones were found in the most 
heavily impacted part of the dredging site. These physical 
impacts had  a significant, but short-lived, effect on the 
common non-vulnerable benthic species. However, the effects 
were more severe for the sensitive benthic species, which did 
not recover within one year after dredging.

C O N C LU SIO N S

This Special Issue provides a unique interdisciplinary 
overview of a wide range of scientific methods, used in 
combination, for the study of former extraction sites in 
tidal and non-tidal environments. The methods applied 
include: geophysical and hydrodynamic m easurem ents;
sedimentological and biological sampling; and video-imaging, 
in combination with hydro-, sediment- and morphodynamic 
modelling. Resource prospecting issues and the environm ental 
impact of extraction are discussed.

It is to be hoped that regulatory bodies, involved directly in 
aggregate extraction, will use the integrated scientific results and 
knowledge, gained throughout the project. Moreover, the synthesis 
provided can serve also as guidance to industry, related mainly to 
the approaches used for resource prospecting and evaluation.
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ABSTRACT I

maa
— M arine aggregates (san d  a n d  gravel) a re  im p o rta n t m in era l resou rces a n d  tra d e d  com m odities. T h e ir  significance is

b o u n d  to  increase  fu rther, d u e  to  increasing  coastal zone  d evelopm en t, stric ter env iro n m en ta l reg u la tio n  co n cern in g  
lancl-won aggregates a n d  in creasing  d e m a n d  fo r  b each  rep le n ish m e n t m aterial. M arine aggregate  (MA) deposits 
can  be d iffe ren tia ted  in to  re lic t a n d  m o d e rn  deposits. T h e  fo rm e r consist o f sed im en ta ry  m ateria l d ep o sited  in  th e  
past a n d  u n d e r  d iffe ren t env iro n m en ta l a n d  sed im en ta ry  reg im es th a n  th o se  existing p resen tly  (e.g. th e  g rav e l/ 
sand  deposits o f  th e  P leistocene b u r ie d  river valleys o f  th e  n o rth w este rn  E u ro p ean  shelves). T h e  la tte r  a re  deposits, 
w hich  have b e e n  fo rm ed  a n d  co n tro lle d  by th e  m o d e rn  h ydro -and  se d im en t dynam ic cond itio n s (e.g. th e  lin ea r  sand  
banks o f  th e  so u th e rn  N o rth  Sea). T h e  p re sen t c o n tr ib u tio n  reviews th e  cu rre n t state o f affairs in  9 represen ta tive  
E u ro p ean  M em ber States co n ce rn in g  th e  p ro sp ec tin g  a n d  ex trac tio n  (d red g in g ) tech n iq u es as well as th e  levels o f 
p ro d u c tio n  a n d  usage. T h e  review has show n a m ixed  re c o rd  as, in  som e of th e  s tu d ied  States, m arin e  aggregate 
p ro d u c tio n  is an  im p o rta n t a n d  stream lin ed  activity, w hereas o th e r  States have n o t yet deve lo p ed  efficient m arin e  
aggregate  policies a n d  industries. It has also show n th a t a lth o u g h  a ttem p ts have b e e n  lately m ad e  to co o rd in a te  th e  
field, th e  industry  still faces p rob lem s, w hich  h in d e r  its sustainable  developm en t. T hese inc lude  (am ongst o thers): 
lack o f  stan d ard isa tio n  o f th e  re levan t in fo rm ation , difficulties in  th e  access to  in fo rm ation , n o n -co h e ren t regu la to ry  
reg im es a n d  lim ited  co llab o ra tio n /c o o rd in a tio n  betw een  th e  m arin e  scientific resea rch  estab lishm ents a n d  the  
m arin e  aggregate  industry. T hese  issues sh o u ld  be  add ressed  as quickly as possible in  o rd e r  to exp lo it effectively this 
im p o rta n t m in era l resou rce .

ADDITIONAL INDEX WORDS: M arine aggregates, dredging, offshore mineral resources, relict sediments, buried palaeovalleys, 
mineral resource prospecting.

IN T R O D U C T IO N

In recent years, the importance of m arine aggregates (sand 
and gravel) as a m ineral resource has increased in the EU, due 
both to increasing dem and and stricter regulations concerning 
land-won aggregates in the Member S tates (e.g. J e w e l l , 1 9 9 6 ; 

P hlta et al., 2 0 0 4 ) .  In the last 2 0  years, more than  5 0  million 
m3 of sand and gravel have been extracted annually (on aver­
age) from the northern  European continental shelf alone and 
the production may increase further to supply the m aterial 
needed for the construction of the planned projects of coastal

DOI: 10.2112 / SI51-002.1 received 23 F e b ru a ry  2007; accepted  in 
revision  5 October 2007.

infrastructure ( P h u a  et al., 2 0 0 4 ;  S e a m a n , 2 0 0 6 ;  http://www. 
dredging-in-germany.de) and the replenishm ent of the erod­
ing European beaches ( E u k o s io n , 2 0 0 3 ;  H u m p h r e y s  et al., 1 9 9 6 ; 

I c e s , 2 0 0 6 ;  S e l b y  and O o m s , 1 9 9 6 ) . M arine aggregates are of 
particular importance in the coastal states of northw estern 
Europe, with the UK, the N etherlands and Denm ark collec­
tively producing more than  8 0 %  of the European m arine ag­
gregate production (e.g. I c e s , 2 0 0 5 ;  I c e s , 2 0 0 6 ) .

Marine aggregates (MA) are non-metallic sediment depos­
its, consisting of sands, gravels and shells/shell debris, which 
have been formed as a result of either contemporary (modem) 
or past sedimentary/hydrodynamic processes (relict deposits). 
Two different classification schemes are in place concerning the 
size of marine sand and gravels. Geologists use the F o l k  (1 9 8 0 )

mailto:afv@aegean.gr
mailto:afv@aegean.gr
http://www
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grain-size classification, according to which sediments consist­
ing of particles with sizes ranging between 0.063 and 2 mm are 
classified as sands and with sizes greater than  2 mm as gravels. 
In comparison, the MA industry classifies sediments consisting 
of particles with diameters ranging between 0.063 and 4 (or 5) 
mm as sands, and sediments with particle-sizes greater than 
4 (or 5) mm as gravels. In the present contribution, the second 
classification is used, as most of the available data on supply 
and demand follow the MA industry’s classification.

The nature/texture of m arine aggregates is generally simi­
lar to land-won aggregates (G u b b a y , 2 0 0 5 ;  H a k r is o n , 2 0 0 3 ) .  

However, there are also differences, as m arine aggregates 
are generally less ‘contam inated by fine-grained m aterial 
(silts and clays) and have higher concentrations of undesir­
able salts (NaCl) and biogenic m aterial (shells/shell debris). 
In addition, siliciclastic m arine aggregates consist generally 
of “harder” m aterial than  land-won aggregates, as they have 
been subjected to rigorous abrasion in the energetic coastal 
and inner shelf m arine environm ents (e.g. P e t t i .jo h n , P o t t e r , 

and S IE v e r , 1 9 7 2 ).

The composition of the MA deposits varies, depending on 
the original sediment source. For example, flint forms the 
greater p art of the gravel deposits of the eastern  English 
Channel and those offshore of the Riugen Island (Germany), 
being the product of erosion of the flint bands of the extensive 
Cretaceous Chalk outcrops found in these areas (K e n n e d y  and 
G a r r is o n , 1 9 7 5 ) .  In comparison, m arine aggregates found off­
shore of the Hum ber E stuary (UK sector of the North Sea) 
have more variable composition, reflecting the ir glacial origin 
(G u b b a y , 2 0 0 5 ) .

The aim of th is contribution is to review the MA uses, ori­
gin, demand/supply and exploitation (prospecting/dredging) 
techniques in (9) coastal EU Member S tates (Belgium, France, 
Germany, the UK, the Netherlands, Poland, Spain, Denmark 
and Greece), representing the different European coastal a r ­
eas (i.e. the Atlantic, Baltic and M editerranean coasts).

USE O F T H E MARINE AGGREGATES

M arine aggregates are used (B m a p a , 2004, 2005; C e d a , 

1993): in concrete and m ortar manufacture; as ingredients of 
asphalt and coated products; for block making; as drainage 
and capping m aterial and in other fill-related uses; and as 
beach replenishm ent material. In sandy beach replenishm ent 
schemes (D e a n , 2002), m aterial specifications (apart from 
project-specific grain-size requirem ents) are relatively simple, 
as the mineralogy of the m aterial is not, generally, a signifi­
cant concern. Nevertheless, replenishm ent m aterial m ust be 
clean and not containing fresh biogenic m aterial and/or con­
tam inants such as chemical pollutants; for example, sediments 
from some areas of the Bristol Channel (UK) cannot be used 
as beach replenishm ent material, as they are characterised 
by large concentrations (exceeding in some cases 40% of the 
sediment weight) of w aste coal (H a m il t o n  et al., 1979; V e l e g ­

r a k is  et al., 1996). Sand used in construction m ust comply with 
certain standards (D e  V r e e , 2003) regarding, for instance, its 
chloride content (Table 1.).

Table 1. Chloride content lim its  (according to B S  882, App. C, 
Table 7.) in m arine aggregates.

Chloride
Concrete Type C ontent

(% weight)

P re -stressed  concrete, heat-cured  concrete w ith 0 01
em bedded m etal

Concrete w ith em bedded m eta l m ade w ith 
cem ent BS4027

Concrete w ith em bedded m etal m ade with 
cem ent BS12, BS146.DS1370, BS4246, BS 6588, Q5
BS6610, or combinations w ith ground granulated  
blastfurnace slag or pulverised-fuel ash

O ther concrete no repu i remen I

M arine gravels are also used for beach replenishm ent and 
in the construction industry. With regard to the ir use in the 
construction industry, although gravel-sized aggregates form 
an essential ingredient of certain concretes (see Table 2. for 
shell content requirem ents) and asphalt products, they can be 
replaced by good quality crushed-rock aggregates. In contrast, 
m arine gravels are vital resources for certain beach replenish­
m ent schemes, due to the ir grain-size and (generally) rounded 
shape (e.g. A r t h u r t o n , 1997; B a t e s  et al., 1997).

Table 2. Shell content lim its  (according to B S  882 1992, Table 1.)

G ra in  Size/Type Shell c o n te n t 
(% w eigh t)

M aterial with size less than  5 mm (sand) no requirement

Shingle size up to 10 mm, graded or all-in 
aggregate (> 5 mm and < 10 mm) 20

Shingle sizes, graded and all-in aggregate 
(> 10 mm) 8

in marine aggregates.

O R IG INS O F TH E MA DEPO SITS

Exploitable MA deposits have been mostly formed in the 
Quaternary. On the basis of their formation period, they may 
be differentiated into relict and modern sedimentary bodies 
(e.g. M c M a n u s , 1975). Relict deposits are those formed in the 
past and under different environmental conditions i.e. in en­
vironments controlled by sedim entrary regimes different than 
those existing presently. Typical examples are the gravel/sand 
deposits found within the Pleistocene buried river valleys of the 
northwestern European shelf (A n t o in e  et al., 2003; G ib b a r d , 

1988; V e l e g r a k is , D ix , and C o l l in s , 1999), the moribund banks 
found at the outer shelf (at 60-140 m w ater depths) of the Celt­
ic Sea (e.g. K e n y o n  et al., 1981; R e y n a u d  et al., 1999) and the 
glacial (e.g. H e r r m a n n  et al., 1999) and transgressive (B e l l e c , 

D ie s in g , and S c h w a r z e r , th is volume) deposits of the southern 
Baltic Sea. Such deposits are not normally involved in the mod­
ern sedimentary processes, although some movement of their 
superficial layers may take place under particular conditions,
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Figure 1. Seismic (boomer) section and its interpretation  from a 
tribu tary  paleovalley of the ‘English Channel River’ (Gibbar d, 1988; 
Hamblin e t al., 1992) in the central English Channel. The infilling 
sedim ents form different seism ostr atigraphic units, with coarse-grained 
sedim ent topping the sequence (shown from the  acoustic character of 
the deposit, e.g. from the  presence of num erous diffractions, and ground 
tru th  data). Key: I, lower bounding unconformity of the  coarse-grained 
deposit; II, upper bedrock erosional surface; I II , la te  channels.

100 m

Figure 3. Seismic (boomer) section and its in terpretation  from a buried 
valley of the eastern  English Channel. The infilling sediments form 
different seism ostr atigraphic units, with (mostly) fine-grained deposits 
topping the infilling sequence. Key: I , upper bounding unconformity of 
the tran sgressive deposit (transgressive system trac t (TST)); II, upper 
bounding unconformity of the coarse-grained deposit of the lowstand 
system  trac t (LST) see Posam entier and Vail (1988); and I II , upper 
bedrock erosion al surface.

such as storm waves (e.g. D alrymple et al., 1992). Modem de­
posits are those, which have been formed and controlled by the 
modem hydro-and sediment dynamic conditions. In areas as­
sociated with high tidal and/or wave energy, as it is the case 
in most shallow Atlantic continental shelves, modem deposits 
can be characterized by significant mobility (e.g. V elegrakis  et 
al., 2007; V in c en t , S to le , and P orter , 1998), which may result 
in considerable m aterial exchanges between them  and the ad­
jacent areas.

R elict MA deposits
These deposits have been mostly formed during the P leis­

tocene climatic changes and sea level oscillations. During the 
Pleistocene sea level falls (lowstands), continental shelves 
around northern  Europe were repeatedly exposed to sub- 
aerial erosion and drained by large periglacial river systems

III

Figure 2. Seismic (boomer) section and its interpretation showing 
drowned river terraces in the Eastern English Channel (water depth 
~30 m at the upper p a rt of the deposit). These terraces are found along a 
submerged tributary  of the Northern Paleaov alley (the large submerged 
valley of the English Channel, see Hamblin e t al. (1992)), which, in many 
areas, is devoid of sediment infilling, possibly due to an extreme flooding 
event during the last (Flandrian) transgression (e.g. Smith, 1985; 1989). 
The terrace m aterial consists mainly of flint gravel and/or sandy gravel, 
indicated by the presence of acoustic diffractions on the echogram and 
verified by ground-truth data. Key: I, lower bounding unconformity of 
the coarse-grained terrace deposit; II, upper bedrock erosional surface at 
the terrace area; III, upper bedrock erosional surface a t the interfluve.

100 m

F ig u re  4. Seism ic (boomer) section an d  its  in te rp re ta tio n  show ing a 
coarse -gra ined  drow ned beach  in th e  E a s te rn  E nglish  C hannel (w ater 
dep th  ~35 m a t  th e  u pper p a r t  of th e  deposit). The m a te ria l consists 
probab ly  of flin t gravel and/or sandy  gravel, show n by th e  p le th o ra  of 
sou n d  w ave d iffractions p re se n t on th e  im age an d  ground  t ru th  d a ta  
(core sam pling). Key: I. u pper bedrock erosional surface.

(e.g. A n t o in e  et al., 2003; G ib b a k d , 1988); deposition of uncon­
solidated (and relatively well-sorted) coarse-grained m aterial 
was taking place at the riverine thalwegs, terraces, point bars 
and fans (L e e d e r , 1999). These deposits are of particular in te r­
est for the MA industry, since they contain large quantities of 
gravel and sandy gravel (Figure 1.). Although, such coarse­
grained deposits are usually buried under transgressive/high- 
stand finer-grained deposits (see below), in some cases they 
can also be found exposed on the present seafloor (Figure 2.).

During the early stages of the subsequent marine transgres­
sion, the lowstand fluvial environments were transform ed first 
into estuarine and then marine environments (e.g. A l l e n  and 
P o s a m e n t ie r , 1993). Therefore, the last (Flandrian) transgres­
sion caused fine-grained sedimentation (i.e. muddy sands and 
muds) over large sections of the river palaeovalleys, which were 
previously characterised by coarse-grained sedimentation (e.g. 
F l e t c h e r  , K n e b e l , and K r a f t , 1992). Such sedimentary sé­
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quences (Figure 3.) are difficult to exploit, as fine-grained sedi­
ment deposits must be excavated before reaching the coarse­
grained resource (but see L o m a n  (2006) for new technological 
developments which may address this problem).

O ther relict sedim entary bodies w ith a good resource poten­
tial are associated with drowned beaches and barrier islands 
(L e e d e r , 1999). These are coastal sedim entary bodies left be­
hind during the last m arine transgression, as a result of their 
protected position (e.g. perched in front of coastal cliffs) and/ 
or the fast rate  of the transgression (Figure 4.). These deposits 
are of particular interest, as they are characterised by rela­
tively good sorting and consist of m aterial resistan t to ab ra­
sion, which makes them  ideal for beach replenishm ent. Their 
texture depends on the particulars of the drowned sedimen­
tary  environm ent and the ir exploitability is controlled by the 
depth of the ir present position (B a t e s  et al., 1997).

F igu re  5. Seism ic section a n d  its  in te rp re ta tio n  across th e  K w inte 
B ank  (Flem ish B anks, so u th e rn  N orth  Sea). Key: I, base  of th e  m odern 
sa n d  ban k : II, base  of th e  tran sg ress iv e  coasta l b a r  preced ing  the  
m odern  bank: III, base  of th e  tid a l fla t deposits: an d  IV, base  of the  
e s tu a rin e  channels.

W

30 m

F igu re  6. S ide-scan sonar sonograph from  th e  B risto l C hannel (UK), 
show ing a field of sa n d  subaqueous dunes (V elegrakis et a l., 1996). 
Key: A, la rg e  subaqueous dunes: B, m edium  subaqueous dunes 
superim posed  on th e  la rg er bedform s.

In some areas during the Pleistocene glacial episodes, ice- 
sheets originating from the land m asses spread and extended 
to the shelves, depositing extensive m antles of sub-glacial 
till consisting of clays, sands, gravels and boulders. Although 
these deposits can attain  substantial thicknesses (e.g. J a c k so n  

et al., 1995; J a m e s , H a r r is o n , and C ia v o l a , 1992), they may 
only rarely be of economic in terest due to (a) the ir consolida­
tion and ‘contam ination’ by both fine and oversize m aterial 
and (b) regulatory restrictions put in place for some areas (e.g. 
in the Baltic Sea, see H e l c o m  (1998)). In some areas, however, 
pro-glacial till deposits, deposited by melt ice rivers from the 
ice front and consisting of sandy gravels and coarse gravelly 
sands can be of in terest to the MA industry (e.g. the Cleaver 
Bank in the Dutch sector and the areas east of Norfolk and the 
Hum ber in the LTK sector of the North Sea).

Finally, some areas of the northern  European shelves are 
characterised by veneers of lag gravel. These deposits have 
been substantially reworked by the present hydrodynamic re­
gime; they usually form th in  sedim entary bodies, as it is the 
case in the Baltic Sea (e.g. B l a z h c h is h in , 1976) and the Eng­
lish Channel (H a m b l in  et al., 1992) and, thus, they have only 
lim ited economic potential.

M odern MA d eposits
In term s of the ir dynamics, modern deposits may be broadly 

differentiated into: (i) sediment sinks, i.e. depositional centres 
th a t do not supply sediments to the surrounding areas and 
(ii) sediment stores, i.e. deposits characterised by consider­
able sediment exchanges with the adjacent areas. In energetic 
m arine environments, superficial sediment deposits are likely 
to be mobile and, thus, can be generally classified as ‘stores’. 
Sand stores in the continental shelf include sand sheets, sand­
banks (Figure 5.), sand patches, sand ribbons and subaqueous 
dune fields (Figure 6.).

F ig u re  7. (a) Seism ic (boomer) section show ing subaqueous sa n d  dunes 
in  th e  E nglish  C hannel an d  (b) Seism ic (boomer) section show ing 
subaqueous gravel dunes in  C h ristchu rch  Bay, (sou thern  UK). Key: I, 
b a s a l unconform ity  of th e  sa n d  bedform s: II, b a sa l unconform ity  of the  
gravel sed im ents; BM, bottom  m ultip le : B, T e rtia ry  bedrock.
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Table 3. Official MA information holders in the investigated EU Member States.

Country O rganisation/D ata sets

Fund for Sand Extraction, FPS Economy, SMEs, and Energy (www.mineco.fgov.be) (resource maps and databases of multibeam 
data/dredging activity)
Management U nit of the North Sea M athematical Models - MUMM, Departm ent VI of the Royal Belgian Institute of N atural 
Sciences (www.mumm.ac.be/) (resource maps, lisenced areas, dredging activity data, including EMS “black-box” data) 
Geological Survey of Belgium (www.naturalsciences.be/geology/) (geological maps and prim ary data sets)

Belgium

BRGM-Bureau de Recherches Géologiques et Minières (Office of Geological and Mine Research) (www.brgm.fr) (geological maps, 
prim ary geological data)
IFREMER (French Research Institute for Exploitation of the Sea) (www.ifremer.fr) (MA licenses, MA reserve maps, oceanographic 
databases (SISMER), subsurface data (CORIOLIS), satellite data (CERSAT))
SHOM-Service Hydrographique et Océanographique de la Marine (Hydrographic and Oceanographic Service) (www.shom.fr) 
(marine data/information, including hydrographic, multibeam and geophysical data)

France

PGI (Polish Geological Institute) (http://www.pgi.gov.pl/) (MA licensed areas, geological maps, natural resource maps, central 
geological archives) and MIDAS Register (Management and Protecting of Polish M ineral Raw Materials)
DGiKG (Department of Geology and Geological Concessions, Ministry of the Environment) (http://www.mos.gov.pl/dgikg/) (national 
proven, probable and possible m ineral reserves)

Poland

BSH (Federal Maritime and Hydrographic Agency) - (http://www.bsh.de/de/index.jsp) (MA licenses, resource maps, marine 
environmental data and CONTIS database
BGR Federal Institution for Geosciences and N atural Resources in Hanover (http://www.bgr.bund.de/cln_029/DE/Home/
homepage node.html nnn=true) (central authority advising the German Federal Government)
State (Lander) Geological Surveys (e.g. http://www.uni-mainz.de/FB/Geo/Geologie/GeoSurv.html):
Landesamt für Umwelt, Naturschutz und Geologie Mecklenburg-Vorpommern (Office for Environment, Nature Protection and 
Geology) http://www.lung.mv-regierung.de/ in Mecklenburg-Vorpommern (Geological and natural resource maps, Baltic Sea 
Territorial W ater environmental data, GIS-based geological data)
Landesamt für Bergbau, Energie und Geologie (LBEG) (Office for Mining Industry, Energy and Geology (est. in 1-1-2006) in Lower 
Saxony (http://www.lbeg.niedersachsen.de/) (geological/natural resource maps and North Sea Territorial W ater environmental data) 
Landesamt für N atur und Umwelt (Office for Nature and Environment) - http://www.umwelt.schleswig-holstein.de/servlet/is/155/ - 
in Schleswig-Holstein (geological and m ineral resource data/maps, environmental databases)
Behörde für Stadtentwicklung und Umwelt Geologie (Agency for Town Development and Environmental Geology) in Hamburg 
http://fhh.hamburg.de/stadt/Aktuell/behoerden/stadtentwicklung-umwelt/umwelt/geologie/start.html

Germany

GEUS (Geological Survey of Denmark and Greenland) (http://www.geus.dk/) (MA extraction licenses, geological/mineral resource 
data and maps)

The
Netherlands

TNO (Netherlands Institute of Applied Geosciences - Geological Survey) (http://www.nitg.tno.nl/eng/) (MA extraction licenses, 
geological/mineral resource maps and databases)
Ministry of Transport, Public Works and W ater m anagement (http ://www.verkeerenwaterstaat.nl/?lc=nl) and North Sea 
Directorate (http ://www.rijkswaterstaat.nl/

The UK
British Geological Survey http://www.bgs.ac.uk/ (geological and m ineral resource maps and databases)
The Crown Estate (http://www.crownestate.co.uk/) and BMAPA (www.bmapa.org/) (information on MA extraction licenses, 
extraction activity database)

Spain

Instituto Español de Oceanografía (Spanish Institute of Oceanography) - IEO - http://www.ieo.es/version_eng/indexingles.htm 
Del Ministerio de Agricultura, Pesca y Alimentación en España (Ministry of Agriculture, Food and Fisheries) - http://www.mapa.es/ 
Instituto Geológico y Minero de España (Geological and Mining Institute of Spain) - http://www.igme.es/internet/default.htm 
Dirección General de Costas, Ministerio de Medio Ambiente (General Directorate of Coasts, M inistry of Environment) - http://www. 
mma.es/costas/htm/actua/infor/

IGMR Greek Geological Survey (marine geological data/maps) and 
HCMR (Hellenic Centre for M arine Research) (marine environmental data) 
Public Estates Company (MAlicenses)
YYN (Naval Hydrographic Office) (Hydrographic data and maps)

Sand sheets are extensive, continuous veneers of sand of 
variable thickness. Such deposits are commonly found over 
the western European shelf, mostly at relatively large (> 40- 
60 m) w ater depths (Kenyon  and S tride, 1970). Therefore, even 
though they may form substantial m arine aggregate resources, 
they are probably beyond the operational capability of the m a­
jority of the vessels of the dredging industry fleet (e.g. B ates et 
al., 1997; V isser, 2007). Sandbanks are elongated sedimentary 
bodies, which may reach lengths well in excess of 30 km  (C ol­
lins et al., 1995; D yer and H untley, 1999; P attiaratchi and Col­
lins, 1987). These sedimentary structures form huge resources 
of good quality, relatively well-sorted sand-sized sediments and 
are one of the prim ary targets of the M A  industry (e.g. Ices, 
2005; V elegrakis et al., 2001). Sand ribbons are flow parallel 
bedforms (e.g. Kenyon, 1970; M cL ean , 1981) consisting of elon­

gated patches of sand resting on coarser-grained sediments 
and/or bedrock substrates; they form good quality M A  deposits 
which, however, are characterised by a limited thickness and 
rigorous hydrodynamic regime th a t makes the ir mining dif­
ficult. Subaqueous dunes (A shley et al., 1990) are flow-trans­
verse repetitive sediment structures developing on a sedimen­
tary  bed under the influence of current- and/or wave-induced 
flows (B elderson, J ohnson, and K enyon, 1982; D alrymple et al., 
1992). They have dune-like shapes with the ir crests aligned 
(almost) perpendicular to the prevailing flow direction and are 
characterised by variable sediment texture and dimensions 
(Figures 6. and 7.), reflecting the sediment and flow diversity 
of the shallow m arine environments. Subaqueous dune fields 
can be of large economic interest, although they present certain 
practical problems in the ir exploitation (B ates et al., 1997).
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EURO PEAN MARINE AGGREGATE RESOURCE  
INFO RM ATIO N

In all investigated European Member States, MA resource 
information has been found to be dispersed among various or­
ganisations (Table 3.). The available information consists of 
both analogue and digital data sets and includes marine ag­
gregate reserve maps and maps of areas licensed for extrac­
tion, shallow seismic and side-scan sonar records, borehole logs 
and vibro-core, gravity core and grab sample records. The data 
quantity and quality vary widely, with the most modem and 
uniform data bases found in the UK, the Netherlands and Den­
mark, where most of the information is held electronically (Ices, 
2005; Meakins et al., 1999; Nielsen and Jensen, 2003). Although 
the recent years substantial research has been undertaken 
to access the MA resource potential of the European shelves, 
there are still information gaps in all investigated EU Member 
States; this is true even for those states where modern surveys 
have been carried out. Thus, accurate estimations of the overall 
reserves are not available (Ices, 2006), particularly over areas 
exceeding 40 m water depths (e.g. Bates et al., 1997).

Resource information is also not always standardised (Ices, 
2005; Meakins et al., 1999). Not only is there a wide disparity in 
the type/quality of data sets held by individual states, but there 
are discrepancies in the resource classification schemes and de­
scriptions, in spite of the obvious benefits of data standardisa­
tion. Marine aggregate classifications appear to depend on the 
area, type of m aterial and end-user. For example, the lowest

grain-size limit for in the UK varies from 2 mm to 4 mm to 5 
mm, whereas in France variations occur even between regions. 
Classification discrepancies are of significant concern when 
quantitative data, such as demand or reserve estimates, are 
compared between different areas and/or EU Member States. 
Some efforts towards a consistent form at/standards have been 
made (e.g. De Vkee, 2003), particularly by organisations in 
the UK, the Netherlands and Denmark; however, satisfactory 
standardisation has not been yet achieved. In the M editerra­
nean region, MA reserve information is not available in a com­
prehensive way, although it appears th a t substantial relict and 
modem deposits are available (e.g. Velegrakis et al., 2001).

Neth? druids

40  -

35  —

F ig u r e  8. M a r in e  a g g re g a te  p ro d u c tio n  in  8 E U  M e m b e r S ta te s  in  th e  
p e r io d  1989-2005  (see  a lso  T a b le  4 .). D a ta  fro m  Ices, (1995 , 2 0 00-2006) 
a n d  M e a k in s  et al. (1999).

T a b le  4. National marine aggregate extraction for the period 1989-2005. (Data from Ices, 1995; 2000-2006; Meakins et al. (1999) and the Belgian 
Fund for Sand Extraction). Note that the JJK data have been estimated on the basis of a volume/weight coefficient 1/1.66 (Ices, 2005, 2006). The 
first value for Germany and Denmark refers to the total production volume, whereas the values in parentheses refer to production volumes from the 
North Sea. Key: nd, no data available.

Y ear
E x tra c tio n  vo lum es (in m illion  m 3)

G erm an y P o lan d UK F ra n c e N e th erlan d s Spain D en m ark G reece B elgium

1989 1.97 (1.97) 0.96 16.27 nd 8.43 7.68 nd 0.96

1990 2.27 (2.27) 1.35 15.24 nd 13.36 0.08 5.74 nd 0.95

1991 2.02 (2.02) 0.99 12.23 2.00 12.77 0.66 6.40 nd 1.75

1992 2.49 (2.08) 1.58 12.41 1.90 14.80 1.32 4.38 nd 1.22

1993 3.26 (2.21) 1.35 10.78 1.90 13.02 2.19 4.32 nd 1.45

1994 10.12 (8.81) 0.74 13.13 2.50 13.55 2.75 5.17 nd 1.60

1995 2.91 (1.54) 0.81 15.72 2.50 16.83 0.42 5.31 nd 1.66

1996 4.26 (1.38) 0.85 13.61 2.30 23.15 1.48 6.32 nd 1.44

1997 2.22 (0.00) 0.96 15.00 2.60 22.75 1.67 6.40 nd 3.86

1998 0.70 (0.70) 0.69 13.80 2.60 22.51 1.41 6.66 nd 1.40

1999 0.71 (0.71) 0.74 12.60 2.60 22.40 0.49 12.04 nd 1.69

2000 2.97 (1.67) 0.82 13.89 2.60 25.42 0.41 7.12 nd 1.90

2001 nd nd 13.71 2.43 36.45 0.30 7.86 nd 1.92

2002 nd 0.53 13.22 2.43 33.84 0.08 5.57 (3.50) nd 1.62

2003 1.14 (0.70) nd 13.39 nd 23.97 1.19 8.13 (6.18) nd 1.65

2004 nd 0.85 12.98 0.34 23.59 0.79 6.46 (4.18) nd 1.50

2005 14.00 (13.61) nd 12.78 nd 28.76 0.05 11.05 (9.28) nd 1.36

Average 3.64 (2.00) 0.94 13.57 2.21 20.92 0.96 6.86 nd 1.64
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In view of the information gaps and classification discrep­
ancies, the proven recoverable European M A  reserves are 
difficult to be established with accuracy. However, such esti­
m ates exist for some of the investigated states, on the basis of 
detailed reconnaissance mapping ( I c e s , 2 0 0 6 ) .  For example, 
Danish m arine sand reserves have been estim ated to be very 
substantial (in the order of several billions m3), but coarse 
sand/gravel resources are ra th e r lim ited in the North Sea 
(B ir k l u n d  and W i .js m a n , 2 0 0 5 ) .  The German recoverable M A  

reserves of the Baltic Sea are confined (of the order of 4 0 -5 0  

million m3), whereas the Polish reserves have been estim ated 
to be close to a 1 0 0  million m3 (H e r r m a n n  et al., 1 9 9 9 ). Estim a­
tions for the UK have shown th a t the proven and potential 
workable m arine sand reserves found within the present oper­
ational capability of dredging vessels am ount to several billion 
m3( H u m p h r e y s  et al., 1 9 9 6 ) .  In contrast, coarse-grained depos­
its are finite, as they mostly form a th in  (less than  lm  thick) 
veneer over the seabed; only over certain areas the thickness 
of the gravel deposits becomes significant (Figures 1., 2 . and 
4 .)  and, thus, economically viable (e.g. A r t h u r t o n , 1 9 9 7 ; B a t e s  

et al., 1 9 9 7 ).

MA P R O D U C T IO N  A N D  USAGE

Reliable statistics on m arine aggregate production in the 
EU Member S tates are difficult to collate (e.g. I c e s , 2006), due 
to non-standardised archiving, varying m aterial classifica­
tion, commercial confidentiality issues (M e a k in s  et al., 1999) 
and regulation discrepancies (R a d z e v ic iu s  et al.., th is volume). 
In general, information is more complete in those countries 
th a t have increased dependence on m arine aggregates and a 
m ature MA industry; hence, lim ited/sparse information can 
be found for the M editerranean EU States, which rely p re­
dominantly on land aggregates. Continuous production (ex­
traction) figures (for the last 30 years) are available for the 
UK, the N etherlands and Belgium (C e d a , 1993; I c e s  reports 
2000-2006), w hereas France and Germany show significant 
information gaps ( I c e s , 2006; I f r e m e r , 2007).

Liverpool " J  ^
H um ber

Am sterdam

k. 'Uedai

- 0 40 km

N orfolk i t  
Suffolk ♦ '

Tham es
►B ristol Estuary 

S o u th a m p to n

English Channel 0___ 80 km

Figure 9. Licenced areas for m arine aggregate extraction in  (a) the 
N etherlands and (b) the UK. Adapted from Phua et al. (2004), Ices 
(2005) and Bm apa (2005). Key: 20 m, contour line of the 20 m water 
depths; and I, major dredging areas.

MA Production
In the late 1980s, MA production increased significantly in 

several states. The level of production has since been, more 
or less, stabilised (with the exception of the Netherlands), 
although significant in terannual variations may occur in re­
sponse to project-led dem and (Figure 8. and Table 4.). The 
th ree main MA production countries in the EU are the N ether­
lands, the UK and Denmark, which collectively yield over 80% 
of the m arine aggregates produced by the 9 studied countries 
(H a r r is o n , 2003; I c e s , 2006; U s c in o w ic z  et al., 2003).

The Netherlan ds
MA production (extraction) has been increasing more or less 

steadily since 1989 (Figure 8). The production from the North 
Sea licensed areas (Figure 9a.) peaked in 2001 at 36.5 million 
m 3, in response to increased dem and for fill and beach replen­
ishm ent m aterial during th a t year; in 2005, to tal m arine sand 
production was -29  million m3 ( I c e s , 2006). In the Dutch sec­
tor of the North Sea, there are no exploitable gravel resources 
and, thus, the gravel needs of the country are covered through 
im ports (around 2 million m3 per year) mainly from the UK. 
The increased MA production is compounded by the construc­
tion of modem facilities (wharves) in the port of Rotterdam  for 
the landing and processing of m arine aggregates. This large 
investm ent shows th a t the N etherlands plans to shift further 
the production from land- to m arine-based sources.

The UK
MA production has increased steadily in the past four dec­

ades (-5.7 million m 3/year in the 60s, -9  million m3/year in the 
70s, -11 million m3/year in the 80s and -13  million m3/year in 
the 90s). The production peaked in 1989 at 16.9 million m 3 (to 
supply the large infrastructure/building projects in the Lon­
don metropolitan area), to decline subsequently to 10.8 million 
m 3 in 1993 (G u b b a y , 2005); since then, the annual production 
has again been increasing to an annual average of -13  mil­
lion m3 (Table 4.) to provide the additional m aterial required 
for beach replenishm ent schemes and increasing exports. It 
is expected th a t the m arine aggregate dem and will be further 
increased in the near future, in order to supply the large de­
velopment projects associated with the 2012 London Olympics 
(S e a m a n , 2006).

The highest dem and for m arine aggregates is in SE Eng­
land; thus, MA production is concentrated in the southern 
North Sea and the English Channel (B m a p a , 2004). Aggre­
gates are supplied from licensed areas offshore of the Thames 
Estuary, the Norfolk and Suffolk coasts and the Central and 
E astern  English Channel (Figure 9b.). The 3 other main MA 
production areas are located in the Bristol Channel, offshore 
of the Hum ber E stuary  and in Liverpool Bay; these produc­
tion sites supply local markets. Very lim ited MA extraction 
takes place to the north of these areas. With regard to the 
type of m aterial produced (gravel or sand), there is also a dif­
ferentiation according to location, w ith the southern coast, the 
Tham es and the Hum ber licensed areas producing most of the 
gravel (S e a m a n , 2006).
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Denmark
There has been a considerable production of marine sand 

(mostly for fill purposes) over the last decade (Table 4. and Fig­
ure 8.), to meet demands from the large infrastructure projects 
undertaken along the Danish coastal zone (e.g. H e r r m a n n  et al., 
1999). With the exception of the peaks of 1999 and 2005, pro­
duction volumes have remained stable at around 6-7 million m3 
during the last 10 years (C e d a , 1993; I c e s , 2005; 2006).

France
M arine aggregate production has rem ained stable (at 

around 2- 2.6 million m3 per year, see Table 4.) in France for 
several years ( I f r e m e r , 2007). There is a significant aggregate 
dem and in the northern  Seine and Loire regions but, little MA 
extraction takes place despite the occurrence of substantial 
MA resources. At the same time, some 47 million tonnes of 
aggregates have been abstracted from the channel and fluvial 
terraces of the Rhone River alone since 1949 (A r n a u d -F a s s e t - 
t a , 2003). Therefore, even though the annual aggregate de­
m and is -300 million tonnes, less than  1% of th a t is supplied 
from m arine sources. Approximately 1 million tonnes of m a­
rine aggregates are imported annually from the LTK and to 
much lesser extent from Belgium ( I f r e m e r , 2007).

Germany
Marine sands and gravels are produced in several areas of the 

German sectors of the Baltic and (particularly) the North Seas 
(see S ch w a rzer , D ie s in g , and M a n s o , this volume). The produced 
volumes have not been great (Figure 8. and Table 4.), but they 
make an important contribution to regional aggregate supply. 
Significant quantities of the extracted material are utilised in 
beach replenishment schemes, whereas the remainder (approxi­
mately half of the annual production) is used in the construction 
industry ( Ic e s , 2002). In 1994 and 2005, the production increased 
sharply due to project-led demand (Ic e s , 2006).

Belgium
Although the seabed of the Belgian sector of the southern 

North Sea contains large quantities of sand, production is con­
centrated mainly on the Kwinte Bank (D e g r e n d e l e  et al., th is 
volume; H a r r is o n , 2003); however, sand extraction from this 
site has stopped in 2003 in order to study its potentially det­
rim ental effects on the stability and biodiversity of the bank 
(see V a n  L a n c k e r  et al., th is volume). MA production has in ­
creased since the 1980s. In the recent years, with the excep­
tion of a peak during 1997 (Figure 8. and Table 4.), the annual 
production has rem ained relatively stable at 1.5-2 million m3. 
Most of the produced sand is used in the construction indus­
try, whereas some small quantities are exported to France 
( I c e s , 2006; S c h o t t e , 2003). Belgium im ports yearly about 1.5 
million m3 of m arine sand/gravel from the LTK.

Poland
Production in Poland is limited, having an average of less 

than  1 million m3 per year (Table 4. and Figure 8.). In 2004, the 
fine- and medium-grained sand extracted from the Polish sector 
of the Baltic Sea (-0.8 million m3) was used mostly in beach re­
plenishment and coastal defence schemes (Ices, 2005); limited

quantities were used in the construction industry. Some m ate­
rial (e.g. -0 .3  million m3 in 2000), extracted from the Slupsk 
Bank, has been exported to Germany (LTs c in o w ic z  et al., 2003).

Spain
MA production in Spain is allowed only for beach replen­

ishm ent (see R a d z e v ic iu s  et al., th is volume). The average an­
nual production is about 1 million m3, but there are significant 
in terannual fluctuations in response to beach replenishm ent 
needs (Table 4. and Figure 8.). Extraction takes place both 
in the Atlantic and in the M editerranean inner continental 
shelves, but presently is concentrated offshore of the southern 
Spanish coastline ( I c e s , 2006).

Mediterranean European coast
There is not an accurate registry of MA production for 

Italy, the southern French coast and the other ELT M editer­
ranean  countries (e.g. Greece). In these areas, most aggregate 
m aterial is still produced from land open-quarries, river chan­
nels and terraces. Published information suggests th a t about 
690 million m 3 of aggregates have been extracted in the period 
1958-1981 from the Po River valley (D a l  C in , 1983; M a r c h e t t i , 

2002), -93  million m3 (1950-1992) from the Emilia-Romagna 
rivers ( I d r o s e r , 1994), 12.7 million m 3 (1966-1975) from the 
rivers of the Marche Region and more than  26 million m3 
(1966-1981) from the Abruzzo rivers (A q u a t e r , 1982). Lately, 
MA production has attracted  more attention, due to the dis­
covery of significant reserves offshore of the coasts of Lazio 
(S. Capucci, pers. comm.) and Emilia Romagna (A. Lamberti, 
pers. comm.). With regard to Greece, MA extraction has been 
taking place since the 1960s, mainly from the inner continen­
ta l shelf of the Greek islands (e.g. Andros, Mykonos); most of 
the m aterial produced was used in the construction industry. 
Since the 1990s, stricter environm ental regulations have re­
sulted in the term ination of most inshore MA extraction and 
production has since been concentrated offshore of the coasts 
of Trikeri (N. Evoikos Gulf) and Southern Evia. Although, 
there is no readily available information on annual extraction 
volumes, it is thought th a t these are of the order of hundreds 
of thousands of m3 ra the r than  millions.

MA U sage
With the exception of the LTK and to a lesser extent Po­

land and the Netherlands, m arine aggregates are used in the 
country of production (Table 5.). A nnual exports of aggregates 
extracted from the LTK w aters vary but, in some years, can be 
more than  20% of the LTK production with the m ain foreign 
m arkets being the Netherlands, Belgium and France (B m a p a , 

2004; I c e s , 2005). Relatively small quantities of Danish m arine 
aggregates are exported in some years to Sweden and Germ a­
ny, whereas there are also in term ittent Dutch and Polish MA 
exports to Belgium and Germany, respectively ( I c e s , 2005).

In the Netherlands, most of the MA production is used for 
fill and beach replenishment, whereas in Spain the whole pro­
duction is reserved for beach replenishm ent (Table 5.). This 
is not the case in the LTK, where more than  60% of the MA 
production can be used in the construction industry (G u b b a y , 

2003, 2005; M e a k in s  et al., 1999). In Denmark, almost 40% of

Journal o f  Coastal Research, Special Issue No. 51, 2010



European Marine Sand and Gravei Resources 9

m arine sand is used in beach replenishm ent schemes, mainly 
along the west Ju tlan d  coast, whereas almost 8 0 %  of the Polish 
production is used for beach replenishm ent ( I c e s , 2 0 0 5 ) .

W ith regard to beach replenishment, most of the southern 
UK coast beaches consist of flint/chert gravel (shingle), where­
as the rem ainder of the UK coastline is characterised by sandy 
beaches. Therefore, there will be an increasing dem and for 
(flint) m arine gravels in the southern UK to supply the beach 
replenishm ent schemes. As gravel deposits are lim ited (found 
mainly in the buried valleys/drowned beaches of the English 
Channel and the southern North Sea), extreme care should be 
taken to use them  in a sustainable m anner i.e. to reserve them 
for beach replenishm ent and not to use them  in the construc­
tion industry, for which m aterial of lesser quality is sufficient 
(e.g. A r t h u k t o n , 1997; B a t e s  et al., 1997).

Table 5. D ifferent usage o f m arine aggregates d u rin g  the last years 
(as a percentage o f the overall production). D ata extracted, from  lees, 
2002-2006.
Note: D ata  for S p a in  have heen extracted from  lees (2006) and. data  
for B elg ium  are based on an  estim ation  and. can be used, only as an  
approxim ation.

C o u n try
MA

e x tra c te d
(m illion

m 3)

C o n stru c tio n
In d u s try

(°o)

B each
re p le n ish ­

m en t
(°o)

E x p o rts
(°o)

Belgium 1.63 93.8 6.2 0

Denmark 7.01 59.9 38.8 1.4

France 2.77 nd nd 0

Germany 7.57 nd nd 0

Netherlands 29.07 49.2 43.4 7.4

Poland 0.64 2.9 79.6 17.5

Spain 0.48 0 100 0

UK 13.13 66.6 4.8 28.8

Future MA dem and
Prediction of the future MA dem and is not an easy exer­

cise, as it depends on forecasts of economic growth, the cy­
clical natu re of the construction industry, national and Euro­
pean policies and regulation, the ability of the MA industry 
to penetrate m arkets long held by land-won aggregates and 
related investm ent (e.g. construction of dredging vessels and 
wharves). In addition, future demand/supply is dependent on 
the availability of suitable m arine aggregate resources. In the 
Bristol Channel (UK) for example, certain MA deposits which 
have been dredged for over 60 years are coming to the end 
of their exploitation life (H a r r is o n , 2003); likewise, extraction 
from old O uter Thames Estuary  licenses is in decline. How­
ever, the UK industry has found significant new reserves in 
the E astern  English Channel, the Irish Sea and the Bristol 
Channel (e.g. S e a m a n , 2006), which could last for some dec­
ades a t the present rates of extraction, even though special 
care should be given on the availability of gravelly m aterial 
which appears to be lim ited (A r t h u k t o n , 1997; B a t e s  et al., 
1997; H a r r is o n , 2003).

Future dem and figures can be distorted by large “one-off’ 
capital development projects. For example, the UK Lincshore 
beach replenishm ent project used 8 million tonnes of m arine 
aggregates (M e a k in s  et al., 1999). In the Netherlands, plans 
exist to use m arine aggregates in major future developments, 
which will require large quantities of m aterial ( P h u a  et al., 
2004).

W ithin northw estern Europe, only the UK and the N ether­
lands have produced official estim ates of the future dem and 
for m arine sand and gravel. For the English p a rt of the UK, 
the D epartm ent of Environm ent (DOE) (now DEFRA) has es­
tim ated th a t the total aggregate dem and in the period 1995- 
2015 will be up to 7000 million tonnes (H u m p h r e y s  et al., 1996; 
M e a k in s  et al., 1999). This dem and is not spread evenly; in 
southeastern England, where outcrops of hard  rock suitable 
for use (after mining and crushing) in the construction indus­
try are not available, land-won and m arine sand and gravel 
are vital for the construction industry (B a t e s  et al., 1997; 
G u b b a y , 2005). F u ture annual total aggregate dem and for the 
Netherlands (until 2020) has been estim ated as 20 million 
tonnes of gravel, 23 million tonnes of sand for concrete and 
53 million m3 of fill sand (M e a k in s  et al., 1999); 7 out of the 
20 million tonnes of gravel will be derived from Dutch land- 
based sources, whereas it is thought th a t the rem ainder will 
be supplied from recycling and imports. In 1997, the M inistry 
of Transport, Public Works and W ater M anagem ent updated 
their future dem and figures for MA extraction from Dutch wa­
ters. These updates suggest th a t for the period 1996-2030 the 
average annual extraction should be in  the order of 30-33 mil-

F ig u re  10. (a) M ultibeam  im age of tra ilin g  suction  d redg ing  m arks 
from  th e  K w inte B ank, (Flem ish B anks, so u th e rn  N orth  Sea), ad ap ted  
from  d a ta  of The F u n d  for S and  E x trac tion , Belgium ; an d  (b) side scan 
sonar im age from  th e  d redg ing  a rea  of T rom per W iek (G erm an Sector 
of th e  B altic Sea), show ing th e  p resence of severa l anchor d red g in g p its  
on th e  gravelly  seabed. Key: I, d redging m ark s from  tra ilin g  suction 
dredger (Figure 10a); II, anchor d red g in g p its  (F igure 10b); III, surficial 
sa n d  deposits (light areas) on th e  gravelly  (dark) background , form ed 
from  th e  sp illage of th e  sand-size frac tion  of th e  d redged m a te ria l after 
its  sc reen ing  on th e  d redging vessel (F igure 10b).
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Table 6. Main differences between multibeam echosounders and side 
scan sonars (After Van Lancker, 2003).

V ery-h igh  r e so lu tio n  
m ulti b eam  sy stem

V ery-h igh  r e so lu tio n  d ig ita l 
s id e -sc a n  so n a r  sy stem

Figure 11. M ultibeam image of the Kwinte Bank (Flemish Banks, 
southern North Sea), adapted from data of The Fund  for Sand 
Extraction, Belgium. Key: I, large subaqueous dunes; II, bank crest; 
III, poorly-sorted swale sediments; and IV, dredged area.

Highly accurate w ater depth 
m easurem ents
In tegrated  sensors for motion 
correction or positioning 
Provision of (depth- and angle- 
corrected) backscatter data, 
expressed in num erical values 
(dB), allowing quantitative 
evaluations
Transducers rigidly m ounted 
onto the survey vessel hull or 
poles, elim inating most casting 
shadows
B etter in deeper waters as 
sw ath width depends on w ater 
depth
Very-high resolution imagery, 
b u t extensive processing time 
Sound velocity m easurem ents 
over the vertical are needed 
Expensive system/need for 
additional sensors 
Various corrections required 
(e.g. system atic errors, tidal 
effects, heave, vessel lift/squat, 
an tenna motion and in ternal 
tim e delays), particularly  
in shallow w ater. Sensor 
calibration needed.

Very-high resolution, m ulti­
param eter image obtained in 
real time
Most systems have no additional 
sensors for water depth, motion 
correction or positioning 
Backscatter is function of the 
relief and intrinsic nature of the 
seafloor and depends on gain 
settings; thus, only qualitative 
evaluations are possible 
Superior for target detection due 
to the low grazing angle which 
produces distinctive shadows 
behind objects 
More efficient bandwidth 
sampling
Better in shallow waters due to 
the low grazing angle and swath 
widths which are independent of 
water depth
Generally, higher resolution 
images
Quick processing, bu t thorough 
interpretation requires skilled 
personnel
No calibration required 
Cost-friendly system th a t can 
easily be deployed from vessels 
of opportunity

lion m3 of sand (M eakins et al., 1999). These figures do not take 
into account additional dem and for one-off projects.

It has been estim ated th a t large quantities of m arine aggre­
gates (between 6 and 14 million m3 of sand) will be required 
for beach replenishm ent to compensate for sand loss in erod­
ing areas of the Dutch coastline, particularly  if the effects of 
sea level rise are considered (R on2, 2004; H arte et al., 2003; 
V a n  D alfsen  and E ssink , 1997). F u ture annual m arine aggre­
gate dem and for construction (excluding large infrastructure 
projects) has been estim ated as between 9.3 and 29 million 
m3 (P hua  et al., 2004). As, however, large land reclamation 
projects have been planned for the near future, Dutch MA ex­
traction may increase very substantially. The most im portant 
of these projects are: the enlargem ent of the  Rotterdam  H ar­
bour, which will require up to 300 million m3 of sand and the 
Westerschelde (W estern Scheldt) Container Term inal (WCT), 
which will require up to 20 million m 3 (D hv  M ilieu  & Infra­
structuur, 2003).

MA PR O D U C T IO N  T E C H N IQ U ES

MA production incorporates 3 m ain phases: (i) identifica­
tion of the potential deposit; (ii) evaluation (prospecting) of the 
deposit and (iii) aggregate m ining (extraction). The first phase 
(identification of a potential deposit, Phase 1) is often linked 
to other m arine research projects such as general geological 
mapping of the  seabed (e.g. H amblin  et al., 1992; J ackson et

al., 1995) and/or hab ita t mapping. If  an area appears prom­
ising, a prospecting license will be obtained according to the 
procedures in place in each sta te  (see also Radzevicius et al., 
th is  volume) to prospect/evaluate the  potential of the  deposit 
in detail (Phase 2). Finally, if the deposit is found to be eco­
nomically viable, an extraction license is obtained and mining 
(dredging) commences (Phase 3).

Prospecting techniques
The evaluation of sand and gravel deposits (Phase 2) re­

quires the use of specialized equipment, such as: (a) acoustic 
(seismic) sources, powerful enough to penetrate  th e  medium- 
and coarse grained sedim ents and, a t the  same time, having 
sufficient resolution to map accurately the in ternal architec­
tu re  of the sedim entary deposit and (b) coring equipm ent able 
to penetrate  at least 2 to 3 m into a medium- and/or coarse­
grained sedim entary sequence. Reviews of seabed mapping 
techniques already exist (e.g. K enny  et al., 2003). N everthe­
less, it is useful to sum m arise particu lar techniques used in 
the  m arine aggregate prospecting and which are based on 
the:
• collection of indirect (remotely-sensed) information on the 

geomorphology/geology of the  seabed, using acoustic sourc­
es (e.g. single and/or m ultibeam  echosounders, side-scan 
sonar, continuous seismic profiling equipment) and

• collection of (direct) ground-truth data, using superficial 
(grab) and sub-bottom (gravity and vibro-core) sediment 
samplers.
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Information from both the direct and indirect methods is 
combined, as the scope of the prospecting is not only to identify 
the spatial (horizontal and vertical) extent of the MA deposit, 
but also to evaluate its quality (i.e. its texture, mineralogy, 
shell and salt content etc).

Acoustic sources
The acoustic devices used in MA prospecting are differenti­

ated into those th a t provide information on the seabed geo­
morphology (bathymetry) and superficial sedimentology of the 
resource and those th a t provide information on its thickness 
and in ternal architecture (sub-bottom profilers). Depending 
on the research vessel used and the logistics of the prospect­
ing survey, such equipment can be used either concurrently 
or sequentially.

Superficial m apping o f the M A deposits
The ‘work horse’ of seabed geomorphological m apping is 

the side-scan sonar. It provides inform ation (sonographs) on 
the distribution of the acoustic characteristics of the seabed, 
on the basis of the in tensity  of the seabed backscatter of the 
tran sm itted  acoustic energy front. As the backscatter in ten ­
sity is controlled by the acoustic reflection coefficient (C ), 
which is different for each particu lar sedim entary m aterial, 
sedim entary facies (and/or areas of exposed bedrock) can be 
dem arcated on the seabed (Figures 6. and 10b.), provided 
th a t the backscatter in tensity  p a tte rn s  will be calibrated by 
sufficient ground tru th  data (superficial sedim ent samples). 
In addition, as bedrock outcrops, sedim entary bedforms and 
other morphological features produce “acoustic shadows” be­
h ind  them  (Figure 6.), the position, dimensions and symm etry 
(in the case of sedim entary bedforms) of these features can be 
estim ated from the dimensions of the acoustic shadow and its 
position relative to the side-scan sonar “fish”. However, cor­
rections should be m ade on the different distortions apparent 
on the sonographs (e.g. V o u l g a r is  and C o l l in s , 1991), which 
are nowadays perform ed by algorithm s incorporated w ithin 
the data acquisition system s of the digital side-scan sonars. 
The resolution of the sonographs depends on the frequency of 
the tran sm itted  pulse being commonly between 100 and 500 
kHz in the new dual frequency high resolution system s used 
for the m apping of the m arine aggregate deposits.

Multibeam echo-sounders provide both bathymetric and 
backscatter data of the seabed (D a v ies  et al., 2001). Accurate wa­
ter depth information concerning the MA deposit is essential for 
its efficient exploitation, whereas the acoustic backscatter of the 
transm itted pulses can provide information on the nature of the 
seabed. Although the multibeam echo-sounders are extremely 
powerful water depth measuring and imaging devices (Figures 
10a. and 11.), they have both advantages and disadvantages con­
cerning the mapping of the acoustic character of the seabed in 
relation to the side-scan sonar systems (Table 6.).

Thickn ess and in tern al arch itecture o f the MA deposit
The MA deposit thickness and architecture are studied u s­

ing continuous reflection profiling and seism ostratigraphic 
techniques (e.g. M c Q u il l in  and A r d u s , 1 9 7 7 ; P o s a m e n t ie r  and 
V a il , 1 9 8 8 ). M A  deposit surveying requires high resolution

acoustic sources (e.g. sparkers, boomers, chirp and 3.5-2.5 kHz 
systems), which produce sequences of relatively high frequen­
cy acoustic pulses th a t after the ir reflection from the seabed 
and sub-bottom reflectors retu rn  to hydrophone strings towed 
behind the survey vessel to be recorded and provide images of 
the in ternal architecture of the deposit (see Figures 1., 2., 3., 
4., 5. and 7.). As the frequency and energy of the transm itted  
acoustic waves control the resolution and penetration, it is im­
portan t to use the right acoustic source for optim al results. As 
a general rule, medium- and coarse-grained deposit surveying 
requires acoustic sources with frequencies equal and/or less 
than  2.5 kHz, commonly at 500-2000 Hz depending on the tex­
tu re  of the deposit. It should be noted that, as the exploitable 
MA deposits are located at relatively shallow areas (10-40 m 
w ater depths) there are certain difficulties in the in te rp re ta­
tion of the acoustic (seismic) records, related to the m asking of 
prim ary reflections by multiples (see for example Figure 7b.).

Ground-truth data
The remotely-sensed acoustic information requires ‘calibra­

tion/validation’ from ground tru th  data. These data are either 
superficial sediment samples collected using Van Veen, Ham- 
mon and/or large hydraulic grabs (for the calibration of the 
side-scan sonar and multibeam images) or sediment cores (for 
the calibration of sub-bottom profiling data). The preferred cor­
ing equipm ent is the vibro-core, as it can achieve satisfactory 
penetration into the medium- and coarse-grained sediments 
of the MA deposits. The ground tru th  data not only calibrate/ 
validate the acoustic data allowing volume estim ations but, 
they provide also information on the quality of the MA deposit 
(e.g. on its grain-size, mineralogy and carbonate, organic m at­
te r  and chloride content) through the analysis of the recovered 
sediment samples.

The prospecting data can also be used to provide essential 
information on the mobility/morphodynamics of the MA de­
posit (B r a m p t o n  et al., 1998) and to map its habitats, which 
are essential components of the required environm ental im­
pact assessm ent of the exploitation of the deposit (R a d z e v ic iu s  

et al., th is volume; V iv ia n , 2003). It m ust be noted, however, 
th a t both the collection and the in terpretation of the relevant 
information require careful analysis and skilled personnel, 
otherwise serious errors may arise in the evaluation and sub­
sequent exploitation of the deposits (V e l e g r a k is , G a o , and 
C o l l in s , 1994).

Extraction
The type of dredging vessel is usually determ ined by the 

existing regulatory regime, economic considerations, contac­
tor requirem ents and site conditions. Nowadays, dredging ves­
sels operate around the clock, 365 days a year. In the UK, the 
construction cost of a modern tailing suction vessel is around 
£15-20 million (22-30 million €). A modern large dredger can 
extract and load some 5,000 tonnes of m arine sand and gravel 
from 40-60 m w ater depths in 3 hours, w ith overall operation­
al cycles usually between 12 and 36 hours, depending upon the 
port of discharge (B a t e s  et al., 1997).

Two m ain types of dredging vessels are used for marine sand 
and gravel extraction: (i) trailer suction dredgers and (ii) an­
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chor suction dredgers (see for example I h c , 2007). The former 
can operate under relatively rough sea conditions, extracting 
sediments through their suction ‘pipes’ while steaming over the 
deposit; they operate very much like moving ‘vacuum cleaners’, 
resulting in the development of suction furrows (up to 1 m deep) 
on the sedimentary bed (see Figure 10a.). The aggregates are 
emptied by opening bottom hatches or by pumps. Because of 
their high production rates, these dredgers carry out most land 
reclamation projects and are also suitable for harbour m ain­
tenance dredging and pipe trenching. The la tter extract sedi­
m ents while anchored and the suction method employed results 
in the development of suction pits (Figure 10b.). These vessels 
can operate in relatively deep waters, but they are sensitive to 
strong currents and rough weather conditions; moreover, they 
are not suitable for channel/harbour construction projects, as 
they produce confined excavations. This method is now prohib­
ited in some EU Member States (e.g. Belgium), as it is consid­
ered to have large environmental impacts.

Dredging activities are subject to environm ental impact as­
sessm ents and should be controlled by the competent regula­
tory authorities (see R a d z e v i c i u s  et al., th is  volume). In several 
(but not all as it should) EU Member States, dredging ves­
sels are required to be equipped with Electronic Monitoring 
Systems (“black boxes”), which allow the monitoring of their 
activities and the ir compliance with the licensing terms.

SUMMARY A N D  C O N C LU SIO N S

M arine aggregates are a m ineral resource of increasing 
importance for the EU Member States. Additional resources 
are needed to meet future demand, which is bound to increase 
substantially due to both increasing coastal zone development 
and the need to battle  accelerating coastal erosion effectively. 
Flowever, in order to develop an effective and sustainable E u­
ropean strategy, several problems facing the industry should 
be addressed. These include (amongst others): lack of stand­
ardisation of the relevant information, difficulties related to 
the access to information and the presence of barriers between 
the scientific research establishm ents and the m arine aggre­
gate industry.

This review has shown th a t there are serious standardiza­
tion issues as well as im portant information gaps th a t hinder 
the sustainable development of the industry. With the excep­
tion of few Member States, the situation is ra th e r discour­
aging, particularly in the M editerranean countries. In some 
cases, it has shown to be very difficult to access the relevant 
information (e.g. production volumes, resource estimates), as 
th is is scattered between several organizations. It is im portant 
th a t these issues should be addressed as quickly as possible, 
possibly through European-wide initiatives.

Although the technology and ‘know-how’ are available, it 
appears th a t these are seldom employed in the discovering 
and evaluation of new m arine aggregate resources. Flence, 
multibeam echosounding techniques are used rarely and the 
same is true  for the modern techniques in the acquisition and 
interpretation of the rem ainder of the acoustic data. These 
problems appear to be related to an apparent lack of coordina­

tion between the scientific research establishm ents and the 
MA industry, which is endemic in most EU Member States. 
A closer collaboration between them  would not only have sub­
stan tia l benefits for both, but it would also prove to be cost- 
effective.

Finally, it should be kept in mind th a t m arine aggregates 
are finite, being a non-renewable resource. Therefore, they 
should be used in a sustainable m anner and effective policies/ 
adm inistrative frameworks should be developed to address 
future shortages, particularly with regard to certain types of 
m aterial (e.g. gravel).
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IN T R O D U C T IO N

In  the  p ast th ree decades, m arine aggregates (MA)1 have 
emerged as an im portant m ineral resource in  a num ber of E u­
ropean Member States, particularly in the Netherlands, the 
UK2 and Denm ark (V elegrakis et al., th is volume) and, to a 
lesser extent, in Belgium, Germany, France and Poland (ICES 
2001; 2003a; 2004; 2005; 2006, 2007). MA exploitation/extrac­
tion3 has become an increasingly im portant activity due to (a)

1 Non-metallic marine sediment deposits (sands and gravels), used in the con­
struction industry (e.g. in the construction of highways and buildings), as fill 
material and in beach replenishment, dune restoration, and foreshore nour­
ishment (http://www.walesenvtrust.org.uk/content.asp?id=548). The marine 
aggregate industry classifies granular sedimentary material consisting of par­
ticles with diameters ranging between 0.063 and 4 (or 5) mm as sand, and mate­
rial with particle-sizes greater than 4 (or 5) mm as gravel.

2 Mostly in England and Wales (http://www.crownestate.co.uk/).
3 MA extraction is a mining activity carried out in shallow marine areas (usu­

ally up to 45-50 m water depth) with the sole purpose of collecting granular
sedimentary material to be used as aggregates. Bottom sediment removal and

stricter mining regulations ( J e w e l l , 1 9 9 6 ; P r in g , 1 9 9 9 )  and 
growing social resistance against land aggregate extraction 
( P h u a  et al., 2 0 0 4 )  and (b) increasing general dem and (B ir k - 
l u n d  and W ijs m a n , 2 0 0 5 ;  and M e a k in s  et al., 1 9 9 9 ).

In the near future, extraction is bound to increase from the 
current levels in order to provide the marine aggregates needed 
for the realisation of large-scale infrastructure projects planned 
for the European coastal areas4. At the same time, since Eu-

disposal related to the excavation/deepening of navigation channels and berths 
or other marine construction works (see, for example http://en.wikipedia.org/ 
wiki/Dredging; http://www.iadc-dredging.comAndex2.html; http://www.mceu. 
gov.uk/mceu_local/FEPA/MENU-IE.HTM) are beyond the scope of this contri­
bution and will not be considered.

4 For example, the construction of the deep-water port of Jade Weser Port (Wilhelm­
shaven) for large container vessels and the airport facilities for the new mega-air­
liner A 380 in Hamburg-Finkenwerder in Germany require 50 and 12.5 x IO6 m3 
sand respectively (http://www.dredging-in-germany.de). In the Netherlands, the 
enlargement of the Rotterdam harbour (MV 2) and the construction of the Wester- 
schelde Container Terminal (WCT) require 250-300 x IO6 m3 and 20 x IO6 m3 sand, 
respectively (Van Dalfsen et al., 2004), which are planned tobe extracted from the

DOI: 10.2112 / SI51-003.1 received 23 Jan u ary  2007; accepted in 
revision 12 February  2008.
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Figure 1. Overview map of 8 EU Member States which were considered 
and involved in the EUMARSAND Project. (Note: The map does not 
give the exact boundaries of m aritim e areas of the coastal states). Key: 
BEL, Belgium; FRA, France; GER, Germany; PL, Poland; NTH, The 
N etherlands; SPE, Spain; GR, Greece; and UK, The U nited Kingdom. 
The A tlantic and Baltic waters under the jurisdiction (including the 
T erritorial W aters (TW) and the Exlusive Economic Zones (EEZ)) of 7 
EU Member States and the M editerranean waters (only the TW)under 
the jurisdiction of 2 EU Member States are shown in light grey. In the 
M editerranean Sea, the bold line shows the  agree d boundaries between 
two coastal states, whereas the dash line shows the m edian line between 
coastal states and the question-marks the  interrogation points between 
two coastal states. A dapted from the W W F/S.Christiansen (see Unger, 
2004), Alsied, 2006, Polish Geological In stitu te  (see http://www.pgi. 
gov.pl/), http://www.offshore-sea.org.uk/site/scripts/sea_archive.php, 
and BSH m aps (see http://www.bsh.de/en/).

ropean coasts are under increasing coastal erosion (E urosion , 
2003; 2004a and 2004b), coastal protection schemes (e.g. D ean , 
2002) requiring large quantities of marine aggregates5 are neces­
sary in order to facilitate and manage coastal zone development 
(H um phreys et al., 1996; P hua  et al., 2004; and V an  D alfsen  et al., 
2004). New resources must be found and, at the same time, di­
verse environmental and economic concerns must be addressed.

Mineral resource exploitation affects all environmental me­
dia. P rin g  (1999) states th a t “m ining inherently implies envi­
ronmental degradation...[it] is not an environmentally-friendly 
activity”. MA extraction, in particular, may have significant ef­
fects on the coastal w ater quality, the seabed and the associated 
flora and fauna and influence significantly the coastal zone mor- 
phodynamics (B irklund  and W ijsm a n , 2005; B rampton , E vans, 
and V elegrakis, 1998; D e  G root, 1996; E llis and M acD onald ,

North Sea. Moreover, huge quantities of marine aggregates will be needed for 
the construction of the new London Olympic facilities.

6 For example the future need of sand for beach nourishment in the Netherlands 
is predicted to be between 9.8 and 14 x IO6 m3 per year (V a n  D a l f s e n  et al., 
2004) and in Germany at least 1 .3 x l0 6m3per year (in Schleswig-Holstein and 
Mecklenburg-We stern Pomerania) (http://www.dredging-in-germany.de).

1 9 9 8 ; G u b b a y , 2 0 0 3 ;  and K e n n y  and R e e s , 1 9 9 4 ; 1 9 9 6 ); it must 
be noted that, as the operating costs of dredging are generally 
high and increase with the distance from the landing ports and 
the depth of the deposits, marine aggregate extraction takes 
place at w ater depths less than  4 5 -5 0  m6. There are also po­
tential conflicts of interest between the M A  industry and other 
shallow marine w ater users, such as the fishing, shipping and 
the oil industries, due to competing demands for space, access 
and usage (B a r r y , E l e m a , and V a n  D e r  M o l e n , 2 0 0 3 ; B M A P A , 

1 9 9 5 ; and N e t h e r l a n d s  M in is t r y  o f  H o u s in g , 2 0 0 1 ) .

Gradual depletion of the easily accessible resources, coastal 
ecosystem conservation and diverse stakeholder interests re­
quire th a t resource sustainability, environmental prudence and 
careful management should be crucial components of the prac­
tice and regulation of MA operations; moreover, they demand 
the development of coherent policies/regulations on the licens­
ing and practice of offshore mining operations. However, it is 
not clear whether the current regulatory framework governing 
MA operations in EU Member States adequately reflects the 
above considerations, as no comprehensive review of MA regu­
lation appears to have been carried out so far.

The present contribution attem pts to provide an overview 
of the regulation of MA operations7 in a num ber of European 
Member States (Figure 1) to help identify existing discrepan­
cies and weaknesses and provide some necessary background 
for potential areas for improvement. The specific objectives of 
this contribution are to:

(i) describe the current regulatory regimes governing MA ex­
traction/exploitation activity in several EU Member States and 
their relation to the relevant international and supra-national 
environmental legislation; and

(ii) provide some tentative comment on whether the iden­
tified existing regulatory regime succeeds in effectively ad­
dressing concerns regarding the environm ental impact of m a­
rine aggregate extraction.

TH E  RELEVANT REGULATORY REGIME

M arine resource exploitation is commonly regulated ac­
cording to two different regimes, both of which are designed 
to prevent overexploitation and ensure natu re  conservation. 
The first of these regimes, which is the subject m atter of th is 
contribution, governs mainly the activity-based management. 
The second regime, which is beyond the scope of th is  contribu­
tion, applies to m arine areas, which enjoy special protection 
sta tus (e.g. M arine Protected Areas, MPAs) and are subject to 
particular protection regulations8.

Activity-based management m easures are predominantly 
sector-based regulations which, in the case of the MA indus­
try, are dealing with the different stages of exploitation i.e.

6 See http://www.ihcholland.com/tAhcholland_com/; http://www.ukdredging.com/ 
our_services/dredging.htm and http://www.dredging.com/).

7 Every effort has been made to identify primary sources of legislation/regulation 
using information available electronically in the public domain (information ac­
curate as in February 2008). However, in some cases reliance had to be placed 
on secondary sources, which are identified as appropriate.

8 For details and analysis of these regulatory regimes, see, for example, G u b ­
ba y  (2004); (2005a); (2005b); R ic h a r t z  and S p o r r o n g  (2003) and S c h m id t  and
C h r is t ia n s e n  (2004).
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resource exploration (prospecting) and its licensing and min­
ing operations and their licensing9. The legal and institutional 
framework which controls these operations will be considered 
with regard to: (i) seabed ownership/private property rights and 
their transfer to another public or private entity for the purpose 
of MA extraction and the relevant adm inistrative regulation 
(e.g. prospecting regulation, data management and exploita­
tion licensing); and (ii) the environmental impact assessment 
(EIA) of MA operations, so as to help consider how effective the 
existing regulations are in term s of environmental protection/ 
conservation (e.g. environmental impact assessment of MA ex­
traction, operation monitoring, liability and sanctions).

As the relevant regulation consists of several layers or lev­
els (i.e. international, European and national), these need to be 
taken into account and presented in context. The international 
dimension will be presented by way of an overview of the most 
relevant Conventions, in particular the UN Convention on the 
Law of the Sea (UNCLOS) 1982, the OSPAR Convention 1992, 
the HELSINKI Convention 1992, the Barcelona Convention 
1995, the ICES Convention 1964 and the ESPOO Convention 
1991 together with its 2003 SEA Protocol. The European dimen­
sion will be considered by reviewing relevant EC Directives, in 
particular the Environmental Impact Assessment Directives 
(85/337/EEC and 97/11 EC), the Strategic Environmental As­
sessment Directive (2001/42/EC), the Freedom of Access to En­
vironmental Information Directive (2003/4/EC) and the H abitats 
(92/43/EEC) and Wild Birds (79/409/EEC) Directives. Finally, 
the national dimension will be presented by considering the n a ­
tional legislation/regulation in eight EU Member States, namely 
the United Kingdom, Germany, Spain, France, the Netherlands, 
Poland, Belgium and Greece. Information available as of the end 
of November 2007 has been taken into account.

INTERNATIO NAL C O N V EN TIO N S

M arine environm ental policy development takes place 
within a framework of over 70 in ternational and regional con­
ventions and agreements; however, only a few of these directly 
affect MA operations.

T he U nited  N ation C onvention on  the Law o f  the Sea  
1982 (UNCLO S)

The 1982 UNCLOS10, which has been adopted by all of the 
EU Member States under consideration here11, provides for the

9 The management/regulation of associated activities, such as the sea transpor­
tation to land-based treatment facilities of the extracted marine aggregates, 
their treatment and transport to placement sites, which are also related to this 
regime, are not going to be dealt with here.

10 Final draft presented and signed in Montego Bay on the 10/12/1982 and entered 
into force on 16/11/1994. For further details, as well as the text and latest status 
of ratification of the Convention and related agreements, see: http://www.un.org/ 
DeptsAosAndex.htm. Attention should also be drawn to the “Agreement relating 
to the Implementation of Part XI of the Convention”, which deals with deep-sea 
mining in "The Area . The term is defined, in Art. l(l)(a) of the Convention, as “the 
seabed and ocean floor and subsoil thereof, beyond the limits o f national jurisdic­
tion’ . The Agreement, which entered into force on 28/7/1996, has had important 
implications on the ratification of the Convention by most developed States, hav­
ing also been adopted by all of the EU Member States under consideration here.

11 For the ratification status of the Convention for the 8 EU Member States 
considered, see http://www.un.org/Depts/los/LEGISLATIONANDTREATIES/ 
an d http://www.oce anla w. ne t/te xts /index .htm.

delimitation of maritime zones12 and prescribes a detailed over­
arching international legal framework of rights and obligations in 
respect of usage, development and preservation for these zones, 
including resource mining. According to the 1982 LTNCLOS, the 
starting point for the delimitation of the different maritime zones 
is the baseline13. Coastal States are entitled to claim territorial 
seas14 up to 12 nautical miles wide (starting from the baseline) 
and, in relation to these, enjoy full sovereignty.

Relevant to MA operations is also the Exclusive Economic 
Zone (EEZ), which can extend up to 200 nautical miles from 
the baseline16. W ithin the EEZ, the Coastal S tates exercise 
sovereign rights to explore and exploit the na tu ra l resources, 
whether living or non-living, of the w aters superjacent to the 
sea-bed and of the sea-bed and its subsoil; they also have ju ­
risdiction over artificial structures, m arine scientific research 
and m arine environm ent protection16. A sim ilar (though not 
identical) regime deals with the Continental Shelf (CS) of 
Coastal S tates17. It m ust be noted th a t for some Coastal States 
(for example the LTK) national claims of CS (reflected in the ir 
national legislation) were originally based on the 1958 Geneva 
Convention on the Continental Shelf (CSC)18 and have not yet 
been changed according to the 1982 LTNCLOS19.

Contracting P arties to the 1982 LTNCLOS are under wide- 
ranging obligations to protect and preserve the m arine envi­
ronm ent20 and take all necessary m easures to prevent, reduce 
and control pollution21. Thus, the Contracting Parties are u n ­
der the obligation to monitor and assess whether potential 
harm ful effects of m arine mining activities may occur22 and 
communicate/publish reports on th is monitoring and assess­
m ent23; moreover, the Contracting Parties are required to: (a) 
adopt effective laws and regulations to “prevent, reduce and  
control pollution o f the marine en vironmen t arising from or 
in connection with seabed activities ...” and (b) ensure the en­
forcement of such laws and regulations24.

12 The maritime zones are the Territorial Sea, the Contiguous Zone, the Conti­
nental Shelf, the Exclusive Economic Zone and the High Seas.

13 The baseline is a line along the Coastal State’s coastline (at or close to it) from 
which the breadth of each of the maritime zones is estimated. For details on 
the different methods used for the determination of the baselines, see Articles 
5 - 1 4  of the 1 9 8 2  UNCLOS.

14 See UNCLOS Articles 2 and 3.
10 See UNCLOS Article 5 7 .
16 See UNCLOS Article 5 6 .
17 See Part VI of the Convention, in particular Articles 7 6  and 7 7 . It must be 

noted, that there are some differences between the EEZ and C S regimes. A 
Coastal State’s rights in relation to the Continental Shelf may extend beyond 
2 0 0  nm (Article 7 6 ) .  However, the rights do not extend to superjacent waters. 
Art. 7 7 (4 )  defines natural resources for the purposes of the Continental Shelf 
regime as “mineral and  other non-living resources o f the seabed and subsoil 
together w ith living organisms belonging to sedentary species .

18 Adopted in Geneva on 2 9 /4 /1 9 5 8 ;  entered into force in 1 0 /6 /1 9 5 8 .
19 G ib s o n , 2 0 0 4 ;  see also UNCLOS Webpage: http://www.un.org/Depts/los/LEG- 

ISLATIONANDTREATIES/, where an up to date table of maritime claims can 
be found.

20 Art. 1 9 2 . This is regulated in great detail in P art XII of the Convention which is 
devoted to “Protection and Preservation of the Marine Environment”.

21 See in particular UNCLOS Art. 1 9 4  (3)(b) and (c), which provides for an obliga­
tion to take measures to “minim ize to the fullest possible extent’ pollution from 
“vessels’ and from “installations and devices used in  exploration and exploita­
tion o f the natural resources o f the seabed and  subso il...’’. .

22 See UNCLOS Articles 2 0 4  and 2 0 6 .
23 See UNCLOS Article 2 0 5 .
24 See UNCLOS Articles 2 0 8  and 2 1 4 , which are specifically relevant in relation

to exploration and exploitation of the seabed and, thus, to marine aggregate
operations.
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Table 1. Participation in the Conventions referred to in the text, of the EU  Member states considered in the paper.
(h ttp ://www.un.org/Depts/Ios/LEGISLATIONANDTREATIES/ , h ttp ://www.oceanlaw.net/texts/index.htm,www.ices.dk/indexfla.asp, www. 
ospar.org, www.helcom.fi,www.unepmap.org/home.asp and h ttp :/Zwww.unece.org/env/eia/).

CO A STA L STA TE
C O N V EN T IO N S

U N C LO S IC E S O SPA R H e ls in k i B a rc e lo n a E sp o o

Belgium X X X X

France X X X X X

G erm any X X X X X

Greece X X X

The N etherlands X X X X

Poland X X X X

Spain X X X X X

The LTnited Kingdom X X X X

European Community X X X X X

The C onvention for the Protection o f  the Marine 
Environm ent o f  the N orth East Atlantic 1992 (OSPAR  
Convention)

The OSPAR Convention26 provides a legal framework for 
agreements and cooperation in the North-East Atlantic region 
(Table 1), with the objective of taking all possible steps to p re­
vent and eliminate pollution and protect the marine environ­
ment from the adverse effects of hum an activities. The Con­
vention includes specific rules in its Annexes I to IV to deal 
with pollution from land-based sources, dumping, and offshore 
sources, as well as with monitoring and assessment of the m a­
rine environment. Annex V, adopted in 1998, had the aim to 
extend the cooperation of the Contracting Parties to cover all 
hum an activities th a t might adversely affect the marine envi­
ronment of the North East Atlantic. It deals with the protection 
and conservation of marine ecosystems and, when practicable, 
with their restoration. Criteria for identifying potentially harm ­
ful hum an activities for the purposes of Annex V are set out 
in Appendix 326; these clearly cover MA operations. In 2003, a 
specific “Agreement on Sand and Gravel Extraction” was ad­
opted27. The Agreement requires Contracting Coastal States to 
take into account the “ICES Guidelines for the Management of 
Marine Sediment Extraction” (ICES, 2003b) within their pro­
cedures for authorising marine sediment extraction. National 
procedures should also take into account “the ecosystem-based 
approach to man agemen t of human activities” ; where appropri­
ate, strategic plans should be developed and subjected to s tra ­
tegic environmental assessment (SEA). Finally, the Agreement 
provides th a t authorisations for extraction of marine sediments 
from any ecologically sensitive site should only be granted after

20 The OSPAR Convention opened for signature in Paris on the 22/9/1992 and 
entered into force on the 25/3/1998. For further details, as well as the text and 
status of ratification of the Convention, see www.ospar.org.

26 Annex V on the protection and conservation of the ecosystems and biological 
diversity of the maritime area. Note that Annex V and Appendix 3 entered into 
force on 30/8/2000. Annex V has been ratified by six of the eight EU Member 
States here considered, namely Spain, the United Kingdom, the Netherlands, 
Belgium, Germany and France; it  has also been ratified by the EC.

27 Agreement 2003-15, adopted in Bremen (Germany).

consideration of an environmental impact assessment (EIA)28 
and, “where a site is subject to protective measure, but over-rid­
ing public in terests require the extraction of marine sedimen ts 
with a consequential significan t adverse effect on the site, all 
necessary steps are taken to avoid adverse impacts on the func­
tioning o f the ecosystem of which it forms part

T he C onvention on the Protection o f  the Marine 
Environm ent o f  the Baltic Sea Area, 1992 (Helsinki 
Convention)

The Helsinki Convention29 requires its Contracting P ar­
ties inter alia, to take “all appropriate legislative, admin istra­
tive or other relevant measures”, individually or by m eans of 
regional co-operation, “to prevent and eliminate pollution in 
order to promote the ecological restoration o f the Baltic Sea 
area and the preservation of its ecological balance”30. The Con­
tracting  Parties (Table 1) are under the obligation to exercise 
control over the ir dredging operations (HELCOM, 2002). In 
addition, the HELCOM Recommendation 19/1 on “Marine 
Sediment Extraction in the Baltic Sea Area”31 should be taken 
into consideration when issuing extraction permits. According 
to these recommendations, all sediment extractions should be 
carried out in accordance with the detailed guidelines set out 
in Recommendation 19/1. These require environm ental impact 
assessm ents to be carried out, in accordance with specified 
m inimum criteria, as p art of all extraction permission proce­
dures. The guidelines also require th a t in extraction practice, 
“all measures shall be taken in order to min imize the ecological 
impacts caused by sedim en t extraction and tran sport o f the ex­
tracted m aterial” and th a t environm ental monitoring is to be a 
component of every kind of extraction activities. Importantly, 
the guidelines also require th a t “mon itoring data”, as well as

28 In accordance with the ICES Guidelines or with the EC Habitats Directive, as 
appropriate. ICES Guidelines and the relevant EC Directives are considered 
below.

29 The Helsinki Convention, signed in 1992, entered into force on the 17/1/2000. 
For details, see www.helcom.fi. Of the EU Member States considered here, only 
Poland and Germany are Contracting States.

30 Helsinki Convention Art. 3(1).
31 Adopted on the 23/3/1998, http://www.helcom.fi/Recommendations/en_GB/

recl9_l/.
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“the results o f the environmental impact assessement which 
has formed the basis for the decision on an extraction permit 
should be made available for scientific evaluation.” In which 
way is, however, not specified further.

According to the guidelines, extraction perm its for “Sensi­
tive Areas”, shall only be granted if a “thorough E IA” in ac­
cordance with the guidelines “is proving that the extraction is 
not likely to cause significan t negative ecological effects or lead 
to a deterioration o f the area”3'2. The list of the sensitive areas 
in the guidelines includes, among others, Baltic Sea Protected 
Areas (BSPAs), in relation to which special planning and m an­
agement guidelines and tools have been prepared33. However, 
the list also includes more generally “m arine areas near to the 
coast with significance for coastal sedimen t transport or with 
protective function for the coastline (e.g. sand banks, spits and  
bars)”. Thus, in respect of MA extraction in relation to such 
“sensitive areas”, a thorough EIA is always required and ex­
traction perm its should only be issued if the EIA proves th a t 
significant negative ecological effects or deterioration of the 
area is not likely.

As concerns compliance with HELCOM Recommendation 
19/1, Contracting States are required, under Art. 16 (1) of the 
Convention to report, a t regular intervals, on "legal, regula­
tory or other m easures taken for the implem en tation of the Con­
vention, its Annexes and o f recom mendations”, as well as on 
the effectiveness of such m easures and problems encountered. 
Nevertheless, a report, published by HELCOM in 200334, sug­
gests th a t none of the HELCOM Recommendations in the field 
of natu re  conservation and coastal zone m anagem ent have 
been fully implemented and th a t in many cases, reporting is 
sketchy and does not allow for any reliable conclusions to be 
drawn. As concerns Recommendation 19/1, the summ ary table 
in the report records implem entation by only some of the Con­
tracting  States, including Poland, but not Germany.

T he C onvention for the Protection o f  the M editerranean  
Sea against Pollution, 1976 and C onvention for 
the Protection o f  the Marine Environm ent and the 
Coastal R egion o f  the M editerranean, 1995 (Barcelona  
Convention).

The Barcelona Convention36 sets out a legal framework for 
regional and sub-regional agreem ents and cooperation36 for the

32 See HELCOM Recommendation 19/1, Attachment IB. The guidelines also 
state that extraction permits shall not he granted for (a) nature reserves, (b) 
national parks or (c) areas included in or proposed for the NATURA 2000 net­
work, except when the procedure of Art. 6 of the EC Habitats Directive is fol­
lowed.

33 Baltic Sea Environment Proceedings No. 105, Planning and management of 
Baltic Sea Protected Areas: Guidelines and tools, HELCOM 2006 http://www. 
helcom.fi/stc/files/Pubhcations/Proceedings/bsepl05.pdf

34 HELCOM 24/2003, Compliance with the requirements of the Convention and 
HELCOM Recommendations, Bremen, 25/6/2003. http://www.helcom.fi/stc/ 
files/BremenDocs/H C s uppCphDecl.pdf

30 The original 1976 Barcelona Convention entered into force on the 12/2/1978; 
it has been modified/replaced by the amended 1995 Convention adopted in 
Barcelona on the 10/6/1995, which entered into force on 9/7/2004. For details 
see http://www.unepmap.org/home.asp

36 See also one of the main tools for the implementation of the Convention and 
its Protocols, the "Mediterranean Action Plan for the Protection of the Marine 
Environment and the Sustainable Development of the Coastal Areas of the 
Mediterranean” (MAP Phase II), which amends the previous plan, the "Medi­
terranean Action Plan” (MAP). It has as its main objectives (a) to ensure sus­
tainable management of natural marine and land resources and to integrate 
the environment in social and economic development, and land-use policies,

protection of the m arine environm ent of the M editerranean 
Sea from pollution. It requires the Contracting P arties (Table 
1) to take all appropriate m easures (individually or jointly) in 
accordance with the provisions of the Convention and those of 
its Protocols37 to which they are a party, to prevent, abate and 
combat pollution of the M editerranean Sea area and to protect 
and enhance the m arine environm ent in th a t area.

The issue of MA extraction is covered by Art. 7 of the Con­
vention, which requires Contracting Parties to “take all ap­
propriate measures to preven t, abate, combat and to the fullest 
possible extent eliminate pollution ... resulting from exploration 
and exploitation of the con tin en tal shelf and the seabed an d its 
subsoil”. The corresponding Offshore Protocol to the Conven­
tion38 which, however, has not yet entered into force, contains 
more specific requirem ents relevant to authorization of MA 
operations, such as surveys concerning the effects of the pro­
posed activities on the environment and, in appropriate cases, 
environmental impact assessment in accordance with Annex IV 
(Environmental Impact Assessment) to the Protocol39.

T he C onvention for the International Council for the 
Exploration o f  the Sea (ICES), 1964

The International Council for the Exploration of the Sea 
(ICES)40 is an in ternational scientific organization with the 
objective to study and assist in the safeguarding of the North 
A tlantic m arine ecosystems and the ir living resources. The 
ICES Convention 1964 sets out a Constitution for the Council 
w ith a view to facilitating im plem entation of its programme, 
as well as some substantive obligations for the S tate Parties, 
such as the obligation to furnish to the Council any inform a­
tion which will contribute to the purposes of the Convention41. 
A strategic plan was adopted by the S tate P arties in 2002, 
fu rther strengthening the m andate and activities of ICES .

The Council promotes m arine research and publishes and 
communicates its results. Furtherm ore, ICES provides formal 
advice and data handling services to the OSPAR and Helsinki 
Commissions. In relation to MA extraction, the ICES and its 
Working Group on the “Effects of Extraction of M arine Sedi­
m ents on the M arine Ecosystem (WGEXT)”42 investigate the

(b) to protect the marine environment and coastal zones through prevention
of pollution, and by reduction and, as far as possible, elimination of pollutant
inputs, whether chronic or accidental, (c) to protect nature, and protect and 
enhance sites and landscapes of ecological or cultural value, (d) to strengthen 
solidarity among Mediterranean coastal States in managing their common
heritage and resources for the benefit of present and future generations and 
(e) to contribute to improvement of the quality of fife. For further information, 
see www.unepmap.org.

37 There are a number of Protocols to the Convention, but not all of these have 
yet entered into force.

38 The Protocol for the Protection of the Mediterranean Sea against Pollution 
Resulting from Exploration and Exploitation of the Continental Shelf and the 
Seabed and its Subsoil was adopted on the 14/10/1994 by the Conference of 
Plenipotentiaries heldin Madrid, but has not yet entered into force and has not 
been ratified by any of the EU Member States considered here who are Parties 
to the Convention. According to Art. 3 of the Protocol, the Contracting Par­
ties shall, individually or through bilateral or multilateral cooperation, take 
all appropriate measures to prevent, abate, combat and control pollution in 
the Protocol Area resulting from activities, inter alia, by ensuring that the best 
available techniques, environmentally effective and economically appropriate, 
are used for this purpose.

39 See Article 5.
40 The ICES was established in 1902. For details, as well as the Convention and 

the ICES Strategic Plan, see http://www.ices.dkAndexfla.asp
41 See Preamble to the ICES Convention. See also Art. 5 of the Convention.
42 For details see http://www.ices.dk/iceswork/wgdetail.asp?wg=WGEXT
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impacts of MA extraction on m arine ecosystems and review 
and report on the sta tus of MA extraction activities and re la t­
ed environm ental research, as well as on any reported legisla­
tive and regulatory changes. In 2003, a set of detailed “Guide­
lines for the M anagement of M arine Sand Extraction” (ICES 
2003b) was developed. The guidelines establish general p rin ­
ciples for the sustainable m anagem ent of m ineral resources, 
emphasizing issues such as the need for conservation, efficient 
use of m aterials and least adverse methods of extraction, as 
well as the importance of encouraging an ecosystem approach 
to the m anagem ent of extraction activities and the selection 
of extraction sites, and the need to protection of sensitive a r ­
eas and im portant habitats. The guidelines recommend th a t 
in ternational and regional initiatives are taken into account 
when developing national frameworks and guidelines and 
th a t appropriate adm inistrative frameworks are set up for the 
m anagem ent of sand and gravel extraction. Detailed guidance 
is provided on the recommended contents of EIAs and their 
assessment, as well as on the monitoring of compliance with 
conditions attached to any extraction authorization.

The C onvention on  Environmental Im pact Assessm ent 
in  a transboundary context, 1991 (ESPO O Convention) 
and the Protocol on  Strategic Environmental Assessm ent, 
2003 (SEA Protocol)

The Convention on Environmental Impact Assessment in a 
transboundary context was signed in Espoo, Finland, in 1991 
and entered into force in 199743. All EU Member States are 
Contracting States to the Convention (Table 1), although in 
some cases, such as in the case of Germany, only since 2002. 
The Convention, adopted under the auspices of the United N a­
tions Economic Commission for Europe (UNECE), sets out obli­
gations of Parties to assess the environmental impact of certain 
activities at an early stage of planning. The activities covered 
by the Convention are listed in Annex I, referring, inter alia (at 
para. 14), to “ major quarries, mining, on-site extraction and pro­
cessing of metal ores or coal”. It appears th a t transboundary ag­
gregate dredging activities, such as in the English Channel, are 
covered by the Convention44. The Convention also lays down the 
general obligation of States to notify and consult each other on 
all major projects under consideration th a t are likely to have a 
significant adverse environmental impact across boundaries. A 
Protocol to the Convention, adopted in 2003, in Kiev46, extends 
the requirem ents of the Convention to plans and programmes. 
However, the Protocol has not yet entered into force and, of the 
eight EU Member States under consideration here, only Ger­
many has so far ratified the Protocol46. In the European Union,

43 The Convention was signed on 25/2/1991 and entered into force on 10/9/1997. It 
counts 41 Contracting States, including the European Community and all EU 
Member States. The Convention has been amended twice, in February 2001 (to 
extend participation by non-UNE C E Member States) and in June 2004 (to af­
fect some changes to the Convention), but neither of the two amendments has 
yet entered into force. For the text of the Convention and a full list of Contract­
ing States, see http://www.unece.org/env/eia/.

44 See the case study referred to in a presentation on the Convention by the UN­
ECE Secretariat, "An Introduction to the Convention including Case-Studies”, 
November 2005, http://www.unece.org/env/eia/

45 The SEA Protocol to the Espoo Convention was signed in Kiev, on 21/5/2003 at 
an Extraordinary Meeting of the Contracting Parties to the ESPOO Conven­
tion.

46 The Protocol requires 16 ratifications or accessions. Only seven States have
so far ratified or acceded to the Protocol, see http://www.unece.org/env/eia/. A

the requirem ents of the Convention and of the SEA Protocol are 
reflected in two Council Directives, namely the EIAA Directive 
and the SEA Directive.

O T H E R  RELEVANT INITIATIVES

European C ode o f  C onduct for Coastal Zones
Although not a legally binding instrum ent, mention should 

also be made of th is  policy document, which addresses m a­
rine aggregate dredging. The European Code of Conduct for 
Coastal Zones47 is an initiative of the Coastal Union (EUCC)48, 
launched in 1993. It was included as a priority action in the 
Pan-European Biological and Landscape Diversity Strategy 
-PEBLDS (1995)- and drafted in 1996/97 by ELTCC staff u n ­
der the auspices of the Council of Europe and LTNEP. It was 
officially adopted by the Council of Europe M inisters in April 
1999. In respect of guidance for “Sand and Gravel Excavation 
and Dredging”, the Code states:

(i) “Sand or gravel extraction should only take place in 
coastal water at a depth where coastal processes are not com­
promised (i.e. below the so-called active profile of the coastal 
zone), and never in ecologically sensitive areas. However while 
this depth is generally appropriate in relation to the influence 
o f normal tides and storms, evidence suggests that sedimen t 
can be moved at lower levels by long period waves, residual 
tidal movemen t and curren ts. The impact of this on adjacen t 
coastal areas which rely on sea born e sedimen t for their contin­
ued development is an importan t and often overlooked issue”, 
(il) "Extraction activities should be timed to avoid con flict with 
seasonal even ts such as fish or bird migration.”(iii) "Turbidity 
plum es should be m inim ised by utilisation o f the best available 
technology and practices. Extraction should be as "dry” as pos­
sible, and working and sailing speed should be regulated so as 
to reduce en viron men tal impacts. When aggregates with a high 
con ten t o f fines are extracted, equipm en t with the capacity of 
retain ing very fine particles should be used, i f  appropriate in 
conjunction with silt curtains.”(iv) "The excavation site should 
be lim ited in order to facilitate later recolonisation . Complete 
removal o f the bottom sedimen t should be avoided.” (v) "Con­
sideration should be given to make better use o f harbour and  
other dredging. Care should be taken with dredge spoils con­
taminated with hazardous substances which should not be 
dum ped at sea or used for nourishment.”

It is not clear to which extent the Code of Conduct is being 
taken into account in relation to MA operations in ELT Member 
States. The review of regulation in different S tates for the p u r­
pose of th is paper did not reveal any specific reference being 
made to the Code of Conduct or its substantive content.

great deal of explanatory material and guidance on aspects of the Conven­
tion can be found in http://www.unece.org/env/eia/. Related material, such as 
the World Bank Environmental Assessment Sourcebook and Updates is also 
available a t www.worldbank.org under "Environmental Assessment”. See in 
particular Chapter 2 of the Sourcebook and Update 7, published in 1994, which 
deals with "Coastal Zone Management and Environmental Assessment”.

47 http://www.coastalguide.org/.
48 http://www.eucc.net/. Please note that the Code of Conduct is also available for 

purchase from the Council of Europe website a t http://book.coe.int/ (Model law 
on sustainable management of coastal zones and European code of conduct for 
coastal zones (Nature and Environment No. 101) (2000).
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TH E EURO PEAN LEGAL FRAMEWORK

The functions and powers of the EU institutions and the 
m atters in relation to which the Community is competent to 
establish and implement common policies depend upon the 
Treaties establishing the European Community (EC Treaty) 
and European Union (EU Treaty)49. The Community has the 
task  of preparing and implementing common policies, in ter 
alia, in the fields of the environment, transport, agriculture 
and fisheries and to adopt measures in the spheres of energy, 
civil protection and tourism 60. Community policy in relation to 
the environment aims, inter alia, a t “preserving, protecting and  
improving the quality of the en vironmen t". More particularly, 
“com m un ity policy on the en viron m en t shall aim at a high level 
of protection taking into accoun t the diversity of situation s in 
the various regions of the Com mun ity. It shall be based on the 
precautionary principle and on the principles that preventive ac­
tion should be taken, that en vironmen tal damage should as a 
priority be rectified at source and that the polluter should pay”51. 
In the field of environmental protection, a considerable amount 
of secondary EC legislation has been enacted, in particular in 
the form of Directives62. In contrast to Regulations, which are 
directly applicable and effective in all EU Member States, Di­
rectives are binding on Member States as to their aims, but re­
quire transposition, i.e. implementation at the national level, 
by way of legislation63. If a Member State fails to transpose a 
Directive into national legislation by the relevant date, or does 
so incompletely, it is in breach of its obligations under Art. 5 of 
the EC Treaty. In these cases, citizens may be able to invoke 
the Directive in question directly before the national courts. 
Moreover, the European Connnisison may institute infringe­
ment proceedings against Member States, including in the form 
of actions before the Court of Justice64. Failure to comply with 
any resulting judgment of the European Court of Justice may 
lead to the imposition of substantial fines66. Annual surveys on 
“Implementation and Enforcement of Community Environmen­
ta l Law”66, and on “Monitoring the Application of Community 
Law”67, as well as leading judgments of the European Court of

49 The present EC Treaty results from amendments made to the Treaty establish­
ing the European Economic Community, which was signed in Rome in 1957 
and entered into force on 1/1/1958. That treaty has been amended several 
times, in particular by the Single European Act, which came into force in 1987, 
the Treaty on European Union (Maastricht Treaty), which came into force in 
1993, the Treaty of Amsterdam, which came into force in 1999 and the Treaty 
of Nice, which entered into force in 2003. A consolidated version of the EC 
Treaty and EU Treaty has been published in the Official Journal (Official Jour­
nal C 321E o f 2 9 /1 2 / 2006} and is available electronically on the EU website 
at: http://eur-lex.europa.eu.

00 See Articles 2 and 3 of the EC Treaty. See also Art. 175 (4).
B1 Art. 174 (1) and (2) of the EC Treaty, as amendedby the Treaty of Amsterdam. 

See further Art. 174 (3), which provides that in preparing its policy, the Com­
munity shall take into account the available scientific and technical data.

02 For environmental legislation in force, see http://eur-lex.europa.eu/en/legis/ 
index.htm. See also the website of the Commission’s D G Environment, http:// 
ec.europa.eu/e nvir onm ent/in de x_en. htm .

03 For a useful brief summary of the effect of primary and secondary Community 
legislation, as well as legislative procedures and the respective role of different 
Community institutions, see “About EU Law - Process and Players” on the EU 
website at: http://eur-lex.europa.eu.

04 Seefurtherhttp://europa.eu.int/comm/environmentdawAndex.htm
00 Art. 228 EC Treaty and Case C-304/02, Commission v. French Republic, 

12/7/2005. For clarification, see MEMO/05/482, issued by the Commission on 
14/12/2005, http : //www. europa. eu/rapid/

06 http ¡//europa.eu.int/comm/environmentAaw/implementation.htm
07 Available on the EC website a t http://eur-lex.europa.eu/.

Justice in the field of environmental law68 are published by the 
European Commission. It is interesting to note th a t nature, air, 
waste, water and impact assessment legislation, which includes 
the Directives discussed in this paper, are the five areas with 
the highest num ber of open cases, accounting jointly for 90% of 
the total num ber of complaints and infringement cases in the 
environmental field69.

In relation to MA operations, a num ber of EC Directives 
are directly relevant60, in particular the Environm ental Im ­
pact Assessment Directive (Directive 85/337/EEC (hereafter 
the EIA Directive) as am endedby Directives 97 /ll/E C  (here­
after the EIAA Directive) and 2003/35/EC), as well as Direc­
tive 2001/42/EC on the assessem ent of the effects of certain 
plans and programmes on the environm ent (the so called 
S trategic Environm ental Assessment Directive, hereafter the 
SEA Directive). Also relevant are Council Directive 92/43/EEC 
on Conservation of N atural H abitats and of Wild Fauna and 
Flora (hereafter the H abitats Directive) and Council Directive 
79/409/EEC on the Conservation of Wild Birds (hereafter the 
Wild Birds Directive), as well as Council Directive 2003/4/EC 
on Freedom of Access to Information on the Environment.

T he Environmental Im pact A ssessm ent Directive
The EIA Directive was introduced in 198561 and was 

am ended in 199762. The Directive outlines which categories of 
projects shall be made subject to an Environm ental Impact 
Assessment (EIA)63, the procedure to be followed and the con­
ten t of the assessment. Projects specified in Annex I of the 
Directive are subject to m andatory EIA, wheras in respect of 
other projects, set out in Annex II, Member S tates m ust deter­
mine, whether EIA should apply (so-called “screening”). The 
EIA procedure set out in the Directive seeks to ensure th a t 
environm ental consequences of projects are identified and as­
sessed before authorisation is given. The Directive envisages 
public participation as p art of the authorisation procedure and 
requires the public to be informed about any decisions made.

Directive 97 /ll/E C  widened the scope of EIA by increasing 
the num ber of types of projects covered, and the num ber of 
projects requiring m andatory EIA (Annex I). It also strength­
ened the procedural base of the EIA Directive by providing for 
new screening arrangem ents, including new criteria for Annex

08 http : //europa. eu .int/comm/environment Aaw/cases J  udgements .htm
09 See 23rd Annual Report from the Commission on Monitoring the Application

of Community Law (2005), COM(2006) 416 final, dated 24/7/2006. See also
the Annex to the Report, covering different sectors, SEC(2006) 999, 24/7/2006.
http://eur-lex.europa.eu/L exU riSe rv/site/en/com/2006/com2006_0416en01.pdf

60 In relation to protection of the marine environment, note should also be taken 
of Council Directive 2000/60/EC establishing a framework for Community ac­
tion in the field of water policy, which applies to coastal waters, as well as the 
proposed Marine Strategy Directive (COM/2005/505 final), which envisages 
the creation of national as well as regional strategies for the protection of the 
wider marine environment. Discussion of these instruments is unfortunate­
ly beyond the scope of this contribution. For further information, see http:// 
ec .europa. eu/environment.

61 Council Directive 85/337/EEC (27/6/1985) on the Assessment of the Effects of 
Certain Public and Private Projects on the Environment, which was required 
tobe implemented by 3/7/1988.

62 Council Directive 97/ll/EC (3/3/1997) amended Directive 85/337/EEC. The 
EIAA Directive was required to be fully implemented by the Member States 
by 14/3/1999. The main purpose of the amendment appears to have been a rec­
ognized need to clarify, supplement and improve the rules on the assessment 
procedure (cf. 4th preamble) and the expansion of projects subject to environ­
mental impact assessment.

63 F or further information and analysis on environmental impact assessment is­
sues, see http://europa.eu.int/comm/environment/eia/home.htm.
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II projects and providing minimum information requirem ents, 
as well as introduced changes to align the Directive with the 
requirem ents of the ESPOO Convention. The EIAA Directive 
was further am ended by Council Directive 2003/35/EC, to 
align relevant provisions on public participation in accordance 
with the A arhus Convention on public participation in deci­
sion-making and access to justice in environm ental m atters, 
which had  been adopted by the Community in 199864.

Marine dredging projects, which were already covered in An­
nex II of the original EIA Directive, are specifically referred to 
in Annex II 2(c) of the EIAA Directive66. In the case of Annex II 
projects, Member States may determine projects requiring as­
sessment on a case-by-case basis or establish relevant criteria 
or thresholds to identify such projects (cf. Art. 4(2)). In either 
case, the decision needs to be made available to the public66. 
Annex III of the EIAA Directive provides detailed screening or 
selection criteria focusing on the characteristics, location and 
potential impact of projects which are to be taken into account 
in th is process67. The EIAA Directive requires th a t the “ compe­
tent authorities" responsible for licensing particular (individual) 
projects68 make their decisions on the basis of a clear appre­
ciation of any significant environmental impacts69. Environ­
mental impact assessment carried out in accordance with the 
Directives require identification, description and assessment of 
a project’s effects on hum an beings, animals and plants, soil, 
water, air, climate and landscape, cultural heritage, m aterial 
assets, including any impact interactions th a t may occur. More­
over, public involvement in decision-making m ust be ensured. 
The Directive prescribes th a t (a) the environmental effects of 
the proposed project should be properly assessed and (b) all rel­
evant information should be made available to the public within 
a reasonable time and in an easily comprehensible m anner in 
order to enable the public to express its opinion70.

64 For further information, see http://ec.europa.eu/environment/aarhus/index, 
htm. See also Aarhus Clearing House for Environmental Democracy, main­
tained by the UNECE, which can be accessed through the same website.

60 MA mining was included in Directive 85/337/EEC, Annex II 2(c) as “extraction 
o f m inerals other than metalliferous and energy-producing minerals, such as 
[...] sand, gravel [...]'. The provision has been amendedby Directive 97/11/EC 
to read: “extraction o f minerals by marine or fluvial dredging’.

66 See Article 4(4).
67 See Article 4(3).
68 The projects requiring impact assessment are defined in Art. 4 and listed in 

the Directive Annexes I and II. It must be noted that projects serving national 
defence purposes are not covered by the EIA Directive (see Article 1(4)), although 
projects serving military as well as commercial purposes are covered, provided 
they mainly serve commercial purposes, WWF v. Autonome Provinz Bozen and  
or s., C-435/97 (http://www.europa.eu.int/cj/enfindex.htm). Projects adopted by 
specific Acts of national legislation are also not subject to the Directive, since the 
objectives of the Directive, including that of supplying information, are achieved 
through the legislative process (Art. 1(5)). According to L a m b r e c h t s  (1996), this 
exemption does not serve environmental conservation as, even if it is assumed 
that the legislative process warrants a measure of democratic information, it is 
doubtful that this by itself ensures environmental protection. Nevertheless, the 
European Court of Justice (ECJ) has made it clear that legislation which provides 
development consent within the meaning of Art. 1(2) can only be considered to 
fall within the definition of Article 1(5), if the law includes the elements neces­
sary to assess potential environmental impacts of the project ( WWF v. Autonome 
Provinz Bozen and ors., C-435/97, at paras. 58-62). Article 1(5), therefore, cannot 
be used to circumvent the Directive’s aims with regard to specific projects.

69 Article 1(1) of the EIAA Directive (amended Article 2(1) of the EIA Directive) 
provides that the competent authority should “adopt all measures necessary 
to ensure that, before consent is given, projects likely to have significant effects 
on the environment by virtue, inter alia, o f their nature, size or location are 
m ade subject to a  requirement for development consent and an  assessment w ith  
regard to their effects .

70 See Article 6(2) and Article 9 of EIA Directive as replaced by Articles 1(8) and 
1(11) of the EIAA Directive.

In exceptional cases, Member S tates may decide to exempt 
a specific project from the requirem ents of the Directive. In 
these cases, alternative forms of assessm ent need to be consid­
ered and both the public and the European Commission need 
to be informed of the reasons for any decisions71. According 
to (non-binding) clarification provided by the Commission, the 
provision is to be construed narrowly, and is restricted to cases 
where full compliance with the Directive is not possible, but 
may cover instances where there is a serious th rea t to, in ter 
alia, economic stability or to security72. Detailed guidance on 
"screening 73, i.e. the question of whether an EIA is required 
in relation to particular project and on "scoping”74, i.e. on envi­
ronm ental information needed for the purposes of an EIA, has 
also been published by the Commission76.

Effective implem entation of EC Directives requires new 
legislation or a change to existing legislation; changes to ad­
m inistrative practices are not sufficient, as adm inistrative 
m easures may be altered by the adm inistration at any tim e76. 
Despite the fact th a t the EIA Directive was required to be im ­
plem ented by the 3rd of July 1988 and the EIAA Directive by 
the 14th of M arch 1999, in some cases, there has been incom­
plete transposition through relevant national legislation or 
regulations77, or failure to ensure th a t national m easures are 
in full conformity with the EIA and EEIA Directives78. Accord­
ing to the most recent “Annual Survey on the Im plem entation 
and Enforcement of Community Environm ental Law”, pub­
lished in 2006, problems with the conformity of national m ea­
sures with the EIAA Directive continue to persist, giving rise 
to a considerable num ber of infringement procedures and com­

71 Art. 2(3) of the EIAA Directive. Please note that the text of the provision has 
undergone some change as a result of amendments effected by Directives 97/11 
EC and 2003/35/EC.

72 See "Clarification of the application of Art. 2(3) of the EIA Directive” published 
in 2006 (http://ec.europa.eu/environment/eia/eia-support.htm) “an  important 
criterion for justify ing  use o f Article 2(3) is that fu ll compliance w ith the Direc­
tive is not possible, and not ju s t that the case is exceptional; the exemption might 
normally be used in  a  civil emergency, though not all civil emergencies qualify  
for the exemption; there would need to be a  pressing reason to ju s tify  the exemp­
tion, e.g. serious threat to life, health or hum an welfare; to the environment; to 
political, adm inistrative or economic stability; or to security; the exemption is 
unlikely to be justified i f  it is intended to meet a  situation that could be both 
anticipated and prevented; when considering the use o f Article 2(3), considera­
tion should be given to providing a  partia l or other form  o f assessment; Member 
States need to act quickly (before consent is granted) to provide the Commission 
with reasons justify ing  the exemption.”

73 "Screening’ is the process of determining whether or not EIA is required for a 
particular project. This is particularly relevant in the case of Annex II projects, 
as Annex I projects are always subject to an EIA.

74 "Scoping’ is the process of determining the content and extent of the matters, 
which should be covered in the environmental information to be submitted to a 
competent authority for projects, which are subject to EIA.

70 Seehttp://ec.europa.eu/envir onme nt/eia/eia - s up por t . htm .
76 Commission v. Belgium, C-337/89 [1992] ECR 1-6103.
77 For instance, in 2004, the European Court of Justice condemned the UK (Case 

C-421/02) for incomplete transposition of the amended EIA Directive as re­
gards Scotland and Northern Ireland. Infringement proceedings against the 
U.K. in relation to the implementation of the EIAA Directive in respect of ma­
rine dredging and various other activities were still pending in March 2007, 
before a new statutory regime was introduced in April 2007; see Explanatory 
Memorandum to The Environmental Impact Assessment and Natural Habi­
tats (Extraction of Minerals by Marine Dredging (England and Northern Ire­
land) Regulations 2007.

78 For further details see a five year report, "How successful are the Member 
States in implementing the EIA Directive, Report from the Commission to the 
European Parliament and the Council on the Application and Effectiveness of 
the EIA Directive (Directive 85/337/EC as amended by Directive 97/ll/EC)” 
COM/2003/334 final, published on 23/6/2003 and available a t http ¡//europa, 
eu.int/comm/environment/eia/news.htm. See also EC Press Release IP/03/876 
of 23/6/2003.
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plain ts to the European Commission79. Often, Member States 
appear to have been satisfied with a minimal transposition 
of the Directive, or national adm inistrations fail to correctly 
implement and apply the legal requirem ents of the Directive. 
W eaknesses in the operation of the Directive identified by the 
Commission in the 2003 report on the implem entation of the 
EIAA Directive include lack of evidence of systematic screen­
ing of Annex II projects, little real commitment to scoping, 
few formal m easures to control the quality of EIA procedures 
and little monitoring of EIA in practice. The Commission also 
noted some key information gaps on significant areas of EIA 
and a considerable variation of public involvement, with some 
Member S tates applying a wide and others a very narrow 80 
interpretation of the “public concerned".

As concerns MA operations, too, it appears th a t although 
the EIA and EIAA Directives may have been implemented in 
some of the Member S tates through a variety of Regulations, 
there have been problems with regard to the universal effec­
tive implementation of the Directives’ requirem ents81.

T he SEA Directive
The scope of the EIAA Directive is lim ited to projects for 

which the decision m aking process requires consent or per­
mission, but does not cover plans and programmes. To extend 
the need for environm ental impact assessm ent to plans and 
programmes which may have a significant effect on the envi­
ronment, a further Directive was adopted in 2001. The central 
objective of the Strategic Environm ental Assessment Direc­
tive (Directive 2001/42/EC, hereafter the SEA Directive) is “to 
con tribute to the in tegration o f en viron men tal considerations 
into the preparation and adoption o f plans and programmes 
with a view to promoting sustainable developmen t, by ensur­
ing that an en viron men tal assessmen t is carried out for certain 
plans and program m es which are likely to have sign ifican t ef­
fects on the environment”82.

According to a guidance document on im plem entation of 
the Directive, prepared  by the European Commission83, “the 
first requiremen t in order for p lans and programmes to be 
subject to the Directive, is that they f...]m ust be both 'subject 
to preparation a n d / or adoption by the prescribed authorities’ 
and 'required by legisla tive, regulatory or adm in istra tive pro­
visions’. [...] In iden tifying  whether a documen t is a plan 
or program me for the purposes o f the Directive, it is neces­
sary to decide whether it has the main characteristics o f such

79 Seventh Annual Survey on the implementation and enforcement of Commu­
nity environmental law 2005, SEC(2006) 1143, 8/9/2006 (http://europa.eu.int/ 
comm/environment/law/imple mentation .htm). The report also states that a 
number of Member States had failed to transpose the requirements of Direc­
tive 2003/35/EC (public participation) by the deadline of June 2005, including 
Germany, Spain and France.

80 This is the case, for instance, in France.
81 See for instance the situation in the UK, further explained below, and also e.g. 

A l d e r  (1993) and S h e a t e  (1996) for the previous regulatory framework. The UK 
had transposed the EIAA and Habitats Directives in respect of most activities, 
but not in respect of marine minerals dredging projects prior to the adoption of 
a new statutory regime which entered into force in May 2007.

82 See Article 1 of the SEA Directive. The SEA Directive’s provisions apply to 
plans and programmes the preparation of which begins formally after the 
21/7/2004 or which have not been adopted or submitted to a legislative proce­
dure by the 21/7/2006.

83 See European Commission Guidance on the Implementation of Directive
2001/42/EC; see also S h e a t e  et al. (2005); both documents are available at
http ://eur op a.eu. int/comm/e nvir onment/eia/hom e. htm .

a plan or programme. The name alone ('plan’, 'programme’, 
'strategy’, 'guidelines’, etc) will not be a sufficiently reliable 
guide: documen ts having all the characteristics o f a plan or 
program me as defined in the Directive may be found under a 
variety o f names”.

Any plan or programme th a t has been prepared for one of a 
num ber of listed sectors, including, inter alia, industry, town 
and country planning and land use, and which sets the fram e­
work for future development consent of projects listed in the 
EIAA Directive requires an EIA84.

M inerals planning is, in principle, subject to the SEA Di­
rective86. Competent authorities which prepare and/or adopt 
a plan or programme which falls within the Directive’s scope 
will have to draw up a report on its probable significant en­
vironm ental effects, consult authorities with environm ental 
responsibilities and the public, and take the findings of both 
these exercises into account in reaching a decision on how 
to proceed. In addition, monitoring under the SEA Directive 
allows, inter alia, for the identification of unforeseen envi­
ronm ental effects so th a t rem edial action may be taken86. It 
should be noted th a t Art. 3(8) of the Directive includes an ex­
emption in the case of plans and programmes the sole purpose 
of which is to serve civil emergency. According to the latest 
available annual report on implementation and enforcement 
of Community environm ental law, published in 2006, a num ­
ber of Member S tates had  failed to transpose the SEA Direc­
tive by the deadline of July 2004, including Belgium, Greece, 
Spain and the N etherlands87.

There are other Directives, which may affect MA mining 
operations. Although these Directives are related mainly to 
the protection of m arine areas th a t enjoy special s ta tus and, 
thus, the ir analysis is beyond the scope of the present contri­
bution, brief reference will be made here.

T he Habitats Directive and the W ild Birds Directive
The m ain aim of Council Directive 92/43/EEC on Conserva­

tion of N atural H abitats and of Wild Fauna and Flora (hereaf­
te r  the H abitats Directive), is to promote and ensure the p res­
ervation of biodiversity; it requires from the Member States 
to work together in order to m aintain or restore to a favour-

04 See Art. 3(2) of the SEA Directive and  n. S3.
45 For detailed inform ation in relation to m inerals planning, see Strategic E n ­

vironm ental Information Service (http://www.sea-info.net/) a website m ain­
ta ined hy the Centre for Sustainability and  supported by the British Govern­
ment. Apparently, a free SEA M inerals N ewsletter is also available on the 
website. See also the website of the M ineral Industry  Research Organization, 
MIRO (http:// www.miro.co.uk/) and  a most informative report commissioned 
hy the B ritish Geological Survey (British Geological Survey Commissioned 
Report CR./04/003N, hy E.J. S te a d m a n  et at. 2004) (http://www.mi-st.org.uk/ 
research_projects/final_reports/final_report_ma_l_l_002.pdf). F u rther reports 
on EIA in relation to m inerals extraction are also available on the M ineral In ­
dustry Sustainable Technology (MIST) website, accessible through the MIRO 
website, above.

44 Strategic Environm ental Assessm ent (SEA) covers more activities, wider geo­
graphic areas and  often longer time periods th an  the project EIAs. SEA m ight 
he applied to entire sectors or geographical areas. SEA does not generally 
replace or reduce the need for project EIA, h u t i t  can assist in  stream lining the 
incorporation of environm ental concerns (including MA extraction) into deci­
sion-making, making project EIA more effective. It can deal w ith the synergy of 
small impacts of m ultiple projects/activities, any of which may he insignificant 
hy themselves, hu t which together have a significant im pact (see S h e a te  et 
a l, 2005).

47 Seventh Annual Survey on the im plem entation and enforcement of Commu­
nity environm ental law 2005, SEC(2006) 1143, S/9/2006 (http://europa.eu.int/ 
comm/environment/law/im plementation.htm).
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able conservation sta tus certain rare, threatened, or typical 
n a tu ra l hab itats and species. These habitats and species are 
listed in Annex I and II of the Directive respectively. One of 
the ways in which Member States are expected to achieve this 
aim is through the designation and protection of sites known 
as Special Areas of Conservation (SACs). It is interesting to 
note th a t sandbanks, which are a very significant source of 
m arine aggregates, are listed in the Annex I of the H abitats 
Directive (Habitat 11.25). Although the potential implications 
of th is listing for the MA industry have not yet been appreci­
ated, they may be quite significant88.

Council Directive 79/409/EEC on the Conservation of Wild 
Birds (hereafter the Wild Birds Directive) complements the 
H abitats Directive by requiring Member S tates to protect rare 
and/or vulnerable bird species through the designation of Spe­
cial Protection Areas (SPAs). The H abitats and Wild Birds 
Directives apply both to Member S tates’ territo ria l waters 
and the EEZs or equivalents89. All m arine protected areas des­
ignated under both Directives form an ecologically coherent 
network of protected areas of European importance referred 
to as N atura 2000. Detailed guidance and information on the 
implem entation of N atura 2000 in the m arine environm ent 
has recently been published by the European Commission90.

According to the latest available annual report on implemen­
tation and enforcement of Community environmental law, pub­
lished in 2006, problems with the implementation or adequate 
transposition of the Wild Birds and H abitats Directives persist­
ed in several Member States, including Greece, France, Spain, 
Belgium, the Netherlands, the U.K. and Germany91.

Directive on  Freedom  o f  A ccess to Inform ation on  the 
Environment

Council Directive 2003/4/EC, on Freedom of Access to 
Information on the Environment, which was required to be 
implemented by 14th February 2005, imposes a general duty

88 For more details and discussion on this matter, see V e l e g r a k is  et al., 2001; 
R o g e r s  2001; C h r is t ia n s e n  and J o n e s , 2001a and 2001b. See also “The Inter­
pretation Manual of European Union Habitats - EUR27”, published in July 
2007, a scientific reference document based on the version for EUR 15, which 
was adopted by the Habitats Committee on 4/10/1999 and cons oh date d with 
the new and amended habitat types for the 10 accession countries (adopted 
by the Habitats Committee on 14/3/2002) with additional changes for the 
accession of Bulgaria and Romania (adopted by the Habitats Committee on 
13/4/2007). For marine habitats, it  follows the descriptions given in “Guide­
lines for the establishment of the Natura 2000 network in the marine environ­
ment. Application of the Habitats and Birds Directives” published in May 2007 
by the Commission services. Both documents are available on the Commission 
website a t http://ec.europa.eu/environment/naturefindex_en.htm.

89 Member States exercise full sovereignty over their territorial waters, i.e. the 
12 nm maritime zone as measured from the baseline. However, in 1999, the 
English High Court, in its decision in Regina v. The Secretary o f S ta te  for Trade 
and  Industry  ex parte Greenpeace Ltd, Case No CO/1336/1999, 5/11/1999, Kay 
J. held that “... the Council (Habitats) Directive 9 2 /4 3 /E E C  applies also to the 
UK Continental S h e lf and to superjacent waters up to a  lim it o f 200 nautical 
miles from  the baseline from  which the territorial sea is measured”. The Court 
also confirmed that the Directive “does have direct effect’ (i.e. may be relied 
on directly before the courts of Member States). Subsequently the European 
Commission made it clear that the provisions of the Habitats Directive are ap­
plicable to all Member States that exert their sovereign rights to the offshore 
limit of jurisdiction, e.g. within their EEZ, see only “Gui define s for the estab­
lishment of the Natura 2000 network in the marine environment. Application 
of the Habitats and Birds Directives” published in May 2007 by the Commis­
sion services, and Unger (2004).

90 http://ec.europa.eu/environment/nature/natura2000/marine/index_en.htm .
91 Seventh Annual Survey on the implementation and enforcement of Commu­

nity environmental law 2005, SEC(2006) 1143, 8/9/2006 (http://europa.eu.int/
comm/ envir onme ntfiaw Ample mentation .htm).

on Member S tates’ public authorities and publicly accountable 
bodies to make environm ental information held by them  avail­
able to any n a tu ra l or legal person, upon request92. The Direc­
tive replaces an earlier Directive93 on the same subject m at­
ter, expanding the existing access granted. However, there 
are also some narrowly defined exceptions94. The information 
m ust be supplied w ithin one m onth96 and judicial or adm in­
istrative appeals may be made against a refusal or failure to 
provide it. In addition, Member S tates are under an obligation 
to publish, if possible in electronic form, a wide range of rel­
evant environm ental inform ation96. This includes in ternation­
al as well as national or local legislation and “policies, plans 
and programmes' relating to the environment; environm ental 
data derived from monitoring activities; periodic reports on 
the sta te of the environment, as well as “authorisations with 
a sign ifican t impact on the en viron men t” and "en viron men tal 
impact studies and risk assessments"97 on elements of the en­
vironment set out in the Directive, such as “coastal and m a­
rine areas''. This Directive has changed the approach in the 
Member States, which previously relied on statutory registers 
and facilitated access to other sources of information98. How­
ever, the success of the Directive depends crucially on the abil­
ity of the public to exercise the ir rights, and it is therefore 
im portant th a t sources of information are well publicised, con­
veniently located, clearly presented and economical to use.

According to the latest available annual report on imple­
m entation and enforcement of Community environm ental 
law, a num ber of Member States, including Greece, Spain and 
Belgium had  failed to transpose Directive 2003/4/EC by the 
deadline of February 2005 and were referred to the European 
Court of Justice. At the end of 2005, infringem ent proceedings 
rem ained open against 10 Member States, including Belgium, 
Germany, Greece, Spain and France for failure to communi­
cate transposition of the Directive to the Commission99.

At present, it is not clear in how far the Directive has been 
fully and effectively implemented in all the Member States 
under consideration here. As far as the dissemination, in eas­
ily accessible form, of national rules and regulation relevant to 
MA operations is concerned, the difficulty in reliably identify­
ing accurate and up-to-date information for the purposes of 
th is paper suggests th a t even where the Directive may have 
been transposed into national law100, adequate implementa-

yy See Articles 2 and 3 of the Directive 2003/4/EC. 
y3 The Directive repeals the earlier Directive 90/313 EEC.
y4 See Article 4 of the Directive 2003/4/EC. Exceptions include cases of manifestly 

unreasonable or overly general requests or requests relating to m aterial in 
the course of completion, including unfinished documents or data, as well as 
requests relating to in te rna l communications, taking into account public in te r­
est. in disclosure.

y5 If this is impossible due to the complexity of the information, the inform a­
tion must, he supplied w ithin two months of the request.; Art.. 3(2) of Directive 
2003/4/EC. 

y3 Art.. 7(2) of Directive 2003/4/EC.
yT Alternatively, “a reference to the place where such information can be request­

ed' should he published. 
yy See Explanatory M emorandum in  Proposal for a Directive of the European 

Parliament, and of the council on public access to environm ental information. 
EC Brussels, 29/6/2000, 29p. 

yy Seventh Annual Survey on the im plem entation and enforcement, of Commu­
nity environm ental law 2005, SEC(2006) 1143, S.9.2006 (http://europa.eu.int/ 
comm/environment./law/implement.at.ion.ht.m). 

luu For instance, in the UK, where the Environmental Information Regulations 
2004, S.I. 2004/3391 and  the Environmental Information (Scotland) Regulations
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tion in accordance with the aims of the Directive has not yet 
been achieved101.

By way of context, it should be noted that the Direc­
tive seeks to implement, at the Community level, one of the 
pillars of the UNE C E Aarhus Convention on Access to Infor­
mation, Public Participation in Decision-Making and Access 
to Justice in Environmental Matters 1998, which entered into 
force in 2001 and was adopted by the Community in 2005. 
Council Directive 2003/4/EC is complemented by Council Di­
rective 2003/35/EC, which deals with public participation in 
decision-making in the drawing up of certain plans and pro­
grammes, and with access to justice102. A new EC Regulation, 
directly effective in all EU Member States as from 28th June 
2007, has also been adopted (Regulation 1367/2006)103, to ex­
tend the application of the Aarhus Convention to Community 
institutions and bodies, i.e “any public institution, body, office 
or agency established by, or on the basis of, the Treaty”104.

The Aarhus Convention establishes a number of rights of the 
public (individuals and their associations) with regard to the 
environment and the Parties to the Convention are required 
to make the necessary provisions so that public authorities (at 
national, regional or local level) will contribute to the realiza­
tion of these rights. The Convention has three pillars, namely 
(a) “access to environmental information”, i.e. the right of ev­
eryone to receive environmental information that is held by 
public authorities; (b) “public participation in environmental 
decision-making”, i.e. the right to participate in environmen­
tal decision-making105; and (c) “access to justice”, i.e. “the right

2004, SSI. 2004/520, which entered into force on 1 January 2005, transpose the 
Directive, or in Spain, where Ley 27/2006 contains the relevant legislation.

101 In the U.K., information about legislation and policy guidance is available on dif­
ferent websites and it is often difficult to ascertain the latest position or obtain a 
coherent overview. While correct information on new responsibilities for marine 
dredging licences is available on the website of the MF A (http://www.mfa.gov.uk/ 
met/default.htm), a sub-site on the website of DEFRA (http://www.mceu.gov.uk/ 
MCEU_LOCAL/FEPA/aggregates.htm), updated on 30/5/2007 and last accessed 
on 13/11/2007, still contains out-of date information. Various minerals policy guid­
ance documents are only available on the Communities and Local Government 
website, but not on the MF A website. At the same time, the Communities and 
Local Government website does not provide any information about the licensing 
process or responsible Government Departments. The website of the Scottish Ex­
ecutive, on the sub site dealing with “Planning Legislation, Policy and Circulars” 
provides a circular on the Environmental Assessment of Plans and Programmes 
(Scotland) Regulations 2004, but makes no reference to the Environmental As­
sessment (Scotland) Act 2005, which entered into force on 20/2/2006 and repealed 
the earlier Regulations. Accurate information about the 2005 Act is available 
elsewhere on the Scottish Executive website, under “sustainable development” 
(http : //w ww. Scotland, gov. uk/T opics/SustainableD evelopment/14587). Although 
statutory regulations on marine aggregate dredging in England and Northern 
Ireland entered into force on 1/5/2007, the website of the Crown Estate, last ac­
cessed on 13/11/2007 still refers to “proposed statutory procedures” and states that 
the Government View Procedure remains relevant “pending introduction o f the 
statutory procedures’. The situation is equally, if not more, bewildering in some of 
the other EU Member States considered in the present contribution, where often 
numerous pieces of legislation and regulation need to be consulted.

102 See the Commission’s Aarhus website a t http://ec.europa.eu/environment/ 
aarhus/index, htm

103 Regulation (EC) No. 1376/2006 of the European Parliament and of the Coun­
cil (6/9/2006) on the application of the provisions of the Aarhus Convention 
on access to information, Public Participation in decision-making and access 
to Justice in Environmental Matters to Community institutions and bodies. 
Available through the Commission’s Aarhus website.

104 Art. 2(l)(c) of the Regulation. In respect of Community institutions and bodies
acting in a judicial or legislative capacity only, the provisions of Title II, deal­
ing with access to environmental information, are relevant.

100 According to the Commission’s Aarhus website “Arrangements are to be made 
by public authorities to enable the public affected and environmental non-gov­
ernmental organisations to comment on, for example, proposals for projects a f­
fecting the environment, or p lans and  programmes relating to the environment, 
these comments to be taken into due account in  decision-making, and inform a­
tion to be provided on the final decisions and  the reasons for i f .

to review procedures, to challenge public decisions that have 
been made without respecting the two aforemen tioned righ ts or 
en viron men tal law in generali'106. In respect of the last pillar, 
it should be noted th a t an Inventory on all EU Member S tates’ 
m easures on access to justice in environm ental m atters has 
been published in September 200 7107. The relevant country 
reports, covering all EU Member S tates suggest th a t in many 
cases, there is significant scope for improvement.

N ATIONAL LEGISLATION A N D  REGULATORY  
FRAMEWORK

This paper does not attem pt to comprehensively list every n a­
tional law and regulation affecting MA extraction, but instead 
concentrates on the most relevant pieces of national legislation 
which could be ascertained in the course of th is study. All eight 
EU Member Sates considered here have ratified the UNCLOS 
1982 (Table 1). Based on UNCLOS 1982, Contracting States 
have the right to claim a territorial sea of up to 12 nm from the 
baseline and an Exclusive Economic Zone (EEZ), where appro­
priate of up to 200 nm. It should be noted, however, th a t not all 
States have used the UNCLOS as a basis for the delimitation of 
maritime areas. Notably, the UK has not claimed an EEZ, but 
continues to base its claims to the continental shelf on the Ge­
neva Convention on the Continental Shelf 1958108 and Greece 
has not (yet) exercised its rights under the Convention due to 
political tensions with neighbouring Turkey109.

States enjoy sovereignty over the ir territo ria l sea and are 
thus able to assert property rights on the m ineral resources 
under those waters. In addition, the UNCLOS and/or the 
Geneva Convention on the Continental Shelf 1958 provide 
sovereign rights over the Exclusive Economic Zone and the 
Continental Shelf outside the territo ria l sea for the purpose of 
exploring and exploiting its n a tu ra l resources. The decision as 
to how those m ineral rights are distributed and may be exer­
cised is, therefore, a m atter for national law.

However, Contracting States to the Helsinki, OSPAR and 
Barcelona Conventions, as well as the ESPOO Convention, are 
obliged to take the requirem ents laid down by these conven­
tions into consideration. Germany and Poland are Parties to 
the Helsinki Convention. The UK, Belgium, Spain, the N ether­
lands, France and Germany are Parties to the OSPAR Conven­
tion and Spain, France and Greece are Parties to the Barcelona 
Convention (Table 1). All three of the above Conventions have 
also been ratified by the European Community. All ELT Mem­
ber States are Parties to the ESPOO Convention. In addition, 
national legislations of ELT Member States must be compliant 
with the requirem ents of any relevant European legislation.

106 See the Commission’s Aarhus website, http://ec.europa.eu/environment/ 
aarhus /index .htm.

107 Ibid.
108 Continental Shelf Act 1 9 6 4 , see also Continental Shelf (Designation of Areas) 

(Consohdation) Order 2 0 0 0 ,  SI 2 0 0 0 /3 0 6 2  (amendedby SI 2 0 0 1 /3 6 7 0 ) .  See also 
G ib s o n  ( 2 0 0 4 ) .

109 The relevant Greek law in relation to the territorial sea continues to be found 
in Law No. 2 3 0 /1 7 /9 /1 9 3 6  and Decree 6 /1 8 /9 /1 9 3 1 . The table of maritime claims, 
available on the UNCLOS website, records that Greece claims a territorial sea 
of 6 nm, except for the purposes of aviation, where the limit is 10 nm. Turkey, 
which is not a Party to UNCLOS is reported as claiming a 6 nm territorial sea in 
the Aegean. See http://www.un.org/Depts/los/LEGISLATIONANDTREATIES.
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The U nited  Kingdom
The regulatory framework concerning MA extraction in the 

UK is complicated by the different constitutional status of Eng­
land, Wales, Scotland and Northern Ireland110. The central gov­
ernment has exclusive jurisdiction over the UK’s continental 
shelf. In the English territorial sea, the Central Governmental 
Departments (since April 2007 in particular the Marine and 
Fisheries Agency (MFA), an executive agency of DEFRA)111 have 
responsibility for MA extraction. For the territorial sea of Wales 
and Scotland, the same responsibility now resides with the 
Welsh Assembly Government (WAG)112 and the Scottish Execu­
tive (SE)113 respectively. In Northern Ireland, the Department of 
the Environment (DoE(NI))114 is responsible for MA extraction. 
Each of these departments is also responsible for developing n a­
tional planning policy guidance, including tha t for marine min­
eral development. As concerns England, it should be noted that 
while the MFA is now responsible for marine aggregate licens­
ing, DEFRA retains the overall policy responsibility.

The ownership of most of the seabed out to the 12 mile te r­
ritorial lim it around the UK116 and the rights to explore and 
exploit na tu ra l resources of the UK continental shelf are vest­
ed in the Crown116 and are adm inistered by the Crown Estate 
Commissioners (CEC)117.

110 Since 1/7/1999, many statutory responsibilities have been transferred to the Na­
tional Assembly for Wales through the Government of Wales Act 1998 and the 
Scottish Parliament through the Scotland Act 1998; others should be assumed 
in the future by the Northern Ireland Assembly through the Northern Ireland 
Act 1998 (ATKINS, 2004; B o y e s , W a r r e n , and E l l io t , 2003; and G ib s o n , 1999).

111 Until recently, the Department for Communities and Local Government 
(www.communities.gov.uk) - formerly Office of the Deputy Prime Minister 
(ODPM)) - was responsible for the planning and co-ordination of the procedure 
of licensing MA dredging. The Department for Environment, Food and Rural 
Affairs (DEFRA - http://www.defra.gov.uk/), among others, was responsible 
for environmental protection and, with the Centre for Environment Fisheries 
and Aquaculture Science-CEFAS (http://www.cefas.co.uk/homepage.htm), for 
environmental monitoring of MA dredging. Recently, as of 1/4/2007, the Ma­
rine and Fisheries Agency (MFA), an executive agency of DEFRA has taken on 
new environmental responsibilities, including the responsibilities previously 
exercised by the Department for Communities and Local Government with 
regard to MA. The MFA will be responsible for the implementation of the new 
statutory regime governing marine aggregate extraction as from 1/5/2007, see 
http://www.mfa.gov.uk for further information.

112 http://www.wales.gov.uk/index.htm
113 h ttp  : //w w w. Scotland. gov. uk/H ome
114 DoE(NI) -  Department of the Environment of Northern Ireland, Planning 

Service h ttp : //www .planningni. gov .uk
ub Por a detailed discussion of the legal position regarding ownership of the 

foreshore and seabed in the UK, see SCOTTISH LAW COMMISSION (2003), 
where it was also proposed that the extent of the Crown Estate’s ownership 
of the foreshore and seabed adjacent to Scotland be defined by statute. The 
Crown’s property rights are qualified by the public’s rights to use the sea and 
foreshore, which rights the Crown is obliged to respect.

116 Ownership of the foreshore and seabed between low water mark and the limit 
of territorial sea is prim a  facie vested in the Crown, unless it  has passed to 
other persons by grant or adverse possession. In the Bristol Channel area, for 
example, the ownership of both the seabed and foreshore is divided between 
the Crown Estate and a variety of other parties. In Wales, this is due par­
ticularly to the historical status of the Marcher Lords. In 1849, the Duke of 
Beaufort was also judicially declared to be the owner of the entire foreshore of 
the Gower Peninsular, although some of that land has now been transferred 
to other proprietors. Elsewhere, there are numerous examples of privately 
owned foreshore, frequently derived from the historic titles of major landown­
ers. Nevertheless, the Crown Estate owns around 55 % of the foreshore (be­
tween mean high and mean low water) and approximately half of the beds 
of estuaries and tidal rivers in the UK. It also owns the seabed out to the 
12 nm territorial limit, as well as the rights to explore and exploit the natural 
resources of the UK continental shelf, excluding oil, gas and coal, but includ­
ing renewable energy. The Crown Estate does not own the water column, or 
govern public rights such as navigation and fishery over tidal waters (G ib s o n , 
2004; The Crown Estate http://www.thecrownestate.co.uk).

117 Under the Crown Estate Act 1961, all mineral rights (except oil, gas and coal) are
administered by the Crown Estate Commissioners (CEC). See also G ib so n  (2004).

The regulatory regime governing MA activities has recent­
ly undergone fundam ental change, with the entry into force, 
on 1 May 2007, of the Environm ental Impact Assessment and 
N atural H abitats (Extraction of M inerals by M arine Dredg­
ing) (England and N orthern Ireland) Regulations 2007 (S.I. 
2007/1067). The decision to enact Regulations at th is time, 
following extended consultations, was at least in p art m oti­
vated by the th rea t of the likely imposition of substantive fines 
by the European Court of Justice for continued non-transpo­
sition of the EIAA and H abitats Directive in relation to m a­
rine aggregate extraction118. Prior to the new legislation, MA 
extraction regulation was exercised through a non-statutory 
“interim  Government View Procedure” (GVP)119, which, since 
1989, required an Environm ental Impact Assessment (EIA) 
to be undertaken for all MA extraction operations. Subject 
to a favourable Government View on the environm ental ac­
ceptability of a proposal, the Crown Estate, as owners, were 
responsible for the licensing of m arine m inerals dredging on 
a commercial basis to dredging companies120. The GVP was 
an informal, voluntary process, incorporating the various ele­
m ents of the EIA and H abitats Directives, bu t not in the le­
gally binding form required by EC law121.

The Environm ental Impact Assessment and N atural H abi­
ta ts  (Extraction of M inerals by M arine Dredging) (England 
and N orthern Ireland) Regulations 2007 set up a system of 
regulation to apply to m arine aggregate dredging122. They 
cover English and N orthern Ireland territo ria l waters, the 
continental shelf around England and N orthern Ireland and 
some outer m arine areas around Scotland and W ales123. As is 
pointed out in “M arine M inerals Guidance Note 2” (MMG 2), 
which provides detailed guidance on the new statutory pro­
cedures124, due to the depth of the w aters involved, it is in 
practice unlikely th a t any dredging will be proposed beyond 
the Scottish Zone or towards any of the outer lim its of the UK

118 See Explanatory Memorandum to the Environmental Impact Assessment and 
Habitats (Extraction of Minerals by Marine Dredging) Regulations 2 0 0 7 ,  Fi­
nal regulatory impact assessment, a t paras. 10, 11 and 3 2 .

119 DETR (1 9 9 8 )  "Government View: New Arrangements for the Licensing of 
Minerals Dredging”. The GVP procedure was first introduced in 1 9 6 8 . See 
also "Offshore Dredging for Sand, Gravel and Other Minerals”, dated 1 9 8 9  
and published by the Department of the Environment and the Welsh Office.

120 For further details, see http://www.thecrownestate.co.uk. See also A d n it t , 
S t a n il a n d , and L e w is , 2 0 0 4 .

121 The U.K. had failed to transpose the EIAA and Habitats Directives in respect 
of marine minerals dredging projects and infraction proceedings against the 
UK were pending prior to the adoption of the new statutory regime. See Ex­
planatory Memorandum to the Environmental Impact Assessment and Habi­
tats (Extraction of Minerals by Marine Dredging) Regulations 2 0 0 7 ,  at paras. 
4 .3  and 4 .5 .

122 A first draft of the Regulations was first published in 1 9 9 9 , but the Regula­
tions were only adopted, after extensive consultations, in April 2 0 0 7 .  They 
entered into force on 1 /5 /2 0 0 7  and apply to all new marine mineral dredging 
proposals, as well as to pending proposals, and to some specified changes to 
existing operations. The GV procedures will continue to apply to existing MA 
dredging operations unless either the operators propose to alter them or if the 
Secretary of State considers that they are likely to have a significant effect on 
a European site, i.e. a SAC or SPA protected respectively under the Habitats 
Directive or the Wild Birds Directive or a site proposed for designation as a 
Special Area of Conservation under the Habitats Directive. See Regulations 
2 ,3 1 , and Schedule 3.

123 Namely the parts of the continental shelf adjacent to Scotland which do not 
fall within the Scottish zone, as defined in the Scotland Act 1 9 9 8  and the conti­
nental shelf adjacent to Wales, see Explanatory Memorandum to the Environ­
mental Impact Assessment and Habitats (Extraction of Minerals by Marine 
Dredging) Regulations 2 0 0 7 ,  at para. 5 .1 .

124 ffrfhe Control of Marine Minerals Dredging from British Seabeds”, published 
by DEFRA in 2 0 0 7 ,  see www.mfa.gov.uk.

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

http://www.communities.gov.uk
http://www.defra.gov.uk/
http://www.cefas.co.uk/homepage.htm
http://www.mfa.gov.uk
http://www.wales.gov.uk/index.htm
http://www.thecrownestate.co.uk
http://www.thecrownestate.co.uk
http://www.mfa.gov.uk


European Marine Sand and Gravei Resources 27

Continental Shelf. In practice, therefore, the regulations will 
control MA extraction close to the English coastline126.

The Welsh Assembly126 has, in relation to Welsh waters, 
recently enacted sim ilar legislation127, and the Scottish P ar­
liam ent is expected to m ake separate legislation in relation 
to m arine areas128 covered by its competence under devolved 
adm inistration129. For reasons of economy, the following brief 
overview provides details only for the new statutory regime 
applicable in England and N orthern Ireland and does not 
make specific reference to the corresponding Welsh Regula­
tions which, however, appear to be substantially similar.

The new statu tory  regime for MA extraction introduces 
some significant changes to the previously existing informal 
GVP regime, by providing a firm legal framework govern­
ing the licensing procedure130. The GVP procedure was both 
lacking in transparency, m aking the public potentially feei 
excluded from any real say in decision-making, and lengthy 
and cumbersome, taking, in some cases, as long as five years; 
operators were responsible for advertising dredging proposals 
and carrying out lengthy consultations and had to bear the 
associated costs131.

U nder the new statu tory  procedures, these activities will be 
the responsibilities of the regulator132. S tatutory and adm inis­
trative time-scale targets will be established in respect of both 
handling of applications and monitoring of dredging perm is­
sions; there is a target of 17 weeks from receipt of a full and

125 Dredging within the coastal waters may also he regulated hy other authori­
ties, namely the Coastal Protection Authorities or the MFA under section 18 
or section 34 (Safety of Navigation) of the Coast Protection Act 1949. In some 
cases, therefore, a dredging proposal may require consent under more than 
one regulatory regime.

126 The specific competence of the Welsh Assembly for measures relating to the 
extraction of minerals by marine dredging within Welsh territorial waters de­
rives from the European Communities (Designation) (No.3) Order 2000, S.I. 
2000/2812, Schedule I, Sect. 2 (c).

127 The Environmental Impact Assessment and Natural Habitats (Extraction of 
Minerals by Marine Dradging) (Wales) Regulations 2007, W.S.I. 2007 No. 2610 
(W.221), which entered into force on 28/9/2007. Note also the consultation by 
the Welsh Assembly, conducted in late 2006, on proposed Marine Minerals 
Dredging Regulations and Procedures, which were then expected to enter into 
force in March 2007, see http://new.wales.gov.uk/consultations/closed.

128 No such legislation has been enacted a t the time of writing. In Scotland, 
consultations by the Scottish Executive have recently been conducted on the 
proposed "Environmental Impact Assessment and Habitats (Extraction of 
Minerals by Marine Dredging) (Scotland) Regulations 2006”. For consultation 
responses, see http://www.scotland.gov.uk/Publications/2007/10/31101519/0. 
Earlier in 2007, consultations were also conducted on "Revision of Circular 
15/1999”. For details, see "The Environmental Impact Assessment (Scotland) 
Regulations 1999”, the Scottish legislative instrument implementing the EIA 
Directive, (http://www.scotland.gov.uk). Although reference is made, in Sched­
ule 2 of the 1999 Regulations, to "extraction of minerals by marine and fluvial 
dredging”, it appears that the Regulations do not apply to marine dredging 
activities, but deal only with planning permissions required under the Town 
and Country Planning (Scotland) Act 1997, i.e. developments on land.

129 The competence of the Scottish Parliament extends to the limits of the Scot­
tish Zone as defined in the Scotland Act 1998. "The ‘Scottish zone’ means the 
sea within British fishery limits (that is, the limits set by or under section 1 
of the Fishery Limits Act 1976) which is adjacent to Scotland, see Sect 126 of 
the Scotland Act 1998

130 Detailed explanation of the statutory procedures for the control of marine ag­
gregate dredging activities is provided in Marine Minerals Guidance Note 2: 
The Control of Marine Minerals Dredging from the British Seabed (MMG2), 
published by DEFRA and available on the MFA website a t www.mfa.gov.uk.

131 See Explanatory Memorandum to the Environmental Impact Assessment and 
Habitats (Extraction of Minerals by Marine Dredging) Regulations 2007.

132 Relevant regulators are for English territorial waters and the outer marine
areas around Northern Ireland, Scotland and Wales the Secretary of State
for Environment, Food and Rural Affairs, and for Northern Ireland territorial
waters DoE(NI). If a proposal straddles the boundary with Scottish, Welsh or
Northern Ireland Waters, the prospective applicant must also seek separate
determinations on screening and scoping from the relevant devolved admin­
istration.

complete application for dredging permission to the issue of a 
decision133. While under the GVP, applications for commercial 
licences were made by operators to the CEC, the Crown estate 
will no longer be involved in th is  process, and will only en­
te r  dredging agreem ents with commercial operators in accor­
dance with the term s of a dredging permission (and the condi­
tions imposed by it) issued by the relevant regulator134. Thus, 
the responsibility for the control of m arine m inerals extraction 
now rests fully with the relevant Government Departments. 
Importantly, m arine dredging of m inerals without permission 
or failure to comply with the conditions attached to dredging 
permissions are criminal offences punishable by the courts136. 
The regulations also envisage the creation of a public register 
of all dredging applications and other related m arine m iner­
als dredging m atters th a t come to the Secretary of S tate for 
decision. The register will be m aintained by MFA and is en­
visaged to be made available in electronic form as soon as is 
practicable.

Marine m inerals dredging fees have been determined with 
effect from 1/5/2007 by the Secretary of S tate for Environment 
Food and Rural Affairs under powers conferred on him by the 
new Regulations136. Different fees are assessed for pre-applica­
tion advice (47000 GBP), processing of dredging permissions 
(29500 GBP) and variation of existing permissions, as well as 
the consideration of monitoring reports and the interpretation 
of Electronic Monitoring System data. As concerns fees for m in­
erals dredging permissions in Welsh national waters, an ad­
ditional consultation document published in July 2007 by the 
WAG suggests th a t the envisaged level of fees are in a similar 
range137. However, it is not clear whether final fees will be pub­
lished or only notified to parties involved in the consultation.

In England, “Guidance on the Extraction by dredging of 
Sand, Gravel and Other Minerals from the English Seabed” 
was published in 2002 in Marine Minerals Guidance Note 1 
(MMG1)138. The document provides advice on the environmen­
ta l impacts to be considered and criteria against which appli­
cations will be determined, including guidance on the scope 
and content of environmental statem ents (ODPM, 2004). The 
guidance in MMG1 continues to remain relevant under the new 
statutory procedures for the control of aggregate extraction139. 
The policy objectives in MMG1 are to: (i) minimise the area li­
censed for dredging at any one time; (ii) carefully locate new 
dredging areas; (3) consider all new applications in relation to 
the findings of an Environmental Impact Assessment (EIA); (iv) 
adopt dredging practices th a t minimise the impact of dredging; 
(v) require operators to monitor, as appropriate, the environ­
m ental impacts of their activities during, and on completion of, 
dredging; and (vi) safeguard resources for specific uses.

133 Provided the application does not need tobe referred to an Inspector or be the 
subject of consultation with another EE A state.

134 For a definition of "dredging agreement” and "dredging permission”, see the 
glossary in MMG2, Annex A.

130 Regulations 4, 14 and 27.
136 http://www.mfa.gov.uk/pdf/fees2007.pdf.
137 http://new.wales.gov.uk/consultations/closed/plancloscons/MMD/?lang=en.
138 "Marine Minerals Guidance Note 1 - Guidance on the Extraction by Dredging 

of Sand, Gravel and Other Minerals from the English Seabed”, which is ap­
plicable in England and Wales. Available a t http://www.communities.gov.uk/ 
publications /plannin gan db uii din g/marineminer ais gui da nee.

139 According to the guidance document explaining the new statutory procedures 
(at para. 3.23), issuedby DEFRA in 2007 as MMG2, see above.
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It should be noted th a t the SEA Directive has been tra n s­
posed into UK law, in relation to plans or programmes related 
to projects listed in Annex I or II of the am ended EIA Directive, 
which would seem to cover m arine aggregate extraction140. For 
England, N orthern Ireland and Wales respectively, relevant 
Regulations were adopted in 2004141. In the case of Scotland, 
the relevant rules are those in the Environm ental Assessment 
(Scotland) Act 2005, which came into force on 20/2/2006142.

For England, the relevant planning policy guidance in re ­
spect of m arine aggregates was contained in “M inerals P lan­
ning Guidance Note 6” (MPG6). MPG6 has been replaced by 
“M inerals Policy S tatem ent 1” (MPS1), published in Novem­
ber 2006, the MPS1 “Annex on the Supply of Aggregates, and 
the current National and Regional Guidelines for Aggregate 
Provision in England 2001-2016”, published in 2003. MPS1 
needs to be read together with “Planning and Minerals: P rac­
tice Guide”, published in November 2006143.

In Wales, the need for a strategy to deal w ith aggregate 
extraction in the Bristol Channel, Severn E stuary  and river 
Severn and an “Interim  M arine Aggregates Dredging Policy” 
for these areas has been published by the WAG144. In Scotland, 
there has been very little in terest in m arine dredging146, but 
it has been suggested th a t th is may change in the fu ture146. 
Scottish “Guidance on M inerals P lanning” is documented in 
NPPG4147, which, at para. 54, refers to m arine dredged m iner­
als. However, NPPG4 has recently been superseded by SPP4,

140 Each of the respective pieces of legislation adopts the relevant text in the SEA 
Directive, referring to plans and programmes which are prepared for “agricul­
ture ..., energy, industry, ... water management, town or country p lann ing  or 
land use and set “the framework for fu ture  development consent in  respect o f  
projects listed in  Annex I  or I I  o f the [EIAA Directive]”. Reference is also made 
to cases where assessment is required under Art. 6 or 7 of the Habitats Direc­
tive. The text would seem to cover plans and programmes related to projects 
for “extraction o f m inerals by marine or fluvial dredging’, as these are listed 
in Annex II of the Directive. However, it is interesting to note that only the 
Scottish legislation expressly lists relevant projects in a Schedule, whereas 
the Regulations for England, Northern Ireland and Wales do not.

141 The Environmental Assessment of Plans and Programmes Regulations 2004, 
SI 2004/1633. Similar Regulations were enacted, also in 2004, for Northern 
Ireland (SR 2004/280) and Wales (WSI 2004/1556 (W.170). For further infor­
mation on the different Regulations applicable in England, Northern Ireland 
and Wales, as well as the relevant Scottish legislation, see http://www.commu- 
nitie s. gov. uk/plannin gan db uii din g/plannin g/s us tainabilitye nvir onme ntal/.

142 The Act repealed secondary legislation (Regulations) enacted in 2004. The leg­
islation is relevant to MA operations, as it  applies to plans and programmes, 
which set the framework for future development consent of projects involving 
extraction of minerals by marine or fluvial dredging, see Section 5(3) of the Act 
and para. 24 (3) of Schedule 1.

143 All documents are available on the website of the Department of Communities 
and Local Government which took over the responsibilities of the ODPM in 
May 2006 (see www.communities.gov.uk, under Planning Policy and Guid­
ance, Minerals and Waste).

144 Welsh Assembly Government (2004) Interim Marine Aggregates Dredging
Policy South Wales, available a t (http://www.wales.gov.uk/subiplanning/con- 
tent/gui dance/san d- gravel - e. htm .

146 There are currently only two extant dredging licenses in Scotland, one in 
the Firth  of Forth and the other in the Tay Estuary. Only minor activity has 
taken place a t both locations, see Extraction of Minerals by Marine Dredg­
ing Consultation Paper, July 2006, available on the website of the Scottish 
Executive.

146 F iends of the E arth Scotland (1999) Foundations for Sustainable Resource 
Use: A Strategy for Scotland, Edinburgh (see the web page of the Scottish Ex­
ecutive) that in recent years there has been growing interest in the potential 
of marine dredging for aggregates, particularly in the Firth of Forth, and Tay, 
Clyde and Moray F irth  Areas.

147 "National Planning Policy G ui dehne NPPG 4: Land for Mineral Working” was is­
sue din 1994 http://www.scotland.gov.uk/Publications/2005/03/3085211/52124,
which provides, in principle, for the development of up to 4 coastal exporting
superquarries in Scotland. Scottish Planning Policy 4 (SPP4): Planning for
Minerals, published in September 2006, which replaces NPPG 4 makes no
reference to marine minerals dredging.

which does not specifically refer to m arine m inerals extrac­
tion. Supplem entary advice on the environm ental effects aris­
ing from m ineral working operations is set out in PAN 50148. 
In N orthern Ireland, there appears to be a surplus of onshore 
sand and gravel resources and it seems th a t so far, no licenses 
have been issued for the extraction of m arine aggregates (B o y ­

e s , S.; W a h r e n , L., and E l l io t t , M., 2003)149.
Finally, it should be noted th a t consultations have just 

been completed on a white paper for a M arine Bill, published 
on 15 March 2007160. A summ ary of responses to the W hite P a­
per has been published and is available electronically on the 
DEFRA website. The W hite Paper proposes the adoption of 
new legislation to introduce changes related to: the introduc­
tion of a new UK-wide system of m arine planning, including a 
streamlined, transparen t and consistent system for licensing 
m arine developments; introduction of a flexible mechanism to 
protect na tu ra l resources, including m arine protected zones 
with clear objectives; improvements to the m anagem ent of 
m arine fisheries in relation to England, Wales and Northern 
Ireland and the ability to share the costs of m anagem ent with 
commercial and recreational sectors; and a new M arine M an­
agement Organization delivering UK, England and Northern 
Ireland functions. An analysis of the potential impacts of the 
proposed legislative changes outlined in the W hite Paper is 
beyond the scope of th is contribution. However, it is clear th a t 
further developments are worth careful monitoring. Should 
legislation based on the wide-ranging proposals in the White 
Paper be adopted, much of the existing regulatory and adm in­
istrative framework relevant to m arine aggregate extraction 
in the UK may, in due course, change.

Germany
Germany is a Federal Republic and, therefore, competence is 

divided between the Federal Republic (“Bund”) and the Federal 
States (“Länder”)161. Moreover, there is also another adm inistra­
tive layer (local authorities -Selbstverwaltungsköperschaften) 
for counties, towns and municipalities (G ib s o n , 1 9 9 9 ).

The Federal Republic has sovereign rights over the seawater 
and the seabed of the Territorial Sea, as well as rights to ex­
plore and exploit the natu ra l resources of the Continental Shelf 
(CS)162 and the Exclusive Economic Zone (EEZ). However, in 
some coastal areas, the ownership rights of the Federal Repub­
lic are limited by those of the individual Federal S tates163.

In the Territorial Sea, adm inistrative competence is di­
vided between the Federal Government and the government

148 "Planning Advice Note PAN 50: Controlling the environmental effects of sur­
face mineral workings” http://www.scotland.gov.uk/library5/planning/pan50- 
00.asp This provides a framework within which planning authorities can 
prepare policies for all types of mineral development likely to arise in their 
area, taking into account coastal processes, natural heritage issues as well as 
possible implications for the transport of material by sea.

149 However, see "Regional Planning Policy -  Minerals”on the DoE(NI) website.
100 See Consultations on a Marine Bill White Paper, A Sea Change, http://www. 

de fra. gov. uk/cor p orate/cons ult/marineb ill- whitep ap er 0 7/
101 According the Basic Law ("Grundgesetz”), i.e the constitution of the Federal 

Republic of Germany.
102 Bekanntmachung der Proklamation der Bundesregierung über die Erfor­

schung und Ausbeutung des deutschen Festlandsockels, 20/1/1964 (The 
Declaration by the Federal Government of 20/1/1964), BGBl 1964 II S. 104 
(amended 2/9/1974). All federal German laws referred to in this paper are 
available electronically at http://bundesrecht.juris.de/aktuell.html.

103 For example, the Federal States own the imperial waterways ("Reichswas­
serstraße”), which may run through the coastal waters.
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of the Federal S tates164. For instance, although the Federal 
Republic has ownership rights over the German mudflats, 
the Schleswig-Holstein mudflats were, in 1985, declared a n a ­
tional park, the protection and adm inistration of which falls 
under the Gesetz zum Schutze des Schleswig-Holsteinischen 
W attenm eeres166. Nevertheless, the Federal Government166 is 
responsible for providing national guidelines and co-ordinat­
ing planning policy from which the individual coastal States 
(“Länder”) derive the ir own planning legislation167.

Regarding MA perm its (i.e. exploration/extraction licenses), 
these m ust be obtained from the Land168 or Bezirksregierung 
responsible for the relevant territorial w aters169. The principal 
regulations are similar to those regarding land mining. The Fed­
eral Mining Law160 applies to all solid, liquid and gaseous min­
eral resources in the German territory as well as to activities 
pertinent to their development161. Moreover, the Environmental 
Impact Assessment Act (UVPG)162, which implements the EIA/ 
EIAA and SEA Directives into German law163, ensures th a t for 
projects set out in Appendix 1 to Paragraph 3 (which include 
mining operations) environmental impact assessments are car­
ried out and taken into consideration in the granting of permits 
and licences. However, secondary legislation enacted under the

104 The Territorial Sea environmental legislation is very complex, encompassing, 
amongst others, relevant parts of Environmental Law, Water Law and the 
Law of National Parks and Nature Reserves. Responsibility for the coastal 
environment is shared between several public institutions such as the Federal 
State Water Authorities ("Wasserverbände”), the Federal State Land Authori­
ties ("Bodenverbände”), the "Gemeinden”, the Federal States and the Federal 
Republic.

100 http ://sh.juris. de/sh/NParkG_SH_l999_rahmen.htm. The Wasserhaushaltsge- 
setz is a F e deral Act designed to regulate the maintenance of the coastal water 
chemical and ecological balance. Under §19 of the Act, the Federal States are 
empowered to create nature reserves (water reserves) if in the public interest. 
§22 provides for liability in case of changes to the chemical, physical or biologi­
cal condition of water; see also S c o t t is h  L a w  C o m m is s io n  ( 2 0 0 3 ) .

106 The Federal Government environmental responsibilities are primarily exer­
cised through the Ministry for the Environment, Nature Conservation and 
Nuclear Safety ("Bundesministerium für Umwelt, Naturschutz und Reak­
torsicherheit") http://www.bmu.de/enghsh/. The Ministry for Regional Plan­
ning, Building and Urban Development is responsible for preparing national 
guidelines (in conjunction with the Länder) and for co-ordinating planning 
policy (See also ICM in Europe - http://www.coastalguide.orgAcmAndex.html; 
B u l t h u is  et al., 2004).

107 Regarding regional planning, nature conservation and water management, 
the Länder enjoy a high degree of freedom, subject to conformity with the fed­
eral legal framework (See B u l t h u is  et al., 2004; G ib s o n , 1999; ICM in Europe 
http://www.coastalguide.orgAcmAndex. h t ml).

108 There are five coastal Federal States (Länder): Lower Saxony, Hanseatic Bre­
men and Hanseatic Hamburg (North Sea), Schleswig-Holstein (North and 
Baltic Seas) and the Mecklenburg-Western Pomerania (Baltic Sea).

109 One of the major implications of divided competence is the fragmented and 
lengthy procedure of licensing offshore activities, particularly within the 12 
nautical mile zone i.e. the Territorial Sea. The combined Federal State and 
F e deral Government bureaucracy as well as the presence of extensive nature 
protection zones along the German coastline has made exploitation licensing 
a time consuming process (K n ig h t , 2 0 0 5 ) .

160 Bundesberggesetz - BbergG (13/8/1980, amended 9/12/2006) http://bundes- 
r echt. j uris. de /b un de sr echt/bb er g g/.

161 Competence for activities on the Continental Shelf rests with the respective 
Länder. Under Arts. 132 and 133 of the Federal Mining Law, research survey­
ing in the continental shelf which does not relate to mineral resource exploita­
tion (e.g. fiber optics cable routing) is subject to approval by the Bundesamt 
fuer Seeschiffahrt und Hydrographie. Deep Sea Mining in "The Area” under 
P art XI of UNCLOS, i.e. the seabed beyond national jurisdiction, is governed 
by the Gesetz zur Regelung des Meeresbodenbergbaus - MbergG of 6/6/1995, 
as last amended on 31/10/2006, http://bundesrecht.juris.de/mbergg.

162 Gesetz über die Umweltverträglichkeitsprüfung -  UVPG (12/2/1990, fully 
revised 25/06/2005 and last amended 23/10/2007) http://bundesrecht.juris.de/ 
b un de sr echt/uvp g/gesamt.pdf.

163 The requirements of the SEA Directive were incorporated into the UVPG in 
2005 on the basis of a separate law, (Gesetz zur Einführung einer Strategi­
schen Umweltprüfung und zur Umsetzung der Richtlinie 2001/42/EG (SUPG) 
(25/06/2005).

sta tu te  seems to exclude most mining projects (other than  in 
sensitive areas) which involve extraction areas of less than  25 
hectares from the requirem ent of an environmental impact as­
sessment. Moreover, mining projects appear to be altogether 
exempt from the requirem ent for SEA under the UVPG164.

Although Germany shows notable consideration for n a ­
tu re  protection and conservation, inform ation on MA licens­
ing procedures is not easily accessible. Although the  Federal 
M inistry for the  Environm ent (“ Bundesumwelt m inist erium ”) 
m aintains a good website165, w ith much inform ation on envi­
ronm ental issues and legislation, including on EIA, the web­
site does not contain any information on m ineral extraction, 
m arine or otherwise. Information about relevant legislation 
and competencies is, therefore, ra th e r difficult to ascertain 
and it appears th a t there is no clear national policy on MA ex­
traction166. No uniform guidance exists on the required scope 
or content of environm ental statem ents concerning the envi­
ronm ental im pact assessm ent of MA extraction. However, it 
appears th a t the ICES Guidelines (ICES, 2003b167) are used in 
respect of extraction in  th e  North Sea, whereas the HELCOM 
Recommendation 19/1 is applicable for extraction sites in the 
Baltic Sea168. Finally, it should be noted th a t the  adm inistra­
tive Directives HABAK and HABAB might also be relevant in 
some cases169.

Spain
Competence in the management and protection of the m a­

rine environment170 is shared by the different levels of the 
Spanish adm inistration171. The Central (national) Government 
has exclusive jurisdiction regarding the Territorial Sea, the

164 See Paragraph 18, as well Annex I (No. 15.1) UVPG and Paragraph 1(1) of 
Verordnung ueber die Umweltverträglichkeitspruefung bergbaulicher Vorha­
ben, UVP-V Bergbau, (13/7/1990, last amended 9/12/2006). Note that in 1995 a 
„Federal General Administrative Guideline on the Execution of the EIA Act of 
18/9/1995" (UVPVwV, 1995), was passed, with further details concerning the 
implementation of the law and the handling of the single categories. It should 
be noted that any EIA in relation to fluvial dredging is regulated by State 
Law, see UVPG, Annex I (No. 13.15).

160 http://www.bmu.de.
166 For an overview over Coastal Zone Management issues in Germany, see http:// 

www.coastalguide.orgAcmAndex.html. Information can be also found in the 
following web-portal http ://www. dr edging-in-ger many, de/sites/englisch/g_ 
rechts g/00_s tart, h t ml

167 http://www.ic es. dkAces work/w g de tail. as p? w g=W GEXT.
168 www.sandandgravel.com.
169 Although the original purpose of these instruments was to ensure environ­

mentally sound handling/disposal of material dredged for navigational pur­
poses, they might also be relevant for use of dredged material as fill and/or 
for beach replenishment purposes. HABAK, H an dlungs an Weisung für den 
Umgang mit Ba g ger gut im Küstenbereich (Directive for Dredged Material 
Management in Federal Coastal Waterways) (HABAK-WSV), Second Revised 
Edition, 1999, Federal Institute of Hydrology (Bundesanstalt für Gewässer­
kunde), Koblenz, Germany, http://www.bafg.de/servletAs/11509/HABAK-engl. 
pdf. HABAB, Handlungsanweisung für den Umgang mit B agger gut im Bin­
nenland (Directive for Dredged Material Management in Federal Inland Wa­
terways) (HABAB-WSV) 2000, Second Revised Edition, Bonn, Koblenz, 2000. 
http://www.bafg.de/servlet/is/11509/HABAB-08-2000.pdf

170 The Shores Act ("Ley de Costas”) sets out the overarching legal framework 
concerning the marine environment. (Ley 22/1988 (28/7/1988), de Costas 
http ¡//noticias .juridicas .com/base_datos/AdminA22- 1988.html).

171 Spain is a "Union State”, comprising different administration levels: the Cen­
tral Government, the Autonomous Communities, the Provinces, and the Local 
Authorities. There 17 Autonomous Communities ("Comunidades Autónomas”), 
12 of which are coastal, and 2 autonomous cities ("Ciudades Autónomas” ; Ceu­
ta  and Melilla) which group 50 Provinces ("Provincias”) http://en.wikipedia. 
org/wiki/Spain. Each of the Autonomous Communities has individual found­
ing statutes and enjoys varying degrees of autonomy. The Provinces have no 
formal powers as such, as they form groups of local authorities. In fact, Spain 
functions as a highly decentralized Federation of Autonomous Communities 
and might be regarded as the most decentralized European State.
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EEZ and the Continental Shelf; in comparison, jurisdiction in 
the internal waters is divided between the Central Government 
and the Autonomous Communities. Mineral rights are vested 
in the state, forming part of the public domain (“dominio públi­
co m aritim o-terrestre”)172. The state controls and regulates173 
the rational use of the resources 'in agreement with n a tu re ' i.e. 
with respect to the landscape and the historical patrimony.

MA extraction is referred to in Art. 63 of the Shores Act. 
An interesting feature of the Act is th a t it allows MA extrac­
tion only for beach creation and/or replenishm ent purposes; 
the Act also requires evaluation of the environm ental impacts 
of MA extraction. In addition, Royal Decree 1471/1989174 ap­
proves General Regulations to develop and execute the Shores 
Act and includes guidelines/specifications on the authorisation 
procedures of MA extraction (in Articles 124-127). The require­
m ents for the evaluation of the environm ental impact of ac­
tivities affecting the coastal zone and the m arine environm ent 
were mainly regulated in the Decree 6/2001176 which modified 
the Royal Decree 1302/1986176 so as to make it compatible with 
the requirem ents of the the EIA Directive (Directive 1997/11/ 
EC) and the ESPOO Convention, which Spain had ratified in 
1997. According to these requirem ents177, full EIA studies are 
m andatory if MA extraction volumes exceed 3x l06 m s per year; 
for lower extraction volumes simpler environm ental impact 
statem ents are sufficient, unless it is decided, on a case by 
case basis, in accordance with “screening” criteria set out in 
Annex III of the (amended) Royal Decree 1302/1986, th a t a full 
EIA is required178. The procedure is regulated by Royal Decree

172 The article 132.2 of the 1978 Spanish Constitution declares (affirmed also by 
Art. 3 of the Shores Act ("Ley de Costas”) that State public property shall 
consist of all properties in any event of the marine-terrestrial zone: the fore­
shores, beaches, Territorial Sea and all natural resources of the Exclusive Eco­
nomic Zone and the Continental Shelf (http://noticias.juridicas.com/base_da- 
tos/Admin/122- 1988.html).

173 The powers of the State Administration are set out in Arts 110-112 of the 
Shores Act. With regard to State powers and responsibilities, the Act re­
fers to “la Adm inistración del Estado’ (State Administration). The State 
Administration's responsibilities include the management of the public coast­
al domain including the granting of permits (licenses) and concessions and 
the overseeing of the fulfillment of the conditions of these permits. The State 
Administration has also the responsibility to oversee waste discharges, hu­
man safety in bathing areas and maritime safety.

174 Real Decreto 1471/1989 (1/12/89), por el que se aprueba el Reglamento Gener­
al para Desarrollo y Ejecución de la Ley de Costas 22/1988, (28/7/1988). http:// 
www.juridicas.com/base_datos/Admin/rdl471 - 1989.html.

170 Ley 6/2001 (8/5/2001) de modificación del Real Decreto Legislativo 1302/1986 
(28/6/1986), de evaluación de impacto ambiental http://noticias.juridicas.com/ 
base_datos/Admin/16-2001 .html.

176 Real Decreto Legislativo 1302/1986, (28/6/1986), de Evaluación de Impacto Am­
biental http ¡//noticias .j uridicas .com/base_datos/Admin/r die g1302-1986.html.

177 These requirements, which are laid down a t the Federal level, are observed 
closely in the planning legislation of the coastal Autonomous Communities. In 
the OSPAR area, Andalucía has established an extraction threshold of 3 mil­
lion m3 over which a regulated EIA procedure is required, whereas a simpler 
study on the environmental impacts (an environmental statement) is suffi­
cient for smaller projects. However, Galicia and Cantabria have established 
a mandatory full-blown EIA for all sediment exploitation activities, including 
MA extraction. In comparison, the EIA Act of the Pais Vasco does not specifi­
cally mention marine sediment extraction, but establishes a mandatory and 
regulated EIA procedure for all conservation and regeneration activities in the 
coastal public domain; thus, EIA is required in order to authorise marine ag­
gregate extraction for beach nourishment, which is the only marine sediment 
exploitation allowed in Spain (ICES, 2006).

178 Annex I of Real Decreto Legislativo 1302/1986 (28/6/1986), de evaluación de
impacto ambiental, fists the projects which require a full EIA procedure ac­
cording to the Directive 97/ll/EC (as it was transposed to the Spanish legal
system by Ley 6/2001). Projects fisted in Annex II (including extraction of less
than 3 million m3 of marine aggregates) only require a full EIA if this is con­
sidered necessary, on a case by case basis, in accordance with the "screening”
criteria in Annex III.

1131/1988179. However, there was little official guidance on the 
detailed methodology/content of the required EIA contained in 
Royal Decree 1131/1988180. It appears th a t Spain was in fact 
facing infringem ent proceedings for incomplete transposition 
of the EIAA Directive and new legislation was introduced, in 
April 2006. The relevant legislation, Decree 9/2006181, p rim ar­
ily transposes the SEA Directive into Spanish law, so as to 
make plans and programmes subject to environm ental im ­
pact assessment. However, Decree 9/2006, also modifies Royal 
Decree 1302/1986 in several respects, so as to make it fully 
compatible with the requirem ents of the EIAA Directive. In 
particular, the legislation now provides more detailed require­
m ents as to the substantive contents of any EIA which the 
relevant authorities require in relation to the licensing of proj­
ects, including MA operations.

In addition, under the new legislation, mandatory EIA is 
also now required, irrespective of the extraction volume, in rela­
tion to marine dredging activities in specially sensitive environ­
m ents protected under the H abitats and Wild Bird Directives.

The Directorate for the Coasts182 of the M inistry of the E n ­
vironm ent183 is responsible for the protection and policing of 
the m arine-terrestrial zone184 and the authorisation/licensing 
of MA extraction. As MA extraction is perm itted only for beach 
creation/replenishment, the M inistry for Public Works186, 
which carries out and funds beach replenishm ent projects, is 
also relevant.

The powers of the Autonomous Communities include, in ­
ter alia, the dem arcation of the shoreline, coastal-terrestrial 
planning and zone planning186. Processing of MA extraction 
applications in coastal and in ternal w aters also takes place 
within the coastal Autonomous Communities. However, as 
MA extraction is perm itted only for beach nourishm ent, the 
Autonomous Communities have also an in terest in MA extrac­
tion in the Territorial Waters.

Finally, it should be noted th a t another relevant piece of 
legislation, Decree 27/2006187, was introduced in July 2006 to 
transpose into Spanish law Council Directive 2003/4/EC, on 
Freedom of Access to Information on the Environment, and 
Council Directive 2003/35/EC188, reflecting the requirem ents 
of the Aarhus Convention on public participation in decision­
m aking and access to justice in environm ental m atters.

173 Real Decreto 1131/1988 (30/09/19SS) por el que se aprueba el Reglamento para 
la  ejecución del Real Decreto legislativo 1302/1986, de 28 de junio, de eva­
luación de impacto am biental http://noticias.juricbcas.com/base_datos/Admin/ 
rd l  131-1988.htm l

170 Note that, an  independent, gtbde was published in 2004 (Buceta-M iller , 2004).
171 Ley 9/2006 (28/04/2006) sobre evaluación de Ios efectos de determinados p la­

nes y program as en el mecho am biente http://not.icias.jurichcas.com/base_da- 
t.os/Achnin/19-2006.html.

133 Dirección General de Costas - http://www.mma.es/costas/htm/act.ua/Lnfor/Ln- 
clex.ht.m

173 M in is te r io  d e  M echo A m b ie n te  - http://www.LLLLLLa.es/
134 See aiso ht.t.p://www.mma.es/cost.as/guia_playas/index.h tm .
135 M inisterio de Obras Públicas y Urbanismo
133 Relevant, also is the Sectorial Conference of Mecho Ambiente, an  organisa­

tion facilitating co-ordination between the Autonomous Communities and  the 
State Administration.

137 Ley 27/2006 (18/07/2007) por la  que se regulan ios derechos de acceso a la 
información, de participación pública y de acceso a la  justicia en m ateria de 
me dio ambiente (incorpora las Directivas 2003/4/CE y 2003/35/CE) ht.t.p://not.i- 
cias. ju ri chcas.com/base_clat.os/Aclmin/127-2006.t.3.html

133 Council D irective 2003/35/EC am ends th e  EIA A  D irective to  a lign  relevant. 
provisioLLS oll public part.icipat.ioLL in  accordance w ith  th e  A a rh u s  C onvention  
o ll public p a rtic ip a tio n  in  decision-m aking a n d  access to  ju s tice  in  env iron ­
m e n ta l m a tte rs , w hich  h a d  b ee n  ad o p ted  by  th e  C om m unity  h r 2005.
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France
Property rights in the French foreshore and seabed are 

vested in the state. As these areas form p art of the public do­
main (“domaine public de l’e ta t”)189, they are controlled/regu­
lated by the state and are subject to significant restrictions in 
relation to property righ ts190.

The prim ary responsibility for the management of marine 
areas lies with the Ministère de l’Equipement, des Transports et 
du Logement, which is responsible for development planning191 
and adm inistration of navigable waters. Several national gov­
ernm ent departm ents have functions relevant to the marine 
environment (e.g. Ministère de l’Aménagement du Territoire 
et de l’Environnement, Ministère de l’Agriculture et de la Pê­
che192 and Ministère de l’Economie, des Finances et de l’Indus­
trie (MINEFI)193). Competence in environmental management 
is also given to regional authorities (Régions, Departments 
and Communes), as well as to national agencies such as the 
Conservatoire du Littoral. The national government appears 
to have complete jurisdiction over mining on the Continental 
Shelf, whereas jurisdiction within territorial waters appears to 
be shared between the national and regional governments.

The French Mining Code (“Code M inier”)194 sets out the 
legal framework for the exploitation of m ineral resources of 
the French seabed196, including the C ontinental Shelf196. The 
provisions of the Mining Code are supplem ented by several 
other pieces of legislation which are relevant to the exploi­
ta tion  of the C ontinental ShelP97 and the French te rrito ria l 
w aters198. Mining (dredging) perm its require Environm ental

189 Land within the public domain is not in principle capable of alienation, nor 
can it legally be acquired or abandoned through prescription. Special proce­
dures have to be followed in order to declassify the land as part of the public 
domain before the State can transfer property rights. However, it is not clear 
the extent to which this declassification might occur in respect of the foreshore 
and seabed (See also S c o t t is h  L a w  C o m m is s io n , 2 0 0 3 ) .

190 Article 1 of the Coastal Act 1986 gives support to public interest issues con­
cerning coastal ownership. It provides that “the coastal area in France is a 
geographical entity that calls for a particular system of development, protec­
tion and exploitation”.

191 In 1 9 8 3 , Article 5 7  of Loi 8 3 - 8 3 5  introduced the option of development plans 
for marine areas, called “Schémas de Mise en Valeur de la Mer” (SMVM). 
The detailed procedure for their preparation was subsequently elaborated in 
a 1 9 8 6  Decree. SMVM are plans concerning marine areas and adjacent coasts, 
adopted by the Ministère de l’Equipement, des Transport et du Logement, 
following submissions by the Préfet du Département, consultations with local 
authorities and other interested parties and public inquiries. They are legally 
superior to local plans, which must be compliant with them, but it  appears 
that their implementation has been difficult in practice. The SMVM comple­
ment the Loi Littoral. Together they provide a statutory planning framework 
for the whole coastal zone (For further discussion, see G i b s o n  (1 9 9 9 ) ) .

192 http://www.agriculture .gouv.fr/spip/
193 http://www.finances.gouv.fr/
194 Code Minier dates back to 21/4/1810. Law 94-588 of 15/7/1994 is the last 

amendment of the Mining Code. The present Mining Code codifies existing 
case law, aims at a better protection of the environment and attempts to bring 
conformity with relevant European legislation (see B e t l e m  et al., 2002) http:// 
w w w .le gifr ance. gouv. fr/W As p a d/U nCode?code=CMINIER0. rev.

190 The seabed forms part of the public domain. See also (http://www.ifremer.fr/).
196 Article 6 of the Loi du 30/12/1968 («relative à l’exploration du plateau conti­

nental et à l’exploitation de ses resources naturelles») states tha t “De cette loi 
qui institue un  régime juridique unique sur le pla teau continental Français, 
précise que le code m inier est applicable à  toutes les substances minerals”. See 
also Law 68-1181, (consolidated version of 20/12/2003), http://www.legifrance. 
gouv. fr/te xteconsoli de /R HE AH. htm .

197 In particular, Décret 71-360 du 6/5/1971 (“qui traite des procédures et de di­
verses dispositions spéciales”) amendedby Décret 85-1289 du 3/121985, Loi 
77-485 du 11/5/1977, Décret 71-362 du 6/5/1971 (“relatif aux autorisations 
de prospections préalables de substances minérales ou fossiles dans le sous- 
sol du plateau continental”); see also the consolidated version of 28/12/2003, 
http ://www .le gifr ance. gouv. fr/

198 Décret 80-470 du 18/6/1980 “portant application de la loi du 16/7/1976 relative 
à la prospection, à la recherche et à l’exploitation des substances minérales

Im pact A ssessm ents199. However, EIA studies are not in all 
cases m andatory. The content of EIAs is not adapted specifi­
cally to MA dredging projects, bu t is determ ined on a case- 
by-case basis. Since there is no clear and uniform  guidance 
on the required content of the EIA concerning MA extraction, 
the quality of EIAs carried out by independent consultants 
on behalf of MA companies may vary200.

Overall it appears that, un til recenly, the adm inistration 
and regulation of MA activities in France was quite fragm ent­
ed. The adm inistrative authorities responsible for licensing 
MA prospecting and extraction were the M inistry of Economy, 
Finance and Industry201, the DRIRE202 (responsible for gran t­
ing “Mining title investigation” concessions), the DDE203 (re­
sponsible for sanctioning the use of public domains) and lo­
cal authorities204 (responsible for mining permits). Scientific 
organisations were also consulted; for example, IFREMER206 
advises on the prelim inary and follow-up studies needed to 
assess the environm ental impact of extraction.

However, new legislation was introduced in July 2006 to 
stream line and simplify the procedure for applications per­
taining to MA operations (“prospection, recherche et extrac­
tion”). Under the new legislation, Décret 2006-798206, which 
entered into force in October 2006, only one application is re­
quired207 for the purposes of obtaining licences and concessions 
related to MA operations. The full application, containing, 
among other things an EIA as provided for in R. 122-3 of the 
“Code de l’environnem ent”208, should be subm itted to the Min­
ister in charge of mining (Ministry of Economy, Finance and 
Industry), but is subsequently handled by the local author­
ity (“préfecture”) who then consults with all other competent 
authorities, which appear to rem ain the same as previously. 
The in ternal consultations are followed by a public enquiry 
and, four m onths later, by a meeting involving all the compe­
ten t authorities, commissions, concerned parties and the ap-

non visées à l’article 2 du code minier et contenues dans les fonds marins
du domaine public métropolitain” ; see the consolidated version of 31/10/1998,
http ://www .le gifr a nee .gouv.fr/

199 Décret 93-245 du 25/2/1993 (“Décret relatif aux études d’impact et au champ 
d’application des enquêtes publiques et modifiant le Décret n° 77-1141 
du 12/10/1977 pris pour l'application de l’article 2 de la Loi n° 76-629 du 
10/7/1976 relative à la protection de la nature et l’Annexe du Décret n° 85-453 
du 23/4/1985 pris pour l’application de la Loi n° 83-630 du 12/7/1983 relative 
à la démocratisation des enquêtes publiques et à la protection de l’environne­
ment”). See also the consolidated version of 5/8/2005, http://www.legifrance. 
gouv.fr/

200 It has been suggested that this might be due to the small MA quantities ex­
tracted in France, which have not prompted the regulatory authorities to in­
vest in the improvement of the procedures (C a y o c c a  and Du G a r d in , 2003).

201 Through the Director at des Mines and the Director a t des Carburants of the 
Ministère de l’Economie, des Finances et de l’Industrie (supervised also by the 
Conseil General des Mines).

202 Directions Régionales de l’Industrie, de la Recherche et de l’Environnement 
http : //www. drir e . gouv. fr /.

203 Directions Départementales de l’Equipement, (Ministère de l’Equipement, des 
Transport et du Logement) http://www.equipement.gouv.fr/rubrique.php37id_ 
rubrique=21.

204 http ://www. inte rieur, gouv. fr/rubriques/c/c4_les_pr efectur e s/c46_votre_pr e fee- 
ture.

200 Institut Français de Recherche pour l’Exploitation de la Mer http://www.ifre- 
mer.fr/

206 Décret 2006-798 du 6/7/2006 relatif à la prospection, à la recherche et à l’ex­
ploitation de substances minérales ou fossiles contenues dans les fonds marins 
du domain public et due plateau continental métropolitain.

207 Commercial operators must be resident in France or in another EU Member 
State.

208 The text of the Environmental Code, as well as an English translation, is
available on the official governmental website http://www.legifrance.gouv.fr/.
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plicant. The responsible “Préfet” finally sends the completed 
dossier, together with his own views, to the M inistry respon­
sible for m atters related to mining, who then consults further 
with a num ber of other M inistries (e.g. Finance, Environment, 
M aritime Affairs, Fisheries, Defence). Any objections can only 
be raised w ithin two months. The M inister in charge of m in­
ing is responsible for the issuing of a prospecting licence or 
extraction concession; favourable decisions are published in 
the “Journal officiel” and, subsequently, in any journal in the 
nearest coastal zone to the proposed site. However, unfavour­
able decisions are not published, and the law provides th a t 
silence on the p art of the M inistry for 48 m onths (in the case 
of applications for extraction concessions) or 36 months (in the 
case of applications for prospecting licences) is considered re ­
jection of the application. Thus, while an applicant apparently 
now deals only with one local authority directly, the adm inis­
trative procedures rem ain complex and, the tim e-fram e for a 
final decision on any application is considerable.

The legislation also provides tha t prospecting and extraction 
activities are subject to control (“police des mines en mer”) to en­
sure tha t any licence or concession conditions are complied with. 
Further details in this respect are set out in the legislation.

It should be noted th a t the legislation does not, however, 
apply to small extraction projects, which are defined as involv­
ing an area of less than  3000 n r, with extraction not exceeding 
100.000 tonnes annually, and to activities for non-commercial 
purposes, in particular coastal zone m anagem ent209. In re ­
spect of small extraction projects, reference is made to Title 
I of Book V of the “Code de l’environnem ent” (Environmental 
Code), which deals with “Classified facilities for the protection 
of the environm ent”210, including mining operations, which are 
subject to authorisation on the basis, in ter alia, of an environ­
m ental impact assessment. In relation to MA operations for 
coastal zone m anagem ent purposes or other non-commercial 
purposes, the new legislation makes no reference to any regu­
latory regime th a t may apply.

The N etherlands
The national government, provincial governments and m u­

nicipalities form different levels of public adm inistration with 
regard to the environm ent211. However, the national govern­
m ent has overall jurisdiction in the Territorial Sea, the EEZ 
and the Continental Shelf212. The extraction of sediments from 
the bed213 is regulated by the Extraction Act of 1971214, which 
applies not only in the Territorial Sea, EEZ216 and the Conti­
nental Shelf216, but in all Dutch w aters (“Rijkswateren”)217.

See Art. 2 of Décret 2006-79S.
-1IJ The tex t of the Environm ental Code, as well as an  English translation, is 

available on the official governmental website http://www.legifrance.gouv.fr/.
311 Article 21 of the Dutch Constitution states that, public authorities shall en ­

deavour to ensure a good quality of life in  the Netherlands, and  to protect, and 
enhance the environment.. Legislation takes the form of Acts of Parliam ent, 
supplem ented hy m inisterial orders, decisions and  directives (G ibson , 1999).

313 The jurisdiction of provincial governments and m unicipalities ends at. the 
coastline.

313 M inerals situated  at. a depth of up to 100 m eters below the seabed.
314 Extraction Law (“Ontgronchngenwef ) 1971 (Wet. van 27/10/1965, Houdende 

regelen omtrent, de ontgrondingen) http://wet.ten.overheid.nl
315 Article 3 (1) of the Extraction Law 1971.
313 Article 4a of the Extraction Law 1971.
317 In addition to the m arine areas (North Sea and the W adden Sea), there are 

other waters (“Rijkswateren” ) such as lakes, canals, the exposed bed of riv-

The Dutch State is the owner of the seabed in the Territo­
rial Sea. Moreover, it has exclusive rights on mineral resources 
found on and beneath the seabed of the Dutch Continental 
Shelf (Article 4b of the Extraction Law). Therefore, in addition 
to the issuing of an extraction license, a contract must be drawn 
between the operator and the State i.e. the seabed owner.

The sta te powers relating to the MA extraction are p rim ari­
ly exercised through the M inistry of Transport, Public Works 
and W ater M anagem ent218, which has the responsibility for in ­
tegrated  planning219 at the national level and is the competent 
authority for MA extraction licensing, through the North Sea 
D irectorate220. The policies relevant to the extraction of marine 
sedim ents221 are found in the Regional Extraction Plan for the 
North Sea (RON, 1993) and its updated version(RON2)222 and 
the Environm ental Impact Assessment Decree223. The ICES 
Guidelines (ICES, 2003b) have been chosen to prescribe the 
content and scope of the assessm ent of environm ental impacts 
of MA extraction.

When MA extraction is of small scale, then a full-blown 
EIA is not necessary and an environm ental impact statem ent/ 
report is sufficient; in addition, the application procedure is 
short (MER, 1994). Shallow and small-scale sediment extrac­
tions are defined in the RONs as those involving the extrac­
tion of a sediment layer less than  2 m thick and covering a 
seabed area less than  500 ha (in the Territorial Sea less then 
100 ha); however, if the sediment extraction takes place in wa­
te r  depths less th an  20 m, an environm ental impact study is 
compulsory. RON2 allows extraction of sediments up to 5 m in 
thickness and the sediment storage (filling) in extraction pits 
outside the 7 m w ater depth line for coastal protection p u r­
poses224. Extraction of sedim ents more th an  2 m of thickness is 
allowed (under conditions) from areas deeper than  20 m226.

It appears, however, th a t the position has recently under­
gone some change. According to Ices (2007), “In 2006 the limits 
for the requiremen t of an En vironmen tal Impact Assessmen t 
for the extraction o f marine sediments are set on an area of 
more than 500 ha (5 km 2) a n d /o r an am oun t of more than 10 
m illion cubic meters per licen se. These lim its were already val­
id for the Exclusive Economical Zone (EEZ). They are now also 
set for the Territorial Zone (less than 12 miles from the coast 
line), were previously an area o f more than 100 ha (1 km 2) was 
the lim it”—6.

ers in summer and all ports. For all these areas, MA extraction is under the
national government jurisdiction (Article 5 (1) and Article 8 (1) of the Extrac­
tion Law 1 9 7 1 . For details see B a k e t t a  (2 0 0 4 )  and http://www.noordzee.nL/
waterkwaliteit/

218 Ministerie van Verkeer en W aterstaat http://www.verkeerenwaterstaat.nl
219 Activities are being coordinated with other competent ministries and govern­

ment bodies. For details, on the management in the Dutch sector of the North 
Sea, see B a r r y , E l e m a , and V a n  D e r  M o l e n , 2003.

220 Rijkswaterstaat http://www.rijkswaterstaat.nl
221 I n  t h e  N e t h e r l a n d s ,  s e v e r a l  p o l ic y  d o c u m e n ts  h a v e  b e e n  d r a w n  t o  p r o v id e  g o v ­

e r n m e n t  g u i d a n c e / i n t e r p r e t a t i o n  o n  s e d i m e n t  e x t r a c t i o n  (F o r  m o r e  d e t a i l e d  i n ­
f o r m a t io n ,  s e e  B a rry , E l e m a , a n d  V a n  D e r  M o l e n , 2 0 0 3 ;  andB A R ETTA , (2 0 0 4 ) .

222 RON (1993) - Regionaal Ontgrondingenplan Noordzee and RON2 (2004)- Re­
gionaal Ontgrondingenplan Noordzee 2.

223 MER - The Netherlands Commission for Environmental Assessment (1994) 
http ://news .eia.nl/biblio the ek_de tail, as px?id=8404

224 Pit refilling is permitted only during 2 summer months and 1 winter month 
(RON2, 2004).

22B For more details on the Dutch sediment extraction regulation see DGE (2 0 0 3 )  
and B a r e t t a  ( 2 0 0 4 ) .

226 ICES, 2007. The document also states: “ The policy and the regulations o f the 
Second Extraction P lan for the North Sea and the policy on shell extraction
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Finally, it should be noted th a t since 2006, sand extracted 
for the dredging of shipping lanes in areas with w ater depths 
of less than  20 m, has to be placed back on the seabed within 
the 20 m depth contour227.

Poland
Property rights regarding the seabed are vested in the state 

and form p art of the public domain (“Obszarami morskimi 
Rzeczypospolitej Polskiej”)228; m ineral resources are also the 
original and exclusive property of the sta te229. The national 
government has overall jurisdiction in the sea, beyond the 
mid-tide w ater m ark (including the Inland Waters, the Ter­
ritorial Sea and the Exclusive Economic Zone). The Act on 
Polish M arine Areas230 sets out the range of competence for 
the m anagem ent of both the m arine areas (“Obszary morskie 
Rzeczypospolitej Polskiej”) and the newly established “coastal 
strip”. The m ain authorities responsible for these areas are 
the th ree regional M aritime Offices231 (in Gdynia, Stupsk 
and Szczecin) and the M inistry of Environm ental Protection, 
N atural Resources and Forestry232, which guide and control 
activities with environm ental implications. M ineral resource 
initial investigations, prospecting/evaluation and extraction 
are subject to the regulations relating to geological investiga­
tions233. The M inistry of Environm ental Protection, N atural 
Resources and Forestry is the competent authority for mining 
adm inistration234 with the D epartm ent of Geology and Geo­
logical Concessions236, as task  leaders.

Regulation related to MA extraction is sim ilar to th a t gov­
erning land mining. The Polish Mining Law236 sets out the legal 
framework and applies to m inerals contained in the seabed of 
the Polish m aritim e zones. The requirem ents of environm en­
ta l impact assessm ent procedures are detailed in the Act on 
Access to Information on the Environm ent and its Protection 
and on Environm ental Impact Assessments Act (9/11/2000)237, 
which also lays down the principles concerning environm ental 
protection, provision of environm ental information and public 
participation procedures. There are no national guidelines on

w ill be incorporated i n a  new document for extraction from  waters under m an­
agement o f the national government’.

227 http://www.noordzeeloket.nl.
228 According to the Act on Polish Marine Areas, Ustawa z dnia 21/3/1991 r. o 

obszarach morskich Rzeczypospolitej Polskiej i administracji morskiej.
229 According to the Polish Mining Law, the state owns the seabed of the Internal 

Waters, the Territorial Sea and EEZ, and has the rights to explore and exploit 
mineral resources. In comparison, the rights of onshore mineral resources are 
dependent on the type of exploitation. The state has exclusive rights of the 
mineral resources found beneath the surface (and exploited by underground 
mining), whereas landowners have the rights on superficial mineral resources 
(exploitedby open pits).

230 Op. cit.
231 These offices are under the jurisdiction of the Ministry of Transport and Con­

struction ("Minis ter s two Transpor tu  i Budownictwa”) http://www.mi.gov.pl/ 
e n/mo duly/j e dnostki/opis. php?i d_j e dnostki=2 0.

232 Ministers two Sr o do wiska http://www.mos.gov.pl/
233 Under the Article 34 of the Act on Polish Marine Areas.
234 Article 33 of the Act on Polish Marine Areas.
230 Departament Geologiii Koncesji Geologicznych - DGiKG http://www.mos.gov. 

pl/dgikg/
236 The Act Geological and Mining Law, 1994 ("Prawo geologiczne i górnicze z dnia 

1/3/1994”) regulates the realisation of geological work, mineral exploitation 
and protection, and other environmental issues related to mineral resources. 
It applies all over the Polish territory, http://www.mos.gov.pl/lakty_prawne/ 
us ta wy/94.27.96.shtml

237 Ustawa o dostçpie do informacji o srodowisku i je go ochronie oraz o ocenach
oddzialywania na srodowisko http://www.mos.gov.pl/lakty_prawne/ustawy/
dostep.html

the content of EIAs for MA extraction238 or an integrated  n a ­
tional policy regarding MA extraction.

Belgium
Belgium is a federal sta te239 made up of th ree communi­

ties240 and th ree regions241, which are subdivided into provinc­
es and communes; therofore, competence242 is shared by these 
entiries (G ib s o n , 1 9 9 9 ; V a n  E l b u r g -V e l in o v a , D.; V a l v e r d e , 

C.P .,  and S a l m a n , A., 1 9 9 9 ) . Nonetheless, only the Flemish 
Region (“Vlaanderen”) borders the North Sea.

Sovereign rights in the seabed are vested in the State. The 
Federal Government has competence in the North sea (i.e. the te r­
ritorial waters, the continental shelf and the EEZ)243 beyond the 
baseline and/or the mean low-water line along the coast244 (G ib ­

s o n , 1 9 9 9 ; NBR, 2 0 0 5 , and V a n  E l b u r g -V e l in o v a , D.; V a l v er d e , 

C.P ., and S a lm a n , A., 1 9 9 9 ). An Advisory Committee246 has been 
set up246 to co-ordinate actions concerning the management of

238 An EIA is not mandatory for small-scale onshore mineral (sand and gravel) 
resource exploitation if the extraction volumes are less than 20000 tonnes per 
year and the affected area is smaller than 2 hectares.

239 The Kingdom of Belgium, a constitutional monarchy and parliamentary democ­
racy, since 1970 has been gradually transformed into a Federal State. The last 
radical change of the Constitution ("De Belgische Grondwet / La Constitution 
Belge”) was carried out in 1993, after which the Federal Government is backed up 
by three Regional Governments (Vlaanderen, Wallonie and Bruxelles), and fur­
ther by Provincial government and local government structures (see OECD, 1997; 
W o u t e r s  and D e  S m e t , 2001 and http://en.wikipedia.org/wiki/Main_Page).

240 According to Article 2 of the Constitution there are the French Community, the 
Flemish Community and the German-speaking Community. See http://www. 
ej us tice. j ust. fgov .b e/cgi/welcome. pi, http : //www. fe d- pari .be/cons titution_uk.html 
and http ://www. sena te .be/doc/cons t_fr.html.

241 According to Art. 3 of the constitution there are the Walloon Region, Flem­
ish Region and Brussels Regions. See http://www.ejustice.just.fgov.be/cgi/wel- 
come.pl, http://www.fed-parl.be/constitution_uk.html and http://www.senate, 
be/doc/const_fr .html.

242 Under the Constitution (Art. 35) powers are divided between the Federal Gov­
ernment and the communities and regions, and Art. 6 of the Special Insti­
tutional Reform Law of 8/8/1980 ("Moniteur belge”, 15/8/1980, as amended) 
defines their areas of competence. The constitutional reform and the Special 
Institutional reform Law extended the competencies of the Communities to 
social affairs, granted competencies to the Regions and established the insti­
tutions of the Communities and the Walloon Region. The competencies of the 
Flemish Region were exercised by the Flemish Community. The institutions 
of the German-speaking Community were not es tab fished until the law of 
31/12/1983, defining its competencies for the same matters as those for which 
the other two Communities were competent - with the exception of the use of 
languages - and providing for the possibility of the Walloon Region to trans­
fer the exercising of certain competencies to the German-speaking Commu­
nity (http://www.crisp.be/wallonie/en/pouvoirs/creation.html). See also OECD 
(1997) and W o u t e r s  and D e  S m e t  (2001).

243 Art. 1 of the Belgium Continental Shelf Law, 13/6/1969 ("Wet inzake de explora­
tie en de exploitatie van niet-levende rijkdommen van de territoriale zee en 
het continentaal plat” ) http ://www.juridat.be/cgi_loi/loi_N.pl?cn= 1969061330 
as amended by Art. 27 of the "EEZ” act, 22/4/1999 ("Wet betreffende de ex­
clusieve economische zone van België in de Noordzee”), http://www.juridat.be/ 
cgi_loi/loi_N.pl?cn=1999042247

244 Coastal zone management on land falls under the federal and regional juris­
diction, whereas the federal government (barring some exceptions) is compe­
tent for the management of the sea. The dividing fine between land and sea 
is formed by the provincial frontier of West Flanders, which is bounded on 
the seaward side by the baseline (or the mean low-water line) along the coast. 
However, divergent laws can assign jurisdiction at sea to the Flemish Region. 
For example, the Law of 8/8/1988 (B.S. 13/8/1988) provides that certain activi­
ties/works in the Belgian part of the North Sea (e.g. the management of wa­
terways, harbours, coastal defence, pilot services, rescue and towing services 
at sea and nowadays fishing and dredging) fall under the regional authority 
(NBR, 2005). Nevertheless, MA extraction is under the Federal jurisdiction 
(see NBR, 2005).

245 To ensure integrated planning and implementation of Belgium’s National 
Policy on Oceans. See also http://www.un.org/esa/agenda21/natfinfo/countr/ 
b el gium/natur .htm#oce ans

246 Art. 1 of the Royal Decree of 12/8/2000 installed a Consultative Commission 
charged with the co-ordination between the different parts of the administra­
tion concerned with the management of the exploration and exploitation of the 
Continental Shelf and the Territorial Sea and the fixation of modalities and 
working costs ("Koninklijk besluit tot instelling van de raadgevende C ommis-
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the exploration and eploitation of marine non-living resources 
between several competent national departments247.

Article 3 of the Belgian Continental Shelf Law, together 
with provisions of the EEZ248 and MMM249 Acts set out the 
legal framework for MA exploration/exploitation. Generally, 
the exploration and the exploitation of the m ineral resources 
of the seabed and subsoil are subject to a concession regime, 
which requires environm ental impact studies. The Royal De­
cree of 1/9/2004260 prescribes the content of EIAs and relevant 
procedures261 concerning the exploration and exploitation of 
m ineral and other non-living resourses of the territo ria l sea 
and continental shelf.

M anagement of MA extraction from the Belgian wates is 
prim arily exercised through the Federal Public Service for 
Economy, SMEs, Self-employed and Energy262, the Federal 
Public Service for Health, Food Chain Safety and Environ­
m ent and MLTMM263, which represents the relevant Federal 
M inistry and is responsible for m arine environm ental pro­
tection from m arine activities and resource assessment. The 
MA activities are monitored both at the operational level264 in 
order to assess compliance with the prescribed term s of the 
licence and at the environm ental impact level with physical 
and ecological monitoring of the imm ediate area of MA extrac­
tions as well as neighbouring areas th a t could be potentiallly 
affected266.

It appears tha t changes to the Belgian legislation are under 
consideration, but no further details are, at this stage, available.

G reece
The national government (“EGvutq KuBepvqaq”), provin­

cial governm ents (“Hepupepeieg”) and counties (“Nopapyieg”)

sie belast met de coördinatie tussen de administraties die betrokken zijn bij 
het beheer van de exploratie en de exploitatie van het continentaal plat en van 
de territoriale zee en tot vaststelling van de werkingsmodaliteiten en -kosten 
ervan”). http://www.juridat.be/cgi_loi/loi_N.pl?cn=2000081283

247 See Art. 3 of the Royal Decree of 12/8/2000.
248 The Law concerning the Exclusive Economic Zone of Belgium in the North Sea 

-  "EEZ” Act, 22/4/1999 ("Wet betreffende de exclusieve economische zone van 
België in de Noordzee”), http://www.juri.dat.be/cgi_loi/loi_N.pl?cn=1999042247

249 The Law on the protection of the marine environment in marine areas un­
der Belgian jurisdiction -  "MMM” act, 20/1/1999, amended by the Act of 
17/9/2005 ("Wet ter bescherming van het mariene milieu in de zeegebieden 
onder de rechtsbevoegdheid van België”). http://www.juridat.be/cgi_loi/loi_N. 
pl?cn=1999012033

200 Royal Decree of the 1/9/2004 on the evaluation of the effects on the environ­
ment pursuant to the Law of 13/6/1969 on exploration and exploitation of 
mineral and non-living resources of the territorial sea and the continental 
shelf ("Koninklijk besluit houdende de regels betreffende de milieu-effecten- 
beoordeling in toepassing van de wet van 13 juni 1969 inzake de exploratie 
en de exploitatie van niet-levende rijkdommen van de territoriale zee en het 
continentaal plat”). http://www.juridat.be/cgi_loi/loi_N.pl?cn=2004090150

201 Due to the fact, that exploitation takes place in three clearly defined areas on 
the Belgian continental shelf, the procedure includes particular specifications 
on these zones concerning their accessibility and extraction volumes, http:// 
www.ejustice.just.fgov.be/mopdf/2004/10/07_l.pdfifiPage37.

202 It issues permits for exploiting MA on the Belgian continental shelf.
203 Management Unit of the North Sea Mathematical Models and the Scheldt 

estuary, which is a Department of the Royal Belgian Institute of Natural Sci­
ences (RBINS). http://www.mumm.ac.be/EN/index.php.

204 Belgium, together with the UK, the Netherlands and Germany require the 
monitoring of MA dredging operations through an Electronic Monitoring Sys­
tem (EMS) or "black-box”. Specialised positioning devices are installed on all 
dredging vessels working within their waters to control location and inten­
sity of dredging. In addition all licensees are audited each year to confirm 
the quantities of material landed from each license and to ensure that licence 
conditions have not been breached (see also V e l e g r a k is  et ál., this volume and 
w w w. sa ndandgr avel. com).

200 See, for example, V a n  L a n c k e r  et ál., this volume.

form different levels of public adm inistration  w ith regard  to 
the environm ent. Property rights w ith regard  to the seabed 
are vested in the State, forming p art of the public domain; 
m arine m ineral resources are also the exclusive property of 
the state.

The national government has overarching jurisdiction in 
the m arine areas, including the coastal strip266; however, some 
of its powers are devolved to the lower levels of adm inistration 
(counties). Aggregate extraction is regulated both onshore and 
offshore through a series of aggregate extraction laws267, which 
also define the constitution of the county committees, which 
decide about the granting of MA extraction concessions268. In 
the decision-making, other adm inistrative authorities are also 
involved, such as the M inistry of Public Works, Planning and 
Environm ent (“YnEXQAE”), and the Fisheries Directorate of 
the M inistry of Agriculture.

An EIA is a necessary prerequisite for the granting of an 
extraction licence. However, since there are no national guide­
lines on the content of the EIA concerning MA extraction, the 
quality of EIAs carried out by independent consultants on be­
half of MA companies has been very variable.

SUMMARY A N D  C O N C LU SIO N S

All eight ELT Member Sates considered here are under 
wide-ranging obligations to protect and preserve the  m arine 
environm ent based on the relevant provisions of the LTN­
CLOS 1982, to which these S tates are Contracting Parties. 
Requirem ents laid down by the OSPAR, Helsinki, Barcelona 
and Espoo Conventions need also to be complied w ith by 
those S tates which are Contracting P arties to any of these 
Conventions (Table 1). Concerning MA extraction and its 
m anagem ent, the OSPAR guidelines, drafted by ICES (ICES, 
2003b), are of particu lar significance, as well as the H EL­
COM Recommendation 19/1 on “M arine Sedim ent Extraction 
in the Baltic Sea”. U nder th e  Barcelona Convention, there 
are no specific guidelines for the m anagem ent of MA extrac­
tion; the Offshore Protocol to the Convention, which provides 
for research/m onitoring surveys concerning the effects of any 
proposed activities on the m arine environm ent, has not yet 
en tered  into force.

Although in all the considered States, the central gov­
ernm ent appears to have the overarching responsibility for 
MA extraction and licensing, in some S tates (e.g. the LTK, 
Spain, Germany and Greece) much of th is  responsibility has 
been devolved to lower levels of adm inistration. The regula­
tory framework relevant to MA extraction differs, as in some 
S tates there is specific regulation regarding MA exploitation, 
w hereas regulation in other S tates seems to be applicable 
to both land-won and m arine aggregates (e.g. in Germany).

' According to the Law 2971/2001 (“Nópog 2971/2001, 19/12/2001”).
757 The Laws (“Nópoi») 1219/1938, 1416/84, 1473/84 and  the P residential Decrees 

(«IIpoeSpiKd AicrtÓYpcrta») 636/77, 284/88.
' MA aggregate extraction is usually adm inistered a t the county level. The 

granting of concessions is the prerogative of particular committees, consisting 
of representatives of the County Engineering Directorate (“NopapxtaKij Te- 
X v i k i )  Ynipeaia»), the County Service of the M inistry ofFinance (“OiKovoptKij 
Ecpopia») and  the local Coastguard Service (“Atpevapxeio»).
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Regulation in the UK differed, un til earlier th is  year, signifi­
cantly from th a t in all other S tates considered here, as MA 
dredging used to be adm inistered through a non-statu tory  
procedure (interim  Government View Procedure). New s ta tu ­
tory regulations have now been enacted in respect of MA op­
erations in English, Welsh and N orthern Irish  waters, as well 
as on the UK continental shelf; sta tu tory  Regulations have 
not yet been enacted in respect of Scottish waters, bu t are 
expected to be adopted soon. If and when legislative changes, 
based on the proposals in the W hite P aper for a M arine Bill, 
are adopted in the U.K., the regulatory landscape for MA op­
erations may change further.

Some S tates (e.g. the UK, the N etherlands) have laid 
down particu lar policies and guidelines concerning m arine 
aggregates. For example, the re  is a UK policy tow ards the 
increased use of recycled m ateria l269, the Dutch government 
encourages the use of m arine dredged m ateria l260 and Spain 
allows m arine aggregate extraction only for the purpose of 
beach creation/replenishm ent.

N ational legislation m ust be com pliant w ith the require­
m ents of any relevant secondary European legislation, in 
particu lar the Environm ental Im pact A ssessm ent Directive, 
as am ended (Directive 85/337/EEC as am endedby Directives 
97/11 EC and 2003/35/EC), which is the most significant re ­
garding the adm inistrative decision-making procedures for 
the approval of MA projects. The Directive has been tra n s ­
posed into national legislative system s in the  form of sepa­
ra te  s ta tu te s  (e.g. Poland, Spain, Germany, France and the 
N etherlands) or incorporated into m arine extraction regula­
tion acts (e.g. Belgium and, very recently, the UK). Although 
all the Member S tates considered here prescribe environ­
m ental im pact assessm ents of the extraction sites as a p re ­
requisite to extraction licence gran ting261 as well as physi­
cal and ecological monitoring of the  extraction sites following 
the commencement of the dredging activities, only few of the 
Member S tates considered (e.g. the UK and the N etherlands) 
appear to have published national guidelines on the content 
and scope of MA extraction-related EIAs. In addition, The 
quantity  and quality of MA reserve and operation data held 
by the considered S tates varies widely, w ith the most modern 
and uniform  data sets held by the UK, the N etherlands and 
Belgium (see also V e l e g r a k i s  et al., th is volume).

This paper only provides a relatively general overview 
over the regulatory regime governing MA operations in some 
EU Member S tates. This in itself, however, has not been an

209 According to MPG6, there should he a reduced emphasis on the supply of 
aggregates from traditional onshore and offshore sources. Hence, the contri­
bution from marine sand and gravel to the overall aggregate supply should 
remain a t around 7 % of the total, and future increasing demand should be 
met from recycled and secondary aggregates. MPG6 has now been replaced 
by MSP1 Annex on supply of aggregates which, in relation to marine sand 
and gravel states: "It is Government policy to encourage the supply o f marine- 
dredged sand and gravel to the extent that environmentally acceptable sources 
can be identified and exploited, w ithin the principles o f sustainable develop­
ment. Environm entally acceptable'in this context is in  terms o f both the natu­
ral and historic environments. Subject to this overriding consideration, it is 
assum ed that marine dredging o f sand and gravel is likely to continue to con­
tribute to meeting part o f the national and regional dem and for aggregates at 
a  proportion no lower than that o f the recent past, currently about 8% o f total 
dem and for prim ary aggregates’.

260 By offering economic incentives.
261 At least in the case of MA extraction volumes above a particular threshold.

easy task . As an incidental finding, th is review, relying to a 
considerable extent on published inform ation and electroni­
cally available sources in the public domain, has shown th a t 
it is ra th e r  difficult to access accurate, up to date and com­
plete inform ation on adm inistrative structures, regulations, 
procedures and practice perta in ing  to the authorization of 
MA extraction. In m any instances, inform ation available on 
the websites of the  diverse relevant regulatory bodies is out 
of date, incomplete or incoherent262. As a result, it is ra th e r 
difficult to properly assess w hether and to which extent the 
various environm ental protection requirem ents and guide­
lines arising from in ternational conventions as well as the 
p ertinen t European legislation have been complied with. 
Considered analysis of national regulatory fram eworks for 
MA extraction in th e  light of existing in ternational require­
m ents has not been possible w ithin the scope of th is  con­
tribution. However, while fu rthe r research in th is  area is 
clearly required, the resu lts of the presen t review suggest 
th a t there are a num ber of areas for improvement. In p a r­
ticular, it would appear appropriate th a t rules, regulations 
and procedures in relation to MA licensing w ithin the EU 
are more stream lined, transparen t, and uniform ly consistent 
w ith in ternational obligations th a n  seems to be th e  case at 
present. Improved transparency  of regulation would poten­
tially  serve the in te rests  of effective protection of the m arine 
environm ent, bu t could also benefit commercial stakeholders 
in term s of ensuring com petitiveness and an equal playing 
field throughout the EU.

The “Blue Book”, recently published by the European Com­
mission in response to its wide-ranging consultations on an in­
tegrated maritime policy for the EU263 appear to be encouraging 
in th is respect, in particular as concerns the proposed stream ­
lining of maritime spatial planning as a tool for the sustainable 
development of marine areas and the establishem ent of an ap­
propriate marine data and information infrastructure.

In th is context, the potential relevance of Council Directive 
2003/4/EC on Freedom of Access to Information of the Environ­
m ent should also be noted. U nder the Directive, EU Member 
S tates are, in ter alia, required to publish, i f  possib le in elec­
tronic form , a wide range of relevant environm ental inform a­
tion, including (a) “in ternational, na tiona l or local legislation” 
and “policies, p la n s  an d  program m es” relating to the environ­
ment; (b) environm ental data derived from monitoring activi­
ties; (c) periodic reports on the sta te of the environment; (d) 
“authorisa tions w ith  a significan t im pact on the en vironmen t” 

and (e) “environm enta l im pact stud ies an d  risk assessm ents” 
on elements of the environm ent set out in the Directive, such 
as “coastal a n d  m arine areas”. Effective national im plem enta­
tion of these aspects of the Directive would play an im portant 
role in providing better access to information on rules, proce-

262 The situation in the UK is a pertinent example in this respect. See for instance 
fn. 101, above. However, it should be noted that proposals currently consid­
ered as part of the consultations on a Marine Bill could provide some improve­
ment in terms of coordination and consistency of marine licensing rules and 
procedures throughout the UK.

263 Communication from the Commission to the European Parliament, the Coun­
cil, the European Economic and Social Committee and the Committee of the 
Regions, An Integrated Maritime Policy for the EU, COM (2007) 575 final, 
published on 10/10/2007. Available on the European Commission website at 
http : //ec. eur op a . e u/maritimeaffair s /
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dures and practices governing MA extraction. This, in turn, 
would assist in monitoring compliance with the requirem ents 
of the m ulti-layered legal framework for the protection of the 
m arine and coastal environm ent and, ultimately, benefit en­
vironm ental protection efforts. For the tim e being, however, 
the difficulty in  identifying, for the purposes of th is  review, ac­
curate, complete and up-to-date inform ation on national rules, 
practices and procedures relevant to MA operations suggests 
th a t adequate implem entation of the  Directive, in accordance 
with its aims, h as  not yet been achieved.
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ABSTRACT I
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H03
This review h igh ligh ts th re e  m orphodynam ics m o d e llin g  ap proaches , u sed  fo r offshore m arin e  aggregate ex trac tion  
im pact assessm ent. T hese  ap p ro ach es are  based  u p o n  exam ples o f (1) full process-based m odels; (2) idealised  process- 
based  m odels; a n d  (3) co n cep tu a l m odels. I llu stra ted  also is th e  way in  w hich  these  m odels, ap p lied  fo r  ex tractions 
o n  flat b e d  o r  sandbanks, can  co m p lem en t each  o ther, tow ards th e  estim ation  o f Coastal S tate Ind ica to rs (CSIs). This 
review leads to  th e  conclusion  th a t, fo r an  optim al en v iro n m en t assessm ent, th e re  are  two m ain  app roaches: ( 1 ) e ith er 
com bine  a n d  coup le  th e  m odels, in  o rd e r  to  sim ulate th e  full m orphodynam ics o f th e  system over a lo n g  time-scale, 
tak ing  in to  acco u n t also sh o rt-term  events, o r (2) use a set o f existing  m odels, know ing precisely  th e ir  applicability  to 
th e  CSI's a n d  th e  reliability  o f  th e ir  p red ic tions, ra th e r  th a n  using  only th e  best m odel, available presently.

ADDITIONAL INDEX WORDS: aggregate extraction, impact, morphodynamics, modelling sandbanks, coastal state- indicator

IN T R O D U C T IO N

M arine aggregates have become recently a strategic m in­
eral resource. Indeed, te rres tria l aggregate resources are 
decreasing, such th a t large m arine aggregate extraction is 
now being considered, or is already in progress. Thus, it is 
necessary to assess the impact of offshore m arine aggregate 
extraction on offshore morphology; th is can be undertaken by 
estim ating the future trends of coastal systems, due to these 
extractions. The formulation of so-called Coastal S tate Indica­
tors (CSIs) can assist in addressing these coastal m anagem ent 
questions. The CSIs are a reduced set of param eters th a t can 
simply, adequately and quantitatively describe the dynamic- 
sta te and evolutionary trends of a coastal system (V a n  K o n ­
in g s v e l d , D a v id s o n , and H u n t l e y , 2 0 0 5 ) .

Within the EUMARSAND project (2 0 0 2 - 2 0 0 5 ,  B o n n e , this 
volume), marine aggregate exploitation issues were addressed 
through the application of a wide range of scientific approaches 
(based upon geology, sedimentology, physics, ecology and en­
gineering). The integration of these approaches can improve 
significantly both resource management and the knowledge of 
the impacts of aggregate extraction, on the state and dynamics 
of the inner continental shelf and coastal environments. In p a r­
ticular, morphodynamic modelling can contribute to increas-

DOI: 10.2112 / SI51-004.1 received 11 J a n u a ry  2007; accepted in 
revision  19 Ju n e  2007.

ing this knowledge, e.g., in term s of near-field modelling of the 
physical and ecological impacts of offshore sand and gravel min­
ing; improvement in the understanding of ‘bed regeneration’ 
processes; and the far-field modelling of the effects of dredging 
on adjacent coastlines). Within the framework of the EUMAR­
SAND Project, the morphodynamic modelling of experimental 
sites was set up with models which are based upon the descrip­
tion of small-scale processes (B r iè r e  et al., th is volume; V a n  D e n  
E y n d e  et al., th is volume). The model calibration and the vali­
dation of the numerical results were performed against high- 
quality field observations. For th is reason, fieldwork was un ­
dertaken in the North Sea and the Baltic Sea. The Kwintebank 
(located within a tidal environment) was selected as the field 
investigation site in the North Sea, whilst the area Tromper 
Wiek (non-tidal environment) was examined in the Baltic Sea 
(G a r e l  and L e f e b v r e , th is volume).

Over the last decade, several other European projects have 
been concerned with the modelling of the impact of aggregate 
extraction, as outlined below.
• The SANDPIT project (V a n  R i j n  et al., 2 0 0 5 )  was the most 

recent European project (2 0 0 2 - 2 0 0 4 ) ,  whose overall ob­
jective was to develop reliable prediction techniques and 
guidelines, to better understand, sim ulate and predict the 
morphological behaviour of large-scale sand mining pits/ 
areas, likewise, to understand  the associated sand tra n s­
port processes at the middle and lower (offshore) shoreface, 
together with the surrounding coastal zone.

mailto:d.idier@brgm.fr
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• HUMOR (B e s io  et al., 2008; D od d  et al., 2008) was a Europe­
an project (2001-2004), with the aim to develop reliable as­
sessm ent and forecasting techniques, to better understand, 
model and predict the physical and geomorphological proc­
esses governing medium- and long-term n atu ra l changes of 
the coastal zone, including the impact of anthropogenic ac­
tivities. The em phasis was on the role th a t large-scale mor­
phological features play, in long-term coastal evolution.

• CSTAB was a European project (1992-1995), which focused 
on Circulation and Sediment Transport around Banks, 
based upon in-situ m easurem ent and num erical modelling 
(O’Connor et a l, 1994).
In th is contribution, we focus upon the offshore impacts 

of offshore aggregate extraction, w ith the offshore area being 
the portion of the beach profile th a t extends seaward from the 
breaker zone, to the edge of the continental shelf.

One approach for assessing the impact of aggregate extrac­
tion, quantitatively, is based upon morphodynamic modelling. 
Several types of morphodynamic models have been developed. 
Each approach has its own advantages and disadvantages.

This paper deals with the two following questions: (1) which 
model concepts are available to assess the aggregate offshore 
extraction impact?; and (2) how are these models to be used 
and, possibly, combined for an optimal environm ental assess­
m ent of offshore m arine aggregate extraction in tidal seas?

We focus upon a tidally-dom inated environment, paying 
particular attention to the dynamics of regular sea-bed mor­
phological patterns. Such patterns, such as sandbanks, are 
potential resources of m arine aggregate.

This paper is organised as follows: section 2 incorporates an 
overview of available morphodynamic modelling approaches 
in tidally-dom inated environments, to address the research 
question (1) above; Section 3 includes a discussion on how to 
use and combine the models, with the perspective of estim at­
ing coastal sta te indicators; and, finally, the conclusions are 
presented in Section 4.

MORPHODYNAM IC MODELS FO R  OFFSHORE  
EXTRACTION IMPACT ASSESSM ENT IN  A  TIDALLY- 

DOM INATED ENVIRONM ENT (Q U ESTIO N  I) 

M odel A pproaches
Coastal characteristics result generally from many physi­

cal processes, which interact at various tem poral and spatial 
scales. The concept of scales is im portant in modelling proc­
esses and in the selection of a model, or type of model. Here, 
th ree m ain classes have been distinguished:
• The full process-based models (FPBM), which describe 

small-scale processes and resolve physical equations in the 
physical space (x,y,z,time);

• The idealised process-based models (IPBM), which take into 
account processes relevant to the scale of in terest and re ­
solve physical equations partly  in the spectral space (wave 
vector, time), partly  in the physical space;

• The conceptual models (CM), which aim to describe the 
general behaviour of a phenomenon, w ithout describing the 
details of the underlying physical processes.
Here, th is particular model classification is preferred, in ­

stead of the commonly used temporal- or spatial-scale clas­
sification (e.g. short-term  model, medium-term model and 
long-term model). Indeed, it is worthwhile to note th a t some 
approaches are more applicable over different tim e scales.

L iu u m

2DH

F ig u re  1. D isc re tisa tion  levels for full process-based  m odels. Note: the  
ho rizo n ta l p lan e  is (x,y). (Idier e t al., p re se n t paper).

For instance, the stability analysis concept, which falls in the 
IPBM class, can be applied for long-term morphodynamics 
studies (e.g. sandbank dynamics (H u t h n a n c e , 1982)), as well 
as for short-term  morphodynamics studies (e.g. ripple dynam ­
ics (B l o n d e a u x , 1990)).

It may be noted that, w ithin the process-based models, sev­
eral aspects can be distinguished:
• Spatial dimensions of the model geometry (Figure 1): 1DV 

(V for the vertical, 0 the horizontal dimension); 1DH (H for 
horizontal, 1 horizontal dimension. The variables are in te­
grated over the water depth); 2DV (V for vertical); 2DH (H 
for horizontal, 2 horizontal dimensions. The variables are in­
tegrated over the water depth); and 3D (three-dimensional. 
For instance, the velocity components are computed in the 
three directions x.y.z, at any location in the x.y.z space);

• Hydrodynamic processes: waves, tidal currents, wind-in­
duced currents, and wave-current interactions;

• Sedim entary processes: suspension, bedload, and heteroge­
neous sediment mixtures;

• Bed evolution, related to (divergent) sediment transport.

F ull p rocess-based  m odels (FPBM)
Theoretically, full process-based models rely upon processes 

alone which, in principle, should enhance the ir generic appli­
cability. These models s ta rt commonly, from a num ber of more 
or less standard  models of the constituent processes (waves, 
current, sediment transport); these are coupled through a bot­
tom evolution equation.

D e  V r íe n d  and B a k k e r  (1993) have identified two types of 
full process-based models: initial sedimentation erosion (ISE) 
models; and medium-term morphodynamic (MTM) models. ISE 
models assume a fixed bed level whereas, in MTM models, the 
bed level is updated, on a time-scale which cannot be substan­
tially larger than  the hydrodynamic time-scale. MTM model 
applications are used regularly, nowadays, on time-scales of 
5-20 years; this is due, not only to enhanced computer power 
and model robustness improvement, but also because of more 
reliable input reduction techniques (see, for example, L a t t e u x  
(1995), for tides, and C h e s h e r  and M il e s  (1992), for waves). Ap­
plication of these models at longer time-scales is still ham pered 
by the fact th a t inaccuracies accumulate within a long-term 
morphological prediction; th is is because of the approxima­
tions of the implemented physics, inaccuracies of the numerical
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schemes and schematised boundary forcing (input reduction). 
When these inaccuracies become of a similar order of magni­
tude as the physical phenomena being studied, it is not appro­
priate to extend further (in time) a process-based simulation.

Morphostatic models (ISE) permit the investigation of the 
initial response of system, to a perturbation/hum an interven­
tion, i.e. not to determine towards which equilibrium, or in­
stability, the system will develop. The solution to these lim ita­
tions is to utilise morphodynamic models. However, in practice, 
there is often a need to interpret the results of initial transport 
computations, without having to resort to full morphodynamic 
simulations. One approach is to investigate the initial sedimen­
tation/erosion rates; however, th is method is flawed, in many 
respects: initial disturbances of the bathym etry have led to a 
very scattered pattern. For example, D e  V r íe n d  et al., (1 9 9 3 )  
have studied the morphodynamics of a ‘sandy bum p’, subjected 
to a steady current. These investigations have shown th a t sedi­
mentation/erosion patterns tend to migrate in the direction of 
transport; th is is a behaviour which is not represented in the 
initial sedimentation/erosion patterns. Thus, several methods 
have been developed, to extend the time-scale towards a longer 
morphodynamic time-scale. L a t t e u x  (1 9 9 5 )  has proposed sev­
eral methods, such as tide-lengthening. This approach, which 
is adequate to study propagative features such as sandbanks 
(L a t t e u x , 1 9 9 5 ), consists of increasing the morphological time- 
step, by a so-called morphological factor (typically, N = 1 0 0  to 
1000); this is such th a t full process-based morphodynamic mod­
els can now be applied, at time-scales of ~ 5  to 10  years (me­
dium-term models). Such methods are implemented in many 
morphodynamical models. R o e l v in k  (2 0 0 6 )  developed another 
method, which assumes th a t the overall flow and wave patterns 
do not change for small bed level changes. This assumption is 
used also in the “continuity correction” of many morphological 
models. The tidally-averaged transport rate is a function of the 
flow and wave patterns (which do not vary on a morphological 
time-scale), and the local water depth (which varies on a mor­
phological time-scale). Thus, given a certain set of current and
wave conditions, transport
function of water depth (

at a nartiqular location is only a
S  = A ( x  , y j / l  b ); here, h  denotes 

water depth and b is a cbnstant. In th is case, the value of A 
at each horizontal point (x,y) can be derived directly from the 
local water depth and the initial transport rate, which may be 
computed using a sophisticated transport model. This approach 
means th a t the downslope preference of bedload (within the ini­
tia l transport rate), as well as wind-driven current effects (with­
in the transport rate, averaged over a tidal cycle) is included. A 
combination of the sediment balance equation, together with 
the equation cited, requires very little computational effort (this 
method has been implemented in Delft3D-RAM, Rapid Assess­
m ent Module). Within morphodynamically active areas, such as 
estuaries and outer deltas, the RAM method may still work well 
enough to be applied as a rapid updating scheme. As soon as the 
seabed change becomes too large, full simulation of the hydro­
dynamics and sediment transport is carried out for a num ber of 
input conditions. A weighted-average sediment transport field 
is then determined, which is the basis for the next RAM compu­
tation over, for example, a year. An important observation can 
be made th a t (costly) computations, to update wave, flow and 
transport fields, can be carried out in parallel; this, in addition 
to the simplified updating scheme, leads to a significant reduc­
tion in the simulation tim e (compared to a FPBM approach). 
With this approach, i.e. the coupling of the hydrodynamic 
FPBM Delft3D and the RAM module, morphodynamic sim ula­

tions (covering decades to centuries) are feasible, in term s of 
computational effort. However, experience of applying such a 
process-based model, on time-scales longer than  50 years, is 
limited.

Finally, all of these models suffer from variability in, and er­
rors associated with, the input and the boundary conditions.

Id ea lised  p rocess-based  m odels (IPBM)
Idealised process-based models are morphodynamic mod­

els, intended especially to describe the dynamics (generation, 
growth, m aintenance) of regular sea-bed patterns. Such mod­
els are based also upon physical equations, such th a t they 
have almost the same lim its as the full process-based models, 
in relation to lack of knowledge (or param eterised incorpora­
tion) of small-scale processes. However, the models are devel­
oped and used for well-defined applications, to isolate certain 
phenomena, e.g. sandbank generation. Compared to the full 
process-based models, idealised models assume simplified ge­
ometry, inputs and boundary conditions; and such, IPBM are 
generally much less expensive, computationally. The simpli­
fied inputs imply th a t the hydrodynamic forcing is quite sim­
plified, and that, at least un till now, the extreme events are 
not described explicitly. As inputs are simplified, th is implies 
they have been designed mainly to provide information (pre­
ferred wavelength, orientation, saturation  height, or shape for 
certain conditions) on the free behaviour (natural evolution 
without any tem poral change in the forcing) of the system 
(e.g., sandbank generation over a flat bed).

The IPBM models assume an initial sea-bed perturbation 
which is, mathematically, infinitesimal with, for instance, the 
amplitude being several orders of magnitude less than  the 
w ater depth. Subsequently, the aim of these models is to de­
term ine whether this seabed perturbation will grow, or decay, 
with time; likewise how it will evolve. Hereinafter, as a starting 
point of a stability analysis, a physically-relevant and exact so­
lution of the constituent equations is required. For example, for 
an application to offshore bedforms, the basic state (the solution 
of the zeroth-order equations) is th a t of a flat bed. Therefore, 
the hydrodynamic and bed evolution equations are solved for 
an initial flat bed, leading to horizontally-uniform solutions. 
This basic state is perturbed by arbitrary small periodic bed 
waves, denoted by a 2D wave-vector (the module is inversely 
proportional to the wavelength and the direction is perpendicu­
lar to the bedform crests), allowing for all combinations of bed 
wavelengths and orientation. For some wave-vectors, these per­
turbations decay with time; for others, the basic state becomes 
unstable and some of the disturbances will grow. Thus, evolving 
into a regular pattern  of finite amplitude. An im portant aspect 
of the idealised process-based models is th a t the equations are 
solved partly in spectral space (the space of wavelength and the 
orientation of bedforms) and partly in the physical space, in­
stead of in the physical space of the full process-based models 
(e.g., Delft3D). For cases of uniformity in both horizontal direc­
tions, the equations are even solved fully in the spectral space. 
(Dodd et al. (2003) have undertaken a review of the different 
types of stability analysis). The two main classes are the linear 
and the non-linear stability models. The first approach yields 
information on the initial stage of formation (linear interactions 
only): for instance, for bedform generation, the assumption of a 
bedform amplitude much smaller than  the water depth is rela t­
ed directly to th is linear approach. If larger bedforms are con­
sidered, non-linear interactions occur and higher-order term s 
in the bed amplitude have to be taken into account.
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C onceptual m odels (CM)
The conceptual models, also referred to as behaviour-ori­

ented models, attem pt to describe the general behaviour of a 
phenomenon, w ithout entering into details of the underlying 
physical processes. The derivation of these models is based of­
ten upon both m easurem ents and physical conservation (for 
instance the sediment-m ass balance). H a n s o n  et al. (2 0 0 3 )  
have provided an overview of these methods, for use in coastal 
regions.

A typical conceptual model focussing upon offshore dredg­
ing has been developed by K n a a p e n  and H u l s c h e r  (2002). 
These investigators developed a model describing the regen­
eration of sand waves, following the ir removal, to increase the 
w ater depth for navigation. Based upon the stability model 
of H u l s c h e r  (1996), together with the knowledge th a t sand 
waves reach equilibrium with a finite height, K n a a p e n  and 
H u l s c h e r  (2002) assum ed th a t the sand wave am plitude A fol­
lows the equation:

ÔA 3
—  =  a , A  -  a nA  
d t  1

Where A is the bedform amplitude, coefficient is related 
to the linear growth and a„ to the equilibrium height. This 
generic equation, referred usually to as the Landau equation, 
appears in many weakly non-linear stability analyses (D odd  
et al., 2003), in which the coefficient a„ can be derived from 
the (mathematical) weakly non-linear analysis. K n a a p e n  and 
H u l s c h e r  (2002) showed how the coefficients a.¡ and a„ can be 
derived, using data and the linear model. The coefficient a l  
could be deduced from the stability model of H u l s c h e r  (1996). 
Alternatively, the coefficients at and a„ could be estim ated by 
fitting th is model to the results of any other model. This re ­
m ark is important, if there is only lim ited information avail­
able on the regeneration of larger sand patterns, for which the 
time-scales are even larger.

ASMITA (Aggregated Scale Morphological Interaction be­
tween a Tidal inlet and the Adjacent coast; S t iv e  and W a n g , 
2003) provided another example of a behaviour-oriented mod­
el. This model describes the evolution of a tidal inlet, towards 
a new equilibrium forced by external conditions or geometric 
interventions. This concept was applied firstly to the Wadden 
Sea by E y s in k  (1990), who derived an analytical expression for 
the morphological evolution of a disturbance, from the equi­
librium state for a single element. ASMITA is an extension 
and aggregation of the ESTMORF model (S t iv e  et al., 1998). 
Aggregation is related to the fact th a t each morphological ele­
m ent is characterised by only one variable, i.e. its equilibrium 
volume. The underlying principle is th a t each element (delta, 
channel, flat) attem pts to reach a new equilibrium state. Al­
though ASMITA was originally not designed to investigate the 
effects of sand extraction, the concepts can be applied also to 
th is problem. Instead of identifying morphological units, the 
schém atisation can be based also upon a com putational grid. 
The exchange between the cell-interfaces is determ ined by ad- 
vection and diffusion of the sediment. The advective sediment 
exchange can be estim ated from the residual tidal motion p re­
dicted by a process model (e.g., Delft3D or Telemac). Sediment 
diffusion is based upon an estim ate of the equilibrium sedi­
m ent concentrations, which depends upon the ratio between 
the actual w ater depth and an equilibrium depth (typically, 
the undisturbed am bient w ater depth).
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All of these conceptual models are based upon a num ber of 
assumptions, such as, for instance, th a t a dredged sandwave 
will recover its original amplitude; these have to be checked 
carefully, independently when, using these models.

O ffsh ore Im pact o f  O ffsh ore Extraction

O ffshore extraction  on  a flat bed
The offshore impact of offshore extraction, on a flat bed, has 

been studied using the two types of models: full process-based 
and idealised process-based models. For conceptual models, 
indications on possible future use are provided.

F ull p rocess-based  m odels (2DV, 2DH and 3D). Sev­
eral levels of complexity of full process-based models have 
been applied to, then compared with sim ilar cases. Van Rijn 
et al. (1999), studied the morphodynamics of a trench, using 
SLTTRENCH; th is  is a 2DV model, based upon advection- 
diffusion equations for computing the bed sedim entation in 
channels under varying wave and flow conditions. The model 
calculates, in a tim e-dependent mode, sediment transport in 
response to currents and waves, as well as changes in bed lev­
els. Using th is model, the influence of the channel dimension 
on sedimentation and the induced horizontal displacement of 
the channel, over 50 years, has been studied (Figure 2). The 
study predicts th a t the w ater depth outside the mining pit has 
the greatest influence on its morphological evolution (Figure 2,
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Figure 3. Plan view of LDS (LDS is the p it location), m easurem ent locations and m easured tracks.(a) : overview of p it location (LDS is pit location; 
LEG is the  offshore wave station); (b) : p lan  view of LDS, with m easurem ent locations (blue) and tracks (red), (from W alstra et al., 2002).
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F igure  4. Sedim entation-erosion  an d  yearly  re s id u a l tra n sp o r t ca lcu la ted  in  2D H  (a) an d  3D (b). (from V an Rijn et al., 2003)

upper panel); th is is in response to the effect of w ater depth on 
the sediment transport capacity. In contrast, the pit geometry 
and its dimensions have much less effect on the morphologi­
cal evolution of the pit. Figure 2 (lower panel) shows also th a t 
wide p its have a larger morphological time-scale than  deep 
pits, which have also a sm aller migration rate; th is  is “favour­
able” as it minimises the impact on the coastline. However, 
comparison with 2DH models shows the importance in repro­
ducing the flow contraction th a t occurs in the trench, which 
was not included in the SLTTRENCH simulations.

W a l st r a  et al. (2003) validated the Delft3D model in both 
depth-averaged (2DH) and 3D-mode. In the sediment tra n s­
port module, the model takes into account bedload, suspension 
and wave effects. The 2DH model has been used to study the 
sedimentation-erosion, as well as the annual residual tra n s­

port, in an offshore pit in the North Sea; th is was located 10 
km off the Dutch coast, near the Hoek van Holland (Figure 3). 
These results (Figure 4a) have been compared to the results 
obtained with the 3D model, Delft3D (Figure 4b). Both models 
predict th a t most changes occur in the imm ediate vicinity of 
the pit, with erosion just outside the pit and sedimentation 
mainly on the pit slopes. However, the 3D sim ulation resulted 
in significant larger changes in the morphology. In particular, 
sedim entation on the longshore pit slopes is more pronounced 
in the 3D results; th is is caused mainly by secondary cross­
shore flows, related to the presence of the pit and density-driv­
en flows (visible clearly in the residual transports patterns). 
The 2DH sim ulation predicts northeasterly  transport, parallel 
to the m ain tidal direction; th is  leads to morphological chang­
es occurring mostly on the pit slopes, perpendicular to the

x io* 2DH morphodynamic model results
4.54
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Figure 5. Plan view of the evolution of a sandpit, created on a flat bed, subject to tidal flow (M2 and M4). The deeper parts are shown in black, with 
the shallower parts white, the undisturbed seabed is grey. Domain size: approximately 70 x 70 km 2. (Roos and Hulscher, 2003).

m ain tidal direction, related to the acceleration and decelera­
tion of the flow. However, the 3D sim ulation predicts th a t the 
p it location LDS attracts  sedim ent from all directions, which 
results in southward transport over the northern p art of the 
pit. Based upon surveys of the pit area, W a l st r a  et. al. (1997) 
concluded th a t the 3D morphodynamic sim ulations provided 
a more accurate prediction. However, such a conclusion can­
not be validated definitively, because of the absence of reliable 
m easured seabed changes (i.e. the observed bed changes were 
of the same order as the m easurem ent error). Moreover, the 
relative small time-scale considered (one year) was too short 
to draw any definite conclusions.

Id ealised  p rocess-based  m odels. Using an idealised 
process-based modelling approach, Roos and H u l s c h e r  (2004) 
investigated the morphodynamic effects of creating a large-

scale sandpit (2m deep, 15km length, and width of 1km), in 
a flat region of the offshore seabed (in a w ater depth of 20m). 
The results show th a t flow contraction occurs, increasing the 
w ater flux inside the pit. Such convergence of the stream lines 
of the depth-averaged flow, inside the pit, can be explained by: 
the continuity law of the flow entering and leaving the pit, the 
reduced friction inside the pit, due to the increased depth, and 
the adaptation length.

The morphodynamic implication of th is phenomenon 
is a gradual deformation of the sandpit in the preferred di­
rection of sandbank formation, together w ith the appearance 
of additional hum ps next to the pit (Figure 5).This morphody­
namic response is related directly to the inherent instability of 
an initially flat seabed, which develops into a pattern  of tidal 
sandbanks over a time scale of about 1000 years ( H u t h n a n c e ,
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Figure 6. Predicted relative bottom changes due to sand extraction (bottom changes of the land reclamation are ignored, extraction area indicated by 
green polygon): (a) plot of the predicted changes, after 50 years, with Delft3D-RAM: (b) plot of the predicted changes, after 300 years, with ASMITA.
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1 9 8 2 ) .  The results display also pit migration in the direction 
of the tidal asym m etry with the response depending upon the 
p it geometry. Futhermore, the inclusion of sandwave forma­
tion processes leads to higher ra tes of p it migration (Roos et 
a l, 2 0 0 5 ) .

C onceptual m odel. To date, conceptual models relating 
to an offshore sand pit have still to be published. The lack 
of m easured data makes it difficult to validate such models. 
Some conceptual models have been applied to study seabed 
dynamics, in the case of sand pit extraction (see the ASMITA 
model (next paragraph on combined models)), but they are not 
designed to reproduce the dynamics of the pit itself. A possible 
approach could be to examine a sand pit resulting from m in­
ing, as an initial perturbation from the equilibrium flat bed. 
Assuming th a t the interference effects (Figure 5) of Roos and 
H u l s c h e r  ( 2 0 0 4 )  are avoided, relaxation theory assumes then 
th a t the infilling of the pit will be:

In the case of a negative growth param eter (aJ<0), the depth 
D of the pit will decrease, exponentially to zero. The value of 
th is growth param eter has to be estimated; presently, th is can 
not be determined from measurements. As the seabed dynamics 
on the length scales being examined will take place on very long 
time-scales (over decades), a reliable calibration would require 
surveys spanning decades. Nevertheless, process-based models 
reveal th a t the dynamics of such a pit depends strongly on the 
shape, size and orientation of the pit (Roos and H u l s c h e r , 2004; 
V a n  R i j n  et a l, 1 9 9 9 , W a l st r a  et a l, 2003). This conclusion im­
plies th a t calibration of the conceptual model should be applied 
to a wide range of pit sizes, shapes and orientations. It will be 
a long time before such measurements, on a wide range of pits, 
would be available, i.e. regarding the num ber of all possible pit 
size, shapes and orientation to span, as well as the long mor­

phological time-scale associated to pit dynamics. Alternatively, 
the conceptual model could be fitted against a combination of 
outputs from process-based models. Once the conceptual model 
is tuned against results of various process-based models runs, 
it could be a rapid, yet reliable, and therefore a useful decision­
making tool for seabed mining management.

Com bined m odels. In W a l st r a  et a l  (1 9 9 7 ) ,  Delft3D (a 
full process-based model) and ASMITA (a conceptual model) 
were applied simultaneously, to investigate the large-scale ex­
traction of 1 billion cubic m eters of sand for land reclamation 
(Maasvlakte-2), at the Rotterdam  harbour in the N etherlands 
(Figure 6). Delft3D-RAM simulations, over 50 years, predicted 
th a t the effects of the sand extraction (a lowering of 10 m, in­
side the green box in Figure 6) were confined to the immediate 
surroundings of the extraction area. The ASMITA simulation, 
covering a 300 year period, reveals th a t the morphological ef­
fects are present over a significantly larger area (the effects on 
the coast were not included). An im portant advantage in using 
the ASMITA conceptual model was the possibility to perform 
a sensitivity analysis, over the 300 year period. The sensitiv­
ity analysis concluded th a t the model predictions were robust, 
i.e. param eter variation resulted in linear, or almost linear, 
effects on the model output.

O ffshore ex traction  on  sandbanks
Sandbanks are characteristic of continental shelves with a 

high supply of sand and sufficiently strong tidal currents. The 
Belgian continental shelf, in the southern part of the North 
Sea, is covered abundantly with these large structures and 
has been studied extensively (L a n c k n e u s  et a l,  2001). All three 
model types (full process-based, idealised process-based, and 
conceptual models) have been used for studying the offshore 
extraction from sandbanks.

Full process-based models (2DH). FPBM models are used 
often for investigating the behaviour of the sea bed; the ir ap­
plication to sandbank morphodynamics is not straightforw ard

A il 8_

F igure  7. D im ensionless grow th ra te : (a) idealized  process-based  m odel (linear s ta b ility  analysis): (b) fu ll p rocess-based  m odel (Telemac). Note: on 
th e  F igure , wave num ber k  is  in  th e  direction of th e  tid a l cu rre n t, w hereas wave n um ber 1 is perpend icu lar. W ater depth=30 m. G ra in  size=0.5 mm. 
S trik le r  coefficient=55 m l/3 s - l . D epth  in te g ra te d  veloei ly= I m /s. M orphological I i m e-seale=303 years, (from Id ier a n d  A struc,2003).
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and only lim ited applications have been undertaken, espe­
cially on the influence of sand extraction from sandbanks. 
However, p art of the dynamics has been studied; for instance, 
the ability of a FPBM to reproduce sandbank generation (Idi- 
e e  and A s t r u c ,  2003). Hydro-sedimentary patterns of dredged 
sandbanks have also been modelled ( D e l e u  et al.,  2004); these 
studies as described below.

Based upon idealised process-based model results (linear 
2DH stability analysis), together with those of a full process- 
based model (Telemac), I d ie r  and A str u c  (2003) have studied 
the linear and non-linear behaviour of large-scale underw ater 
bedform patterns, such as sandbanks. The model is based upon 
depth-integrated hydrodynamic equations, with a quadratic 
bottom friction law (Telemac2D), together with a bed load sedi­
ment transport model including a bottom slope effect (Sisyphe, 
a module of the Telemac package). Firstly, the stability of a flat 
sand bed subject to a simple tidal current was computed, using 
the Telemac model. Small amplitude sinusoidal bedforms are 
superimposed upon the flat bed. They are characterised by a 
single wavelength and orientation, relative to the current. The 
growth rate of this eigenmode has been defined as:

d h  _  -  
—  +  C0.V/? =  co /?
d t

^ w ith  h the bedform amplitude, CO the growth rate  and 
C0(? the migration rate. Good agreem ent with the linear s ta ­
bility results was found (Figure 7). Secondly, the Telemac 
model was used to investigate the non-linear behaviour of the 
instability, for a simple tidal current; more specifically, to es­
tim ate the saturation height of the theoretically most-ampli­
fied mode. Thirdly, a Landau equation, whose coefficients are 
computed from the previous results, was used to predict the 
tem poral evolution of the bedform am plitude from its initial 
infinitesim al am plitude to saturation. A comparison with the 
characteristics of continental shelf sandbanks shows th a t the 
model provides a reasonable estim ation of the tem poral dy­
namics of these large-scale bedforms. The saturation  height 
appears to be slightly overestimated, which is due to the study 
hypothesis (the study is focused on the tem poral variations of 
one mode, assum ing th a t the “linearly most amplified” mode 
will be the dominant mode in the non-linear regime). How­
ever, th is study has shown th a t full process-based models are 
able to reproduce the generation of bedforms, whose charac­
teristics are close to those of the sandbanks; it has shown also 
a part of the sandbank height saturation processes, since for 
large enough amplitudes, the model is able to provide negative

'f g m '

F igu re  8. D efinition ske tch  of a san d p it, as c rea ted  in  a one­
dim ensional equ ilib rium  profile of a tid a l sa n d b an k  (after Roos, 2004): 
(a) p it  geom etry h_pit(x), show ing w idth  B, depth  H  (and  slope leng th  
S), (b) th e  sam e p it, now  crea ted  a t th e  crest of a tid a l sa n d b an k  in 
m orphodynam ic equ ilib rium  h_eq(x). Notes: (i) th e  p it  location re lative, 
to th e  b an k  profile, is an ad d itional ch a rac te ris tic  of sa n d  ex trac tion  
(com pared to th e  fla t-bed  case) an d  (ii) th e  m odel assum es alongbank 
uniform ity , i.e. th e  b an k s an d  p its  a re  in fin ite ly  long.

growth rate  for modes which were amplified initially. F u rth e r­
more, th is publication provides an example of how to combine 
various approaches (here, full process-based model (Telemac), 
idealised process-based model (linear stability analysis), and 
conceptual model (Landau equation)).

The Hinder Banks (lying to the North Sea) and the Flemish 
Banks are non-idealised sandbanks studied within the frame­
work of the CSTAB project (and also the BLTDGET -L a n k n e u s  
et al., 2001- MAREBASSE -V a n  L a n c k e r  et a l,  2007- or ELT- 
MARSAND projects). Within the CSTAB project, W il l ia m s  et al. 
(2000) applied a three-dimensional model to the Middelkerke 
Bank. The model included tidal currents, wind waves and sedi­
ment transport. The results reveal the presence of a clockwise 
residual circulation of w ater around the bank, which is consist­
ent with theory. Further, all of the studies undertaken showed 
th a t the sandbanks are areas of a changing spatial depositional 
budget, due to complex hydrodynamic forcing. Likewise, sand­
banks should be seen as part of a system of swales and sand­
banks. Such results assist in understanding the temporal and 
spatial evolution of tidal sandbanks.

Another example of a full process-based model applied to 
sandbanks is a study undertaken by D e l e u  et al. (2004) in 
which the W esthinder Bank (Belgian continental shelf) has 
been modelled using a m orphostatic model; th is consists of an 
hydrodynamic module, mu-HAB, and a sedim entary module, 
mu-SEDIM. These investigations provided information on 
current pattern  and sediment circulation around the bank.

Id ea lised  p rocess-based  m odel. In the field, two types 
of sandbanks are found: tidal sandbanks (sandbanks oriented 
counter-clockwise to the main current in the N orthern Hemi­
sphere) and shoreface-connected ridges (sandbanks lying 
closer to coastline and oriented clockwise to the main storm 
induced current). The extraction of m arine aggregate has been 
studied for both of these features.

The stability model presented above (Section 2.3.1) consid­
ers a flat bed and, as such, is thus not suitable for studying 
the impact of sand extraction from tidal sandbanks. For th is

O.i

X  0« .  
c

0

F ig u re  9. P red iction  of th e  sa n d  wave grow th in  B isanse to  C hannel 
(Japan). The m odel is b ased  upon th e  L an d au  equation  (dashed  line) 
an d  th e  lin ea r  tre n d  analysis (do tted  line), bo th  b ased  upon a m odel 
p a ra m e te r  tu n n in g  on th e  firs t th re e  m easu rem en ts  (before 1968). 
(from K naapen  a n d  H ulscher, 2002).
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purpose, the finite am plitude equilibrium profiles were ob­
tained, w ith the non-linear sandbank model provided by Roos 
et al. (2005). Sand extraction from a tidal sandbank can be 
seen as a local perturbation of such a profile (Figure 8). Roos 
(2004) showed that, after creating such a pit, the system shifts 
to a new equilibrium state. The corresponding time-scales are 
of the order of a century; they are shortest for deep and narrow 
pits created in the crests of the banks. It is im portant to realise 
th a t the above model approach considers sand extraction from 
each individual bank, within a periodic profile; thus, all of the 
banks are considered to be identical. As a result, the potential 
interaction between a sandbank, with a pit and surrounding 
banks (without a pit), cannot be studied. Such a lim itation 
(lack of localisation) is inherent in such an idealised model.

Elsewhere, a stability analysis approach has been used by 
D e  S w a e t  and C a l v e t e  (2003) to study the impact of extraction 
on shoreface-connected ridges. The model is based upon non­
linear stability analysis. The main processes taken into ac­
count were: storm-driven currents; 2DH shallow-water equa­
tions; bedload and suspended sediment transport; the action 
of waves; net currents; and seabed slopes. In particular, these 
investigations have shown that, following the local removal 
of sand, the system tends to return  to its original equilibrium 
state. This gradual process, occurring over several centuries, 
is associated with a supply of sand, from both the outer shelf 
and the nearshore zone. Thus, extraction of sand from the 
shelf (shoreface-connected ridges), together with the dredging 
of navigation channels, may have negative implications for 
the stability of the adjacent beach.

C onceptual m odels. To the knowledge of the authors, 
there is only one conceptual model which has been proposed, 
in relation to offshore dredged sandbanks (H o m m es , H u l s c h e r ,  
and S t o l e ,  submitted). Previously, K n a a p e n  and H u l s c h e r
(2002) applied a conceptual model to dredged sandwaves, as­
suming th a t they will recover the ir initial amplitude, after
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Figure 10. Results obtained from an amplitude-evolution model. In 
the model runs, the  am plitude before dredging (A0) was taken as 7.5 
m, which is sim ilar to the amplitude of the Zeeland ridges (see text). 
The scenarios shown are: scenario 1 (dredging depth=2m); scenario 
2 (dredging depth=5m); and scenario 3 (dredging depth=9m). (from 
Hommes, Hulscher, and Stolk, submitted).

dredging. The growth of such tidal sandwaves followed a logis­
tic equation, as illustrated  in Figure 9:

ÔA 3
—  =  a , A  -  a nA  
Ô T  1

In H o m m e s , H u l s c h e r , and S t o l e , submitted, th is model is 
adjusted to predict the regeneration of ‘sand ridges’ (techni­
cally, the same as sandbanks), following dredging (Figure 10). 
P aram eter settings have been estim ated from the sandbank 
study of H u l s c h e r  (1996). A value for the linear growth p a­
ram eter a l  was estimated, based upon the physical processes 
and for typical North Sea conditions. The non-linear damping 
param eter a2 was estim ated from bathym etric data available 
for sandbanks. Assuming th a t the sandbanks are in equi­
librium with prevailing current conditions, i.e. no temporal 
change, the equation reduces to:

The coefficient a„ was estim ated by assum ing an equilib­
rium  sandbank height of 15 m, th is is a typical height for the 
Zeeland ridges. The model gives the recovery period, which 
is the tim e taken for the dredged bedform to reach its former 
height. The influence of the dredging depth on the recovery 
period was investigated, e.g., assuming th a t the crest of the 
sandbank will be lowered by 2 m and, using these coefficients, 
the recovery period would be about 400 years. After tuning 
the model against a combination of field m easurem ents, ideal­
ised process-based models and full process-based models, the 
model’s simplicity makes it a very useful tool for designing 
optim al sandbank m ining strategies.

This approach, based upon a logistic equation, assumes a 
lowering of the complete sand bank. The dependency on hori­
zontal pit size (shown in Figure 2) can be incorporated only by 
pit-size dependent model coefficients; likewise, the effect of pit 
migration needs to be negligible.

D iscussion  on  nearshore im pact o f  o ffsh ore extraction
The influence of waves on sediment transport is stronger, 

generally, in the nearshore area. However, not all of the avail­
able offshore models integrate such wave-induced sediment 
transport processes. However, the offshore models can assist 
also in the evaluation of coastal dynamics, as they are able 
to explain how mining activities influence sediment transport 
patterns towards the shore. One impact of a bed depression on 
the adjacent coastline is the modification of the induced wave 
propagation. Such modification could have a drastic effect on 
the shoreline. The study of the relationship between the near­
shore area and offshore sand extraction is still under investi­
gation, e.g., using field m easurem ents, it is difficult to relate 
properly offshore sand extraction and beach evolution.

Full process-based modelling has been used previously with­
in the CSTAB project (M acD o n a ld  and O 'C o n n o r , 1996). The 
project included modelling and field experiments undertaken 
on the Middelkerke Bank (the Belgian continental shelf) and 
the adjacent Nieuwpoort beaches. On the basis of field obser­
vations, these investigations concluded th a t sandbanks afford 
substantial protection to the coast and th a t this effect may be 
reduced by rising mean sea level and dredging activities.

The relationship between sandbanks and the shoreline was 
investigated also in the project “U nderstanding the Behaviour
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Table 1. S y n th e s is  on th e  lo n g -term  a p p roaches .

A d v a n ta g e D r a w b a c k O u tp u ts T im e /sp a c e  sc a le

L esser et a l. (2004), 
w ith  Delft2D/3D 
(full process-based)

Q uite  reliab le  resu lts , on 
th e  short- or m id-term  
(Van R ijn  e t a l ., 1999; 
Tonnon e t a l., 2007; 
S u th e rla n d  e t a l., 2004; 
N icho las et a l ,  2004)

H ighly sensitive to quality  of local boundary  and  
in itia l conditions
Tim e-consum ing, for sensitiv ity  analysis

C u rren t
W ave
S edim ent flux 
B ed evolution

F ew  m eters to hundreds 
km
M inutes to decades

R oos a n d  H ulscher 
(2004) (idealised 
process-based)

Process analysis 
(geared to describe an 
iso la ted  phenom enon, 
in  an  idealized  case, eg, 
sand b an k  dynamics)

H a rd  to se t up a  stab ility  analysis model.
Problem  of vahdation  of th is  approach (Peters and  
H ulscher, 2006).
cannot be  used  in  site-speciffc situations, e.g. the  
K w inte B ank.

C u rren t 
S edim ent flux 
B ed evolution

F ew  m eters to hundreds 
km
Decades to cen tury

Hommes et al.
(subm itted)
(conceptual)

N ot tim e-consum ing. 
E asy  to use

F ie ld  d a ta  requ ired
R equire qualita tive support from  process-based 
m odel resu lts , or from  field  experience (check 
i f  th e  m odel is  appropria ted  for th e  considered 
configuration ?)

p it/sandbanks
am plitude

E vent scale, or long-term

and Engineering Significance of Offshore and Coastal Sand 
Banks” (W h it e h o u s e , 2001). The influence of bank changes, 
on coastal sediment transport and morphodynamics was as­
sessed using num erical coastal process-based models (S o u t h ­
g a t e  and B r a m p t o n , 2001), which showed th a t the beach gen­
erally supplies the banks, if the sand is exchanged between 
the beach and the bank. O ther field studies have confirmed 
th is behaviour: beach-bank exchange occurs, for example, at 
Donna Nook on the Lincolnshire Coast (DTK).

Idealised process-based models, not specifically nearshore 
models, can also be used. For example, a stability analysis 
has been performed on shoreface-connected sand ridges by de 
Swart and Calvete (2003). In addition to the offshore impact, 
th is study provides information on the nearshore impact of 
offshore extraction on the ridge.

H a n s o n  et al. (2003) have provided an overview of nearshore 
models (especially, conceptual models), to study the impact on 
the shoreline, including waves.

Main characteristics o f  the three approaches: exam ples
Examples show how the three approaches complement each 

other. Table 1 lists some of the ir characteristics: advantages, 
disadvantages, outputs, and time/space scales; the la tte r are 
somewhat related. This relationship can be shown using lin­
ear stability analysis, where the morphological time-scale is 
related to the spatial scaling. For instance, in Idier and Astruc
(2003), the morphological time-scale (hundreds of years) is re­
lated to the tidal excursion length (hundreds of kilometres).

In general, engineering studies use FPBM to analyse mor­
phodynamic changes; they appear more reliable, because they

Model validation for sandbank/sandpit generation

Model application for aggregate extraction impact on sandbanks

CM: Field observation on 
equilibrium sandbank height

FPBM: hydrodynamica! model 
Regional hydrodynamic

IPBM: li near stability analysis 
-» Sandbank generation 

Initial Sandpit behaviour

FPBM: morphodynamic 2DH/3D model 
-» Sandbank generation 

Initial Sandpit behaviour

CM: Landau equation use 
— Long term sandbank 

height evolution and 
associated time scales (eg: 

recovering time)

IPBM: non linear stability 
analysis 

Long term sandbank 
behaviour and associated 

time scales (eg: recovering 
time)

FPBM: cross-shore model 
Impact of offshore hydrodynamic and sediment 

fluxes changes on nearshore dynamics

FPBM: morphodynamic 2DH/3D 
model

* Impact on wave and current field, 
up to nearshore 

Short-term sandbank behaviour 
(extreme events like storms)

F ig u re  11. S chem a exam ple of m odel coupling for th e  im p ac t s tu d y  of offshore agg regate  ex trac tion , in  a  sa n d b an k  a rea . T erm s: IPB M  - Idealized  
p rocess-based  m odel ; F P B M  - F u ll p rocess-based  m odel; a n d  CM - C onceptual m odel.
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contain descriptions of all the processes. Occasionally, a CM 
is used: ASMITA for problems around tidal inlets (K r a g t w i.jk  
et al., 2004), and the one-Line model (D e m ir  et al., 2004) for 
coastal changes. The IPBM has so far been used only rarely; 
these models are a combination of the CM (which is intuitive 
and easy to understand) and the complete FPBM. The models 
contain most, bu t not all, of the processes; they are difficult to 
understand  (less intuitive), especially if non-linear effects are 
incorporated. However, they can provide relevant information 
(to orders of magnitude) on long-term tem poral and spatial 
scales ( P e t e r s  and H u l s c h e r , 2006).

Each of these model approaches is dependent upon location 
and the hydro-sedimentary conditions of the surroundings. For 
instance, FPBM models need sufficiently refined bathym etric 
data, in order to establish relevant computational grids. IBPM 
can require also a range of regional data, in case it is applied 
“point by point”, as in V a n  d e r  V e e n  et al. (2006). Here, a s ta ­
bility analysis model is applied to the whole of the North Sea, 
using GIS data for input param eters. For example, CM models 
require sedim entary data (ASMITA), or the tem poral evolu­
tion of the bathym etry (the Landau approach).

LTpon the model being set up, a general problem with them  
is the ir validation: in the absence of long-period time-series, it 
is difficult to ascertain the model accuracy.

D ISC U SSIO N  O N  TH E USE O F MODELS  
TOWARDS COASTAL STATE INDICATORS  

Coastal State Indicators
From a Coastal Zone M anagement (CZM) perspective, the 

possibility of sand extraction is determ ined by physical, socio­
economic and adm inistrative contexts. Rational CZM will be 
based upon an integrated  analysis of the various components. 
A coastal m anager will require a rational decision-making 
process,that is both transparen t and reproducible. Strategic 
CZM objectives th a t are sometimes vague need to be tra n s­
lated into (specific) operational objectives. An im portant 
component of th is process is the definition of a set of Coastal 
S tate Indicators (CSIs). Each indicator is related to a specific 
coastal-user function, e.g. coastal safety, navigation, offshore 
infrastructure.

The first question on the use of the models is: which model 
or approach is the most appropriate for estim ating coastal 
sta te indicators?

For example, a num ber of indicators are listed below, to ­
gether with examples of models which could be used to esti­
m ate the indicator.
• Sand budget in the offshore, extending to the nearshore 

zone: num erical morphodynamic model (Delft3D) (Class: 
FPBM)

• Wave height: num erical wave model (SWAN, REF-DIF) 
(Class: FPBM)

• Tidal current: num erical current model (Delft3D) (Class: 
FPBM)

• Sandbank height: non-linear stability analysis (Roos et al., 
2004) (Class: IPBM)

• Recovering time, after extraction: Landau equation (Class: 
CM)

• Short-term  sandbank height variability (extreme events): 
num erical morphodynamic model (Delft3D) (Class: FPBM)

These offshore models can be used also as boundary condi­
tions for engineering cross-shore models, to estim ate Coastal 
S tate Indicators:
• beach profile : cross-shore model LTNIBEST-TC, SBEACH,

CROSMOR (class: FPBM);
• coastline accretion/erosion: longshore model GENESIS, 

UNIBEST-CL+, LITPACK (class: FPBM).

D iscussion  on  M odel U se
This review has presented several types of established mod­

els, for assisting in the assessment of the impact of marine ag­
gregate extraction, on either a flat bed or within sandbanks. 
The approaches followed are: full process-based; idealised proc­
ess-based; and conceptual modelling. On the basis of these stud­
ies, the main physical processes to take into account appear to 
be: tidally-, wind-driven flows and flow contraction phenomena, 
requiring a 2DH description; bedload transport (including the 
bed slope effect); and the wave-stirring effect, in the case of ex­
traction on finite amplitude bedforms. All of these models are 
dependent, in a more or less detailed way, upon location and 
hydro-sedimentary conditions of the surroundings.

Each of these model approaches provides relevant informa­
tion, on different aspects of the problem: time-scales; seabed 
stability; and hydrodynamic modification. Thus, it appears 
worthwhile to couple these models, to establish a broader view 
of the system behaviour, e.g. from aggregate extraction to the 
equilibrium return  of the system. Full process-based sandbank 
models were designed initially for short- and mid-term applica­
tions, whereas idealised process-based, together with conceptu­
al sandbank/sand spit models, are designed for long-term fore­
casts. Thus, combining these different model approaches would 
lead to a temporal and spatial continuity in coastal dynamics. 
For instance, th is could help to better assess long-term mor- 
phodynamics, taking into account threshold effects associated 
with extreme events (e.g. breaching generation).

An example of how to use and couple each of the th ree ap­
proaches, to study aggregate extraction impact, is shown in 
Figure 11. The full-process model could be calibrated using 
available short-period survey data. The idealised process mod­
el might be calibrated against the same data or, if required, 
against a combination of the data and some short-period runs 
of the full process-based model. These models should then  be 
able to provide some prelim inary forecasts of the impact of the 
sand mining. However, both models take a long tim e to run, so 
it is impractical to analyse the consequences of all possible siz­
es of pits, together with the ir shapes and orientations. It would 
be more efficient to fit a conceptual model to the process-based 
models, to analyse the wide range of possible pit dimensions. 
Subsequently, the most suitable pit could be analysed, using 
the process-based models, to ensure th a t the results are reli­
able. Running different models, associated with varying the 
model param eters within realistic boundaries, will result in 
an estim ate of the accuracy of the predictions.

However, it should be noted th a t morphodynamic model 
validation is often ham pered by a lack of reliable m easure­
m ents of long-term bathym etrical changes and associated hy­
drodynamica! param eters (primarily, waves and wind). Thus, 
the re  is a need also to acquire and provide such datasets. 
P e t e r s  and H u l s c h e r  (2006) have shown also that, w ithout 
full validation, models can still assist in the decision-making 
process, concerning large-scale sand mining. Indeed, focuss­
ing on the use of a new model (IPBM, stability analysis) in 
decision-making for offshore large-scale sand extraction,
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these investigations have attem pted  to: (1) evaluate w hether 
model validation assists the decision-makers; and (2) explore 
how to improve the model and its use. It appears th a t valida­
tion will reduce only one component of the uncertainties; as 
such, it is insufficient to assist decision-makers. Even if they 
are not validated, models can still provide “early w arnings”. 
This observation is confirmed by the willingness of one of 
the decision-makers involved in large-scale sand extraction 
to use a new model approach (based upon stability analysis) 
th a t is not fully validated  ( P e t e r s  and H u l s c h e r , 2006). Such 
a study has identified how to improve the model, together 
with its use, by decision-makers, based upon the Construc­
tive Technology A ssessm ent (CTA) method. This approach 
m odulates the in teraction between the model design proc­
ess and the decision-making process. S tarting  with a new 
model and interacting  w ith m anagers, leads to feedbacks 
between model design and the  decision-making process, to 
dem onstrate how the new model can be improved. Such an 
improvement has led to the modelling study perform ed by 
Roos and H u l s c h e r  (2003).

To estim ate as many CSIs as are presently available, it is 
possible to use a set of existing models. H o m m e s , H u l s c h e r , and 
S t o l e , submitted, have investigated whether using such a set 
of models is more helpful in addressing management questions, 
than  using only the best model within this set. The selected 
models were assessed in term s of: (1) their applicability to the 
CSIs; and (2) the reliability of their predictions. H o m m e s , H u l s ­
c h e r , and S t o l e , submitted, quantified the prediction skill of 
the models, based upon these two parameters. These investiga­
tions concluded that, by using a set of models, it is possible to 
address more management questions effectively; this is com­
pared to using only the best model available. Using this set of 
models increases substantially the prediction capability.

C O N C LU SIO N S

This review provides an overview of: (1) the model concepts 
available to assess the impact of aggregate offshore extraction; 
(2) how to utilise these models, to obtain an optim al environ­
m ental assessm ent of offshore m arine aggregate extraction, 
in tidal seas.

Three m ain concepts have been identified: the  full proc­
ess-based models; the idealised process— based models; and 
the conceptual models. U ntil now, the idealised process- 
based model has been the approach which has been applied 
most, for investigating the morphodynam ics of a dredged 
flat bed or sandbanks. Full process-based models have been 
used m ainly to study the morphodynamics of a pit, sandbank 
generation and the influence of the dredging of sandbanks 
on hydro-sedim entary patterns. Only a lim ited num ber of 
dredging studies have been undertaken  using conceptual 
models. One exception is a study concerned with the recov­
ery tim e of dredged sandbanks. The m ain conclusion of th is 
review is th a t none of the  models have been validated, to pro­
vide reliable predictions of the im pact of large-scale mining, 
on the morphodynamic stability of the region. However, the 
different approaches complement each other, supplying the 
end-user w ith a range of ‘tools’ for investigating the impact. 
As validation over (long) periods of in terest is not yet possi­
ble, the only way to obtain a reliable insight into the future 
im pacts is to combine the different modelling approaches 
and, concurrently, deal w ith the uncertain ty  of the forecasts.

A suite of models or coupled models appears to provide the 
most complete description of the system behaviour (flat bed 
or sandbanks), following extraction. All of these models are 
still dependent upon location and the hydro-sedim entary 
conditions of the surroundings.

For an optim al environm ental assessm ent, two m ain ap­
proaches are: (1) either combine and couple the models, in 
order to sim ulate the full morphodynamics of the system over 
a long time-scale, tak ing  into account also short-term  event; 
or (2) use a set of existing  models, knowing precisely th e ir  ap ­
plicability to the CSIs and the reliability of th e ir  predictions, 
ra th e r th an  using only the best model, available presently.

Each of the models presented in th is contribution, classified 
into one of the (3) approaches, can still be improved and ben­
efit from on-going research, e.g. on sediment transport. In p a r­
ticular, the full process-based and the idealised based-model, 
would benefit from such an improvement. However, the con­
clusions drawn here would not be modified significantly.
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ABSTRACT I

¿tU llln*

W33
Sandbanks are considered as primary targets for the marine aggregate industry, not only because of considerations 
related to resource quality and operational advantages, but also due to the notion that natural sediment transport 
processes that form and maintain sandbanks are able to counterbalance the loss of sediment due to extraction. 
This paper introduces: (a) the problems related to the assessment of the impacts of aggregate extraction from 
tidal sandbanks; and (b) the multidisciplinary and integrated research that was undertaken on the potential for 
regeneration of the most intensively exploited area of the Kwinte Bank (Flemish Banks, Belgian Continental Shelf), 
following the cessation of extraction on this part of the sandbank. We assert that the results of a 30-year monitoring 
of exploitation effects along the Kwinte Bank have put in doubt the universal notion of ‘dredging with natureThe 
elongated depressions that have been observed in the most heavily exploited areas provide a clear signal that more 
detailed information and thorough assessment are required in order to understand and predict the most likely 
evolution of the bank’s hydro-sedimentary regime and its natural and anthropogenically-induced dynamics.

ADDITIONAL INDEX WORDS: Belgian Continental Shelf, bank maintenance processes, marine aggregates, eïivironmeïital 
impact assessment, Flemish Banks, seabed regeneration.

IN TRO DU CTIO N

Sandbanks are one of the prim ary sources of m aterial 
for the m arine aggregate (MA) industry, due to (B a t e  et al., 
1997): (a) th e ir  large sedim entary volumes; (b) the ir shallow 
w ater depths; (c) the suitability  of th e ir  sedim ents to be used 
as aggregates; and (d) the ir convenient (sub-parallel) orien­
ta tion  in relation to the tidal flow which m akes dredging op­
erations easier and safer. In addition, the sedim entary proc­
esses th a t are associated with presently  ‘active’ sandbanks 
(e.g. D y e r  and H u n t l e y , 1999) may restore sedim ent lost to 
extractive processes; thus, sandbanks may be regarded as 
preferable aggregate resources, in term s of sustainability. 
MA extraction from sandbanks takes place in m any areas, 
such as the Bristol Channel/Severn E stuary  (UK) ( J a m e s , 
P h il p o t t , and J e n k in s , 2 0 0 5 ) ,  the southern North Sea (see 
below) and the US (D r u c k e r , W a s k e s , and B y r n e s ., 2 0 0 4 ) ,  

A ustralian  (Q u e e n s l a n d , 2 0 0 5 )  and Taiwanese ( C h e n , 2 0 0 5 )  

inner continental shelves.

DOI: 10.2112 / SI51-005.1 received 17 J a n u a ry  2007: accepted in 
revision  27 F e b ru a ry  2008.

Sandbanks are common features of the European conti­
nen tal shelves (e.g. V e l e g r a k is  et al., 2001), particularly in 
the energetic and sediment-rich A tlantic and North Sea en­
vironments. They are formed and m aintained under the influ­
ence of particular hydro- and sediment dynamic regimes (e.g. 
P a t t ia r a t c h i and C o l l in s , 1987), w ith most of them  having 
been formed during, or following, the last (Flandrian) marine 
transgression. Sandbanks can be differentiated into relict 
(e.g. K e n y o n  et al., 1981) and modern sedim entary bodies (e.g. 
C o l l in s  et al., 1995). Relict (or moribund) banks were formed 
under hydraulic regimes th a t were different from the condi­
tions th a t operate in contemporary contexts (e.g. R e y n a u d  et 
al., 1999) and are not actively involved in the contemporary 
sedim entary processes. Contrastingly, contemporary (or ac­
tive) banks are the result of modern flow-sediment interaction 
(e.g. S t r id e , 1982; W r ig h t , 1995).

The m ajority of the large modern tida l sandbanks are 
linear and asym m etric in cross-section (D y e r  and H u n t l e y ,
1999). Sandbanks are found often in groups ( J o h n s o n  and 
B a l d w in , 1986), and have lengths of up to 60 km, w idths of 
up to 3 km, and heights of between 3 and 40 m above the  su r­
rounding seabed (V e l e g r a k is  et al,, 2001). Their flanks have 
slopes varying between 0.25° to 3° and they are covered com­
monly with subaqueous dunes (A s h l e y  et al., 1990) of varying 
dimensions. In most cases, there is a spatial differentiation
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in the  tex tu ral characteristics of the  surficial sedim ents of 
subtidal sandbanks (e.g. L a n c k n e u s  et al., 2001; M c C a v e  and 
L a n g h o r n e , 1982; P a r k e r , L a n f r e d i , and S w if t , 1982; P a t t i- 
a r a c h i and C o l l in s , 1987; V a n  L a n c k e r , 1999; V e l e g r a k is  et 
al., 2007), which is likely the  resu lt of the  interplay  between 
tidally- and wave-induced sedim ent transpo rt processes. The 
in te rnal architecture of sandbanks varies also. Some banks 
show a complex in ternal architecture, suggesting m ulti­
phase formation (e.g. B e r n e  et al., 1994; T r e n t e s a u x , S t o l k , 
and B e r n e , 1999), w hereas others are characterised by a sim ­
ple in te rnal structu re  (e.g. C o l l in s  et al., 1995); these differ­
ences may be rela ted  to the antecedent morphology and the 
type of substra te  of the  area, as well as the  broader sedim en­
ta ry  regime w ithin which the  banks have formed.

The sedim entary character (i.e. na tu re  of the sediment and 
its mobility) of the sandbanks exerts a prim ary control on the 
n atu re  of benthic ecosystems th a t evolve upon and w ith them. 
Sandbanks can support im portant benthic epifaunal assem ­
blages (K a is e r  et al., 2004; V a n  H o e y , D e g r a e r , and V in c x , 
2004), comprising particular seabed hab itats th a t likely dif­
fer from those found within adjacent seabed areas (e.g. T y l e r  
and S h a c k l e y , 1979; V a n o s m a e l  et al., 1982). In  addition, these 
may represent im portant nursery, fishing and, in the case of 
shallow banks, seabird feeding grounds (e.g. D e  G r o o t , 1980). 
Therefore, extraction of aggregates has the potential to cause 
undesirable ecological and fisheries impacts (e.g. D r u c k e r , 
W a s k e s , and B y r n e s ., 2004).

A responsible approach to the management and regulation 
of MA operations requires th a t the effects of extraction should 
be monitored. This monitoring should focus not only on the sed­
iment dynamics and morphodynamics of the bank per-se, but 
also on the hydrodynamics and sedimentary fluxes of surround­
ing areas (B a s t o s , P a p h it is , and C o l l in s , 2004; B e r t h o t  and 
P a t t ia r a t c h i, 2005; M c N in c h  and W e l l s , 1999; and O t t o , 1998). 
Complex issues exist regarding the potential effects of sediment 
extraction on neighbouring coasts, as nearshore sandbanks can 
play an im portant role in wave energy distribution and dissipa­
tion. It is posited th a t intensive sediment extraction may lead 
to morphological changes in the configuration of the sandbank 
(e.g. V a n  L a n c k e r  et al., th is volume), which in turn, may result 
in the redistribution of wave energy impinging upon the neigh­
bouring coasts, modification of the littoral drift and coastal mor­
phodynamics and, ultimately, coastal erosion (e.g. M a cD onald  
and O ’C o n n o r , 1996; S etter, M o s s a , and P e n l a n d , 1989). As yet, 
there is no clear or conclusive view regarding such impacts in 
the relevant scientific literature (e.g. B o e r s  and J a c o b s e n , 2000; 
B r a m p t o n , E v a n s , a n d  V e l e g r a k is , 1998; Q u e e n s l a n d , 2005). In 
many cases, the study of such effects has been ham pered by 
the lack of baseline information and long-term morphological 
time-series. This is because in many cases where environmen­
ta l monitoring schemes have been established, these have been 
concerned only with the short-term (less than  10 years) effects 
of extraction.

The objective of the present contribution is to present the 
monitoring methodologies/strategies th a t have been devel­
oped to evaluate the impacts of MA extraction from tidal sand­
banks, focusing on the 30-year Belgian experience. The paper 
also introduces the research activities th a t were undertaken to 
study the physical and ecological evolution of the intensively 
exploited Kwinte Bank (Flemish Banks, Belgian Continental 
Shelf) since the cessation of the MA extraction activities in 
th is area and to discuss the ability of the natu ra l sedim entary 
processes to compensate for the losses due to extraction.

N ew  c o n c e s s io n  z o n e s  „  

E xploration z o n e

. Zeebrugge

• Kwinte Bank 
.  M iddelkerke Bank

« « « io  460000 480000 C a s t i n g  ( m )  900000 320000

F ig u re  1. P a s t a n d p re s e n t m arin e  agg regate  concession zones, B elgian 
C on tin en ta l Shelf.

SAND EXTRACTIO N O N  TH E  BELGIAN  
CO NTINENTAL SHELF

Aggregate (sand) extraction from the Belgian Continental 
Shelf commenced in earnest in 1976; the environm ental effects 
of which have been studied since 1979. MA concession zones 
are located beyond a 12 km  distance from the coastline and are 
concentrated around the linear sandbanks (Figure 1.) in w ater 
depths ranging between -5 and -22 m MLLWS (mean lowest 
low water, a t spring tides). With a view to confining operations 
to surficial sediment layers, existing regulations restrict sedi­
m ent removal for each extraction activity to a maximum per­
m itted penetration of 0.50 m beneath the sediment surface.

Although the Belgian concession zones occupy relatively 
large areas of the seabed, most of the extraction has been 
concentrated to a restricted num ber of very confined areas. 
During the 30-years of extraction, nearly 99% of the to tal MA 
production (Figure 2.) has originated from certain sections of 
the Kwinte Bank, of the Flemish Bank Group (Figure 1.). The 
fact th a t intense dredging effort was strongly localised became 
particularly clear from 1996 onwards, when the dredging ves­
sels were equipped with Electronic Monitoring Systems (EMS 
‘black-boxes’). The EMS navigation information showed th a t 
most of the extraction has been taking place over the no rth ­
western and middle sections of the Kwinte Bank. The opera­
tional rational driving th is heavy concentration of the dredging 
activity is related  to: (a) the consistent quality of the aggregate 
m aterial in these areas; and (b) the cost-effective distance of 
these areas from the landing facilities (i.e. the MA wharfs).

In  1999, clear evidence emerged th a t the extraction was 
having significant impacts on the morphology of the Kwinte 
Bank. A depression (hereafter called 'the cen tral depression ) 
of 5 m deep, 700 m wide and 1 km long had  developed along
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Figure 2. Exploited volumes from the Belgian Continental Shelf. Figure 3. Space-time plot of the different investigations undertaken during
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(Source: Fund for Sand Extraction). Kwinte Bank, most of which are presented in this Special Volume.

Table 1. Physical characterisation of the Kwinte Bank area (following IŒ S, 2003).

Bathymetry/topography of the general area: -  7 to -20 m MLLWS.
Distance to the nearest coastlines: Nearest section of the concession, 12 km; major extraction activities at +/- 16.5 km.
Geological history of the deposit: Several sedimentary units can be distinguished; the upper units are of Late Holocene age (Maréchal and 
Henriet, 1983; Trentesaux et al., 1999).
Source of the material: The upper layer of the bank is representative of the present hydrodynamic regime (Trentesaux et al., 1999). The 
southern part of the sandbank consists of fine sands, whereas medium- to coarse-grained sediments characterise the middle and northern part 
(Lanckneus, 1989; Verfaillie et al., 2006).
Type of material: Mainly quartz sand, for the industry Round Sand 0/2, 1480 kg/m2.

Sediment particle size distribution: Generally 200-300 pm; coarser grain sizes (enriched with shell hash) occur locally; they are more common 
to the north. Mostly, unimodal sediment distributions (Bellec et al., this volume)
Extent and volume of the deposit: The Quaternary part of the bank is +/- 300 x 106 m3 (based on seismic network of Maréchal and Henriet, 1983).
Stability and/or natural mobility of the deposit: The Flemish Banks are generally stable (Van Cauwenberghe, 1971), although a slight 
erosional trend has been identified recently for the region (De Moor, 2002); the bedforms have a maximum migration rate of 20 m (Lanckneus 
et al., 2000; Degrendele et al., this volume).
Thickness of the deposit and consistency over the extraction area: The thickness of the Quaternary deposits decreases progressively from the 
SW to the NE with a maximum along the central part (20-21 m). The shape of the upper, tidally-dominated, sedimentary unit is difficult to 
estimate (Maréchal and Henriet, 1983; Le Bot et al., 2003, for a synthesis).

Nature of the underlying deposit, and any overburden: The substratum is composed of compact Tertiary clay (Kortrijk Formation), which 
outcrops in the swales (Le Bot et al., 2003, for a synthesis).

Local hydrography including tide and residual water movements: A tidal range of 4-5 m (Springs) (macrotidal). Maximum current velocities 
are around 0.9 to 1.0 m/s on the top and the western side of the Kwinte Bank during a spring tide and around 0.4 to 0.5 m/s during neap 
tide. Along the western flank, the residual currents are following the bank towards the northeast, while on the eastern flank of the bank; the 
residual currents are in the opposite direction, to the southwest (Van den Eynde et al., this volume). These directions change under varying 
wave conditions (Giardino et al.)

Wind and wave characteristics: SSW to SW winds, 3 to 4 Bf are most common, winds > 6 Bf blow from the WSW to NW; waves of 0.50-1 m in 
height and a period of 3.5 -  4.5 s are most common; waves > 3m originate from the W to WNW (Ministerie Van De Vlaamse Gemeenschap, 1993)
Average number of storm days per year: 40 days (winds of > 10 m/s) (calculated from Hydro-meteo database, Flemish Hydrography, period 
1996-2001).
Estimate of bed-load sediment transport (quantity, grain-size, direction): Erosion/deposition of 7-14 g/m2 (modelling over 15 days); transport 
direction varies over the bank (Van den Eynde et al., this volume). For the adjacent Middelkerke Bank, the bedload sediment fraction mode 
varied from 180-212 pm in the south to 250-300 and 425-500 pm in the north (Vincent et al., 1998).
Topography of the seabed, including occurrence of bed forms: Main extraction takes place where large to very-large dunes (height: 4-6 m; 
wavelength > 100 m) occur (Degrendele et al., this volume).
Existence of contaminated sediment and their chemical characteristics: no published reports.
Natural [background] suspended sediment load under both tidal currents and wave action: Fettweis et al. (2006) indicates SPM concentrations 
of 9-250 mg/1 with an average of 26 mg/1. Mostly, <10 mg/1 is found. The average particle sizes range from 122-198 pm. Their size spectra are 
bimodal indicating the existence of floes. Measurements were performed at 0.8 and 3 m above the bottom. More than 6% of the SPM consists 
out of particulate organic matter.
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Table 2. B io log ica l cha ra c terisa tio n  o f  th e  K w in te  B a n k  area  (fo llow ing  IC E S , 2003).

F lo ra /fau n a  w ith in  th e  a rea  likely  to be affected by aggregate  d redg ing  (e.g., pelagic an d  b en th ic  com m unity  s tru c tu re ), ta k in g  in to  account 
tem p o ra l an d  sp a tia l variability): D iversity  an d  abundance  of m acroben th ic  com m unities are  very  low, typically  for w ell-sorted  m obile sands.
A N ephthys cirrosa com m unity  is p re se n t on th e  slopes of th e  ban k , an d  a tran s itio n a l species association  betw een  th e  N ephthys c irrosa and  
O phelia lim acina-G lycera lap idum  com m unities on th e  su m m it ('crown') of th e  sa n d b an k . In  th e  sw ales, an  A bra alba-M ysella b id e n ta ta  
com m unity  occurs, sh iftin g  to a tran s itio n a l species association  betw een  th e  N ephtys cirrosa an d  A bra alba-M ysella b id e n ta ta  com m unities, a t 
shallow er dep ths tow ards th e  b a n k  (Bonne. 2003).

In form ation  on th e  fishery  an d  she ll fishery  resources, inc lud ing  spaw n in g  areas , w ith  p a r tic u la r  re g a rd  to b en th ic  spaw ning  fish, n u rse ry  
areas , over-w in tering  grounds for ovigerous crustacean s, an d  know n rou tes of m igra tion: The c rest of th e  sa n d b an k  h as no rich  fish or shellfish 
resources. S till, th e  F lem ish  B anks p lay  a key role in  th e  supply  o ffish  la rv ae  from  offshore w aters tow ards m ore sh e lte red  onshore n u rse ry  
a reas  (Vincx e t al., 2003).

T rophic re la tio n sh ip s (e.g.. betw een  th e  b en thos an d  dem ersa l fish popula tions by stom ach con ten t investigation): The rich  A bra alba-M ysella 
b id e n ta ta  com m unity, occurring  in  th e  sw ales, is of exceptional im portance, se rv ing  as a key  food resource for scoters or dem ersa l fishes 
(D egraer e t al.. 1999). The a rea  is a key-site  for w in te rin g  L ittle  Guii. R ed -th ro a ted  Diver. R azorbill an d  G uillem ot (Seys e t al.. 1993. 1999: 
M aes e t al.. 2000: Vincx e t al.. 2003) an d  act as a feeding ground  for Sandw ich T ern  d u rin g  th e  b reed in g  season  (Seys e t al.. 1999: Vincx e t al.. 
2003).

P resence  of any areas of special scientific or biological in te re s t in  or ad jacen t to th e  p roposed ex trac tion  area , such as sites desig n a ted  under 
local, n a tio n a l or in te rn a tio n a l regu la tions: Special a reas of conservation  (F tab itat an d  B irds D irective) a re  desig n a ted  ju s t  to th e  so u th  of the  
K w inte B ank.

the middle section of the bank (see Figure 3 . of D e g r e n d e l e  
et al., th is  volume). Thus, in 2 0 0 3 ,  the Belgian Government 
closed down MA extraction operations in th is area for a period 
of, at least, 3 years to allow the regeneration of the bank.

ENVIRONMENTAL SETTING OF TH E KWINTE BANK

The environmental setting of the Kwinte Bank will be described 
in detail in subsequent contributions in this volume. Thus, a sum­
mary is presented here which in keeping with the ICES guidelines 
(ICES, 2003) provides a description of the physical (Table 1.) and 
biological (Table 2.) setting of MA extraction areas.

PREVIOUS STUDIES O N  TH E EFFECTS OF  
EXTRACTIO N FROM  TH E KWINTE BANK

On the Belgian Continental Shelf, there is relatively abun­
dant information on the effects of MA extraction on exploited 
sandbanks. Extensive information also exists on the natu re  
and dynamics of a neighbouring (non-exploited) sandbank, 
the Middelkerke Bank, (Figure 1.), which was obtained mostly 
within the framework of several European projects ( H o u th u y s ,  
T r e n t e s a u x ,  and D e  W o l f ,  1994; L a n c k n e u s ,  D e  M o o r ,  and 
S t o l e ,  1994; P a n  et al., 2007; T r e n t e s a u x  et al., 1994; T r e n -  
t e s a u x ,  S t o l e ,  and B e r n e ,  1999; V in c e n t ,  S t o l e ,  and P o r t e r ,  
1998; and W il l i a m s  et al., 2000).

Nevertheless, the monitoring studies rela ted  to MA ex­
traction  have not been conclusive. LTntil 1 9 9 3 , it was believed 
th a t aggregate extraction had  no major effect on the to tal 
volume of the Kwinte Bank. R z o n z e f  ( 1 9 9 3 )  had  suggested 
that: (a) aggregate extraction had  influenced only the  upper 
bank  volume and the morphology of the  intensively-exploited 
areas; (b) the to ta l sedim ent volume had  not been affected 
by the extraction; and (c) the re  were indications of a n a tu ­
ral recovery of the exploited sections of th e  bank, through a 
n a tu ra l sand replenishm ent mechanism  which balanced the 
ra tes of extraction and the  ra tes of n a tu ra l replenishm ent. 
It was thought th a t such a m aintenance mechanism  would 
regenerate the sedim ent volume of the upper section of the

bank  following n a tu ra l erosive phases (due to storms) and 
anthropogenic removal (MA extraction) of sediments. Nev­
ertheless, R z o n z e f  (1993) also stressed th a t there were ques­
tions rela ted  to the ability of the adjacent source areas to 
supply the necessary sedim ent required to m ain ta in  regen­
erative processes.

However, alternative conclusions were drawn following 
the analysis of long-term sediment volumetric data. D e  M o o r  
(2002) dem onstrated th a t all the Flemish Banks (both exploit­
ed and non-exploited) had been subject to erosion. The swales 
between the banks were found to have rem ained either stable 
or slightly erosional. However, erosion rates seemed higher 
in areas located close to the extraction sites. For the Kwinte 
Bank, analysis of the topographic information obtained dur­
ing the period 1987-2000 (4-5 surveys/yr) showed ( N o r r o  and 
O z e r ,  2004; N o r r o  et al.., 2006): (a) a to tal bank volume de­
crease (with a high level of confidence), with an annual rate 
o f -1 .5  %; and (b) th a t th is volume decrease was greater than  
the volume of MA extracted during the same period. These 
results suggested th a t MA extraction was not likely to be the 
single factor controlling the observed sediment volume de­
crease, which raised the question whether extractive activi­
ties ‘ha d  perturbed  the dynam ic balance o f the bank? ’ (N orro et 
al., 2006). To answer th is question and perm it the authorities 
to obtain information th a t would allow the establishm ent of 
statistically significant criteria with regard to the long-term 
sustainability of the resource, it was argued th a t the frequen­
cy of observations should be increased (i.e. to more than  4-5 
surveys/yr).

Meanwhile, multibeam technology, in combination with 
EMS information (see above), clearly revealed the physical 
impacts of extraction by identifying deep, elongated depres­
sions on the crown of the sandbank along the areas of concen­
tra ted  MA extraction ( D e g r e n d e l e  et al., th is volume). Aggre­
gate extraction activities shifted to the north when the central 
depression was closed down in 2003. Presently, a depression 
has also been observed in the la tte r area ( D e g r e n d e l e  et al., 
th is volume). It m ust be noted th a t the northern  p art of the 
Kwinte Bank was already under severe pressure in the past 
and, since 1987, a decrease in the bank’s volume has been re­
ported (R z o n z e f ,  1993).
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D e  M o o r  and L a n c k n e u s  (1993) and H e y s e  and D e  M o o r  
(1996) investigated  a possible sedim ent tran sp o rt link b e­
tw een the  Flem ish Banks and the  adjacent beaches. The 
volum etric evolution of the  Kwinte B ank and th e  adjacent, 
non-exploited, M iddelkerke B ank was com pared to volume 
changes in a section of the  coast behind the  two sandbanks 
(D e  M o o r , 1993; 1996). There were no indications for a di­
rect causal relationship . A residual sand tran sfe r  between 
the  banks and the  coast was deemed im probable owing to: 
(a) the inshore sandbank-sw ale morphology; (b) the p res­
ence of muddy bottom  sedim ents in the  nearshore zone; 
(c) the highly rec tilinear character of th e  nearshore tida l 
flow; and (d) the  anti-clockwise p a tte rn  of bedload circula­
tion around the  banks. Following a detailed  investigation  of 
the  coastal sedim ent dynamics, V a n  L a n c k e r  (1999) also a r ­
gued th a t th e re  was a strong likelihood th a t any m ajor sand 
supply from offshore to th e  nearshore would be trapped  in 
well-defined sedim ent convergence zones before reaching 
the  beaches.

M ETH O DO LO G ICAL FRAMEWORK  
PAST A N D  PRESENT PRACTICES

Geological and physiographic monitoring investigations 
have been carried out by, or, on behalf of, the Belgian Fed­
eral Government (Fund for Sand Extraction) w ithin Belgian 
MA extraction areas. For the  in itia l survey programmes, 
single-beam bathym etric observations were regularly  ob­
ta ined  together with sedim ent samples. The bathym etry  
track  lines were defined along fixed routes, which followed 
the designated lanes of the radio-hyperbolic Decca chain (D e  
M o o r , 2002). These widely spaced run-lines covered entire 
sandbanks, both exploited and non-exploited. Some of these 
banks were surveyed 4-5 tim es a year, perm itting  the estim a­
tion of sedim ent volume changes. Although the  accuracy of 
volume changes on the  basis of these older observations was 
constrained by navigational and w ater depth m easurem ent 
errors (e.g. B o w y e r , 1992), statistically  significant volum et­
ric trends could still be derived (for details, see N o r r o  and 
O z e r , 2004). In addition, side-scan sonar im agery was used 
to study the bedform distribution and dynamics; the resu lts 
suggested a convergence of sand stream s tow ards the crests 
of the sandbanks (D e  M o o r , 1985; D e  M o o r , 1986a; D e  M o o r  
and L a n c k n e u s , 1988; L a n c k n e u s  and D e  M o o r , 1991; 1994). 
Finally, seismic profiling was used to explore the in te rnal a r ­
chitecture of th e  banks and to obtain a rough estim ate of the 
volume of the sedim ent resource (D e  M o o r , 1986b; M a r é c h a l  
and LIe n r ie t , 1983).

Since 1999, m ultibeam  technology has been used for b a th y ­
m etric m apping and monitoring of the Flem ish sandbanks. 
During bathym etric surveys, seabed backscatter intensity  
has also been recorded in order to allow an assessm ent of 
surficial sedim ent characteristics. D etailed resource maps, 
combining w ater depth and backscatter inform ation have 
been constructed. Llowever, direct ground tru th  sam pling for 
environm ental monitoring purposes (with an observation fre­
quency of 3-4 tim es a year) has m ainly been restric ted  to p re ­
defined areas. These sites are m ainly confined to th e  in ten ­
sively dredged areas (having a to ta l surface area of 1 km 2), as 
well as to a ‘control’ site th a t is deemed to suitably represent 
the n a tu ra l evolution of the seabed (see D e g r e n d e l e  et al., 
th is  volume).

A deep depression on the crown of the Kwinte Bank (see 
Figure 3., D e g r e n d e l e  et al., th is volume) was first identified 
from survey results in 1999. This finding strongly suggested 
th a t a programme of further research was urgently required 
to investigate the environm ental impacts of MA extraction. 
This body of further research and its results are discussed in 
the current Special Volume and relate to (Figure 3.): (a) the 
geo-environmental characterisation of the central depression 
of the Kwinte Bank on the basis of the acoustic characteristics 
of the seabed, sediment sampling and high resolution seismics 
(B e l l e c  et al.., th is  volume); (b) the depression morphodynam­
ics, before and after the cessation of the extraction operations, 
on the basis of repeated bathym etric observations (D e g r e n ­
d e l e  et al., th is volume); (c) the establishm ent of sediment 
transport pathways, based upon grain-size distributions and 
trends ( P o u l o s  and B a l la y , th is volume); (d) the effect of the 
depression on the local hydrodynamics (G a r e l , th is volume); 
(e) the effects of morphological changes on the tidaily-induced 
sediment transport and morphodynamics, based on modelling 
experim ents (B r iè r e  et al., th is  volume; and V a n  d e n  E y n d e  et 
al.., th is volume); (f) the sediment dynamics of the area under 
wave/current interaction, also on the basis of modelling ex­
perim ents (G ia r d in o , V a n  d e n  E y n d e , and M o n b a l iu , th is  vol­
ume); and (g) the ecological impact of aggregate extraction, on 
the basis of changes in the macrobenthic communities (B o n n e , 
th is  volume). Finally, V a n  L a n c k e r  et al., th is volume, provide 
a synthesis of the above results together with recommenda­
tions for a range of practices th a t are considered to offer a 
more sustainable approach to the m anagem ent and regula­
tion of extraction from tidal sandbanks. The large-scale hy­
drodynamic and sedim entary framework is discussed in V a n  
L a n c k e r  et al. (2007).

SANDBANK M AINTENANCE M ECHANISM S AND  
MA EXTRACTION

On the basis of the long-term data series, it would appear 
that, despite the original intention to ‘dredge with nature’, the 
overall volume of the Kwinte Bank has diminished with tim e 
(D e  M o o r , 2002; N o r r o  et al., 2006). These findings contrast 
w ith the results of a previous assessm ent (R z o n z e f , 1993) and 
put in doubt the notion th a t m aintenance mechanisms of tid ­
al sandbanks have the capacity to balance MA extraction in 
th is  region. Some 8 years after the initial observation of an 
extraction-induced depression and 3 years after the cessation 
of extraction activities, no significant sediment accumulation 
has been observed (D e g r e n d e l e  et al., th is volume). Howev­
er, it m ust be noted th a t the most significant morphological 
changes were observed after the late 1990’s, following an in­
tensification of MA extraction (see Figure 2.).

Still, sandbank m aintenance mechanisms are considered to 
control the conservation of the sandbank-swale equilibrium, 
which is related to the particular hydrodynamic, and sediment 
transport regimes associated with tidal sandbanks (e.g. D y e r  
and H u n t l e y , 1999). Based on field observations, crests of 
sandbanks are identified mostly as bedload convergence zones 
(e.g. P a t t ia r a o h i and C o l l in s , 1987) and, as such, storm- and/ 
or anthropogenically-induced sediment losses might be coun­
terbalanced by a na tu ra l sediment supply. For the sandbanks 
of the southern North Sea (e.g. H o u t h u y s , T r e n t e s a u x , and D e  
W o l f , 1994; V a n  L a n c k e r , 1999; V in c e n t , S t o l e , and P o r t e r ., 
1998; and W il l ia m s  et al., 2000) and the sand ridges of the LTS
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Gulf and Atlantic inner continental shelves (H a y e s  and N a ir n , 
2004), it was shown th a t waves play also an im portant role in 
the m aintenance processes of sandbanks. As such, significant 
decreases in bank heights/volumes, as a result of intensive 
MA extraction, might influence wave dissipation/refraction 
and modify wave-induced sand dynamics (and th a t related to 
wave/current interaction) and, thus, sandbank equilibrium. 
If, in addition, an increased storminess and surge frequency 
is further confirmed (e.g. S o l o m o n  et al., 2007), the effects of 
MA extraction could be more severe in the future. Taking into 
account a 1 m mean rise in sea-level, over a 100 year period 
and assuming stable sandbanks, M a c d o n a l d  and O ’C o n n o r  
(1996) have predicted th a t the average wave energy impacting 
upon the Flemish coast would increase by the order of 10 %, by 
2130. W hether th is effect would be associated with a reduction 
in sandbank heights is unclear.

Finally, the regional availability of suitable sediments for 
the regeneration of the extracted deposits should be taken  into 
account. If particular sediment fractions are targeted for ex­
traction, then both the availability of such sediments in the 
adjacent areas and the ability of the prevailing sediment dy­
nam ic regime to transport and deposit them  into the affect­
ed area should be considered carefully. In many cases, local 
patches of coarser sediments are being extracted; these are 
neither readily available nor plentifully supplied to the inner 
continental shelves by the present hydro-sedimentary regime 
(e.g. V e l e g r a k is  et al., th is volume).

If the main objective is to allow MA extraction only in a r ­
eas where the na tu ra l sedim entary processes would be able 
to compensate the extraction-related impacts completely or, 
at least, satisfactorily, then much more research is required 
prior to the selection of the extraction sites. In particular, the 
resource availability should be better quantified, as well as 
the na tu ra l sediment transport processes and the ir spatial 
variability. This would help in recommending thresholds in 
relation to the broad quantities th a t may be extracted from 
tidal sandbanks with minimal risk.

C O N C L U D IN G  REMARKS

Sandbanks are considered as prim ary targets for the MA 
industry, not only because of considerations related to re ­
source quality and operational advantages, but also due to 
the notion th a t the na tu ra l sediment transport processes th a t 
form and m aintain sandbanks are able to ‘heal’ or, a t least, 
am eliorate the physical impacts of extraction and potentially 
regenerate sediment deposits. The results of a 30-year moni­
toring of exploitation effects along the Kwinte Bank (Flem­
ish Banks, Belgian Continental Shelf) have put in doubt this 
universal notion of ‘dredging with nature’ and has made clear 
th a t more detailed information is required on the bank hydro- 
sedim entary regime and its na tu ra l and anthropogenically- 
induced dynamics.

This paper has introduced: (a) the problems related to the 
assessm ent of impacts of aggregate extraction from tidal sand­
banks; and (b) the detailed research th a t was undertaken on 
the potential for regeneration of the most intensively exploit­
ed area of the Kwinte Bank following cessation of extraction 
operations on th is part of the sandbank. The history of the 
‘follow-up monitoring’ of the extraction effects, highlights th a t 
information availability/discontinuity and the tem poral and 
spatial scales over which observations are obtained and in te r­

preted, can significantly influence the assessm ent of impacts 
of MA extraction. The establishm ent of appropriate m onitor­
ing schemes is necessary in order to define in detail both the 
morphological evolution of exploited banks and the hydro-sed­
im entary processes and dynamics associated with sandbank 
regeneration. It is hoped th a t the research presented in th is 
Special Volume will contribute towards the improvement of 
the extent and scope of monitoring schemes and promote a 
more science-based approach to the m anagem ent of seabed 
resources.
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ABSTRACT I

A detailed geomorphological and sedimentological study has been performed at a tidal sandbank, which has been Hillii«» dredged during 30 years. Localised intensive aggregate extraction created a depression in the central part of the
sandbank, upon which the Government decided to close this section of the bank for further exploitation. Multibeam 
and sicle-scan sonar technology was used to survey the bank, in combination with extensive ground-trathing. Automated 
seabed classification was performed, but showed no direct correlation with the mean grain-size; the primary drivers 
influencing the classification being the sorting of the sediments, the presence of shells and of fine sediments. Very- 
high resolution seismics revealed the internal architecture of the bank. In the central depression, the upper unit is 
locally severely dredged.
The central depression is characterized by distinct morphoseclimentary facies, compared to the western and eastern part 
of the bank and the Kwinte swale, adjacent of it. The difference between the western and the eastern part is essentially due 
to different tidal current characteristics, each having their particular sedimentation-erosion patterns. These processes 
seem to be rather stable, though the evolution of the sediments in the central depression shows similarities with the 
Kwinte swale sediment evolution.
Since th e  d ep ress ion  is som ew hat ob lique  to  th e  n o rm al Crestline, it now  form s an  o p e n  tran sp o rt pathw ay fro m  th e  
swale u p  to th e  crest o f  th e  sandbank . T his led  to a canalization  o f  th e  flo o d  c u rre n t w hich  is w itnessed  m ostly  by th e  
no rth w ard s a n d  faster p ro g ression  of bedform s. B ecause o f  th e  d ifference  in  se d im e n t characteristics betw een  the  
d re d g e d  m ateria l a n d  th e  p resen t-day  supply  o f  sand, it is unlikely  th a t n a tu ra l processes will be  able to  co u n te rb a lan ce  
th e  severe d red g in g  activities.
Moreover, the presence of the central depression is located close to the kink of the sand bank, which is influenced by a 
high-energy hydrodynamic regime. Its presence could intensify the current action in this area and could enhance the 
evolution of the bank.

ADDITIONAL INDEX WORDS: North Sea, sandbank, acoustic imagery, seabed classification, dredging.

IN T R O D U C T IO N

Numerous subtidal sandbanks and dunes (senso A s h l e y , 
1 9 9 0 )  cover the sea floor of the English Channel and the Bel­
gian Continental Shelf. Some of these sandbanks are exploited 
or are located near navigation channels; as such, the ir dynam ­
ics and formation have given rise to num erous studies (e.g. 
C a s t o n , 1 9 8 1 ; C a s t o n  and S t r id e , 1 9 7 0 ; D e l e u  et al., 2 0 0 4 ; 
E is m a , J a n s e n , and V a n  W e e r in g , 1 9 7 9 ; H o u b o l t , 1 9 6 8 ; K irby  
and O e l e , 1 9 7 5 ; L a b a n  and S c h Ot t e n h e l m , 1 9 8 1 ; L e  B o t  et al., 
2 0 0 0 ;  L e  B ot  and T r e n t e s a u x , 2 0 0 4 ;  S t r id e , 1 9 8 8 ; T r e n t e s a u x  
et a l, 1 9 9 4 ; V a n  L a n c k e r  and J a c o b s , 2 0 0 0 ;  V in c e n t , S t o l k  and 
P o r t e r , 1 9 9 8 ; and W il l ia m s  et a l, 2 0 0 0 ) .

Off the Belgian coast, some parts  of the sandbanks are 
dredged intensively. The exploitation of m arine sand began in 
1976 and, from 1979 onwards, the extraction activities have

DOI: 10.2112 / SI51-006.1 received 15 J a n u a ry  2007: accepted in 
revision  27 M arch  2008.

been monitored. The annual extraction evolved gradually, 
from 370,000 m3, in 1979, to l,700,000_m3, in the middle of the 
1990’s. In 2001, the extraction exceeded 1,900,000 m s; how­
ever, the last 2 years, the production has stabilized around 
1,600,000 m 3 (D e g r e n d e l e  et a l,  th is volume).

One of the sandbanks, the Kwinte Bank, has been exploited 
intensively. In fact, two areas, located on th is  bank, represent 
25 % of the to tal extraction on the Belgian continental shelf. 
One of these areas corresponds to the “central depression” 
(D e g r e n d e l e  et a l, th is  volume); it has a depth of 5 m, is 700 
m wide and 1 km long, and is located in w ater depth at around 
10-15 m MLLWS (Mean Lowest Low W ater at Springs) (Fig­
ure 1.). Since February 2003, the m arine aggregate extraction 
has been prohibited at th is  particular location, because of the 
creation of a more than  5 m depth formation, for a duration of 
3 years, allowing a potential recovery of the area.

The closure of the depression has led to increased effort to 
study the environm ental impact of sand extraction activities. 
The aim of th is paper is the geo-environmental characterisa­
tion of the central depression. Since the dredging occurred
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F igu re  1. Location of th e  K w inte B ank  a n d  th e  d ifferen t m easu rem en t 
an d  sam pling  areas . Left: B a thym etric  m ap of th e  B elgian con tin en ta l 
sh e lf (R enard  C en tre  of M arine  Geology. G hen t LTniversity). R ight: 
B a th y m etry  of th e  K w inte B ank  (Fund  for S an d  E xtraction), 
an d  location of th e  p re sen ted  geophysical a n d  sedim entological 
m e a su re m e n ts .

near the crest of the bank, it was im portant to evaluate w heth­
er th is had an effect on the m orphosedimentary behaviour of 
the different parts  of the sandbank. Knowledge was needed on 
the grain-size distributions in the area, both from a (re)source 
perspective, as well as for the evaluation of the sedimentary 
m aterial in transport. The study of the morphology focuses on 
the bedforms and the effects dredging have upon these. Indi­
rectly, the study of the sedim entary environm ent can provide 
indications of w hat extent the extraction has altered the sedi­
m ent transport pattern . The results allow having a first im ­
pression of the possible regeneration of the depression, after 
its closure for extraction.

The study is based on the results of high-resolution acous­
tic tools, such as side-scan sonar and multibeam. M anual and 
autom ated seabed classification was performed; these were 
calibrated with sediment samples (boxcores and Van Veen 
grabs) and video imagery. Conclusions are drawn on the per­
formance of those techniques related to the characterization of 
the true  natu re  of the seafloor. Very-high resolution seismics 
were used to estim ate to w hat level of the bank the extraction 
took place. Moreover, it provides an estim ate of the resource 
potential and its homogeneity.

ENVIRONM ENTAL SETTIN G  

G eneral M orphology and Sed im entology
The Flemish Banks are oriented obliquely, in relation to 

the maximum tidal currents (D e  M o o r  and L a n c k n e u s , 1 9 9 0 ) . 
The Kwinte Bank, one of the Flemish Banks, is a SW-NE ori­
ented tidal sandbank (Figure 1.). The sandbank has a height 
of about 17 m, a length of about 15  km, a width varying from

about 2 km in the southern p art to about 1 km in the north ­
ern part; it shows an offshore “kink” over its middle part. The 
m inimum w ater depth is close to -5 m MLLWS, in the south­
ern part of the bank where the bathym etric profiles show a 
smooth morphology. Most of the sandbank is covered with 
large to very-large dunes (senso A s h l e y , 1990) with a wave­
length of several hundreds of metres, a crest length of several 
tens of m etres and a height varying between 1 and 7 in. In 
the northern  part, very-large dunes are found in areas where 
the minimum depth is about -8 in MLLWS. Large dunes are 
present also in the middle p art of the bank; the ir height can 
reach 2.5 in. The minimum depth, in the swales around the 
bank, is of the order of -22 in MLLWS. The cross-section of the 
sandbank is clearly asymmetrical, with the steeper side (slope 
up to 5 %) facing the NW (D e  M o o r , 1985; D e  M o o r , 1986; and 
L a n c k n e u s  et al., 1989). The gentle eastern slope of the bank 
can reach ~2 to 3%.

Along the western slope of the sandbank, the sediments 
coarsen towards the north, from about 240 pm up to 400 
pm. Generally, the eastern  flank is finer-grained with values 
around 200 pm in the south (L a n c k n e u s , 1989).

H ydrodynam ics and Sed im ent Transport Pattern
The hydrodynam ics around the  Kwinte B ank are charac­

terized  by sem i-diurnal tides of a m acrotidal range (4-5 m 
a t springs). The average tid a l m ovement corresponds to an 
elongated cu rren t ellipse, w ith a southw est-northeast axis. 
The flood peak and ebb peak cu rren ts are oriented  tow ards 
the  no rth east and th e  southw est respectively. These tida l 
cu rren ts are ro ta ting  counter clockwise around the  Kwinte 
Bank (C a s t o n , 1972; D e  M o o r , 1986; H o u b o l t , 1968; and 
L a n c k n e u s  et al., 1989). The velocity of the  surface peak 
cu rren ts reaches up to 2 knots (1 m/s) and the flood is the 
dom inant cu rren t (D e  M o o r , 1986; and V a n  C a u w e n b e r g h e , 
1981).

The direction of sand transpo rt is linked w ith the  tidal 
currents. On the w estern p a rt of the bank, the flood tra n s ­
ports sand tow ards the no rtheast (G a r e l , th is  volume). On 
the eastern  p a rt of the bank, the ebb is dom inant and tra n s ­
ports the sand tow ards the southwest. The Kwinte Bank 
receives sand from both adjacent swales, coming from op­
posite directions, provoking sand up-piling tow ards the cen­
tra l parts; still the vertical growth is lim ited by wave and 
storm  action (C a s t o n , 1972; L a n c k n e u s  et al., 1989; and V a n  
V e e n , 1936). The steep w estern slope is generally regarded 
erosional, by the action of the strong flood curren ts whereas 
the gentle slope can be considered as an accum ulating area 
(D e  M o o r , 1985; L a n c k n e u s  et al., 1989; and V l a e m in c k , G u l - 
l e n t o p s , and H o u t h u y s , 1985).

G eological Background
The Tertiary substratum  underneath  the Kwinte Bank is 

composed of compact clay of the Kortrijk Formation (for an 
overview, see L e  B ot  et al.., 2005) and is locally eroded in the 
swale, west of the Kwinte Bank. The Q uaternary geology of 
the sandbanks is best studied along the Middelkerke Bank, 
located adjacent to the Kwinte Bank. Detailed studies showed 
th a t th is  sandbank is composed of seven units, each having 
a particular lithological composition T r e n t e s a u x  et al., 1993; 
T r e n t e s a u x , S t o l k , and B e r n é , 1999). A comparison of the 
present-day morphology with the top Tertiary erosion surface 
provides a rough volume estim ation of 300xl06 m 3 for the total 
Kwinte Bank.

UTM 31
WGS84

easting (m)

—  Bathymetry 
EU Multibeam boxes 
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M ETH O DO LO G Y  

M ultibeam  and Side-scan Sonar
Acoustic m easurem ents were undertaken in June 2003 

(23-27/06/2003) (RV Belgica campaign ST0317; report www. 
mumm.ac.be). A K o n g s b e r g  S im r a d  EM1002S multibeam 
echosounder was used; th is  transducer produces 111 beams, 
arrayed over an arc of 150° and uses two frequencies, 93 and 
98 kHz (K o n g s b e r g  S im r a d , 1999-200la). The multibeam 
imagery provides two datasets: the bathym etry allows a de­
scription of the morphology of the seabed and, especially, the 
bedforms; the backscatter provides an estim ate of the nature 
of the sea floor, influenced mainly by sediment texture. The 
datasets were processed with different software packages: 
N eptune (K o n g s b e r g  S im r a d , 1999-200 lb), for the data correc­
tion and cleaning; Poseidon (K o n g s b e r g  S im r a d , 1999-200 le), 
for the correction and mosaicing of the backscatter data and 
Triton (K o n g s b e r g  S im r a d , 1999-200K1), for the autom ated 
seabed classification. The la tte r is a m ultivariate classification

of backscatter values and uses different statistical param eters 
such as standard  deviation, pace, quantile and contrast.

The side-scan sonar, a Geoacoustics model 159D, was de­
ployed at the same time as the multibeam data. This would 
allow a complementary characterization of the bedforms and 
the nature of the sea floor. Only the 410 kHz frequency was 
recorded; no interference occurred with the frequency of the 
multibeam. The side-scan sonar data were processed with the 
Isis software (Triton Elies). As detailed full-coverage multibeam 
data of the area already existed, (Fund for Sand Extraction), it 
was preferred to space the tracklines according to the side-scan 
sonar coverage, being far larger than  the one of multibeam.

S edim ent Sam pling
During the June 2003 campaign, 17 boxcores were taken 

to calibrate the side-scan sonar and the multibeam imagery. 
Three m onths la ter (September 2003), a larger area was cov­
ered by 120 Van Veen grab samples with a gridding of 150 
m inside the depression and 300 m outside it. This area was 
sampled again in February 2004, October 2004 and February

Meters

Boxcores

>me shells 
ells fragments 
libationsFine sand 

with coarser beds ; to medium 
1 with

Medium sand 
Fine sand v

Medium

Bioturhations

Medium
sandsand Wit!

g g g !

Fine to medium sand 
with few shells 
and shell beds

Medium to very coarse 
shelly sand 
with shell beds

Black sandy clay

Rippled medium sand

Heterogeneous sand

Figure 2. Boxcore in terpreta tion  and video imagery (June 2003), in relation to various p a rts  of the  sandbank.
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Table 1. Summary of the major sedimentological characteristics of the four environments (September 2003) (the mean value (M) and the range (R) 
for each environment inside the sampling area, are indicated).

E n v iro n m e n t M ean g ra in -size S o rtin g Skew ness C a rb o n a te  c o n te n t

East pa rt (gentle slope) Fine to medium sand 
(M: 281 pm, 188-489 pm)

Well to moderately-well 
(M: 0.59 0, R: 0.27-1.69 0)

Low values
(M :-0.18, R : -0.77-+0.13)

Low (M: 13%, R: 7-27 %)

Central depression Fine to coarse sand
(M: 303 pm, R: 205-552 pm)

Moderate to poor
(M: 0.72 0, R: 0.35-1.57 pm)

Variable
(M: -0.26, R: -0.64 - +0.26)

Variable (9-31%)

West flank (northern large 
to very-large dunes, top 
and steep slope)

Coarse sand (M: 541 pm, 
R:229-1219 pm)

Poor
(M: 1.04 0, R: 0.50-1.69 0)

Very variable
(M :-0.21, R : -0.70-+0.29)

High (> 40%)

Kwinte swale Fine sand
(M: 268 pm, R: 206-461 pm)

Poor
(M: 0.92 0, R: 0.48-1.68 0)

Variable
(M: -0.39, R : -0.76-+0.01)

Low (M: 14%, R: 8-21%)

- sample stations
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Figure 3. Sedimentological param eters obtained from the Van Veen grab samples (September 2003): A- Mean grain-size: fine sand  (light grey) 
to coarse sand (dark grey), B- Sorting: well-sorted (light grey) to poorly-sorted (dark grey), C- Skewness: enrichm ent in fine grains (white) to 
enrichm ent in coarse grains (dark grey), D- Carbonate content: low values in  fight grey and high values in dark grey.
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2005 (RV Zeeleeuw, RV Belgica; reports at www.vliz.be and 
www .mumm, ac.be, respectively).

The boxcores were taken to validate the relationship be­
tween the acoustic m easurem ents and the true  sedim entary 
character of the sea floor and become acquainted with the fac­
tors controlling the definition of the acoustically-derived sea­
bed classes. Boxcoring perm its sampling of the first 20-50 cm 
of the subsurface. The boxcore content was first described and 
photographed, after which 2 sub-cores were taken to analyse 
the stratification and the grain-size of each vertical sub-sec­
tion. Sediments were sieved on a rack of 2 mm to 75 pm with 
a Vi phi interval to perm it detailed analysis. The final results 
were trea ted  statistically according to F o l k  and W akd  (1957); 
th is allowed obtaining the most relevant sedimentological p a ­
ram eters, such as m ean grain-size, sorting and skewness. The 
calcium carbonate content was determ ined through calcime- 
try. Sediment grain-size fractions were classified according to 
the W entworth scale (W e n t w o r t h , 1922).

On the larger grid framework, Van Veen grabs were col­
lected. The positions of the samples were defined on the basis 
of a 300 m grid along a transversal section over the sandbank

and a 150 m grid including the central depression. From each 
grab, a bag of about 1.5 kg was taken. In the laboratory, the 
bulk sample was split; the grain-size analyses were sim ilar to 
those applied to the boxcore samples.

V ideo R ecording
In June 2003, video sequences were obtained at the same 

locations as the boxcores. The system used was a Sim rad u n ­
derw ater video camera, mounted on a small frame. Samples of 
the video imagery were taken using the Hollywood Pinnacle 
software.

Seism ics
During the June 2003 campaign, a boomer (IKB Seistec 

boomer/receiver) was used to investigate the in ternal architec­
tu re  of the sandbank. Boomer sources combine high frequen­
cies w ith a broad spectrum  and a good repeatability, and seem 
to offer a good compromise between resolution and penetration 
(main frequency ~4 kHz with a range of 0.7-7 kHz, a resolution 
of 20 cm and a penetration of 10—20 m). However, the quality 
of the data is highly w eather dependent. The digital recording

A- Presence of whole shells (white).

shells shells'

September 2003 February 2004

B- Distribution o f maximum size o f gravel.

20 mm 
15 mm 

10 m m  

5 mm 

3 mm 

2 mm 

0 mm

0 0 0 2  T * " m n t  0C\C\A

Figure 4. D istribution of the coarse fraction. Sedimentological information is wrapped onto a 3D bathym etry map. Crosses correspond to the sam pling 
stations. A- Presence of whole shells (unbroken). They are only p resent along the  w estern slope and in  the central depression. B- D istribution of the 
maximum size of gravel.
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.41 . central depression

February 2004 - Flood during spring February 2005 - Ebb during neap tide
tide

F igu re  5. D istribu tion  of th e  fine-gra ined  sed im en ts (< 75 pm), 
in co rpora ted  w ith in  a 3D b a th y m etric  m ap. Crosses correspond to the  
sam pling  sta tio n s . In  F e b ru a ry  2004. th e  sam ples have  been  tak en  
d u rin g  th e  flood; th e re  is no m u d  on th e  top. In  F e b ru a ry  2005. the  
sam ples have  been ta k e n  d u rin g  th e  ebb; a fine layer of m u d  is p re sen t 
on th e  top of th e  sam ples. Top: photos of th e  sam ples.

allowed a further processing, including a.o. bandpass filter­
ing, age scaling, deconvolution and swell filtering. Small-scale 
seismic un its and the ir boundaries were identified. The loca­
tions of the m easurem ents are shown on Figure 1.

RESULTS 

Sedim entological C haracterization, D erived  from  
B oxcoring, Van Veen Grabs and V ideo Im agery

Samples from the boxcores (June 2003; Figure 2., Annex 
1) and from the Van Veen grabs (September 2003; Figure 3.) 
show the same sediment characteristics and allow to distin­
guish four lithofacies along the central p art of the bank (loca­
tions indicated on Figure 2).

Each of these lithofacies has specific characteristics of mean 
grain-size, sorting, skewness and carbonate content (Table 1) 
and can be described as follows (east to west):

1) The eastern, gentle slope of the sandbank is character­
ised by well-sorted, fine to medium sands (mean grain-size of 
281 pm). South and north of th is  central area, the sediments 
become, respectively, finer (+/- 190 pm) and coarser (+/- 300 
pm). The skewness is characterised by low values, indicating a 
low enrichm ent in very coarse or very fine sediments. The car­
bonate content is generally reduced to 15%, whilst no impor­
ta n t in ternal structures can be observed in the boxcores. The 
video imagery shows small dunes with sediments comprising 
some shells and shell fragments. No organism s are visible. No 
big differences of sediment occur between the gentle slope and 
the western boundary of the Negenvaam swale.

2) The central depression, caused by dredging, is a heteroge­
neous area. The sorting is variable and the sand is fine to coarse. 
The internal structure of the upper sediment layer shows shell 
beds of a few millimetres thick. In fact, th is facies is interme-

C- Central depression. Large dunes (1) cross the 
depression, but their sizes decrease. Small dunes 
are present in the swale (2),on the bank (3) and 
in the depression (4).

F igu re  6. Bectforms on th e  K w inte B ank. B a th y m etry  of th e  K w inte 
B ank  (A), th e  k in k  in  th e  b a n k  (B) an d  th e  cen tra l depression  (C).

diate between facies observed on the western steep slope and 
along the gentle eastern slope. The first facies is found, for ex­
ample, near the southern extremity of the depression and com­
prises a large num ber of shelly beds (Figure 2.). Towards the 
gentle slope, the facies becomes more homogeneous. Skewness 
is the sediment param eter th a t clearly distinguishes the de­
pression from the gentle and steep slope: it shows a lower mean 
value than  along other areas of the sandbank. Generally, the 
skewness is negative, but some positive values (enrichment in 
very-fine sediments) can be found at some places. The carbon­
ate content lies between 10 and 35 %. Video imagery showed 
shell fragments and complete shells, in the troughs, between 
the small dunes. The crests of the dunes were devoid of shells.

3) The western border of the central depression and the 
steep slope of the sandbank, are characterized by poorly sort­
ed sediments. Large shell fragm ent layers of several centim e­
tres thick occur at the base and are covered with an a lterna­
tion of finer sand and shell beds of several millim etres thick. 
Generally, the skewness is negative, but low positive values 
also occur. The sand is coarse to very coarse and the carbon­
ate content can exceed 40 %. The video imagery shows shell 
fragm ents and complete shells, mainly in the troughs of the

B- Elongated very-large dunes(l) and large 
dunes (2) with superimposed small dunes. 
Medium dunes in the swale (3).

'central
depression

UTM31 -WGS84

mSXBSBM
easting (m)

A - Bathymetry o f the Kwinte Bank. Location o f the two areas (A and B) enlarged below.
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• compound 
Jàrge dunes /

arca subdued

boundary

H direction o f the dune crest 
and direction of progradation 
of the dunes

area subdued 
to the flood

F ig u re  7. M ultibeam  b ack sca tte r  of the  "kink" a rea  of th e  K w inte 
B ank. Location of th e  a rea  is show n on F ig u re  8.

small dunes. Generally, epibenthic fauna and, in particular, 
Echinodermata  are observed (e.g. starfish, b rittle stars, and 
uncovered sea urchin tests).

4) The sediments of the swale, west, of the Kwinte Bank (Kwin­
te Swale), are poorly sorted, due to the presence of gravel and 
clayey or silty sediments, mixed with fine sand. The skewness is 
variable. The carbonate content is, generally, down to 20 %.

On an overall basis, the distribution of the coarse fraction (> 
3 mm, mostly shells) is lim ited to the western p art of the bank 
and the central depression (Figure 4.).

A fine layer of mud can appear on the top of the samples 
inside the central depression (Figure 5.). This occurs when the

tidal current are very low in the central depression. This layer 
was sampled during ebb and slack-water tim e during a neap 
tide. So it is difficult to distinguish which condition, between 
ebb and neap tide, is the most important. During the flood, 
th is  layer disappears.

Large and Sm all-Scale B ed form  M orphology  
Results from  the m ultibeam  and side-scan sonar im agery

The four lithofacies, previously described correspond to 
particu lar morphological characteristics:

1) The gentle slope of the sandbank shows large sinuous 
dunes th a t am algam ate in some places. Small dunes cover 
the ir flanks (Figures 6. and 7.).

2) The contours of the central depression are well pro­
nounced. Interestingly, the large dunes cross the central de­
pression, but they are smaller th an  those outside the depres­
sion (Figure 6C.). The crests of the large dunes within the 
central depression are more diverted towards the north, than  
the crests on both sides of the depression, indicating a more 
rapid movement of the dunes in the depression area due to 
the ir sm aller height.

3) The western part (steep slope and crest) shows elongated 
very-large dunes, generally without superimposed small dunes 
(within the accuracy of the device). In fact, there are two types 
of large to very-large dunes: (i) higher (up to 5 m) and elongated, 
located close to the Kwinte Swale (Figure 6B. (1)); (ii) more to­
wards the north and east, belonging to the gentle slope and are 
smaller (around 2-3 m height) with superimposed smaller bed- 
forms on their slope (compound large dunes) (Figure 6B. (2)).

4) Within the Kwinte Swale, erosional features from cur­
rents (furrows), oriented northeast-southwest, are located be­
tween two fields of small to medium dunes: these dunes have a 
southeast-northwest strike (Figure 6B. (3)). The first dune field 
extends towards the mouth of the central depression, whilst the 
second term inates on the part of the steep slope, where the off­
shore kink is present (see above). The Crestline of this section of 
the bank consists of one elongated very-large dune structure.

easting (m)

UTM31 -W G S84
B- Multibeain backscatter

location of 
Figure 10

F ig u re  8. C om parison of th e  seabed  classification, ob ta ined  from  A- S ide-scan son a r im agery  an d  B- M ultibeam  b ackscatter. 
F ive classes hav e  been derived  from  th e  side-scan sonar im agery  (1 to 5) an d  seven ones from  th e  m u ltibeam  im agery  (A to G). 
In th e  background: b a th y m etry  of th e  K w inte B ank.
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Figure 9. Triton autom ated seabed classification (Kongsberg Simrad) 
(classes T1 to T5). Comparison with the m anual seabed classification 
(classes A to G).

R esults from  seab ed  classification
M ultibeam and side-scan sonar data were used for the 

seabed classification (Figure 8.)- The side-scan sonar imagery 
was interpreted, manually; th is has led to the delineation of 
6 classes (Figure 8A.), occurring from southeast to northwest 
(see below).
— Class 1: represented by large dunes, superimposed with 

small dunes and a low to moderate reflectivity (gentle 
slope);

— Class 2: the same large to very-large dune structures, but 
the reflectivity is stronger (central depression and along the 
crest of the western p art of the sandbank);

— Class 3: small to medium dunes, w ith a moderate to strong 
reflectivity (swale, dune field);

— Class 4: furrows with a moderate reflectivity (swale);
— Class 5: devoid of bedforms and a moderate reflectivity 

(swale);
— Class 6: field of small to medium dunes w ithin the swale.

A seabed classification has been performed on the m ulti­
beam backscatter data (Figure 8B.). Similarly, as for the 
side-scan sonar backscatter, these data are also a function of 
several param eters such as seabed sediment type, roughness 
and bedforms. No large differences were detected between the 
side-scan sonar and the multibeam backscatter. Seven classes 
were distinguished m anually from the multibeam backscatter 
data (see below).
— Class A: same bedform pattern  as Class 1 (see above) (gen­

tle slope), corresponding to large dunes, superimposed with 
small dunes; a low reflectivity is observed;

— Class B: central depression and sim ilar to Class 2 (see 
above). It displays a higher reflectivity th an  the gentle 
slope;

— Classes C and F: the small to medium dune fields of the 
swale (classes 3 and 6, see above), with a higher reflectivity 
for Class C;

— Class D: the furrows of Class 4 (swale, see above), a high 
reflectivity is observed;

— Class E: different from Class 5 (swale, see above), also a 
high reflectivity is seen;

— Class G: the elongated very-large dunes, being a p art of 
Class 2 (western part: steep slope and crest of the sand­
bank, see above) with a reflectivity somewhat lower than  
the ones of Classes C, D and E.

SENW
central

depression20

Kw4

Kw3Î0

Kw2
K\v

40

F igu re  10. Seism ic profile crossing  th e  cen tra l depression. 
In  th e  cen tra l depression, th e  ex trac tion  n early  affected th e  base  of the  
youngest seism ic u n it  Kw4.

The autom ated seabed classification, based on the m ulti­
beam backscatter data, allowed discrim inating 5 classes 
(Figure 9.). Classes T l, T2 and T3 are located mainly in the 
Kwinte swale, and correlate well with the Classes C, D and E, 
based on a m anual interpretation of the multibeam backscat­
te r  data. Classes T1 and T2 are, also, found on the elongated 
very-large dunes (class G). Classes T4 and T5 are situated  in 
particular on the gentle slope of the sandbank (Class A) and 
along a dune field in the Kwinte Swale (Class F). The central 
depression is covered mainly with Class T2 and somewhat by 
the Classes T l, T3 and T4.

Internal Structure o f  the Bank
The p resen t investigation  only focussed on the  area 

around the  cen tra l depression. The in te rp re ta tion  of the 
seismic profiles allowed for th e  d iscrim ination of four un its  
(Kwl-4) (Figure 10.). The oldest ones, K w l and Kw2, are 
bounded by erosive reflectors w ith m edium  to good conti-

  :__
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Table 2. Correlation between the backscatter, the sea-floor classification a n d  the sedimentological a n d  morphological characteristics.

Sed im en t ty p e H igh silt c o n te n t (> 5 %) H igh  c a rb o n a te  c o n te n t F in e  to  m ed ium  well- 
so rted  sa n d  (san d b an k )

P o o rly -so rted , fine to  
m ed iu m  sa n d  (sw ale)

Morphology (bedforms) Sm all dunes, furrow s E longated  very  large dunes Compound large dunes No bedform s

Classes C-D G A E
B ackscatter

V alues High High Low M edium

A utom ated  sea-floor classification T1 T2 T4-T5 T3

Side-scan sonar ,3-4 O utside the  area 1 5

nuity. The in te rn a l s truc tu re  of K w l is composed of some 
high-am plitude and low discontinuity  reflectors. Kw2 shows 
channel-shaped structures, a lte rn a tin g  w ith more linear re ­
flectors. Kw3 has a bank-shaped  form and p resen ts some 
reflectors para lle l to its slopes. Kw4 corresponds to th e  
bank  itself. It is covered by dune struc tu res and sm aller 
bedforms. This u n it is about 5 to 7 m thick. In th is  paper, 
only the relevance of the  data  with respect to the im pact of 
aggregate extraction  is discussed.

D ISC U SSIO N  

M ethod ologies - Interrelationship o f  the A coustic  
T echniques

The backscatter data from a 95-98 kHz multibeam echoso- 
under, such as the EM1002, can provide an estimate of the n a ­
ture of the surficial sediments. For a muddy seabed, the signal 
is strongly absorbed and the values of the backscatter are low. 
On a rocky or gravelly seafloor. the signal is strongly reflected 
and the values of the backscatter are high. A flat seabed or a r­
eas with well-sorted sediments reflect less the signal than  a 
rough seabed or than  poorly-sorted sediments. Other factors 
contributing to the value of the backscatter relate mainly to 
sediment compaction andbioturbation (e. g. F e r r in i  and F l o o d , 
2006: H u g h e s  C larke  et al., 1997; and N it s o h e  et al., 2004).

For the present datasets, the m ultibeam  backscatter data 
range between -40  and -10 dB. This range appears to depend, 
at a first approximation, upon the sea floor roughness (the 
presence of small bedforms), sorting and presence of shell. 
Variations in these th ree param eters correlate well with the 
backscatter differences. Coarse sediment is found in the swale 
where the reflectivity is generally high (Classes C, D and E) 
and on the elongated very-large dunes (Class G). whereas fin­
er sediments are found on the gentle slope (Class A), and on 
the fields of the small to medium dunes (Class F), where the 
reflectivity is low.

This pattern  corresponds on the side-scan sonar imagery 
to the low reflectivity of Class 1 and the higher reflectivity of 
Classes 2 and 3 and 4.

Although, the reflectivity of the multibeam correlates ap­
proximately with the mean grain-size, the results of the sea 
floor classification (Triton) do not exactly represent th is p a r­
ticular param eter. The results show th a t the Triton auto­
m ated seabed classification is more sensitive to the content in 
shells, in fine sediment (Classes T1 and T3) and in the sort­
ing: for example, the difference between Classes T3 and T4-T5 
representing fine to medium sand, bu t poor and well-sorted 
sand respectively. Classes T1 and T2 represent the coarsest 
sediments.

transport of fine sediments 
towards the gentle slope: sorting

F L O O D : 
th e  strongest tr a n s p o r t  o f  sa n d , sh e lls  

a n d  grave l

1 0 0  mstrong current into the central depression: 
no deposition, only transport and maybe erosion 
Crests of large dunes move northwards

shelly sand

SE
EBB: w eak er b u t longer 

— d u ra tio n  c u rre n t

transport of fine sediments 
towards the steep slopemobile layer

abovi

1 0 0  m, weak current into the central depression which 
, becomes a protected area:
■ possible mud deposition ,

coarse and, 
shelly sandi
Env.2: ¡

channel ■ steep slope ■
Env.4: 

gentle slope
Env.3: 

ce n tra l depression
Env.l:

channel

F ig u re  11. C onceptual m odel o f th e  se d im e n ta ry  dynam ics associated  
w ith  th e  cen tra l depression  of th e  K w inte B ank d u rin g  flood (top) an d  
ebb (bottom) tide. Env. = environm ent.

In summary, Classes A/T4-T5 correspond to fine to medium 
well-sorted sand. However, problems appear with the other 
classes corresponding to moderate and poorly sorted sand. 
For example Classes C and D/T1-T2 contain a m ixture of fine 
sand, gravel and silt. They show acoustic characteristics simi­
lar to those of Class G, formed by coarse shelly sand. In fact, 
Class T1 seems to be more sensitive to the silt content and 
Class T2 to the carbonate content. Class T3, found within both 
of the swales (Class E) corresponds probably to fine to medium 
poorly sorted sand (C e u l e n e e r  and L altwaert, 1987). The dif­
ferent classes and the ir possible interpretation are sum m a­
rised in Table 2.

The results of the sea floor classification delineate the re­
gion of the central depression as being composed of heteroge­
neous sediments. This is in accordance to the sedimentological 
results, based on sampling. The carbonate content is generally 
less than  20 %. The higher reflectivity of the central depres­
sion is also influenced by a more compact natu re  of the sedi­
ments. Whether, th is is due to an early compaction decreasing
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the porosity, a somewhat stronger current action or perhaps 
the extensive dredging th a t exposed more consolidated sedi­
m ent rem ains to be investigated.

Interpretation o f  the Four L ithofacies
Around the central depression, four lithofacies were identi­

fied, each with its specific sedimentological and morphological 
characteristics. The findings and the ir integration with the 
governing hydrodynamic characteristics are shown in Figure 
1 1 .

T he Kwinte Swale
Heterogeneous sediments, composed of fine to medium 

sand containing a considerable am ount of shells and epibenth- 
ic fauna, form the Kwinte Swale. The silt content, often higher 
than  5 %, together with coarse gravel was sampled on the 
seabed. This distribution pattern  appears to be ra th e r stable, 
except for some sporadic high-energy events. Previous studies 
(C e u l e n e e r  and L a u w a e r t , 1987) have indicated th a t the val­
ues of the clay and gravel contents w ithin the swales between 
the Flemish banks can be high and the adm ixture results in 
the occurrence of poorly sorted sand. Strong currents can lead 
to the formation of erosional furrows, eroding the underly­
ing Tertiary clay and pre-Holocene stones (essentially flints). 
Under high-energy events, these can be transported  towards 
the banks. Moreover, as the banks are oblique (up to 20°) to 
the tidal ellipses, sediments th a t are eroded in the swale are 
transported  towards the bank. With sufficient sand available, 
dune fields form in specific areas.

W estern part o f  the sandbank, steep  slop e and crest
Heterogeneous medium to coarse shelly sand character­

izes the sedim ents of the elongated very-large dunes along 
the western p art of the sandbank. The strong currents in this 
area, generally, provoke erosion along the steep slope. The ero­
sional natu re  of th is steep slope is clearly shown when erosion 
and deposition areas are modelled (B r iÈr e  et al., th is  volume; 
and V a n  d e n  E y n d e  et al., th is volume). The strong currents 
on the steep slope (V a n  d e n  E y n d e  et al., th is volume) allow an 
active transport of shells and coarse material, which is prob­
ably common along the erosive western flank. This transport 
appears to extend up to the depression, showed by the coarse 
fraction pathway (Figure 4.). The eastern flank of the central 
depression seems to form a boundary for the progression of 
the coarse fractions. Moreover, the transport process likely de­
stroys the shells. They finish up accumulating on the northern 
elongated very-large dunes, where the shell fragm ent size is 
quite homogeneous.

T he central d epression
The central depression shows patches of fine- to coarse­

grained sediments; as such it is an interm ediate area between 
the heterogeneous and poorly-sorted sands of the w estern flank 
and the fine- and well-sorted sands of the gentle slope. Before 
dredging, it is likely to have been associated with sim ilar sedi­
m entation as along the western side (B o n n e , 2003; V a n o s m a e l  
et al., 1982), since the area was a former Crestline of the Kwin­
te  Bank. Noteworthy, are the very-large dunes th a t are clearly 
lower in height in the depression than  outside of it, though 
the strike of the dunes is continuous from the western part up 
to the eastern  part. From tim e-series of multibeam imagery 
(D e g r e n d e l e  et al., th is  volume), it has been shown th a t in the 
depression, the dune sections have a higher rate  of mobility.

F igu re  12. C aston 's hypo thesis on th e  evolution of th e  Norfolk B ank 
(Caston, 1972) ad ap ted  to th e  F lem ish  B anks. The m orphology of 
th e  K w inte B ank  is sim ilar to S tage B condition. A: sing le  ban k , B: 
fo rm ation  of a k in k  on th e  steep  slope, C: en la rg em en t of th is  k ink  
u nder tid a l cu rre n t action, D: se ttin g  of two san d b an k s, E: con tinuation  
of th e  process w ith  th e  in itia tio n  of a th ird  sand b an k , an d  E: th ree  
sandbanks.

This may allow an easier passage of the currents (Figure 11.) 
and hence, an increased erosion potential m ight be expected in 
th is area. D e g r e n d e l e  et al. (this volume) observed a deepen­
ing of 0.8 m between 1999 and 2003 and erosion processes are 
still evidenced from hydrodynamic m easurem ents and model­
ling (G a r e l , th is volume; B r iè r e  et al., th is volume). However, 
D e g r e n d e l e  et al. (this volume) indicate also th a t the erosion 
in the depression appears to have ceased and th a t the top vol­
ume of the sandbank is stable again, since the closure of the 
depression.

The regeneration of the depression is however problematic, 
at least on the short-term. From the tim e-series in sediment 
sampling and from the subsequent m ultibeam  soundings 
(D e g r e n d e l e  et al., th is volume), no evidence of a significant 
sedim entation after the cessation of dredging is observed. Ac­
cording to the m ain sediment transport direction, a southern 
provenance would be most favourable. Still, if the depression 
is to be refilled with coarse sand, as was originally the case, 
there is only a lim ited availability of th is fraction to the south. 
The only evidence found, is the trapping of shelly m aterial in 
the depression, likely originating from the coarser western 
slope of the bank and hence transported  with the flood cur­
rent. Figure 11. also shows the possible trapping of silty sedi­
m ents in the depression, most probably occurring under ebb 
and neap tide conditions. If both processes would be continu­
ous over time, th is might be a first, bu t very slow initial stage 
for a further regeneration of the area.

Eastern part
Finally, opposite to the western part, the gentle slope of 

the bank is composed of homogeneous fine to medium sand. 
The large dunes are smaller and are covered with small dunes. 
The gentle slope is merely subdued to the ebb current. The 
boundary between the influence of the flood and of the ebb is

LEGEND
Bank Crestline
Direction of the dominant bottom currents
and sand transport pathways
Directions of major and minor bank movements

_ elongated 
" very large dunes 
central 
depression

K W IN T E  BANK
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visible on the multibeam backscatter imagery (Figure 7.); this 
area corresponds to a bed load convergence zone (e.g. H a r r is  
et a l, 1995).

Evolution o f  the Sandbank
Several authors have attem pted  to explain the  m ain te­

nance of the N orth Sea sandbanks and m ainly a ttribu ted  
th is  to the convergence phenom ena of tidal curren ts (C a s t o n , 
1972; L a n c k n e u s  et a l,  1989; and V a n  V e e n , 1936). Investiga­
tions concerned with the Kwinte Bank have agreed upon the 
volume equilibrium, bu t they have not explained the evolu­
tion of the offshore “k ink”, located w ithin the middle p art of 
the bank, just to the north  of the central depression. This 
kink is covered w ith the  h ighest very large dunes; its evolu­
tion and curren t pa tte rn  suggests a strong hydrodynam ic re ­
gime (V a n  D e n  E y n d e  et a l,  th is  volume). Previously, C a s t o n  
(1972) has explained the presence of such a feature in the 
Norfolk Banks (Figure 12.) where six stages have been de­
scribed which could lead to the formation of two new banks. 
The in itial linear tidal bank  (Stage A) becomes sinuous u n ­
der the action of the tidal currents. The sinuosity increases 
w ith the formation of a kink (Stages B and C) un til there 
is the development of a double curve (Stage D), associated 
w ith the ebb and flood channels. The new channels lengthen 
considerably, un til they b reak  through the sandbanks at the 
location of the kink (Stage E). The parabolic term inal banks 
leave gaps at the extrem ities of the  channel. The final stage 
(Stage F) reveals the creation of th ree banks, out of a single 
bank.

This hypothesis might be applied to the Flemish Banks for 
the reasons:

(1) The Norfolk Banks are under a hydrodynamic regime 
which is very sim ilar to th a t of the Flemish Banks;

(2) Some of the Flemish Banks show some of the interm e­
diate stages, as presented by C a s t o n  (1972). For example, 
the Middelkerke Bank and the Oostende Bank have reached 
Stage D and the Buiten Ratel reveals a kink, resembling the 
middle bank shown on Stages E and F.

The Kwinte Bank appears to be sim ilar to Stage B, as 
described for the Norfolk Banks. The formation of the  kink 
is probably due to an increase in the curren ts and the bot­
tom shear stress at th is particu lar location (W il l ia m s  et al.,
2000) being responsible for the  formation of the elongated 
very-large dunes (Class G of the m ultibeam  data set) and 
the medium dune field observed at the base of the sandbank 
(Class 6 of the side-scan sonar im agery and Class F of the 
m ultibeam  imagery; F igure 7.). In F igure 7., it can be seen 
also th a t the  wavelength of the elongated very-large dunes 
decreased tow ards the northeast. The small bedforms located 
fu rther eastw ards, have a north-south  orientation and ap ­
pear to be m ainly formed by the  ebb current. In conclusion, in 
th is  area of the kink, there is a convergence of strong forces, 
provoking instability  of the sandbank. D e l e u  et al. (2004) 
found the same conclusions for the W esthinder kink area, 
located to the north.

The presence of the central depression, close to the kink, 
could intensify the current action; th is could enhance the evo­
lution of the bank. However, the modelling studies (B r iè r e  et 
al., th is volume) showed th a t dredged areas are ra the r insig­
nificant at geological time-scales. Moreover, within existing 
sandbank groups in the southern North Sea, there might not 
be enough accommodation space to allow a repartitioning of 
the bank.

D ifferent Seism ic U nits o f  the Banks
From the interpretation of the seismic profiles, the forma­

tion of the central part of the Kwinte Bank seems to have 
occurred in four main phases, separated by th ree major ero- 
sional surfaces. Correlation of the results with the detailed 
seismic investigations and ground-truthing of the adjacent 
Middelkerke Bank (T r e n t e s a u x  et al., 1993; and T r e n t e s a u x , 
S t o l e , and B e r n é , 1999), suggests th a t the four units, Kwl-4, 
are Upper Q uaternary in age and have a varying lithologi- 
cal composition. High-amplitude reflectors, likely indicating a 
coarse sedimentation, characterize the oldest un it and likely 
reflect the infill of a fluviatile channel. Kw2 is more complex; 
its geological history merely reflects a channel-barrier facies 
with an alternation of channels and barriers. This may be 
related to a marsh, a lagoon or a back-barrier system of a 
coastal plain and indicates th a t the sedimentation is rather 
heterogeneous (T r e n t e s a u x , S t o l e , and B e r n é , 1999). Kw3 has 
a sandbank-shaped facies; hence its sedim entation is likely 
sandy and more homogeneous in nature. Kw4 is the actual 
tidal sandbank facies, m aintained by the present-day hydro- 
dynamic regime. In the central depression, th is un it is almost 
dredged completely.

These results confirm th a t the sandbank is not a homoge­
neous piling-up of sand and th a t not all un its are per se sandy 
in nature. It is clear th a t detailed information is needed on 
the in ternal structure of the bank, if adequate resource calcu­
lations are to be made. From an environm ental perspective, 
it seems only recommended to dredge the upper subsurface 
layer, as only these sediments may be renewed by the present- 
day hydrodynamic regime.

C O N C LU SIO N S

A detailed geomorphological and sedimentological study 
has been performed on a tidal sandbank th a t has been dredged 
during 30 years. The m arine aggregate extraction has led to 
a depression, in the former Crestline of the bank, of up to 5 m. 
From this, the Government closed down the area for further 
exploitation.

High-resolution acoustics were used, as also seabed clas­
sification tools. M ultibeam and side-scan sonar backscat­
te r  showed sim ilar results. Autom ated seabed classification, 
based on multibeam backscatter, showed no direct correlation 
with the mean grain-size. The prim ary drivers were merely 
the sorting of the sediments, the presence of shells and of fine 
sediments. Very-high resolution seismics allowed studying 
the upper 20 m of the sandbank and showed the presence of 
various seismic units. Of these, only the upper un it is repre­
sentative of the present-day hydrodynamic regime; th is un it is 
nearly completely dredged along the central depression.

The central depression was clearly distinguished from the 
morpho-sedimentary environment, characterizing the western 
and eastern  p art of the bank and the swale. The differentia­
tion between the western and the eastern  part is essentially 
due to different tidal current characteristics th a t lead to dif­
ferent erosion-sedimentation processes. These processes seem 
to be ra th e r stable as each subenvironm ent had sim ilar over­
all grain-size characteristics over a period of two years. W ithin 
a subenvironment, some evolutionary trends could be distin­
guished and could be related to seasonal variation. Of note is 
the evolution of the sedim ents within the central depression 
as th is was sim ilar to the evolution w itnessed for the swale
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sediments, hence significantly different from w hat would be 
expected from a former Crestline of a sandbank. The interplay 
of the flood and ebb current is as follows: (a) The flood is a 
stronger, bu t of a shorter duration. It erodes and transports 
the sediments in bulk, w ithout efficiently sorting it. At such, 
it induces a resuspension and subsequent sedim entation of 
coarse sediments, poorly sorted and with high carbonate con­
tent. These sediments are transported  into the depression and 
accumulate locally; (b) the ebb tide is weaker, bu t of longer 
duration than  the flood. It erodes with difficulty the sediments, 
but its long duration perm its an improved sorting of the fine 
to medium sand fraction. There is no supply in shells, as these 
are only observed along the western part of the bank.

The presence of the central depression has several influ­
ences. It is located along a part of the bank, th a t is generally 
dynamic in natu re  and its position is close to a kink in the 
sandbank. This could have a positive effect: the high amount 
of transported  sediment could enable a levelling out of the 
depth differences. However, kink areas are mostly less s ta ­
ble in nature; as such, initial erosion might be accelerated in 
such areas. The depth of the central depression should allow 
a trapping of sediment. However, the depression is somewhat 
oblique to the norm al Crestline; as such, it now forms an open 
transport pathway from the swale up to the crest of the sand­
bank. This has led to a canalization of the flood current; th is is 
witnessed by a decreasing height of the dunes and the fact th a t 
the occurrence of shells is restricted to the depression and need 
to be brought in by the flood. The lower height of the large 
dunes cannot slow down the current and erosion and transport 
of sediment is increased. These phenom ena likely prevent any 
significant regeneration of the depression.

If the depression is to regenerate, it will likely need a refill 
in coarse material, sim ilar to its original sedim entary depos­
its. However, the present-day hydrodynamic regime is not able 
to supply th is  fraction, nor are there any nearby sources th a t 
could govern th is supply. Nevertheless, there is a constant sup­
ply in shells, originating from the western steep slope. Moreo­
ver, tim e windows exist during which fine sediments can settle 
down. If the shells would be able to trap  the finer sediments, 
th is might be a first initiation of a fu rther regeneration.

The major problem for the regeneration of the central de­
pression rem ains the lack of coarser-grained m aterial th a t 
is needed as a basis for a fu rther infilling. As these fractions 
are not regularly transported, it is unlikely th a t the natu ra l 
processes will be able to counterbalance the severe dredging 
activities. If, from a m anagem ent perspective, the central de­
pression needs to be restored, it might be envisaged to supply 
the depression with a basic layer of coarse sedim ents or shells 
from, for example, the w astes of the dredged m aterial around 
th is area. This would likely perm it a more im portant trap  of 
sediments and thus initiate a further infill of th is depression.
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Annex 1
Sedimentological parameters o f the boxcores, as shown in Figure 2.

B o x c o re s P o s it io n
S a m p le  d e p th  
(cm  f ro m  th e  

to p )

M e a n  g ra in -  
s iz e  
(pm)

S o r t in g
( «

S k e w n e s s C a C 0 3 °o M ode

Steep slope- 
sw ale

1 236 0.65 -0.50 11 unim odal
BC4 3 255 0.82 -0.59 12 unimoclal

17 498 1.28 -0.17 23 bim odal
6 466 0.81 -0.31 11 unim odal

BC10 Top 22 423 0.58 -0.30 20 unim odal
32 442 1.07 -0.17 20 bim odal
6 500 1.17 -0.07 31 bim odal

BC8 Top-central 14 537 1.12 -0.07 38 bim odal
depression 17 325 0.97 -0.48 13 unim odal

25 799 1.04 0.41 34 bim odal
6 265 0.46 0 11 unim odal

BC12 C entral 11 226 0.44 -0.08 12 unim odal
depression 13 270 0.55 -0.04 16 bim odal

20 250 0.59 0.01 19 bim odal
3 253 0.52 -1.04 14 unim odal

C entral
depression

12 318 0.68 -0.14 9 unim odal
BC15 17 284 0.60 -0.11 15 bim odal

20 385 0.83 -0.20 27 bim odal
28 353 0.71 -0.10 8
4 282 0.47 0.15 1 unim odal

BC13 G entle slope 12 276 0.47 0.1 7 unim odal
23 310 0.63 -0.1 11 unim odal
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ABSTRACT I

Analyses of the records of ships registers and Electronic Monitoring Systems, of the trailer suction hopper 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 
northern 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 morphological evolution of this central depression is based upon elata obtained: (a) from 
November 1999, until the closure for extraction in February 2003: and (b) on the subsequent post-clreclging evolution, 
until June 2005. During this 5-year period, a total of 17 surveys were carried out with a multibeam 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, permit a 
detailed comparison of the bathy-morphological and sedimentary evolution of both of the monitored areas.
Since the commencement of multibeam monitoring in 1999, an overall deepening (by 0.5m) of the entire KBMA 
monitoring zone is observed, until the cessation of dredging, in February 2003. Subsequently, the deepening slowed 
clown and the variation in sediment volumes became similar to that of the adjacent non-exploitecl sandbank. From 
this, marine aggregate extraction appears to have only a local impact.

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

IN T R O D U C T IO N

Numerous tidal sandbanks characterise the sediment de­
posits of the Belgian Continental Shelf. From an economical 
perspective, these sandbanks represent an im portant resource 
of sandy aggregates (V a n  L a n c k e r  et al., th is  volume). Gravel 
occurs in some of the swales, but its exploitation is limited, 
due to the low industrial quality of the gravel deposits.

W ithin Belgium, sand exploitation commenced in 1976, 
w ith an annual volume extracted of around 29,000ms. This vol­
ume increased to 220,000ms in 1977; it has increased, stead­
ily, to reach l,700,000ms in the middle of the 1990’s. In 2001, 
production exceeded l,900,000ms (or nearly 3,000,000 tonnes,

DOI: 10.2112 / SI51-007.1 received 15 J a n u a ry  2007; accepted in 
revision  26 F e b ru a ry  2008.

at a mean density of sand of 1.55tonnes/ms). Since 2002, the 
production has stabilised at around l,600,000ms.

The exploitation of m arine aggregates (MA) on the Belgian 
Continental Shelf is confined to th ree seabed areas. These a r­
eas were defined by the Royal Decree of September 1, 2004 
related to the requirem ents, the geographical delimitation 
and the appropriation procedures for concessions for the ex­
ploration and exploitation of m ineral and other non-living re­
sources in the territo ria l sea and on the continental shelf (see 
D e g r e n d e l e  et al., 2005; and R a d z e v ic iu s  et al., th is  volume).

Extraction activities have been subjected to a monitoring 
programme, almost from the commencement of exploitation in 
1976. The monitoring undertaken is two-fold: (1) the activity 
of the extraction vessels is followed (volume dredged, location 
and time), using extraction registers and, since 1996, Elec­
tronic Monitoring Systems (EMS or ‘black-boxes’); and (2) the 
physical impact of the extraction on the environm ent (since 
1999, studied with a multibeam echosounder).

mailto:Koen.Degrendele@mineco.fgov.be
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F i g u r e  1. S u p e r p o s i t i o n  o f  e x t r a c t i o n  i n t e n s i t y  o n  a  s h a d e d  r e l i e f  m a p  
o f  t h e  K w i n t e  B a n k  ( n u m b e r  o f  d r e d g i n g  r e c o r d s ,  f r o m  0 5 / 1 1 /1 9 9 6  to  
3 0 / 0 3 /2 0 0 5 ;  e a c h  r e c o r d  r e p r e s e n t s  3 0 s  o f  o p e r a t i o n  o f  a  t r a i l e r  s u c t i o n  
h o p p e r  d r e d g e r ) .

According to the ships registers database and the EMS 
records, the extraction is concentrated mainly on one particu­
lar sandbank: 75% (11,620,OOOm3, of a to tal of 15,570,000ms, 
from 1997 un til 2004) is extracted on the Kwinte Bank. The 
superposition of the dredging intensity  on the general digital 
te rra in  model (DTM) of the Kwinte Bank reveals the spatial 
coincidence between areas, which are most dredged, together 
with two morphological depressions in the central and no rth ­
ern parts  of th is sandbank (Figure 1.).

According to the Federal Legislation, the extraction level 
is lim ited to a maximum of 5m below the seabed, as defined 
by the most recent hydrographic chart. As the hydrographic 
charts are updated regularly and incorporate potential depres­
sions, th is would imply th a t the lim it of 5m is never reached. 
However, when comparing the oldest reliable single-beam 
profiles and the recent multibeam data, such a difference has 
been observed along the central depression. These findings led 
to the closure of th is zone, in 2003 (D e g r e n d e l e , R o c h e , and 
S c h o t t e , 2002).

The Kwinte Bank central area is impacted upon regularly 
by tra iler hopper dredgers, but is subjected also to the n a tu ra l 
dynamics of the sandbank. As such, it is an ideal case to study 
the effect of MA extraction from a tidal sandbank; likewise, to 
evaluate the potential of restoration of the sandbank, follow­
ing the cessation of MA extraction. This contribution focuses 
upon the bathy-geomorphological and sedim entary evolution 
of the sandbank, during and after sediment extraction in the 
central depression; similarly, the relationship between this 
evolution and the extraction activities.

ENVIRONM ENTAL SETTIN G

The Kwinte Bank is part of the Flemish sandbank system 
(Figure 2.), a group of Quaternary sand bodies deposited on 
Tertiary (Ypresian) units (mainly clays) (L e  B o t  et al., 2005, 
for an overview). The sandbank, NE-SW aligned, is about 
15km in length, 10-20m in height, and 1 to 2km in width (i.e. 
about 400 Mm3 in volume); it shows an asymmetric profile, 
being steeper towards the NW. W ater depths are around 5 to 
25m MLLWS (Mean Lowest Low W ater at Spring). Macrotidal 
(4-5m), semi-diurnal tides characterise the area. The tidal cur­
rents rotate counter-clockwise, with maximum currents (1 m/s) 
observed generally during the flood, towards the NE (V a n  C a u - 
w e n b e r g h e , D e k k e r , and S c h u u r m a n , 1993). Waves of 0 .50-lm  
in height (period of 3.5 — 4.5s) are most common; waves of more 
than  3m originate from the W to WNW (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). Large to very-large dunes (sensu 
A s h l e y , 1990; with heights of respectively >0.75m and >5m) 
cover the sandbank extensively. The Kwinte Bank is character­
ized by fine to medium-sized sand. The grain-size coarsens from 
south to north; 180 to 240 pm is found over the southern part, 
whilst coarser sediment (of up to about 400 pm) characterises 
the middle and northern part (V e r f a il l ie , V a n  L a n c k e r , and 
V a n  M e ir v e n n e , 2006). The specific morphological and sedimen­
tological characteristics are discussed in B e l l e c  et al. (this vol­
ume); the hydrodynamics are particularly dealt with in G a r e l  
(this volume) and V a n  d e n  E y n d e  et al. (this volume).

M E TH O DO LO G Y  

M onitoring o f  the Extraction Activities
The activities of the extraction vessels are monitored using 

two approaches: the registers; and, since 1996, an EMS system. 
For each trip, a register is completed and provides the general 
location (which sandbank) of the extraction, the date and the 
volume extracted. This volume is obtained by multiplying the 
weight of the aggregate load, by 1.55tonnes/m3, the average den­
sity of compacted sand. Based upon these data, the extraction 
volumes for each ship and for each sandbank are calculated. In 
addition, the rate at which each ship dredges, together with the 
average dredging speed are obtained. Because of the absence of 
any detailed positions in the registers, only the overall quanti­
ties for the entire sandbanks can be evaluated. In contrast, the 
EMS records all relevant param eters (e.g. ship ID, trip number, 
date, time, GPS position), at an acquisition rate of 30sec, during 
the dredging operations. These data are collected, analysed 
and stored in a single GIS database. The average dredging 
speed of each vessel is multiplied by the frequency (number of 
30sec records), to obtain the extracted volumes within specific 
time intervals and for delimited areas; these can be shown on 
maps and in data Tables, in a GIS.

M ultibeam  Echosounder
W ithin the framework of the MA extraction ‘follow-up’, 

the Fund for Sand Extraction acquired a Kongsberg Sim rad 
EM1002 m ultibeam  echosounder. This system is installed 
aboard R V  Belgica . The system has 111 beams of 2° (athwart) 
X 3.3° (fore-aft) width, working at a nominal frequency of 
95kHz, with a ping-rate of around 4 to 6Hz. The data are cor­
rected in real-time, for roll and heave, using a Seatex MRLT5 
motion sensor and, for heading, using an Anschütz S tandard  
20 gyrocompas. A Sercel NR103 (from 1999 un til January
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2003) and a Thales A quarius 02 (since January  2003) are used 
as GPS positioning systems; these have a theoretical precision 
of <5 m and 10mm, respectively. The datum  used is WGS84.

The depth m easurem ent accuracy of the EM1002 is up to 
10cm RMS, or 0.2% of the depth (K o n g s b e r g  S im r a d , 1999- 
2001), in w ater depths of less than  30m. According to H a g a , 
P o h n e r  and N il s e n  (2003), and H a m m e r s t a d  (2001), the 
EM1002 is compliant to the IHO S-44 standard.

The soundings have been tidally-corrected using the M2 
tidal reduction method for the Belgian coastal zone (V a n  C a u - 
w e n b e r g h e , D e k k e r , and S c h u u r m a n , 1993). The w ater level is 
m easured continuously at th ree reference stations (tide gaug­

es) along the Belgian Coast. These values are used to calculate 
the w ater level, during the m easurem ents. The depths are cor­
rected during post-processing and referenced to the level of 
mean lowest low water, a t spring tide (MLLWS). The swath 
width of a multibeam system allows ‘full coverage’ data to be 
obtained from the seafloor; from these, to construct highly ac­
curate te rra in  models. A global bathym etric error (2o) of 0.35% 
of the depth has been estimated, on the basis of the variance 
between bathym etrical digital te rra in  models of 4 successive 
surveys of the same area w ithin a single tidal cycle (Fund for 
Sand Extraction, unpublished results). This global error on 
the final product, the te rra in  model, is the combination of the 
independent errors of the EM1002 multibeam echosounder, 
the auxiliary sensors, the draught and the tide correction.

The backscattered acoustic signal was processed using Posei­
don (K o n g s b e r g  S im r a d , 1999-2001) for seabed image mosaicing. 
This involves merging of data from overlapping survey lines, 
applying systematic corrections which are required, filtering 
and interpolation. Poseidon normalises the backscatter using 
Lam berts Law. This is an optic approximation, and does there­
fore not take into account volume scattering or attenuation. 
Since multibeam echosounders receive most of the data in the 
domain where both volume and surface scattering contribute 
to the overall scattering strength; Lam berts Law can be used 
only as an approximation where scattering is caused by surface 
scatter (i.e. harder sediments) (H u g h e s  C l a r k e , D a n f o r t h , and 
V a l e n t in e , 1997). In order to eliminate the influence of bedform 
morphology, when comparing results from successive surveys, 
the mean backscatter strength over large areas is calculated. 
The resolution of the m easured backscatter strength values, 
due to the variation in transducer sensitivities, is estim ated to 
be typically ±ldB (H a m m e r sta d , 1994 and H a m m e r s t a d , 2000).

M onitoring o f  the Bathym etry and Nature o f  the 
Seabed

Three small zones (total surface area around 1km2) are sur­
veyed several tim es a year: the central (KBMA) and northern

Table 1. O verv iew  o f  th e  su rv e y s  on  th e  K B M A  a n d  R 2  m o n ito r in g  areas.

S u rv e y M o n th  Y e a r KBM A R2 M o n th I n te rv a l  m o n th s

9925 N ovem ber 1999 16/11/1999 18/11/1999 0

0023 Septem ber 2000 28-29/09/2000 29/09/2000 10 10

0104 F eb ru ary  2001 21/02/2001 22/02/2001 15 5

0131 N ovem ber 2001 27/11/2001 30/11/2001 24 9

0203 F eb ru ary  2002 12-13/02/2002 13/02/2003 27 3

0219 Septem ber 2002 04-05/09/2002 06/09/2002 34 7

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

0306 M arch 2003 03-04/03/2003 04/03/2003 40 3

0315 Ju n e  2003 10-11/06/2003 11/06/2003 43 3

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

0406 M arch 2004 18-19/03/2004 19-22/03/2004 52 5

0415 Ju ly  2004 09/07/2004 08-09/07/2004 56 4

0420 Septem ber 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 M arch 2005 08-09/03/2005 09/03/2005 64 3

0514 Ju n e  2005 15-16/06/2005 14-15/06/2005 67 3
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F i g u r e  3 .  D e t a i l  o f  t h e  m o n i t o r i n g  a r e a  K B M A , w i t h  d e l i n e a t i o n  
o f  t h e  c e n t r a l  d e p r e s s i o n  a n d  t h e  l o c a t i o n  o f  t h e  s i n g l e - b e a m  t r a c k s  
( r G 2 1 ,  r G 2 1 . 5  a n d r G 2 2 ) .

parts  (KBMB) of the Kwinte Bank; and a reference area, out­
side the extraction zone (Figure 2.). The la tte r area, defined 
as R2 (Flemish Authorities, M aritim e Services, V a n  C a u w e n - 
b e r g h e , 1996), is situated  on the northern p art of the Mid­
delkerke Bank; it is a sandbank with a sim ilar morphology as 
the Kwinte Bank. This particular sandbank is not exploited, 
perm itting the study of the bathy-geomorphological evolu­
tion of a relatively na tu ra l environment. In th is paper, only 
results from the KBMA and the R2 monitoring zones will be 
presented.

From November 1999 un til June 2005, a to tal of 17 m ulti­
beam surveys were carried out on the KBMA monitoring area 
and 15 surveys on the R2 monitoring area (Table 1). Both a r ­
eas were surveyed within the same week. The application of a 
standardised operating and processing procedure, for all su r­
veys, allows comparison of the bathym etrical and backscatter 
strength models.

For each survey, a high resolution DTM of lx lm  is com­
puted, using an inverse distance interpolation algorithm. 
Comparison of the successive DTM’s perm its the evaluation 
of the mobility of the morphological structures and the bathy­
m etrical evolution. From comparison of some cross-sections 
from each DTM, the shifts from large to very-large dunes can 
be quantified. Histogram s and statistical analyses undertaken 
of the depth values, of each DTM, provide additional inform a­
tion on the bathym etrical evolution. Similarly, the mapping 
and the statistical analysis of backscatter strength, recorded 
during successive surveys, are used to evaluate any changes 
in the sedim entary natu re  of the seabed. Based upon the mor­
phology of the monitoring area KBMA, a distinction was made 
within KBMA, between the depression sensu stricto and the 
rem ainder of the zone (Figure 3.).
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F i g u r e  4 . E x t r a c t e d  s e d i m e n t  v o l u m e  i n s i d e  t h e  K B M A  m o n i t o r i n g  a r e a  
a n  d  i n  t h e  d e p r e s s i o n .  I n  F e b r u a r y  2 0 0 3 ,  t h e  d e p r e s s i o n  w a s  c lo s e d  f o r  
e x t r a c t i o n ;  a n y  v a l u e s  a f t e r  t h i s  d a t e  a r e  d u e  t o  t h e  i n f r i n g e m e n t s  o f  
s o m e  v e s s e l s .

U ntil 1999, the morphology and topography of the sand­
banks were monitored using a single-beam echosounder, along 
track lines perpendicular to the bank (Figure 3.). At th a t time, 
the evaluation of the bathym etrical changes was restricted to 
individual profiles and was lim ited by the need of accurate 
navigation, to perm it comparison between successive record­
ings. Such profiles were surveyed up to 4 tim es a year and 
the ir evolution was studied by calculating and comparing 
the sandbank volume, beneath each profile (D e  M o o r , 1985; 
D e  M o o r c í al., 1994; and V e r n e m m e n  and D e g r e n d e l e , 2002). 
Since 1992, the profiles were recorded digitally and corrected 
in real-tim e for the heave of the ship, with a depth accuracy of 
12cm (V a n d e w ie l e , 2000; and H a r t s u ik e r , 1992 In : V e r n e m m e n  
and D e g r e n d e l e , 2002). The accuracy of the position fixing was 
comparable to the present GPS standards (V a n z ie l e g h e m , 1998 
and V e r n e m m e n  and D e g r e n d e l e , 2002). In the present study, 
the evolution of the bathym etry along a reference line, cross­
ing the central depression (rG21, Figure 3.), is investigated for 
the period 1992-1998. For each of the profiles, the depth values 
are compared to the corresponding depths, extracted from the 
multibeam model of the Kwinte Bank. As the exact position 
of the soundings is respected, errors, based on the navigation 
deviation during the recordings, are eliminated.

RESULTS 

Extraction Activity
Based upon EMS data from November 1999, an average 

MA extraction ra te  of 0.64m3/m2 (825.103m3/1290.103m 2) can 
be calculated for the KBMA monitoring zone (Figure 4.). In the 
depression, th is rate  increases to 1.08m3/m2 (394.103m 3 (48 % 
of KBMA) for a surface area of only 366.103m 2 (i.e. 28 % of 
the total surface); for the rem ainder of KBMA, 0.47m3/m2 is 
derived.

Bathym etrical Evolution
Based upon the bathym etrical evolution in the depression 

(period 1992 un til 1999), a gradual deepening is observed (Fig­
ure 5.). In 1992, the depression is barely visible and exists only 
as a trough between the larger bedforms. In 1995, the trough 
became broader and, by 1998, it evolved into a small depres-
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F ig u re  5. C om parison o f sing le-beam  profiles a long refe rence  lin e  rG 21 
across th e  KBM A m o nito ring  a re a  ag a in s t th e  m u ltib eam  d a ta  of 
D ecem ber 1999 (dep ths re fe renced  to MLLW S).
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F igure  7. Evolu tion  of th e  m ean  depth  in th e  KBMA m onito ring  a rea  
an d  w ith in  its  depression.

sion. Only small changes, due probably to bedform movement, 
are observed outside th is depression.

The bathym etrical evolution from 1999 until 2005 shows an 
overall deepening of the entire KBMA, with a depth increase of 
0.5m between November 1999 and March 2003 (Figure 6.).

F igure 7 shows the  overall increase in m ean depth. A fter 
the  closure of the site for fu rth e r dredging, th e  m ean depth

F igure  6. Successive te rra in  m odels of th e  KBMA m onito ring  area  
(depth in  negative  values an d  refe renced  to MLLW S). Notice the  
tra ile r-d re d g ed  fu rrow  m ark s w ith in  th e  depression , in N ovem ber 
1999 an d  M arch  2003.
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F igure  8. D epth  evolution of th e  m onito ring  areas KBM A an d  R2, the  
evolution of th e  ex trac ted  th ickness on KBMA an d  th e  depth  evolution 
of KBMA, together w ith  th e  ex trac ted  th ickness.

varia tion  becomes relatively stable. For th e  cen tral depres­
sion, the  deepening is more pronounced (0.9m), th a n  for the 
KBMA m onitoring area. The evolution of both  the  KBMA 
and R2 m onitoring areas is shown in F igure 8 and listed  in 
Table 2.

Similar trends are observed, but the erosion is higher for 
KBMA, at least un til February 2003. After the cessation of 
dredging, there is still a deepening of the depression (0.12m 
from March 2003, un til June 2005); in the same period, a simi­
lar deepening is observed over the R2 (0.1 lm) and KBMB mon­
itoring areas (0.10m) (for locations, see Figure 2.). The dredged 
volumes in KBMA can be converted into a dredged volume per 
surface unit, or thickness of the extracted volume (Table 2.). 
Adding these values to the depth differences, provides the evo­
lution of KBMA, without the extracted quantities. Compared

Mean depth = 14.03m

June 2005 (0514)

Mean depth = 13.30m

Mean depth = 13.91m 
Closure fo r extraction

Novem ber 1999 (9925)
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Table 2. B athym etric  a n d  extraction evolution over the K B M A  a n d  R 2  m onitoring  areas . D epths g iven  relate to M LL W S.

KBM A R2
SU RV EY

ID
m e a n
d e p th

(m )

d e p th
d if fe re n c e

(m)

e x t r a c te d
v o lu m e

(m 3)

T h ic k n e s s  o f  d e p th  d if fe re n c e  
e x t r a c t io n  + th ic k n e s s  

(m ) e x t r a c t io n  (m)

m e a n
d e p th

(m)

d e p th
d if fe re n c e

(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 the “n a tu ra l” evolution of R2, the differences, observed be­
fore February 2003, are now reduced (Table 2. and Figure 8.).

The linear correlation coefficient between the ‘correct­
ed’ KBMA and R2 values (Figure 9.) is highly significant 
(R=0.83). Hence, by correcting the bathym etric evolution, with 
the extracted sediment volume, a close to na tu ra l evolution 
is obtained. This result, together with the lim ited decrease 
in depth, since the closure, suggests th a t the extraction is 
the main cause of the deepening of the depression. Also, the 
tim e-series do not indicate a further cumulative effect on the 
bathymetry, after the closure of the depression.

The difference in evolution inside KBMA was studied in 
more detail: clearly, more erosion is observed within the de­
pression, than  outside of it (Figure 10.). After correction of 
the extracted sediment volumes inside both areas, the depth 
differences became (once again) very similar. Apparently, the 
higher extraction in the depression has had  no additional ef­
fect on the surrounding area, where the extraction is less im-

0.3-1-------- 1-------- 1--------  L

0 . 2-

0 . 1-  *  • •

<  • •
1  0.0  —  ;------------ ̂ . .

-0.1m .

- 0 . 2-

-0 .3  -0 .2  -0.1 0 .0  0.1 0 .2  0 .3
R2

F ig u re  9. S ca tte r p lo t of th e  depth  difference betw een  successive surveys 
of th e  m onito ring  areas KBMA (corrected for ex trac ted  volum e) an d  
R2. The lin ea r  corre la tion  coefficient (r) =0.83 is h igh ly  significant.

portant. This observation suggests a ra the r localised impact of 
the extraction activities.

M orphological Evolution
The heights of the large to very-large dunes are consist­

ently sm aller in the depression; they decreased slowly whilst 
extraction took place (Cross-Section 2, Figure 11.). Within 
the depression, the dunes are clearly asymmetric towards the 
NE and have a migration ra te  of 20m/year. To the west of the 
depression, the dunes move in the same direction, at a rate 
of 10m/year; to the east of the depression, the dunes become 
more symmetrical and the migration rate  reduces to 5m/year 
(Cross-Sections 1 and 3, Figure 11.). In the depression, me­
dium dunes are observed as being abundant; together with 
the higher migration rate  of the larger bedforms, th is reflects 
the stronger dynamic character of the central part of KBMA, 
compared to the peripheral area. After the closure, the m igra­
tion rate  did not change, however, the slow decrease in the 
dune heights, in the depression ceased. Dredging furrows are 
observed, with the ir depths varying from 10 to 50cm (Figure 
6 . ).

Evolution o f  the nature o f  the seabed
The n a tu re  of the seabed is derived indirectly from spa­

tia l variability  in backscatter strength  values. On th is  ba-

F igu re  10. D epth  evolution of th e  depression  an d  its  su rround ings; the  
depth  evolution p lus th e  ex trac ted  th ickness is in  cheated also.
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Figure 11. Evolution of bedform  position across th e  KBMA m onito ring  a rea . L ocations of Cross-Sections show n on th e  in se t. The iden tifica tion  of 
th e  d ifferent 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.

D ISC U SSIO N  

L ocal versus regional im pact 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 a l .  (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

-5 0 d B  -4 0 d B  -3 0 d B  -2 0 d B  -1 0 dB

Figure 12. B ack sca tte r s tren g th  im age of th e  KBMA m onito ring  a rea  
(Septem ber 2002).
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F igu re  13. Box plo t of th e  b ack sca tte r  s tre n g th  values derived  from  
DTMs from  successive surveys (x-axis. aiso Table 2.) u n d e rtak en  on 
th e  KBMA m onito ring  a rea  (the values are  in  dB; th e  cen tra l line is 
th e  mechan; th e  box re p re se n t th e  in te rq u a rtile  25 % an d  75 %; the  
'w hiskers ' show  th e  ra n g e  of va lues, fa lling  w ith in  th e  quartile s  ± 1.5 
in te rq u a rtile ; outside values a re  no t rep resen ted ).

tracklines covering entire sandbank areas (see V a n  L a n c k e r  
et al. (this volume), for an overall discussion). On the basis 
of single-beam data obtained during the period 1987-2000, 
N o r r o  et al. (2006) calculated, for the Kwinte Bank, a s ta tis ti­
cally significant, annual decline o f+/- 1.5%, which questioned 
the long-term sustainability of the MA extraction. However, 
it m ust be highlighted th a t only lim ited knowledge is avail­
able on the n a tu ra l evolution of the seabed, whilst the balance 
against the anthropogenically-induced dynamics is not clear — 
here and elsewhere. Furtherm ore, the EMS records obtained, 
within the KBMA monitoring area, represent only 18% of the 
to tal num ber of records on the Kwinte Bank obtained dur­
ing the period November 1996 to March 2005; as such, only a 
lim ited p art of the extraction activities are considered in this 
study. F uture research should focus both upon a detailed, as 
well as on a regional, approach to clarify the real impact of 
MA extraction.

Natural Evolution
When the sedim ent volume variation  is considered, w ith­

out the extraction-induced changes, there is an overall sim i­
larity  between the KBMA and R2 monitoring areas (i.e. a 
slight decrease of +/- 0.05m3/m2/year). On the basis of th is 
observation, a simple model for the sedim entary balance in ­
side the KBMA area was suggested; with th e  to ta l sedim ent 
volume variation  being the sum of the n a tu ra l component 
and the am ount of sedim ents extracted. However, it m ight be 
questioned w hether the R2 area, located on the  M iddelkerke 
Bank, is representative of ‘n a tu ra l’ regional sedim entary 
conditions, unaffected by the nearby intensive extraction on 
the Kwinte Bank. Indeed, the  volume differences per surface 
unit, for both the KBMA and R2 areas, fluctuate considerably 
during the extraction period: for both areas, the differences 
stabilise after cessation of the dredging. Likewise for the R2 
area, the resu lts show very high variability, of 0.3m/year, be­
tween the two first surveys (November 1999 and Septem ber

2000) (Table 2.). Analysis of coincident hydro-meteorological 
datase ts could not explain th is  variance. This study has pro­
posed an average sedim ent volume variation  of 0.05ms/m2/ 
year; th is  would be the resu lt of only naturally-driven proc­
esses. On the Belgian C ontinental Shelf, only lim ited stud­
ies are available to validate these findings: trend  analyses 
undertaken  are based upon the  comparison of widely-spaced 
single-beam profiles, from which the resu lts are difficult to 
compare to those based upon m ultibeam  echosounder data, 
covering the full extent of an area. More detailed inform ation 
is available (e.g. H o u t h u y s , T r e n t e s a u x , and D e  W o l f  , 1994), 
bu t the tem poral spread of the surveys is much too broad 
(once or twice a year), inhibiting the study of the na tu ra l 
evolution of a sandbank area. However, closer to the coast, 
a small sandbank area has been m onitored intensively (V a n  
L a n c k e r , 1999). From  12 DTM’s, based upon closely-spaced 
single-beam m easurem ents (1996-1998), a m ean sedim ent 
volume variation  of 0.05ms/m2 was deduced, w ith a maximum 
of +/- 0.1m3/n r, These values are com parable to the evolution 
observed on the R2 monitoring area located on the  northern  
p a rt of the M iddelkerke Bank. In the same investigation, sed­
im ent volume changes were studied over the southern p art of 
the M iddelkerke Bank; these were subtle and varied around 
zero. V in c e n t , S t o l k , and P o r t e r  (1998) have shown previ­
ously a difference in sedim ent transpo rt along the southern 
and central p art of the NW flank of the M iddelkerke Bank. 
Over a 49-day period, the sedim ent flux was different over 
both areas, with values of 0.05 and 0.9tonnes/m/day (at 
0-0.3m above the bed), respectively. Similarly, the analyses 
of D e  M o o r  et al. (1994) have identified a higher sedim ent 
flux, to the north  of the Flem ish Banks.

M orphological Changes
Based upon successive DTM’s (Figure 6.), cross-lines (Fig­

ure 11.) and backscatter strength  images (Figure 12.), the 
evolution of dunes and dredging furrows was investigated. 
The data  show the  im pact of the extraction activities, on 
the height of the large dunes inside the depression; outside 
of it, the  height differences are much less. Following cessa­
tion of the dredging, the decrease in dune height ceased: two 
years afterw ards, the height of these dunes was stable and 
no tren d  of restoration  of the dune height, in the depression, 
was observed. The m igration ra te  of the dunes in the KBMA 
and R2 areas agree well w ith values reported previously for 
the Kwinte Bank and the M iddelkerke Bank; in the short- to 
medium-term, th is  is dependent upon the dom inant tida l cur­
ren ts and meteorological events (e.g. D e g r e n d e l e , R o c h e , and 
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 , and D e  W o l f , 1994; 
L a n c k n e u s  and D e  M o o r , 1994;, andLANCKNEUS et al., 1992,
2001). However, the higher m igration ra tes of the dunes in 
the central depression is related  to the higher current speeds 
in the depression, due to canalisation of the flood flow (G a r e l , 
th is  volume).

The longevity of tra ile r dredging m arks in the medium 
sands on the  Kwinte Bank has been studied. The furrows on 
the borders of the central and northern  depressions, on the 
Kwinte Bank, rem ain visible for a maximum of 6 months; 
th is  is based upon the resu lts of the  bathym etric models and 
on the  backscatter strength  images. W ithin the central de­
pression, the MA extraction is too intense to deduce any life 
span of the furrows. A reduced ship speed during the MA ex­
traction  explains, probably, the large variability  in the depth 
of the furrows (10 to 50cm). The infill of the furrows could
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resu lt from local sedim entation, combined w ith (or activated 
by) the MA extraction itself. However, the  tim e-scales of re ­
generation of the dredge furrows will vary according to sub­
strate, w ater depth, curren ts and wave climate. H it c h c o c k , 
N e w e l l , and S e id e r e r  (1998) reported on the disappearance 
of the dredged furrows on sandbanks, over 2-3 tidal cycles 
whereas, in areas w ith low sedim ent mobility, dredge fu r­
rows may be visible for up to a decade. In the fine to medium 
sands of the Graal-M üritz area in the Baltic Sea, sim ilar fu r­
rows, in 8-10m w ater depths, refilled rapidly w ithin m onths 
(M a n s o  et al., th is  volume).

Sedim entary Stability
Despite short-term  hydrodynamic measurem ents, indicat­

ing erosional behaviour in the depression (G a r e l , th is volume), 
evolution of the backscatter strength did not show a significant 
change in the inferred natu re  of the seabed, before or after 
the cessation of dredging. Similar conclusions were reached, 
based upon 4 successive and detailed sediment sampling cam­
paigns, inside and outside of the depression (V a n a v e r b e k e  et 
al., 2007). Even on a longer time-scale, several authors have 
confirmed the general stability of the sediment characteristics 
over the Kwinte Bank (D e  M o o r  et al., 1994; and V e r n e m m e n  
and D e g r e n d e l e , 2002).

C O N C LU SIO N S

The bathymetrical, morphological and sedimentological im ­
pact of m arine aggregate extraction on a tidal sandbank has 
been evaluated, based upon the results of an intensive and 
detailed monitoring programme. Over the period 1976 to 1999, 
the monitoring was based upon a follow-up of single-beam pro­
files, th a t were widely-spaced. Afterwards, multibeam tech­
nology perm itted highly accurate digital te rra in  models to be 
obtained, of both bathym etry and backscatter strength values. 
Results from successive surveys, over exploited and non-ex- 
ploited sandbanks, were evaluated against extraction sta tis­
tics, derived from ship registers and EMS data.

Over the period 1992-1999, MA extraction on the Kwinte 
Bank has changed significantly the shape of the sandbank, 
w ith the creation of a local depression of 5m. The creation of 
th is  depression has led to the closure of the extraction site, 
perm itting  the study of the potential regeneration of the 
morphology and the n a tu re  of the  seabed. Considering the 
period from 1999, up to the closure of the site in 2003 (i.e. 4 
years), an overall deepening of 0.5m could be observed. The 
resu lts show th a t two years after the closure, the site has not 
undergone sedim entation, nor has there been a significant 
change in n a tu re  of the sediment. The morphological chang­
es, identified during the  extraction, ceased, bu t no significant 
regeneration took place after cessation of the dredging. If the 
sedim ent volume variation, during extraction, is com pensat­
ed for the am ount of extracted sediments, the resulting  v ari­
ation is sim ilar to the n a tu ra l evolution of a non-exploited 
sandbank; th is  would imply th a t MA extraction has only a 
local impact.

At present, a new depression is being observed over the 
northern  part of the sandbank, where the MA extraction is 
still highly concentrated. The monitoring of th is new depres­
sion, together with the central depression, rem ain important; 
th is will provide further knowledge on the impact of MA ex­
traction on tidal sandbanks.
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ABSTRACT I

T h e  sho rt-te rm  dynam ics o f  a  d re d g e d  tid a l sa n d b an k  ( th e  Kwinte Bank, so u th e rn  N o rth  Sea) a re  exam ined , o n  th e  Hillii«» basis o f  field  m easu rem en ts  a n d  1D se d im en t tran sp o rt m odelling . T h e  field  m easu rem en ts  inc lude  cu rre n t elata fro m
sh ip b o rn e  A coustic D o p p le r C u rren t P rofiler (ADCP) a n d  fro m  m oorings ( AIX .I* a n d  elec trom agnetic  S 4), co llected  
across th e  b an k  d u r in g  a n o m in a l (spring) tidal cycle, a n d  d u rin g  7 tidal cycles, respectively. T h e  dynam ics o f  th e  ban k  
are  describ ed  in  term s o f  tidally-averaged (residual) cu rre n ts  a n d  (net) beclload tran sp o rt.
T h e  results ind ica te  a p re d o m in a n c e  o f  ebb  flow d u r in g  th e  p e r io d  o f  study. C onvergence o f  (n e t) beclload tran sp o rt 
is p red ic ted , fro m  b o th  flanks tow ards th e  crest o f  th e  bank . T h e  exact location  o f  th e  san d  tran sp o rt convergence 
zone varies, in  th e  short-term , acco rd in g  to  th e  prevailing  tidal curren ts . T h e  observation  o f  clockwise veering  o f  the  
peak  ebb  a n d  flo o d  cu rren ts  over th e  ban k  ind ica tes th a t th is se d im en t tra n sp o r t p a tte rn  relates, a t least partially, to 
tidal rec tifica tion  o f  th e  flow.
In  re la tio n  to  d red g in g , th e  p re sen t study suggests th a t th e  p resen ce  o f a (d red g ed ) dep ress io n  a t th e  crest o f  th e  ban k  
in fluences locally th e  sho rt-te rm  hydrodynam ics. T h e  cu rre n ts  a re  channelised , a n d  th e  across-bank peak  (near-becl) 
flow is e n h a n c e d  tow ards th e  crest. N e t e rosion  o f th e  dep ress io n  is p red ic ted , over th e  tidal cycle considered . M ore 
elata are  n e e d e d  to evaluate th e  m orph o lo g ica l evolution  o f  th e  tro u g h  over th e  long-term .

ADDITIONAL INDEX WORDS: sandbank, short-term dynamics, dredging.

IN T R O D U C T IO N

Sandbanks are present on continental shelves, in shelf seas 
and within estuarine environments. They occur in areas char­
acterised by strong currents, capable of moving the sand, and 
an abundance of sand, supplied from the local seabed or coast­
al erosion (D y e r  and H u n t l e y , 1 9 9 9 ). Although many studies 
have attem pted to describe the ir morphodynamic behaviour 
(for reviews, see D y e r  and H u n t l e y , 1 9 9 9 ; P a t t ia r a t c h i and 
C o l l in s , 1 9 8 7 ; and W r ig h t , 1 9 9 5 ), there is no overall consen­
sus on the processes of sandbank formation and maintenance. 
Several classifications have been proposed, to account for their 
diverse morphology, regional setting, formation and develop­
m ent (e.g. D y e r  and H u n t l e y , 1 9 9 9 ; and P a t t ia r a t c h i and C o l ­
l in s , 1 9 8 7 ).

This study concerns tidal sandbanks which are defined as 
open shelf linear ridges (Type I, according to the classification of 
D y e r  and H u n t l e y , 1 9 9 9 ). Typically, these sand bodies present 
an asymmetric cross-section profile, with a main axis oriented 
at an angle to the peak tidal flow. These features are 13 km 
wide, on average, tens of m etres in height, and up to 8 0  km in 
length. Amongst a number of theories to explain the existence of

DOI: 10.2112 / SI51-008.1 received 15 J a n u a ry  2007; accepted in 
revision  24 Sep tem ber 2007.

th is type of sandbank, the “seabed stability analysis” approach 
(H u t h n a n c e , 1982a, b), is the most promising. The model consid­
ers water and sand movements as an interacting system, which 
is described on the basis of coupled hydrodynamic and sediment 
dynamic equations. The theory relates the existence of tidal 
sandbanks to the deflection of flow over the bank (tidal rectifica­
tion). Such deflection is explained by increasing bottom friction 
(over the seafloor elevation), resulting in a deceleration of the 
along-bank component of the flow, together with acceleration 
of the across-bank component, in order to satisfy continuity. As 
such, the currents veer as they move on to the bank, resulting in 
sediment transport towards the crest. On the downstream side 
of the bank, the current is weaker, due to friction over the bank. 
Thus, sediment transport takes place mainly on the upstream  
side, towards the top of the deposit. Consequently, for revers­
ing tidal flow, net convergence of sand occurs over the crest. 
In addition, the Coriolis force generates vorticity, due to com­
pression of the water column over the bank. This effect tends 
to enhance the deflection and, hence, the growth of the banks 
which are aligned cyclonically (anti-clockwise, in the northern 
hemisphere), relative to the flow (S t r id e , 1982; and Z im m e r m a n , 
1981). The morphology (orientation and wavelength) of num er­
ous tidal sandbanks supports the above concept, a t least, quali­
tatively (B e l d e r s o n , J o h n s o n , and K e n y o n , 1982; C a s t o n , 1972;
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K e n y o n  et al., 1981; L a n c k n e u s  and D e  M o o r , 1995, and P a t ­
t ia r a tc h i and C o l l in s , 1987).

This contribution focuses upon the  short-term  hydro­
sedim ent dynam ics over the  Kwinte Bank, a tida l sandbank 
in the  sou thern  N orth Sea (Figure 1.). In tense  sand  ex trac­
tion (see below) has  created  depressions at the  crest of the 
bank. A lthough of im portance to a num ber of environm ental 
issues (e.g. coastal erosion) and to a sustainable m anage­
m ent of the  resource, th e  m orphodynam ic response of the 
bank  to dredging is largely unknown. In th is  study, both 
hull-m ounted and moored curren t-m eters are used  to exam ­
ine the  tidally-averaged cu rren ts over the bank. Residual 
bedload sedim ent tran sp o rt p a tte rn s  are derived using a 
one-dim ensional (ID) sedim ent tran sp o rt model. The aims 
are to exam ine m ain tenance processes associated w ith the 
bank, toge ther w ith the  near-field hydro-sedim ent dynam ic 
im pact of dredging.

ENVIRONM ENTAL SETTIN G

The Kwinte Bank is p art of the Flemish sandbank system 
(Figure 1.), a group of Q uaternary sand bodies deposited on 
Tertiary (Ypresian) un its  (mainly clays) (B e r n é  et al., 1994; L e  
B o t  et al., 2005). These banks are considered to be in, or close 
to, an equilibrium state, m aintained by the present-day flow 
conditions (S t r id e , 1982). The Kwinte Bank is about 15 km in 
length, 10-20 m in height, and 1 to 2 km in width (i.e. about 
400 Mm3 in volume). The minimum w ater depth lies close to 
5 m MLLWS (Mean Lowest Low-Water at Spring), over its 
southern part. The bank is aligned in a NE-SW direction. It

Zeebrugge

Water depth 
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I I 20 m / 30 m

I I < 20m

UTM31N 
WGS84 coordinates

460000 500000

UTM E as tin g  (m)

F igu re  1. Location m ap of th e  sa n d b an k s on th e  B elgian C o n tinen ta l 
S helf (modified from  D eleu e t al., 2004). Note: b a th y m etric  contours 
re la tiv e  to th e  M ean Low est Low -W ater a t  S p ring  (MLLWS).

shows a strongly asymmetric profile, being steeper towards 
the NW. The area experiences semi-diurnal progressive tides, 
macrotidal in range (4-5 m). The average tidal ellipse is elon­
gated along a NE-SW axis, ro tated  some degrees clockwise 
from the Kwinte Bank orientation. The tidal currents rotate 
counter-clockwise, with maximum currents (about 1 m/s) ob­
served generally during the flood, towards the NE (C a s t o n , 
1972; D e M o o r , 1986; H o u b o l t , 1968; and V a n  C a u w e n b e r g h e , 
1971). Small to large 3D compound dunes (A s h l e y , 1990) cover 
extensively the bank (L a n c k n e u s  and D e  M o o r , 1991) (e.g. Fig­
ure 2.). On the basis of the direct observation of the asymme­
try  of small dunes on side-scan sonar imagery, L a n c k n e u s  et 
al. (1992) consider th a t the flood and ebb are dominant on the 
w estern and eastern  part of the bank, respectively, inducing 
sand transport, from the adjacent swales, towards the crest. 
Such convergence of sand transport, over a tidal cycle, is con­
sidered to play a major role in the build up of the bank. The 
exact location and extension of the areas over which residual 
sand transport is either dominated by the peak flood or ebb 
currents, appears to vary significantly, over tim e (L a n c k n e u s  
et al., 1992). Vertical growth of the bank is lim ited probably 
by wave and storm action, i.e. the stirred  sedim ents are re­
distributed over the flanks, where they reintegrate into the 
m aintenance mechanism.

In tense  sand extraction  has taken  place from the  Kwinte 
Bank, since 1979, by tra ile r  suction dredging (D e g r e n d e l e  
et al., th is  volume). This activity  has  formed two p articu ­
la r depressions, located along the  Crestline, in the  northern  
and cen tra l p a rts  of the  bank. The cen tral depression is the 
area excavated th e  most, w ith dim ensions of about 700 m 
in width, 1 km in length and up to 5 m in depth (Figure 2.). 
Dredging a t th is  location ceased in February  2003, for a 3 
year period, to allow m onitoring of the evolution (and po­
te n tia l recovery) of the  sand  extraction zone. To date, no 
regeneration  of th e  depression has been identified, on the 
basis of sequential sw ath bathym etric  surveys (D e g r e n d e l e  
et al., th is  volume).

s
—
D

UTM Easting (m)

Figure 2. Shaded relief map of the central p a rt of the Kwinte Bank 
(illuminated from the southwest), based upon swath bathym etry (grid 
data from the M arine Sand Fund for Extraction). Key: black line- 
location of the repeated hull-mounted ADCP profiles; diamond- S4 
deployment site; cross- bottom-mounted ADCP location; and the dashed 
line indicates the lim its of the central dredged depression (see text).
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Figure 3. (a) L inear correlation coefficient for the logarithmic velocity distribution throughout the w ater column (bars), together with the near-surface 
and near-bed current velocities from the BM-ADCP (solid lines, the near-surface currents being generally faster). Key: dashed line- approximate 
threshold for significant sand  transport by tidal currents; dotted line- critical correlation coefficient, a t a 99 % confidence level; the arrow and the 
grey ba r indicate the example shown in (b) and (c). (b) Velocity profile observed a t 21h, on 8th M arch 2004 (m easurem ents (dots) and line of best fit); 
and (c), as (b), plotted on a logarithmic depth scale.

M ETH O DS  

Data A cquisition
Flow velocities were recorded, over the Kwinte Bank, using 

3 instrum ents (Figure 2.): (1) a moored 1200 kFiz (RDI) Acous­
tic Doppler C urrent Profiler (ADCP), operating at 0.3 Fiz, from 
1.4 m up to 16.4 m above the seafloor, w ith a resolution of 0.5 
m (hereafter BM-ADCP, for Bottom-Mounted ADCP); (2) a S4 
electromagnetic current m eter (Model ADW, INTEROCEAN) 
operating at 2 Hz, at 0.75 m from the seabed (hereafter S4); (3) 
a 300 kHz ADCP (RDI), mounted in the hull of the R/V Belgica 
(hereafter HM-ADCP, for Hull-Mounted ADCP), operating at 
1 Hz, at 1 m intervals, from 7 m below the w ater surface (due 
to the vessel draught and the blanking period), to 2-3 m above 
the sea bed. The la tte r rejects errors due to contamination of 
the signal with the reflection from the seabed. Herein, ‘near- 
bed curren ts refers to the ADCP bin lying closest to the sea 
bottom, and to the S4 records; likewise, ‘n ear-surface curren ts’ 
to the ADCP bin closest to the w ater surface.

The moorings were deployed between the 2nd and 11th 
M arch 2004, at the northern  extrem ity of the central dredged 
depression (BM-ADCP) and at the crest of the bank (S4), a t 9 
and 11 m MLLWS, respectively (Figure 2.). The present con­
tribution focuses upon m easurem ents undertaken under mild 
meteorological conditions, between the 7th and 10th March 
(with W-SW wind < 8 m/s, and insignificant wave action near 
the sea bed). HM-ADCP data were collected on the 8th and 9th 
March, during a (nominal) 13 hour cycle on spring tides. Fif­
teen tracks were repeated along a profile being perpendicular 
to the bank axis (including the dredged depression), at around 
3 knots (1.5 m/s) (Figure 2.). The navigation data were ac­
quired with a Differentially-corrected Geographical Position­
ing System (DGPS), precise to within + 1 m.

D ata P rocessing
BM-ADCP records were averaged every 100 pings inside 

the data acquisition system, to reduce m easurem ent uncer­
tainties; th is  provided an averaged current velocity and direc­
tion, every 8 min and 20 s. The HM-ADCP transm itted  aver­
aged data to an onboard PC, every 30 pings; these data were 
processed and averaged to a horizontal sampling interval of 
180 m (i.e. 10 averaged values along the profile). The S4 was 
set up to provide averaged current fluctuations over 9 min, 
every 15 min.

Sediment transport was computed using the ID sediment 
transport model SEDTRANS05 (N e u m e ie r  et al., in press), 
an improved version of SEDTRANS96 (for details, see L í  and 
A m o s , 2001). Bottom shear stresses have been derived from 
the averaged near-bed currents, using the G r a n t  and M a d s e n  
(1986) bottom boundary layer approach. Bedload sediment 
transport, using the skin-friction shear stress, has been com­
puted based upon the algorithm for non-cohesive m aterial of 
Y a l in  (1963), for currents alone. The Yalin equation applies to 
a grain-size of 0.2 mm, or coarser. For a grain-size of 0.45 mm, 
G a d d , L a v e l l e , and S w if t , (1978) consider th a t the algorithm 
yields predictions of transport rates which are in relatively 
good agreem ent with flume data, a t velocities near the th resh ­
old of movement. Sediment transport sim ulations were carried 
out using the distribution of the mean grain-size (d50) over the 
study area, established on the basis of recent sediment sam ­
pling campaigns (B e l l e c  et al., th is  volume). The mean grain 
size was 0.3 and 0.8 mm at the S4 and BM-ADCP locations, re­
spectively; it ranged from 0.25 to 0.4 mm along the HM-ADCP 
tracks. The bedform dimension inputs into the model (wave­
length = 2.5 m; height = 0.35 m) were derived from side-scan 
sonar imagery acquired during the survey (G a r e l , M a n s o , and 
C o l l in s , 2005).
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for th e  c u rre n t vectors (1 hou r-tim e step  for th e  circles filled w ith  black). A rrow s outside th e  ellipse denote th e  direction of th e  vector ro ta tio n . The 
d ashed  line ind ica tes th e  b a n k  axis.

For the sediment transport calculations, the model consid­
ers the velocity profile to be logarithmic within the turbulent 
boundary layer. This assum ption was tested  over a single tidal 
cycle, based upon the BM-ADCP m easurem ents. The correla­
tion coefficient (r) for the ‘goodness-of-fit’ to a logarithmic pro­
file is shown in Figure 3. The trend  exists, a t a confidence level 
of 99 %, if r is above a critical value of 0.463 (D a v is , 2002). 
The fit of the m easurem ents to the logarithmic profile is very 
good, with r generally about 0.9 (Figure 3a.). Examples of an 
observed velocity profile are presented in Figures 3b. and 3c. 
Poor correlation is observed only around the slack waters, 
when the bed sediment is not mobile (for example, S o u l sb y  
(1997) considers th a t significant sand transport takes place 
for tidal current in excess of about 40 cm/s). Therefore, the 
velocity profiles can reasonably be considered as logarithmic, 
for the sediment transport calculations.

Inherent to the method of data acquisition, the sampling 
tim e interval of the F1M-ADCP data was not regular at fixed 
locations along the profile. Thus, in th is case, the tidally- 
averaged currents and sediment transport were obtained by 
applying a trapezoidal rule. Concerning the Eulerian m eas­
urem ents (i.e. BM-ADCP and S4), the tidally-averaged values 
correspond to the mean, over the tidal cycle which was con­
sidered.

RESULTS 

B ottom -m ounted  instrum ents
An example of the records from the moored current meters, 

during the same tidal cycle as Figure 3., is presented in Fig­
ure 4. The tidal ellipses display the regional tidal features,
i.e. a dominantly (anti-clockwise) progressive tidal wave, with 
SW-NE trending peak currents rotated 15-25° (clockwise) to 
the axis of the bank. These observations are consistent with

previous data sets available for the area, on the basis of i.n- 
situ  m easurem ents (such as free drifting buoy experiments) 
and num erical modelling outputs (V a n  L a n c k e r  et al., 2004; 
and W il l ia m s  et al., 2000). In detail, the main axis of the tidal 
ellipse lies closer to the orientation of the depression at the 
BM-ADCP location, than  at the crest (S4). This observation 
persists over the (4 day) period of the records. In the selected 
example (Figure 4.), peak flood currents (towards the NE) are 
sim ilar in m agnitude to the peak on the ebb, with faster cur­
ren ts observed with greater distance from the bed. Flowever, 
at both locations, the peak currents last longer during the 
ebb, than  the flood. For example, the near-bed currents are > 
40 cm/s during approximately 3h45min of the ebb and 3h of the 
flood (see Figure 3.). Such a difference is im portant in term s of 
the tidally-averaged (net) sediment transport. The tidal cur­
ren ts over the 4 day period show high variability in the peak 
currents patterns, over tim e and with location (Figure 5a.). 
Ebb asym m etry is not observed for all the tides, e.g. Tide 7 in 
Figure 5a., where the flood is prevailing. Furtherm ore, for any 
given tide, the ebb or the flood may predominate, depending 
upon location on the bank  (e.g. Tides 2 or 3, where the tidal 
asymmetry is apparent for one instrum ent, only). Consequent­
ly, the residual current vectors show distinct orientation, de­
pending of the tidal cycle and instrum ent considered (Figure 
5b.). At the crest (S4), the residual currents are constantly to­
wards the southwest. In contrast, the residual currents from 
the BM-ADCP data are directed either towards the northeast, 
or the west. Residual current m agnitudes are sim ilar at both 
locations, of up to 8 cm/s (Figure 5c.).

Due to the non-linearity of sediment transport, in response 
to the prevailing flow conditions, net sand transport patterns 
do not correspond necessarily to the directions of the residual 
currents. The net bedload transport directions are either flood- 
or ebb- dominated, depending upon the tidal cycle considered 
(Figure 5d.). Tides 6 and 7 are ebb and flood dominated, re­

Journal o f  Coastal Research, Special Issue No. 51, 2010



European Marine Sand and Gravei Resources 91

Tide

1 2 3 4 5 6 7

(a)

360(b) Residual Currents

270

180

(c) Residual Currents

360
(d) Net B edload

O 270

.±  180

(e) Net Bedload0.004

0.003

£  0 .0 0 2 -

0.001

0
7 8 9 10 11

Date (March, 2004)

Figure 5. Comparison of the  flow, residual currents and net sediment 
transport, from the  S4 (black) and BM-ADCP (grey) data  (the vertical 
grey area indicates the  particular tidal cycle corresponding to Figures 
3a, 4, and to the  HM-ADCP data): (a) near-bed current m agnitude 
(arrows indicate the  peak ebb currents); (b) residual near-bed current 
direction; (c) residual near-be d current magnitude; (d) net bedload 
transport direction; (e) net bedload transport magnitude.

spectively. In other cases, the model indicates opposing net 
sand transport directions at crest and at the depression, i.e. 
sand convergence between these two sites. Bedload transport 
rates are slightly greater at crest, with values up to ~0.004 
kg/m/s (Figure 5e.).

H ull-m ounted ADCP
The residual currents computed from the shipborne ADCP 

data, over a single tidal cycle (Tide 4, Figure 5.), are con-

E
a>c
■e
oz
5I—=>

UTM  Easting (m)

F igu re  7. N e t bed load  tra n sp o r t across th e  b an k , b ased  upon th e  HM- 
ADCP data .

sistent w ith those obtained from the moorings (Figures 5b., 
5c. and 6.). The vectors are orientated (mainly) towards the 
west-southwest. Thus, ebb flows predom inate over the study 
area, during this tidal cycle. In detail, the near-surface and 
near-bed residuals present sim ilar directions and magnitude 
over the crest (Figure 6.). Probably, the reduced w ater depth 
a t th is location induces a more uniform behaviour of the cur­
rents along the w ater column th an  elsewhere across the bank. 
The near-surface residual current directions are deviated pro­
gressively clockwise, towards the w estern flank of the bank; 
th is is associated with a decrease in m agnitude (from 20 cm/s, 
in the East, to 10 cm/s, in the West). In contrast, the near­
bed currents are deflected (clockwise) only over the upper lee 
slope and crest, associated w ith the strongest residuals (up to 
14 cm/s).

The net bedload transport predictions are shown in Figure 
7. Overall, transport is towards the SW, i.e. the general direc­
tion of the residual currents (Figure 6.). In detail, the potential 
net transport lies sub-parallel to the bathym etric contour at 
the foot of the eastern  flank and veers progressively 45 clock­
wise, towards the crest of the bank. In contrast, the transport 
is towards the E-NE over the w estern flank. Further, diver­
gent transport pathways are predicted inside the depression. 
The highest transport rates (up to 0.014 kg/m/s) are at the 
crest and over the eastern  flank of the bank, which compare 
w ith the residual currents.

5683000-

5682000-
10 CM/S

474000 475000 476000 477000 478000

UTM Easting (m)

Figure 6. Residual near-bed (white arrows) and near-surface (black 
arrows) currents, based upon the HM-ADCP data.
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D ISC U SSIO N

Hydrodynamic num erical modelling of the tidal flow, over 
the Kwinte Bank area, was integrated  over an 11 day period 
(B r iÈr e  et al., th is volume) and over a complete spring-neap 
tidal cycle (14.8 days) (Van L a n c k e r  et al., 2004; V a n  d e n  Ey- 
n d e  et al., th is volume). These models describe anti-clockwise 
gyres, centred over the adjacent swales, whose position or 
scale varies with the tidal flow conditions. The near-bed tidal- 
ly-averaged flow m agnitudes and directions described here are 
in good agreem ent with the outputs of these models, averaged 
over several tidal cycles (e.g. B r iè r e  et al., th is  volume). Thus, 
the records of the present study are considered to be typical 
of tidal flow conditions over the bank, i.e. ra th e r than  being 
generated by exceptional (non-tidal) conditions. Ebb predomi­
nance over the bank appears to be more im portant than  was 
considered previously.

Repeated seafloor mapping surveys undertaken over the 
Kwinte Bank, during 4 years, indicate a slow and constant 
propagation rate  (of up to 10 m/yr) for the large dunes, to ­
wards the N E  (D e g r e n d e l e  et al., th is volume); th is is in 
agreement with the ir asymmetry (B e l l e c  et al., th is volume). 
However, net sand transport directions towards the SW are 
(often) proposed in the present study (Figure 7.; Figure 5d.). 
These striking differences relate to the time-scale of the obser­
vations. From side-scan sonar data, G a r e l , M a n s o , and C o l ­
l in s . (2005) reported elsewhere the complete reversal of small 
dunes, on the western rim  of the depression, during a single 
tidal cycle. In contrast, the asymmetry of the larger bedforms 
is indicative of net sediment transport over a longer tim e scale 
(B e r n é  et al., 1993; L a n c k n e u s  and d e  M o o r , 1995). In this 
case, the bedform dynamics is governed by the dominant tidal 
flow and, probably, (shorter term) storm events. For example, 
based upon num erical modelling, V a n  d e n  E y n d e  et al. (this 
volume) consider th a t the influence of waves over the Kwinte 
Bank may alter drastically the direction of the residual sedi­
m ent transport.

In the short-term, the present data indicate prevailing ebb 
and flood sand transport pathways, on each flank of the bank, 
respectively; as such, sand convergence up to the crest (Fig­
ure 7.; Figure 5d.). This pattern  is consistent w ith the model­
ling results of B r iè r e , R o o s , and C a r e l , (this volume) and V a n  
d e n  E y n d e  et al. (this volume). Previously, L a n c k n e u s  et al. 
(1992), and, more recently, B e l l e c  et al. (this volume), arrived 
at the same interpretation, based upon bedform asymmetries. 
L a n c k n e u s  et al. (1992) consider th a t areas in which the net 
sand transport direction is controlled, either by the flood or 
the ebb phase of the tide, varies significantly with time. Such 
variations are consistent with fluctuations in the net tra n s­
port directions, observed at the mooring sites, over various 
tidal cycles (Figure 5d.).

The stability model proposed by H u t h n a n c e  (1982a, b) 
depicts sand convergence up to a bank crest, in response to 
tidal rectification of the flow. At the Kwinte Bank, the angle 
observed (sometimes) between the crest of the large and (su­
perimposed) small bedforms, suggests veering in the sand 
transport pathways, towards the crest (e.g. Figure 6 . in B e l l e c  
et al., th is volume). However, as noted by D y e r  and H u n t l e y  
(1999), acceleration and refraction of tidal flows over sand­
banks have proved to be difficult to identify in the field. Diffi­
culties arise from the highly localised natu re  of the flow refrac­
tion. Good examples of tidal rectification originate from Ocean 
Surface C urrent Radar m easurem ents over the Middelkerke

Bank, which lies adjacent to the Kwinte Bank (Figure 1.) (W il ­
l ia m s  et al,, 2000), and from shipbom e ADCP m easurem ents 
obtained across the Shambles Bank, in the English Channel 
(B a s t o s , P a p h it is , and C o l l in s , 2004). Following the approach 
of B a s t o s , P a p h it is , and C o l l in s . (2004), HM-ADCP data were 
used to identify deflection of the flow over the bank. Peak 
ebb and flood current velocities throughout the w ater col­
um n were transform ed into perpendicular along-bank (posi­
tive towards the NE) and across-bank (positive towards the 
NW) components, and displayed in a 50 m horizontal- and 1 m 
vertical-resolution grid (Figure 8.). Acceleration of the across- 
bank component, together with retardation  of the along-bank 
component over the bank, can be observed along some of the 
tracks. This flow pattern  is consistent w ith tidal rectification 
over the bank, providing a mechanism for the convergence of 
sand towards the crest. Thus, a part of the m aintenance proc­
esses of the bank can be described successfully by the sea bed 
stability model.

The (dredged) depression has been found to affect the 
short-term  near-field hydro-sedim ent dynamics. The distinct 
o rientation of the  m ain axis of the tida l ellipses, over the de­
pression (BM-ADCP) and at the crest (S4), suggests a chan­
nelisation of the peak (tidal) curren ts over the depression 
(Figure 4.). The veering of the crest of the very large dunes, 
inside the depression, is indicative of a persisten t pattern , 
predom inantly in the flood direction, in the long-term. B e l l e c  
et al, (this volume) support th is  interpretation , based upon 
morphological and sedimentological considerations. Howev­
er, the differences in the  observed tidal ellipses m ight relate 
to site effects, e.g. the position of the instrum ent w ith respect 
to the very large dunes; additional m easurem ents, including 
moored current-m eters together w ith sw ath bathym etry, are 
required to investigate th is  point. Besides, near-bed peak 
curren ts show, on occasions, specific flow p a tte rn s  inside the 
depression; these are restric ted  to the depression, suggesting 
a local effect, as proposed by D e g r e n d e l e  et al, (this volume). 
For example, the across-bank component of the flood flow 
within the depression (Figure 8a.), is stronger near the bed 
th an  in the overlying cells. Moreover, the across-bank com­
ponents of the peak ebb flow, inside and above the depression 
are in opposite directions (Figure 8c.). In both examples, the 
near-bed across-bank flow is enhanced tow ards the  crest, in 
the trough. In th is  way, localised sedim ent transpo rt may 
be significantly affected. Such flow p atte rn s  are not observed 
system atically in the records. Their significance in te rm s of 
net sedim ent transpo rt and morphological evolution of the 
depression should be considered on the basis of a data  set 
w ith a higher vertical resolution (i.e. < 1 m). Nonetheless, 
divergent net sand transpo rt directions are predicted inside 
the depression (Figure 7.), indicating net erosion, over the 
tidal cycle studied. Since the depression has not recovered 
since extraction ceased (D e g r e n d e l e  et a l,  th is  volume), ero­
sion induced by divergent net sand transpo rt may be a p e r­
sistent active process, inside the depression.

C O N C LU SIO N S

The processes which govern sandbank dynamics in the 
long-term are difficult to identify, on the basis of short-term  
hydrodynamic m easurem ents. In the present study, tidally- 
averaged currents and residual sediment transport patterns 
are computed, for the Kwinte Bank, by using moored and
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shipborne current meter data. The results contribute to un­
derstanding the maintenance processes of the bank, and the 
near-field hydro-sediment dynamic impact of sand extraction, 
at this particular location.

The tidally-induced, short-term, sand transport pattern 
over the Kwinte Bank is characterised by sand convergence 
towards the crest of the bank. The location of the convergence 
zone varies, in the short-term, according to the prevailing tid­
al flow characteristics. Sediment transport over each flank of 
the bank is governed by a distinct phase of the tide. During 
peak flood and ebb flows, tidal rectification, in response to en­
hanced bed friction, provides a mechanism for the veering of 
sand towards the crest of the bank. As such, the sea bed stabil­
ity model described by H uthnance (1982a, b) accounts, at least 
partially, for the bank maintenance process.

The presence of the dredged depression affects, on a lo­
cal basis, the short-term hydrodynamics and sediment 
transport patterns. The collected data support the concept 
of channelisation of peak tidal flows, at this particular lo­
cation. In addition, within the depression, the cross-bank 
components of the peak near-bed currents are enhanced to­
wards the crest of the bank. Divergent net sand transport 
is induced within the trough. Hence, the depression expe­
rienced net erosion over the tidal cycle considered. More 
data are needed to detail the structure of the flow within 
the trough, and to investigate the morphodynamic evolution 
of this feature over the long-term.
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ABSTRACT I

Grain-size trend analysis is applied to the determination of sediment transport pathways over the Kwinte Bank, Hillii«» southern North Sea; which had been subjected to intensive dredging, within the context of the environmental impact
of dredging activities. On the basis of the results of grain-size trend analysis, focused mainly upon the transportation 
of the non-biogenic sedimentary material (<2 mm), it appears that: (i) there is a main sediment pathway over the 
western (bank crest) and central (dredged area) part of the bank directed toward the NE; whilst a secondary pathway 
is established over its eastern gently-sloping flank, having a SE direction. Further, the present analysis shows that the 
area of the central (dredged) depression acts more as a "by-passing" zone rather than as a clepo-centre for the non­
biogenic sediments. Comparison undertaken with the results of an earlier investigation, for a non-clredged area at 
the northern end of the same bank, reveals that the depression due to dredging modifies significantly the sediment 
transport pathways; this may be attributed to a change in the seabed morphology which, in turn, modifies the near- 
becl hydrodynamics (related to tide and /o r storm events).

ADDITIONAL INDEX WORDS: linear sandbank, dredging effe-cts, grain-size trend analysis, southern North Sea,

IN T R O D U C T IO N

The establishm ents of sediment transport direction is one of 
the major concerns in the study of sedim entary systems w ith­
in the m arine environment. The analysis of spatial changes in 
grain-size param eters (mean, sorting and skewness) is one of 
the methods used for the identification of net sediment tra n s­
port pathways. The initial studies undertaken focused upon 
variations of an individual param eter, such as mean grain-size 
(e.g. P e t t i .jo h n , P o t t e r , and S ie v e r , 1 9 7 2 ) . However, the use of 
a single param eter is not always diagnostic for sediment move­
m ent because, depending on the type of environm ent under 
consideration, grain-size param eters may increase or decrease 
down-drift. A major improvement in grain-size trend  analysis 
was presented by M cL a r e n  (1 9 8 1 ) ,  who used a combination 
of the three main grain-size param eters: m ean size, sorting 
and skewness. Subsequently, M cL a r e n  and B o w l e s  ( 1 9 8 5 )  de­
veloped a statistical treatm ent of the grain-size data, which 
provided a 1-D model of net sediment transport, as pathways. 
According to the McLaren model, although there are theoreti­
cally 8 possible combinations of the above-mentioned s ta tis ti­
cal param eters, only 2 combinations have a higher possibility 
of existing in n a tu ra l environments, where sediment tra n s­
port occurs in a downstream direction: (1) finer, better sorted 
and more negatively skewed; or (2) coarser, better sorted and 
more positively skewed. Subsequently, McLaren’s m ethod has

DOI: 10.2112 / SI51-009.1 received  17 J a n u a ry  2007; accepted  in 
revision  5 October 2007.

been used with satisfactory results as in the case of the Severn 
E stuary  (LTK) (M cL a r e n  et aí,, 1993), in a fjord of British Co­
lumbia (M cL a r e n , C r e t n e y , and P o w y s , 1993); th is approach 
was eventually standarised, i.e. patented (M cL a r e n , 2001).

G ao  and C o l l in s  (1992) re-examined the basic assumptions 
of the grain-size trend  analysis; they argued that, although 
the two cases described previously may be the dominant ones, 
the presence of other factors can cause a high level of noise 
using the 1-D approach. These investigators have shown fur­
the r th a t some trends occur in the transport direction, with 
a higher frequency of occurrence th an  in any other direction. 
For comparison, in the McLaren method, it is assum ed th a t 
in the transport direction only certain types of trends can oc­
cur, whilst others do not occur. Thus, these la tte r authors de­
veloped an analytical procedure for grain-size data, based on 
a sem i-quantitative filtering technique; th is incorporates an 
adequate significance test and uses the combined trend  of the 
two main cases (G ao  and C o l l in s , 1991, 1992 and 1994a). This 
procedure results in the calculation of a 2-D residual pattern  
of transport vectors.

The present contribution presents a grain-size trend  analy­
sis, following the G a o  and C o l l in s  (1992) procedure, for the 
Kwinte Bank in the Belgian p art of the North Sea. This m eth­
od was adopted, primarily, as it is widely-accepted and has 
produced good results in tidal environments; and, secondarily, 
due to the fact th a t it has also been applied previously and 
successfully in the case of the Kwinte Bank (G a o  et a l,  1994). 
W ithin the context of the environm ental impact of dredging 
activities, the present trend  analysis is focused mainly upon
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t h e  t r a n s p o r t a t i o n  o f  t h e  n o n - b io g e n ic  s e d i m e n t a r y  m a t e r i a l ,  
w h o s e  g r a i n - s i z e s  h a v e  b e e n  d e d u c e d  f r o m  t h e i r  s e t t l i n g  v e lo c ­
i t i e s .  T h e  f i n d i n g s  o f  t h e  p r e s e n t  s t u d y  a r e  d i s c u s s e d  f u r t h e r ,  
w i t h i n  t h e  c o n t e x t  o f  t h e  e x i s t i n g  k n o w le d g e  o f  t h e  h y d r o d y ­
n a m i c s ,  w h i l s t  t h e  e f f e c t  o f  d r e d g i n g  i s  e x a m i n e d  t h r o u g h  c o m ­
p a r i s o n  w i t h  e a r l i e r  i n v e s t i g a t i o n s  u n d e r t a k e n  o n  t h e  K w i n t e  
B a n k  (e .g .  B e l l e c  et al., t h i s  v o lu m e ;  G a k e l ,  t h i s  v o lu m e ;  G a o  
et al., 1 9 9 4 ; L a n c k n e u s ,  1 9 8 9 ; a n d  V a n  d e n  E y n d e  et al., t h i s  
v o lu m e ) .

TH E STUDY AREA

T h e  p r e s e n t  i n v e s t i g a t i o n  c o n c e r n s  o n e  o f  t h e  s a n d b a n k s  
l o c a t e d  o f f  t h e  B e l g i a n  c o a s t ,  i .e .  t h e  K w i n t e  B a n k  ( F i g u r e  1.); 
t h i s  i s  o n e  o f  a  s e r i e s  o f  N E - S W  t r e n d i n g  l i n e a r  s a n d b a n k s .  
T h e s e  b a n k s  a r e  s o m e  1 0 -2 0  m  i n  h e i g h t ,  o v e r l a i n  b y  w a t e r  
d e p t h s  o f  l e s s  t h a n  10  m , o v e r  t h e i r  s h a l l o w e s t  p a r t s .  S u p e r ­
im p o s e d  u p o n  t h e s e  b a n k s  a r e  N - N W  / S - S E  t r e n d i n g  d u n e s  
( w i d t h s  o f  s e v e r a l  t e n s  o f  m e t r e s  a n d  h e i g h t s  o f  u p  t o  7 m )  
a n d  m e g a r i p p l e s ,  w i t h  s p a t i a l l y - v a r i a b l e  a s y m m e t r i c  p a t ­
t e r n s .  S u c h  l i n e a r  s a n d b a n k s  a r e  f o r m e d  i n  a n  e n v i r o n m e n t  
a s s o c i a t e d  w i t h  s t r o n g  c u r r e n t s .  H i g h - r e s o l u t i o n  r e f l e c t i o n  
s e i s m ic  s u r v e y s  h a v e  r e v e a l e d  t h a t  t h e  b a n k s  c o n s i s t  m a i n l y  
o f  H o lo c e n e  d e p o s i t s ,  w i t h  t h e  s a n d s  b e i n g  s u p p l i e d  b y  t h e  r e ­
w o r k i n g  o f  T e r t i a r y  a n d / o r  P l e i s t o c e n e  d e p o s i t s  (L iu , M is s ia e n , 
a n d  H e n r ie t , 1 9 9 2 ) . T h e  d e p o s i t s  l i e  o n  a n  e r o s i o n a l  s u r f a c e  
o f  T e r t i a r y  s t r a t a ,  w h o s e  u p p e r  l a y e r  i s  c o m p r i s e d  m o s t l y  o f  
g r a v e l y  m a t e r i a l .  T h e  f o r m a t i o n  o f  t h e s e  s a n d b a n k s  i s  r e l a t e d  
s t r o n g l y  t o  t h e  e x i s t i n g  h y d r o d y n a m i c  r e g i m e  a n d ,  i n  p a r t i c u ­
l a r ,  to  t h e  t i d a l  c u r r e n t s  a n d  s t o r m  w a v e s ;  t h e  f o r m e r  r e a c h  
m e a n  s u r f a c e  s p e e d s  o f  b e t w e e n  0 .9  m s '1 a n d  1 .2  m s '1 o f f s h o r e  
o f  t h e  B e l g i a n  c o a s t  ( H o w a r t h  a n d  P r o c t o r , 1 9 9 2 ) , w h i l s t  t h e  
l a t t e r  c a n  r e a c h  s i g n i f i c a n t  w a v e  h e i g h t s  u p  to  5 m , w i t h  s i g ­
n i f i c a n t  p e r i o d s  o f  7 s  ( 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 , 
1 9 9 4 ). T h u s ,  s t o r m  w a v e s  r e s t r i c t  t h e  v e r t i c a l  g r o w t h  o f  t h e  
F l e m i s h  B a n k s  t o  w a t e r  d e p t h s  o f  l e s s  t h a n  5 m  (M L L W S ) .

T h e  p r e s e n t  i n v e s t i g a t i o n  i s  f o c u s e d  u p o n  t h e  c e n t r a l  p a r t  
o f  t h e  K w i n t e  B a n k  ( F i g u r e  2 .) , w h ic h  i n c l u d e s  a n  e l o n g a t e d

F ig u re  1. G e o g ra p h ica l lo c a tio n  o f th e  K w in te  B a n k , in  re la t io n  to  th e  
N o rth  S ea  (in se t)  a n d  th e  B e lg ian  C o n tin e n ta l  S he lf.

d e p r e s s i o n  (5  m  d e e p ,  7 0 0  m  w id e  a n d  1 k m  lo n g ) ;  t h i s  i s  t h e  
m o r p h o l o g ic a l  r e s u l t  o f  i n t e n s i v e  d r e d g i n g  i d e n t i f i e d  i n  1 9 9 9 , 
w h ic h  s u b s e q u e n t l y  l e a d  t o  t h e  d e c i s io n  o f  t h e  B e l g i a n  G o v ­
e r n m e n t ,  i n  2 0 0 3 ,  t o  s to p  d r e d g i n g  f o r  a  p e r i o d  o f  a t  l e a s t  3 
y e a r s ,  h o p i n g  to  t h e  r e g e n e r a t i o n  o f  t h e  b a n k .

T h e  b a n k  i t s e l f  h a s  a n  a s y m m e t r i c  m o r p h o lo g y ;  i t s  c r e s t  
l i e s  a l o n g  i t s  w e s t e r n  f l a n k ,  w h ic h  d e e p e n s  t o  t h e  W S W , w i t h  
s lo p e s  o f  u p  t o  5 % . T h e  c r e s t  i t s e l f  l o w e r s  f r o m  t h e  S W  t o  N E , 
w i t h  w a t e r  d e p t h s  o n  b o t h  s id e s  b e i n g  d e e p e r  t h a n  10 m . T h e  
e a s t e r n  f l a n k  o f  t h e  b a n k  s lo p e s  a r e  m o r e  g e n t l y  (1 .5 -3 % ) , t o ­
w a r d s  t h e  S E .  O v e r  t h i s  a r e a ,  b e d f o r m s ,  s u c h  a s  s a n d  w a v e s  
a n d  m e g a r i p p l e s ,  a r e  p r e s e n t  e x t e n s i v e l y ;  t h e y  a r e  o f  v a r i o u s  
w a v e l e n g t h s ,  h e i g h t s ,  o r i e n t a t i o n s  a n d  a s y m m e t r i c a l  p a t t e r n s .  
T h e s e  b e d f o r m s  c o n s i s t  m a i n l y  o f  w e l l - s o r t e d  s a n d s  (2 0 0 - 4 0 0  
p m ) ,  w i t h  a  v e r y  s m a l l  g r a v e l  f r a c t i o n  ( L a n c k n e u s ,  1 9 8 9 ) . A  
d e t a i l e d  m o r p h o - s e d i m e n t o l o g i c a l  a n a l y s i s  o f  t h e  s t u d y  a r e a  i s  
p r e s e n t e d  e l s e w h e r e  ( B e l l e c  et al., t h i s  v o lu m e ) .

S o m e  f o r m e r  s t u d i e s  u n d e r t a k e n  i n t o  s e d i m e n t  t r a n s p o r t  
p a t h w a y s  o v e r  t h e  r e g i o n  h a v e  b e e n  u n d e r t a k e n ;  h o w e v e r ,  
t h e y  w e r e  l o c a t e d  o v e r  t h e  n o r t h e r n  p a r t  o f  t h i s  p a r t i c u l a r  
b a n k  a n d  d i d  n o t  i n c l u d e  t h e  c e n t r a l  d e p r e s s i o n  (G a o  et al., 
1 9 9 4 ; L a n c k n e u s ,  D e  M o o r ,  a n d  S t o l k ,  1 9 9 4 ; a n d  V a n w e s e n -  
b e e c k  a n d  L a n c k n e u s ,  2 0 0 0 ) .  A n a l y s i s  o f  t h e  b e d  m o r p h o l o g y  
i n d i c a t e s  a  g e n e r a l  N E  d i r e c t i o n  o f  s e d i m e n t  t r a n s p o r t ,  c o in ­
c id in g  w i t h  t h e  d i r e c t i o n  o f  t h e  f lo o d  c u r r e n t s  ( V a n w e s e n b e e c k  
a n d  L a n c k n e u s ,  2 0 0 0 ) .  T h e  g r a i n - s i z e  t r e n d  a n a l y s i s ,  a p p l i e d  
t o  t h e  n o r t h e r n  p a r t  o f  t h e  K w i n t e  B a n k ,  s h o w e d  a  s i m i l a r  
d i r e c t i o n  f o r  t h e  w e s t e r n  f l a n k  o f  t h e  b a n k ,  w h i l s t  i t s  e a s t e r n  
f l a n k  h a s  a  N W  d i r e c t io n ;  t h i s  b e c o m e s  S W , a t  w a t e r  d e p t h s

F ig u r e  2. M o rp h o lo g ica l c h a r a c te r is t ic s  a n d  s a m p l in g  p o s itio n s  
(for d e ta ils , see  te x t)  o f th e  K w in te  B a n k .
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of more than  20 m (G a o  et al., 1994). Differences between 
sediment transport directions given by the grain-size trend  
analyses, with those indicated by bedform morphometry (e.g. 
megaripples), m aybe attribu ted  to the ir different spatial- and 
time-scales of operation. The former are influenced often by 
other local structural (geological) characteristics and, being 
the result of extreme events, occurred over a much longer pe­
riod of tim e (tens to hundreds of years).

DATA C O LLECTIO N A N D  M E TH O DO LO G Y

In September 2003 and February 2004, 120 samples (from 
the same locations) were collected with the use of a van Veen 
grab, during MAREBASSE / EUMARSAND campaigns (R /V  
Zeeleeuw). The interval between successive stations was 300 
m on the edges of the grid and 150 m over the central dredged 
depression (Figure 2.).

The samples have been sub-sampled and analysed, follow­
ing decarbonising with an HC1 solution, in order to estim ate 
and remove the biogenic fraction (the shell content), as the 
present investigation focuses upon the transport pathways of 
the non-biogenic sediment component. Moreover, the biogenic 
fraction of the sediment was removed for analytical reasons,
i.e. to improve the accuracy of the grain-size trend  analysis. 
The shell content incorporates usually a bimodal grain-size 
distribution, resulting in inaccuracy in the grain-size determ i­
nation using settling velocities; its abundance on the sea floor 
is variable, depending upon localised benthic environm ental 
conditions.

In addition, shell fragm ents are somewhat different from 
the quartz grains, in term s of the ir density and morphology; as 
such, they differ in term s of the ir settling, transport and sort­
ing characteristics. Besides, shell fragm ents are not usually 
uniformely distributed over the seabed; they are more abun­
dant in some areas, being rare in other; they follow not ex­
clusively near-bed hydrodynamics, but also the local biologic 
production (benthic and/or neritic). Hence, the use of the bulk 
sediment would have introduced some additional differences 
into the sediment texture, related to sediment transport.

Following decarbonising, sediment samples were analysed, 
by means of a settling tower, to determ ine the settling veloci­
ties (Ws) of the individual particles; these, in turn, have been 
converted into equivalent sieve diameters, according to the 
S o u l s b y  ( 1 9 9 7 )  equations. Sediment grain-size fractions were 
identified according to the W entworth classification (1 9 2 2 ) ;  
the ir statistical param eters needed for the trend  analysis 
method, i.e. mean grain-size, sorting, skewness, were calcu­
lated using statistical moment theory (R iv ie r e , 1 9 7 7 ).

For the determ ination of sediment transport pathways, 
using the statistical param eters of the grain-size analyses, 
the procedure described by G ao  and C o l l in s  (1992) has been 
adopted. This method is based upon the relationship between 
spatial changes in grain-size trends and the residual tra n s­
port directions. Thus, grain-size param eters are compared 
between pairs of sampling sites, considering the increase or 
decrease in th ree param eters: mean grain-size (Mz), sorting 
(bj) and skewness (SJ. Consequently, 8 cases are theoretically 
possible; of these, only 2 are representative of physical real­
ity in non-extreme m arine conditions (G a o  and C o l l in s , 1992; 
G ao  and C o l l in s , 1994a; and M cL a r e n  and B o w l e s , 1985). If 
transport takes place from Site 1 to Site 2, 2 cases can be val­
id, either Case 1: ö,2<ö,l. M  1>M 2. and S.2<S.l (in a down-’ I  — I ’  Z  Z  ’  k  —  k  '

stream  direction, sediment becomes finer, better sorted and

more negatively skewed); or Case 2: o :.2< Oji. M_2>Mzl, and 
S kZ¿Skl  (sediment becomes coarser, better sorted and more 
positively skewed). Notably, these two cases do not represent 
extreme environments, in which, for example, sediment is 
trapped or reworked intensively, or transport agents are not 
selective. For th is  reason, a three-step approach has been fol­
lowed: the first step, as proposed by G ao  and C o l l in s  (1992), 
consists of the verification th a t the two aforementioned cases 
are indeed valid for a study area (see below); the second step 
refers to the calculation of the three grain-size param eters (ac­
cording to F o l k , 1974), by means of the equations issued from 
the statistical moment theory (R iv ie r e , 1977); and, finally, the 
th ird  step incorporates the application of the computerised 
analytical procedure developed by G ao  (1996), to the calcula­
tion of the transport vectors.

The Kwinte Bank is under the influence of tidal currents and 
oscillatory flows related to wave activity, which are selective 
transport agents; th is m eans th a t the particle sorting, in all 
cases, increases in the downstream direction. Furtherm ore no 
sediment accumulation has been observed over the study area 
between 1992-1997 (D e g r e n d e l e  et al., th is volume), which is 
consistent with the relatively “homogeneous” grain-size distri­
bution pattern. Therefore, the two aforementioned cases are 
expected to be representative of the local non-biogenic sedi­
m ent transport, in the case of the Kwinte Bank area. Realis­
ing step 3 (see above), initially, a critical maximum distance 
(Der) has to be selected between two neighbouring sampling 
sites, whose grain-size param eters are compared. Thus, with 
the use of all sampling locations, contour maps for the grain- 
size statistical param eters of the area under investigation has 
been created; then, common data points have been re-sampled 
every 300 m, in order to produce a grid with even Der.

Subsequently, dimensionless “trend  vectors” are drawn be­
tween every two sites (separated by Der), following the G ao  
and C o l l in s  (1992) procedure; th is is based, for a single analy­
sis, upon the consideration of the two types of transport occur­
ring at the same time, i.e. a combination of Case 1 and Case
2. Finally, the following calculations are undertaken for each 
site: (1) the “resu ltan t vector”, which is the sum of the trend  
vectors; and (2) the “transport vector”, calculated with the fil­
tering procedure developed by G a o  and C o l l in s  (1992, 1994a). 
This approach allows the resu ltan t vectors from the neigh­
bouring sites (e.g. w ithin the Der), to be taken into account; 
th is  in turn, leads to the calculation of a weighted-average. 
Subsequently, these produce all the transport vectors of the 
pattern  of the residual transport, which enables recognition of 
the m ain transport directions.

It should be noted th a t it is impossible to attribu te any 
quantitative significance to the length of these composite 
transport vectors, w ithout introducing a bias towards one of 
the grain-size param eters (L e  R o u x , 1994). Hence, with the 
use of the G ao  and C o l l in s  (1992) method only the sediment 
transport pathways are determ ined and not the associated 
transport rates.

RESULTS A N D  D ISC U SSIO N

The results of the application of the G a o  and C o l l in s  (1992) 
procedure, applied to the results of both the sampling cam­
paigns of September 2003 and February 2004, are presented 
in Figure 3. The analyses of the two series of samples generate 
generally sim ilar results, which indicates the dominance of
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t Septem ber 2003 

t February 2004

ĉ 001

F ig u r e  3. T r a n s p o r t  p a t te r n s :  S e p te m b e r  2003  (b lack  a rro w s) a n d F e b r u a r y  20 0 4  (g rey  a rro w s), sh o w n  in  re la t io n  to  th e  g ra in -s iz e  d is t r ib u tio n  over 
th e  s a m p le d  a re a  (see  F ig u r e  2.).

relatively sim ilar prevailing hydrodynamic conditions, either 
for a short period of tim e prior to the (two) campaigns and/or 
for the whole of the period between them.

Over the w estern p a rt of the bank  and, more specifically 
along its crest area and the w estern flank of its central de­
pression (formed by dredging), the transpo rt vectors have a 
NE orientation, indicating sedim ent transport tow ards the 
depression. Here, the  bed m ateria l is composed of heteroge­
neous medium  to coarse shelly sand (shell content 40-55%) 
(B e l l e c  et al., th is volume). On the other hand, th is vector 
direction is in accordance with the m ain axis of the observed 
large bed forms, i.e. the  elongated subaqueous dunes. F u r­
ther, it should be noted th a t the direction of the vectors be­
come progressively NNE tow ards the northern  p art of the 
study area; finally, they are directed northw estw ards, a t its 
northern  limit. Here, the crest of the bank  is higher and the 
bank  itself bends, w ith its elongated axis being directed to ­
wards the  North.

Within the lower (southern) and middle p art of the dredged 
area, the sediment transport vectors derived from both cam­
paigns indicate a general NE direction of sediment transport; 
at its northern  part, the sediment transport pathways are di­
rected towards the NNE. Once again, th is change may be asso­
ciated with the orientation of the existing mega-bedforms (e.g. 
sand waves) and the morphology of the Kwinte Bank. Never­
theless, the artificially-made depression appears to act as a 
sediment transport pathway, ra th e r than  being a depo-centre. 
Here, the sediment are more homogeneous (Mz=400 pm and 
10-40% shell fraction; B e l l e c  et al., th is volume). This in te r­
pretation is in accordance with the findings of D e g r e n d e l e  et 
al. (this volume), who sta te th a t over a period of 8 years (1992- 
1999), no significant morphological changes can be identified. 
Furtherm ore, th is  pattern  is in accordance with the observed 
currents acting over the area (V a n  d e n  E y n d e  et al., th is vol­

ume), which perm it the transport of these coarse and shelly 
sediments. Overall, it appears th a t sediment is transported  
from the crest, towards the eastern  flank of the bank, despite 
the presence of the dredged depression.

The gently-sloping eastern flank of the bank, characterised 
by homogeneous fine to medium sand with a shell fraction 
generally <20% (B e l l e c  et al., th is  volume), presents a tra n s­
port pattern  th a t could be distinguished into two sub-regions: 
(a) a northern  one, where the vectors are directed towards the 
NNW; and, (b) a central/southern one, where vectors are more 
or less directed southerly.

Some vectors located at the boundary of the study area 
may show various orientations and directions; however, they 
have not been incorporated into the analysis, having been a t­
tribu ted  to the ‘edge effect’. Transport vectors on the edge of 
the grid use less neighbour points, for the ir calculation (G ao  
and C o l l in s , 2001). The la tte r lim itation would explain also 
some differences in direction along the east boundary of the 
study area, between the September 2003 and February 2004 
results.

In te rm s of the  prevailing  tid a l regime, the  sedim ent 
tran sp o rt pathw ays of the surficial non-biogenic (<2 mm) 
m ateria l of the  w estern  side (crest and depression) of the 
bank  appear to be controlled by the flood phase of the  tide, 
w hilst its  easte rn  flank by the  ebb tide; th is  is in accord­
ance to the  residual flows identified by G a r e l  (this volume). 
Moreover, the  derived tran sp o rt pathw ays do not coincide 
w ith the  m ean flood/ebb directions, as they are influenced 
also by th e  presence of bedform s and, more specifically, by 
the  presence of asym m etrical dunes (wavelengths >30 m) 
and m egaripples (wavelength of 5-10 m) (L a n c k n e u s  et al., 
1993). Furtherm ore, the  influence of wave activity, under 
storm  conditions and, particu la rly  for th e  crest region of the 
bank, could not be excluded. For example, in the  case of
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sim ilar sandbanks in the  B ristol C hannel (UK), it has  been 
estab lished  th a t  the  heigh t of the  banks is controlled by the 
storm  conditions (B r it t o n  and B r it t o n , 1 9 8 0 ) .  The la tte r  ob­
servation is a m a tte r for fu rth e r investigation, re la ting  to 
the  combined effect of storm s and tides.

Finally, if the  findings of th e  p resen t investigation  are 
com pared to those produced previously by G a o  et al ( 1 9 9 4 ) ,  
for the  n o rthern  end of the  Kwinte B ank (where sedim ent 
pathw ays are directed tow ards its crest, having an E-ESE 
direction along its steep w estern  flank and NW along its 
easte rn  more gentle flank), on the  assum ption th a t  the 
whole body of th e  bank  is subjected to the  same hydrody­
nam ic (tidal) regime, th en  it may be concluded th a t the 
presence of the  depression (due to dredging) has modified 
significantly the near-bed hydraulic regim e (G a r e l , th is  vol­
ume). This regim e now favours the  tran sp o rt of sedim ent 
from the crest over the  bank, tow ards its  easte rn  flank. The 
p a tte rn  is in accordance w ith the  observations m ade by D e ­
g r e n d e l e  et al. (this volume), w here an overall lowering of 
the  heigh t of the  b ank  (by ca. 0.5 m) h as been identified, 
betw een 1 9 9 2  and 1 9 9 9 .

C O N C LU SIO N S

On the basis of grain-size trend  analysis, the residual 
transporta tion  pa tte rn  reveals that, on the w estern steeper 
slope and w ithin the central depression of the bank, the p rin ­
cipal transpo rt pathw ay of the non-biogenic sandy m aterial 
is directed tow ards the northeast. Further, it can be assum ed 
th a t the relatively coarse (>500 pm) and less well-sorted 
(>1.2) sediment, w ithin these two sedim entary provinces, 
are associated w ith erosion (and/or transporta tion) during 
the flood phase of the tide. Flowever, wave action should not 
be excluded from the analysis. Over the eastern  gently slop­
ing p art of the bank, characterised by medium sized (250- 
500 pm) sediments, an overall southerly transport pathw ay 
is identified; th is  is induced, most probably, by the ebb cur­
rents; although these are weaker, they last longer and, as 
such, provides improved sorting (< 1.0) of the sediments. In 
addition, the presence of the bedforms and the overall size of 
the bank  appear to control the sedim ent transpo rt pathways. 
Finally, the presence of the central depression appears to act 
as a ‘by-passing’ zone, ra th e r th an  as a depo-centre for sedi­
ments.

ACKNOW LEDGEM ENTS

This study h as been und ertak en  in accordance w ith the 
research  objectives of the  project EUMARSAND (“European 
M arine Sand and Gravel Resources: E valuation  and E nvi­
ronm ental Im pact of E xtraction”, C ontract No. HPRN-CT- 
2002-00222). The au thors th a n k  Sophie Le Bot and Wendy 
Bonne for organising and perform ing the  sam pling cam ­
paigns, w ith the  assistance of Sam uel Deleu, Els Verfail- 
lie, Andrew Symonds and Deborah I dier. The au thors th a n k  
M ichael Collins, Xaris P lom aritis and E rw an Garel for 
th e ir  help during th e  grain-size analyses, a t the  School of 
Ocean and E arth  Science in the  LTniversity of Southam pton. 
T hanks are extended also to Vera Van Lancker and Valérie 
Bellec, for the inform ation provided and th e ir  constructive 
comments.

LITERATURE CITED

B e l l e c , V .;  V a n  L a n c k e r  V .;  D e g r e n d e l e  K.; R o c h e  R . ;  S c h o t t e  P . ,  and  
L e  B o t  S . ,  th is  volum e. G eo-environm enta l ch a rac te risa tio n  of th e  
K w inte B ank. J o u r n a l o f  C o a sta l R e s e a r c h .

B r it t o n  R.C. an d  B r it t o n  S.R., 1980. S ed im en tary  b ed  form s an d  l in ­
ear b an k s . Iiv. C o l l in s , M .B .;  B a n n e r , F .T . ;  T y l e r , P.A.; W a k e f ie l d , 

S.J., an d  J a m e s , A.E. (eds.), In d u s tr ia l is e d  E m b a y m a n ts  and. th e ir  
E n v ir o n m e n ta l P ro b lem s. A ease s tu d y  fo r  S w a n se a  B a y . Pergam on 
P ress, 177-191

D e g r e n d e l e , K.; R o c h e , M.; S c h o t t e , P.; B e l l e c , V., a n d  V a n  L a n c k ­

e r , V., th is  volum e. M orpholog ical evo lu tion  of th e  K w in te  B ank  
c e n tra l d ep ress io n  a f te r  i ts  c losure . J o u r n a l  o f  C o a s ta l R e ­
sea rch .

F o l k , P.L., 1 9 7 4 .  P etro logy  o f  S e d im e n ta r y  R ochs. A ustin , Texas: 
H em phill P u b lish in g  Com pany, 1 8 3  p.

G a r e l , E., th is  volum e. H ydrodynam ics an d  bed load  tra n sp o rt, d u r ­
in g  a tid a l cycle (derived from  ADCP m easu rem en ts), across th e  
K w inte B ank. J o u r n a l o f  C o a sta l R e s e a r c h .

G a o , S. a n d  C o l l in s , M., 1991. A critique  of th e  "M cLaren M ethod" for 
defining sed im en t tra n sp o r t p a th s . J o u r n a l  o f  S e d im e n ta r y  P e tro l­
ogy. 61, 143-146.

G a o , S. an d  C o l l in s  M., 1992. N et Sed im ent tra n sp o r t p a tte rn s  in ­
fe rred  from  grain-size tren d s , b ased  upon definition of tra n sp o r t 
vectors. S e d im e n ta r y  G eology. 81(1/2), 47-60

G a o , S. an d  C o l l in s , M., 1994a. A nalysis of g rain-size tren d s, for defin­
in g  sed im en t tra n sp o rt pa th w ay s in  m arin e  env ironm ents. J o u r n a l  
o f C o a sta l R esea rch .  10(1), 75-78.

G a o , S. an d  C o l l in s , M., 1994b. N et sed im en t tra n sp o r t p a tte rn s  in ­
fe rred  from grain-size tren d s, b ased  upon definition of " tran sp o rt 
Vectors" reply. S e d im e n ta r y  Geology. 90, 171-185.

Gao, S.; C o llin s  M.; Lanckneus J.; De M o o r G., an d  Van L ancker V., 
1994. G rain-size tren d s  associated  w ith  n e t sed im en t tra n sp o r t 
p a tte rn s : An exam ple leo m th e  Belgian con tin en ta l shelf. M a rin e  
Geology. 121, 171-185

Gao, S., 1996. A fo rtran  p rog ram  for g rain  size tre n d  analysis to define 
n e t sed im en t tra n sp o r t pa thw ays. C o m p u ters  & G eosciences. 22(4), 
449-452.

G a o , S. an d  C o l l in s  M., 2001. The use of grain-size tren d s in  m arine  
sed im en t dynam ics: a review . C hinese  J o u r n a l  o f  O ceanology and. 
L im n o lo g y . 19(3), 265-271.

H ow arth , M .J. an d  P ro c to r , R., 1992. Ship ADCP m easu rem en tsan d  
tid a l m odels of th e  N orth  Sea. C o n tin e n ta l S h e l f  R esea rch . 12, 601- 
623

H o u t h u y s , R.: T r e n t e s a u x , A., an d  D e  W o l f , P., 1994. S torm  influences 
on a tid a l san d b an k 's  su rface (M iddelkerke B ank, so u th e rn  N orth  
Sea). M a r in e  G eology. 121, 23-41

L a n c k n e u s , J ., 1989. A com parative s tu d y  of som e ch arac te ris tics  of 
superficial sed im en ts on th e  F lem ish  B anks. In t. Coli. Q uat. T ert. 
Geology S ou thern  B ight, N orth  Sea, M ay 1984. M in is tr y  o f  E co ­
n o m ic  A f fa ir s -B e lg ia n  G eological S u rve y .  29-241.

L a n c k n e u s , J.: D e  M o o r , G.: D e  S c h a e p m e e s t e r , G.: M e y u s , I., and  
S p i e r s , V., 1992. R esidual sed im en t tra n sp o r t directions on a tid a l 
sand b an k , lii'. C o m p a riso n  o f  th e  ‘M c L a r e n  M o d e l” w ith  bed fo rm  
a n a ly s is . Bull. Belg. Ver. A ardr. S tud. (BEVAS) 2, pp. 425-446.

L a n c k n e u s , J.: D e  M o o r , G.: V a n  L a n c k e r , V., an d  D e  S c h a e p m e e s t e r ,

G., 1993. The use  of th e  M cLaren m odel for th e  dete rm in a tio n  of r e ­
sidua l tra n sp o r t directions on th e  G ootebank, so u th e rn  N orth  Sea: 
P rogress in  B e lg ia n  O céa n o g ra p h ie  R esea rch .  In s titu te  of M arine  
R esearch  an d  Air Sea In te rac tio n  (IRMA), Vol. 1, pp. 75-94.

L a n c k n e u s , J .:  D e  M o o r , G., a n d  S t o l k , A., 1994. E n v iro n m e n ­
ta l  s e t tin g , m orphology  a n d  v o lu m e tric  ev o lu tio n  of th e  M id ­
d e lk e rk e  B a n k  (s o u th e rn  N o rth  Sea). M a r in e  G eo logy. 121(1-2), 
1 - 2 1 .

Journal o f Coastal Research, Special Issue No. 51, 2010



Le Roux, J.P ., 1994. An alternative approach to the identification of 
net sedim ent transport pa ths based on grain-size trends. Sedimen­
tary Geology, 94, 97-107.

Liu, A.C.; M iss ia e n , T., and H e n e ie t ,  J.P ., 1992. The morphology of the 
top-Tertiary erosion surface in the Belgian sector of the North Sea. 
Marine Geology, 105, 275-284.

McLaeen, P.A., 1981. Interpretation  of trends in grain-size m easure­
m ents. Journal of Sedimentary Petrology, 51, 611-624.

M c L a e e n , P.A. and B o w le s ,  D., 1985. The effects of sedim ent tran s­
port on grain-size distributions. Journal of Sedimentary Petrology, 
55(4), 457-470.

M c L a e e n , P., 2001. Sediment Trend Analysis (Sta (R)). Sea Technol­
ogy, 42(3): 10-14.

McLaeen, P. and Bowles, D., 1991. A Critique of the Melaren Method 
for Defining Sediment Transport Paths - Reply. Journal of Sedi­
mentary Petrology, 61(1), 147.

M c L a e e n , P.; C o l l in s ,  M.B.; G ao , S., and P o w y s , R.I.L., 1993. Sediment 
Dynamics of the Severn E stuary  and Inner Bristol Channel. Jour­
nal of the Geological Society, 150, 589-603.

M c L a e e n , P.; C e e tn e y , W.J., and P o w y s , R.I., 1993. Sediment P a th ­
ways in a British-Columbia Fjord and Their Relationship with 
Particle-Associa ted  Contam inants. Journal of Coastal Research, 
9(4), 1026-1043.

P e t i t j o h n ,  F.G.; P o t t e e  P.D., and S ie v e e , R., 1972. Sand and Sand­
stone. New York: Springer, 618 p.

R iv ie b e , A., 1977. Methodes Granulometriques; Techniques et In ter - 
pritations. In\ M a sso n , N. Paris (1977), 170p.

S o u ls b y , R., 1997. Dynamics of marine sands: a manual for practical 
applications. London: Thomas Telford, 249 p.

V a n  d e n  E y n d e , D.; G ia ed in o , A.; P o e t i l l a ,  J.; F e t tw e i s ,  M.: F e a n c k e n ,  
F ., and M o n b a liu , J., th is volume. Modelling the effects of sand 
extraction on the  sedim ent transport due to tides on the Kwinte 
Bank. Journal of Coastal Research,

V a n w e se n b e e c k , V . and L a n c k n e u s , J., 2 0 0 0 . Sediment transport paths 
on a tidal sandbank : a comparison between the modified McLaren 
model and bedform analysis. Journal of Sedimentary Research, 
7 0 (3 ) , 4 7 0 -4 7 7 .



Journal o f Coastal Research SI 51 101-116 West Palm Beach, Florida Sum m er 2010

Modelling the Effects o f Sand Extraction, on Sediment Transport due to 
Tides, on the Kwinte Bank
Dries Van den Eynde1, Alessio Giardino2*, Jesús Portilla2, Michael Fettweis1, Frederic Francken1 andjaak Monbaliu2

1 Royal Belgian Institute of Natural Sciences
M anagem ent U nit of the N orth  Sea
M athematical Models
Gulledelle 100
B-1200 Brussels
Belgium
D.VandenEynde@mumm.ac.be

2 Katholieke Universiteit Leuven
Faculty of Engineering -  Civil Engineering
D epartm ent
Hydraulics Laboratory
Kasteelpark A renberg 40
K U .Leuven Postbus 2448
B-3001 Heverlee
Belgium

* Present address: Deltares 
U nit M arine and  Coastal Systems 
D epartm ent o f M orphology and  Coastal 
Systems,
Rotterdamseweg 185, 2600 MH, Delft 
The N etherlands.

ABSTRACT I

recen t years, the  exploitation of m arine aggregates is increasing. As an  example, on the Belgian continental 
• • • • • • • •  shelf, one particular sandbank (the Kwinte Bank) is exploited extensively; this has led  to the  creation of a  5 m  deepmss d epress ion  a long  its cen tra l part. In  th e  p re se n t co n trib u tio n , th e  in flu en ce  o f  these bathym etric  changes, on  erosion  

a n d  se d im e n ta tio n  p a tte rn s  a re  stud ied , using  n u m erica l m odelling , in  o rd e r  to  o b ta in  an  initia l im pression  o f  th e  
effect o f  such  in ten se  sand  ex trac tio n  on  th e  stability o f  th e  sandbank . D ifferen t num erica l m odels are  utilised. Two- 
d im ensional a n d  th ree-d im en sio n a l hydrodynam ic m odels have b e e n  u sed  to derive cu rren ts , whilst th ird  g en era tio n  
wave m odels have b e e n  u sed  to  sim ulate  th e  waves. Two d iffe ren t m odels are  p re sen ted , w hich  calculate th e  to tal 
lo ad  se d im e n t tran sp o rt as a fu n c tio n  o f th e  local cu rre n ts  a n d  waves. T hese m odels have b e e n  used  to investigate the  
erosional a n d  clepositional pa tte rn s. T h e  use o f two d iffe ren t se d im en t tran sp o rt m odels has som e advantages, since 
th e  results o f sed im en t tra n sp o r t m odels are  still subject to  som e im p o rta n t uncerta in ties . T h e  hydrodynam ic m odel 
results are  validated  using  ADCP cu rre n t elata, con firm in g  th e  g o o d  p e rfo rm an ce  o f th e  m odels. Likewise th e  wave 
m odels prov ide g o o d  results, co m p arin g  th e ir  resu lts w ith elata fro m  a buoy. T h e  se d im e n t tra n sp o r t m o d el results 
w ere co m p ared  to  th e  residual tra n sp o rt pa tte rn s, derived  fro m  th e  asym m etry o f  dunes. T h e  results o b ta in ed  seem  
to  be  in  g en era l a g reem en t w ith these  observations. T h e  num erica l m odels a re  u sed  to  sim ulate th e  response  o f  th e  
se d im en t tra n sp o rt to  extensive sand  ex trac tio n  fro m  th e  sandbank . O n e  'w orst-case' scenario  a n d  two m o re  realistic 
scenarios w ere sim ulated , whilst th e  effect o f  these bathym etric  changes o n  se d im en t tra n sp o rt was stud ied . T he 
results show  th a t th e  in ten se  san d  ex trac tio n  does n o t seem  to in flu en ce  extensively th e  stability o f th e  sandbank , b u t 
that, as a co n sequence , th e re  is less e rosion  a n d  d eposition . T h e  m odel resu lts show, fo r all o f th e  scenarios, a small 
a m o u n t o f  d ep o sitio n  o n  th e  to p  o f  th e  sandbank; th is cou ld  be an  in d ica tio n  o f a re g e n e ra tio n  m echan ism . A  tren ch , 
c rea ted  p e rp e n d ic u la r  to th e  crest o f th e  sandbank , cou ld  be  slowly refilled  again. T h e  tim e-scale o f  th is reg en e ra tio n  
a n d  th e  in flu en ce  o f storm s rem a in  u n ce rta in . A lth o u g h  th e  m ain  em phasis o f  th e  p a p e r  re la tes to  tidal forcing , a 
b rie f  d iscussion  is in c lu d e d  on  th e  in flu en ce  o f wave action , on  se d im en t tran sp o rt.

ADDITIONAL INDEX WORDS: Sandbank, sand extraction, morphological es'olution, n umerical modelling Southern North Sea

IN T R O D U C T IO N

The dem and for m arine sand in Europe is increasing. In 
2004, Europe produced around 53 million m s sand and gravel 
of m arine origin (ICES, 2005). Since 1980, the winning of 
m arine aggregates under the Belgian jurisdiction has almost 
quadrupled, to about 3 million tonnes (or 1.9 million ms) 
each year. Up until September 2004, the extraction was 
undertaken in two large exploitation zones: (a) around the 
Thornton Bank and the Goote Bank; and (b) around the 
Kwinte Bank, Buitenratel and Oostdyck. More than  80 % of 
the extraction takes place on the Kwinte Bank, concentrated 
upon a small section along the northw estern and central part 
of the sandbank. Over the central part of the bank, th is has 
resulted in the formation of a depression lying about 5 m 
below the original sea floor, about 700 m wide and 1 km long:

DOI: 10.2112 / SI51-010.1 received 14 J a n u a ry  2007; accepted in 
revision  15 A ugust 2008.

th is  is the so-called Central Depression (D e g r e n d e l e , R o c h e  
and S c h o t t e , 2002).

The effects of this intense extraction of marine aggregates 
are only poorly known. The extraction has changed significantly 
the shape, volume and height of the sandbank. However, this 
altered morphology could also influence the current and wave 
patterns in the coastal waters, with possible implications on 
erosion of the coasts. To perm it the study of the regeneration 
potential of the banks and the possible effects of intensive 
extraction on the sandbank, the depression zone was closed 
for exploitation (by the Government) in February 2003, for at 
least three years. The objective was to set-up reliable practical 
criteria for the maximum quantity of sand th a t can be extracted, 
without altering the long-term stability of the sandbank.

Research undertaken by Rijksw aterstaat, within the 
framework of the PUNAISE project, indicated th a t the 
surficial sediment structure and the bottom morphology 
over the exploitation zone near IJm uiden was rehabilitated 
after 15 months (H o o g e w o n in g  and B o e r s , 2001). In contrast,
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Rijksw aterstaat showed (within the framework of the 
SANDPIT project) th a t in a sand extraction pit near Hoek 
van Holland, of 10 m in depth, no clear infill was m easured 
over a period of one year (S v a sek , 2001). Elsewhere, a project 
undertaken by CEFAS, on the U.K. continental shelf, showed 
th a t the recovery of abandoned exploitation areas extended 
over 4 years or more. In Area 222 in the southern North Sea, 
a heavily exploited area, traces of the exploitation were still 
visible after 9 years (Boyd et al., 2004). However, the CEFAS 
study is on gravelly areas of the seabed.

In th is  contribution, num erical models are used to study 
the influence of sand extraction on sand transport and 
stability of the bank. Two different sets of models have 
been used. In relation to sediment transport modelling, it is 
useful to compare the results of different models, since these 
can vary over several orders of magnitude, depending upon 
the transport formulae used. By comparing different model 
results, a more balanced interpretation can be gained of the 
actual sediment transport.

m
B

Initially, the present situation is modelled, with the results 
for currents, waves and sediment transport compared to 
m easurem ents, for validation purposes.

These models have been used then to examine changing 
patterns of currents, waves and sediment transport, in 
response to changes in the bathym etry of the Kwinte Bank. 
Three different scenarios were studied: (a) a ‘worst-case’, where 
the bank is removed at 15 m below mean sea level (MSL), i.e., 
lowering the entire bank by more than  3 m, on average; (b) 
intensive sand extraction at a particular place, resulting in 
the generation of a trench; and (c) with the same am ount of 
sand being extracted, but over a larger area of the Kwinte 
Bank, resulting in a m ean deepening of the bathym etry, by 
almost 30 cm. The la tte r 2 scenarios can be used to make 
recommendations regarding the most suitable way to extract 
sand.

Initially, some general information on the Kwinte Bank 
is provided. Subsequently, the hydrodynamics on the Kwinte 
Bank are discussed. Different num erical models are then

Figure 1. B athym etry of the Belgian coastal waters. The large rectangle 
indicates the  extension of the  coarse BCS model grid, the middle-sized 
rectangle the extension of the fine BCS-F model grid. The sm allest 
rectangle provides an indication of the location of the Kwinte Bank.

Figure 2. Detailed bathym etry  (relative to MSL) of the Kwinte Bank. 
The rectangle is the area over which the  model results are presented. 
The area shaded with sm all dots indicate the grid cells th a t are 
considered p a rt of the  Kwinte Bank and th a t have a depth less then 15 
m with respect to MSL. The larger dot gives the location of the Central 
Depression (see text). Bathym etric contours are shown for 15 m and 
20 m, below MSL.

■^Brugge

BELGIUM

Figure 3. The bathym etry (relative to MSL) and current ellipses along 
the Kwinte Bank.

Figure 4. Median grain size of the Kwinte Bank, as used in the MDU- 
SEDIM model. Bathym etric contours are shown for 15 m and 20 m, 
below MSL.
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presented briefly, whilst validation of the model results is 
discussed. Following a description of 2 sediment transport 
models, the ir results (tide-only) are compared in relation to 
sediment transport pathways, derived from dune asymmetries. 
Likewise, the results of the num erical models for the three 
different scenarios are discussed, whilst wave influence on 
sediment transport is briefly addressed.

BACKGROUND INFO RM ATIO N

The Kwinte Bank is one of the Flemish Banks, located on 
the Belgian continental shelf (Figure 1). The bank is generated 
by tidal currents off the Belgian coast and is oriented in a SW- 
NE direction. The bank has a length of about 15 km, with a 
width varying from 2 km in its southern part, to 1 km in its 
northern  p art (Figure 2). The minimum w ater depth lies close 
to 7.5 m below MSL. Over the northern  part, large dunes are 
present, with a maximum am plitude of around 8 m. Sand 
dunes are present also over the middle p art of the bank; these 
can reach 2.5 m in height. The cross-section of the bank is 
clearly asymmetrical, with the steeper side facing towards the 
northwest.

The depth-averaged current ellipses over the Kwinte Bank 
region (Figure 3) typically vary depending upon the ir location,
i.e., in the swale or on the top of the sandbank. The ellipses 
are more spherical on the sandbanks, than  in the deeper 
swales between the sandbanks. In the swales, the major axes 
of the ellipses lie nearly in the same direction as the swale/ 
sandbank axis. Llowever, on the sandbank, the major ellipse 
axes are rotated clockwise, in comparison to the bank axis. 
The maximum currents are around 0.9 to 1.0 m/s, on the top 
and the western side of the Kwinte Bank during a spring tide; 
they are around 0.4 to 0.5 m/s, during a neap tide.

The Kwinte Bank is characterized by fine to medium-sized 
sand (Figure 4). Over the southern p art of the bank, sand of 
180 to 240 pm is found; over the middle and the northern  part, 
coarser sediment (of up to about 400 pm) is found. The Figure 
was derived on the basis of samples collected over the area, 
acquired by different institu tes and obtained from the Belgian 
M arine D ata Centre (BMDC). A method based upon weighted 
distance was used to interpolate the values for the model grid 
(F e t t w e is  and V a n  d e n  E y n d e , 2000).

HYDRODYNAM ICS  

H ydrodynam ic M odels

M odel BCS-F
The three-dim ensional hydrodynamic model COHERENS 

(L u y t e n  et al., 1999) calculates currents and w ater elevations 
under the influence of the tides and the prevailing atmospheric 
conditions. This model was developed, between 1990 and 1998, 
within the framework of the ELT-MAST projects PROFILE, 
NOMADS and COHERENS. The hydrodynamic model solves 
the momentum and continuity equations, using the ‘mode- 
splitting’ technique. COHERENS has different turbulence 
schemes, including the two-equation k-e turbulence model, 
as used in the present study. The description of turbulence is 
important, when sim ulating the vertical current profile.

The model is implemented on the basis of two coupled 
grids. The coarse grid model BCS has a resolution of 42.86” in

longitude (817 — 833 m) and of 25” in latitude (772 m); it has 20 
layers, equally spaced over the vertical. This model provides 
the open sea boundaries for the fine grid BCS-F model, which 
has a th ree tim es higher resolution, i.e., a resolution of about 
275 m to 257 m, and 10 equally spaced layers over the vertical. 
The extension of both of the models is shown in Figure 1. On 
its open sea boundaries, the BCS model is coupled with two 
regional models. The CSM model encompasses the Northwest 
European Continental Shelf and calculates boundary 
conditions for the North Sea model (NOS). The NOS model 
generates boundary conditions for the BCS model. The CSM 
model runs in two dimensions and is driven by the elevation 
at the open boundaries, governed by four semi-diurnal and 
four diurnal harmonic constituents (Q1 O , P , K , N„, M„, S„, 
K„). The NOS model runs in all th ree dimensions. All of the 
hydrodynamic models can take atmospheric influences into 
account.

A tm ospheric data  (wind speed, a t 10 m heigh t above sea 
level, toge ther w ith atm ospheric pressure) were obtained 
from the  U nited  Kingdom Meteorological Office. The data 
are available a t a 6 h interval, on a 1.25° latitude/longitude 
grid. A spa tia l in terpolation  was th en  perform ed, to obtain 
them  for the  com putational mesh. A linear interpolation, 
over time, was undertaken  to calculate w ind speed and 
p ressu re  a t each tim e step (V a n  d e n  E y n d e , S c o r y , and 
M a l is s e , 1995).

The BCS model was validated extensively using about 400 
hours of current profiles; these were collected in the Belgian 
coastal zone, using a bottom-mounted Acoustic Doppler 
C urrent Profiler (ADCP), Sentinel 1200 kHz Workhorse type, 
from R D Instrum ents ( P is o n  and O z e r , 2005, V a n  L a n c k e r  
et al., 2004). S tatistical calculations (root-mean-square- 
error (RMSE), bias, correlation) were carried out in order 
to establish differences in m agnitude and direction of the 
currents, between the model sim ulation results and the ADCP 
m easurem ents. The RMSE of the am plitude of the currents 
was generally around 0.05 and 0.15 m/s, representing an 
relative error of about 10 % to 15 %; th is varied only slightly, 
w ith depth. The error on the current direction was usually less 
than  20°. Thus, the validation exercise leads to the conclusion 
th a t the magnitude and direction of the current profiles are 
well represented by the three-dim ensional hydrodynamic 
model.

M odel TELEMAC-2D
The two-dimensional finite element hydrodynamic model 

TELEMAC-2D (v. 5.5) ( H e r v o u e t  and B a t e s ,  2000) was 
implemented on a mesh which was constructed using four 
different bathym etries. The large scale topography was taken 
from the N ortheast A tlantic model, developed by F l a t h e r  
(1981) covering the region from 47°50’N to 71°10’N, and from 
12°15’W to 12°15’E. Two interm ediate bathym etries were 
extracted from sea-charts and corrected by Yu et al. (1990). 
The high-resolution bathym etry corresponds to the fine model 
BCS-F (see above). Basedupon these data sets, a computational 
mesh was established with a node distance ranging between 
70 km and 150 m on the Kwinte Bank.

At the open boundary, tidal elevation has been used as the 
only external forcing of the model. The same 8 constituents as 
for the CSM model (see above) represented the tidal forcing 
of the modelled region. The same atmospheric forcing was 
used as for the BCS-F model. A description of the model 
implem entation is given in G uarding  and M o n b a l iu  (2004).
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Table 1. Measurements undertaken at the Kwinte Bank, with bottom-mounted ADCP. Key: Lot. - latitude in degrees North; Lon. - longitude in degrees 
East; Dep. - water depth referred to MSL; Dur. - duration of the measurements; Pres. - mean atmospheric pressure; and Wsp. - mean wind speed.

Campaign Lat. Lon. Dep. S tart Dur. Pres.
(mbar)

Wsp.
(m/s)

2003/15 51°18.144' 2°40.24' 16.3 11/06/03 16h30 25 h 1020 2.85

2004/04-05 5°18.151' 2°40.245' 16.3 02/03/04 12h45 216 h 1025 5.27

Table 2. RMSE of the U-component (RMSE U), RMSE of the V-component (RMSE V) and RMSE of the norm of the depth-averaged current (RMSE C) 
for the BCS-F a nd. the TELEMAC-2D model.

BCS-F TELEMAC-2D

Campaign # RMSE U 
(m/s)

RMSE V 
(m/s)

RMSE C 
(m/s)

RMSE U 
(m/s)

RMSE V 
(m/s)

RMSE C 
(m/s)

2003/15 39 0.140 0.119 0.127 0.279 0.145 0.215

2004/04-05 421 0.069 0.083 0.072 0.173 0.089 0.154

Validation on  the Kwinte Bank

During two R.V. Belgica campaigns, m easurem ents were 
undertaken on the Kwinte Bank with a bottom-mounted 
Acoustic Doppler C urrent Profiler (ADCP), Sentinel 1200 kHz 
Workhorse type, from RDInstrum ents. The sampling interval 
was set a t 300 s. The profiles were taken with a vertical 
resolution of 0.5 m, with a maximum of 30 m easurem ents over 
the profile. The first campaign covered a period of only a single 
day; however, during the second, m easurem ents were made 
over a 9 day period. Calm w eather conditions occurred during 
both periods, with mean wind speeds of 2,85 m/s (2 Bft.) 
and 5.27 m/s (3 Bft.) during the first and second campaigns 
respectively. More information on the position and tim ing of 
the m easurem ents is listed in Table 1.

The two periods have been sim ulated with the BCS-F and 
the TELEMAC-2D model and compared with the available 
ADCP m easurem ents. As an example, the depth-averaged

51  . 3 9

(a)

51.20
2.54 2.78 2.54 2.66 2.78

Figure 6. Tidally-in du ce d residual currents on the  Kwinte B ank for the period M arch 2nd 2004 6h30 — M arch 17th 2004 OhOO, i.e., a spring-neap cycle. 
In the background the bathym etry is shown, (a) R esults of BCS-F, with one vector for each four grid points shown, (b) Results of the  TELEMAC-2D 
model, with the results being on the sam e grid as the BCS-F model. B athym etric contours are shown for 15 m and 20 m, below MSL.
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Figure 5. M easured (ADCP) and modelled (BCS-F) depth-aver age d 
currents for the campaign 2004/04-05 on the Kwinte Bank (2°40.245’ 
E, 51°18.151’ N).
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current speeds for the 2004/04-05 campaigns, as modelled with 
the BCS-F model, together with the ADCP m easurem ents, are 
presented in Figure 5.

The root-m ean-square-errors (RMSE) are presented in Table
2. For the March 2004 period, the RMSE of the magnitude of 
the depth-averaged currents calculated by the BCS-F model 
is around 0.072 m/s, which is clearly satisfying. The higher 
RMSE for the TELEMAC-2D model are the result of a small 
tim e shift in the results, especially for the U-component of the 
depth-averaged current. When only taking the minima and 
the maxima of the depth-averaged currents into account, the 
RMSE for the TELEMAC-2D model are much smaller, around 
0.05 m/s for the U- and the V-component for the 2004/04-05 
campaigns.

R esidual Currents
Both models were used to calculate the depth-averaged 

residual currents, during a spring-neap tidal cycle (14.8 
days). The depth-averaged residual currents are defined as 
the vectorial mean of the depth-averaged currents at the grid 
points of the model over a period:

—
W „ = —----

with ?/ the depth-averaged residual current, U the 
depth-averaged current and n the num ber of depth-averaged 
currents, used in the derivation. The results of the BCS-F and 
the TELEMAC-2D model are presented in Figure 6.

The residual currents, calculated by the BCS-F model 
(Figure 6a) show anti-clockwise gyres centred in the swales 
near the sandbanks. On the w estern flank of the Kwinte Bank, 
the residual currents follow the bank towards the northeast 
(flood-direction); on the eastern  flank, they are in the opposite 
direction, i.e., to the southwest, in the ebb-direction. At the 
northern  crest of the bank and in the C entral Depression, 
the residual currents lie perpendicular to the bank crest and 
are ebb-dominated, flowing towards the west. The residual 
currents, calculated by the TELEMAC-2D model (Figure 6b) 
show a more uniform residual current pattern  with residuals, 
over the bank, to the northwest.

SEDIM ENT TR A N SPO R T DU E T O  TIDES  

S edim ent Transport M odels

M odel MU-SEDIM
The sediment transport model MU-SEDIM has been 

implemented on the same grid as the hydrodynamic model 
BCS-F; it calculates the to tal sediment load under the influence 
of the local hydrodynamic conditions.

The current bottom stress, an im portant driving force, 
is a function of the depth-averaged current velocity and of 
the N ikuradse bottom roughness. For the calculation of the 
N ikuradse bottom roughness, a distinction has to be made 
between the skin friction and the total friction. The skin 
friction is the roughness, experienced by the sedim ents at the 
bottom. In th is model, the expression of E n g e l u n d  and FIa n s e n  
(1967) has been used to calculate the skin bottom roughness.

2.54 2.66 2.78 2.54 2.66 2.78
F igure  7. Ticlally-inclucecl sed im ent tran sp o rt on th e  K w inte B ank for th e  period M arch 2nd 2004 6h30 — M arch 17th 2004 OhOO. In  th e  background  the  
b a th y m etry  is show n, (a) R esu lts of M U-SEDIM , w ith  one vector for each four grid  poin ts show n, (b) R esu lts of th e  SISY PH E model, w ith th e  resu lts 
b e ing  on th e  sam e grid as th e  M U -SED IM  model. B athym etric  contours are  show n for 15 m an d  20 m, below MSL.
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F igu re  8. E rosion (light) an d  sed im en ta tio n  (dark) p a tte rn s  on th e  K w inte B ank  as s im u la ted  w ith  tides only an d  for th e  period  M arch  2nd 2004 
6h30 -  M arch  IVth 2004 OhOO. (a) R esu lts of th e  M U -SED IM  m odel, (b) R esu lts of th e  SISY PH E model. B a th y m etric  contours are  show n for 15 m 
an d  20 m. below  MSL.

The to tal friction, on the other hand, is the friction felt by the 
currents and is influenced by the bed load and by the presence 
of bed forms. The calculation of these influences, including 
the calculation of the bed form dimensions, is based upon the 
formulae of G e a n t  and M a d s e n  (1982).

From the different formulae available for the prediction of 
sediment transport, th a t of A c k e r s  and W h it e  ( 1 9 7 3 )  is used 
here; th is provided the best results, in a comparison carried 
out by S l e a t h  (1 9 8 4 ) .  This equation can be w ritten as:

a = u d .
F - A

(2 )

(3)

where Qs is the total transport, D3S the sediment diam eter 
for which 35 % is finer, ?/* the friction velocity, T the 
bottom stress, p  the w ater density, n, in, C: dimensionless 
param eters, F  the sediment mobility num ber and A  the 
critical sediment mobility number, for the commencement of 
transport. The sediment mobility num ber F  can be determined 
using:

with h the w ater depth, s the relative density of sediment 
and g  the acceleration due to gravity. More details on the 
equations implemented in the MU-SEDIM model can be found 
in V a n  d e n  E y n d e  and O z e r  (1993).

The median grain-size, which is an input param eter of 
the sediment transport model, has been taken from the map 
presented as Figure 4. The D35 was calculated assuming a 
constant ratio of 0.82 between the D3S and the Dso (C o o r e m a n  
et al., 2000). Finally, the model calculates the morphological 
evolution of the sea bed, using a continuity equation for the 
bottom sediments (D.je n id i  and R o n d a y , 1992):

p ,0 - /> ) f -+ v &  = o
O t

(5)

F =

1 — n

u

5.66 log \ 0 h

I )

( (s - l)g D 35)1/2 (4)

35 y

with p^the sediment density, p  the porosity, t time, ^  the 
position of the bottom, with reference to its original position, 
and VQs the divergence of the sediment transport vector.

The MU-SEDIM model has already been applied at the 
kink of the W esthinder Bank, a sandbank at the Belgian 
continental shelf, north of the Kwinte Bank (D e l e u  et al., 
2004) and the model results agreed well with the transport 
pathways, derived from the observations, e.g^ from the 
asymmetry of the sand dunes.

M odel SISYPHE
The morphodynamical model SISYPHE (v.5.5) (V il l a r e t , 

2004) was set-up on the same computational mesh as used for 
the TELEMAC-2D computation. The total load sand transport 
rate  was calculated as a function of the hydrodynamic 
conditions, through in ternal coupling with the TELEMAC-
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Figure 9. Bathymetry of the Kwinte Bank for the three Scenarios investigated. The lines shown are the 15 and the 20 depth contours of the original 
bathymetry (Figure 2); (a) Scenario 1, where the complete bank has been deepened up to 15 m below MSL; (b) Scenario 2, where a trench was cut to 
13 m below MSL; and (c) Scenario 3, with a decrease in the sandbank height above 15 m below MSL by 10.8 %.
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Figure 10. Predicted tidally-induced sediment transport on the Kwinte Bank for the period March 2nd 2004 6h30 — March 17th 2004 OhOO for Scenario 
1, where the complete bank has been deepened up to 15 m below MSL. In the background the bathymetry is shown, (a) Results of MU-SEDIM, with 
one vector for each four grid points shown, (b) Results of the SISYPHE model, with the results being on the same grid as the MU-SEDIM model. 
Bathymetric contours are the 15 m and the 20 m depth contours, below MSL, of the original bathymetry (Figure 2).
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Figure 11. Erosion (light) and sedimentation (dark) patterns on the Kwinte Bank as simulated with tides only, for the period March 2nd 2004 6h30 — March 
17th 2004 OhOO and for Scenario 1, where the complete bank has been deepened up to 15 m below MSL. (a) Results of the MU-SEDIM model, (b) Results 
of the SISYPHE model. Bathymetric contours are shown for 15 m and 20 m below MSL.
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Figure 12. Predicted tidally-induced sediment transport on the Kwinte Bank for the period March 2nd 2004 6h30 — March 17th 2004 OhOO for Scenario 
2, where a trench was cut to 13 m below MSL. In the background, the bathymetry is shown, (a) Results of MU-SEDIM, with one vector for each four 
grid points shown, (b) Results of the SISYPHE model, with the results being on the same grid as the MU-SEDIM model. Bathymetric contours are 
the 15 m and the 20 m depth contours, below MSL, of the original bathymetry (Figure 2).
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Figure 13. Erosion (light) and sedimentation (dark) patterns over the Kwinte Bank as simulated with tides only, for the period March 2nd 2004 
6h30 -  March 17th 2004 OhOO and for Scenario 2, where a trench was cut to 13 m below MSL. (a) Results of the MU-SEDIM model, (b) Results of the 
SISYPHE model. Bathymetric contours are shown for 15 m and20 m below MSL.
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Figure 14. Predicted tidally-induced sediment transport on the Kwinte Bank for the period March 2nd2004 6h30 — March 17th 2004 OhOO for Scenario 
3, decrease of the sandbank height above 15 m below MSL, by 10.8 %. In the background the bathymetry is shown, (a) Results of MU-SEDIM, with 
one vector for each four grid points shown, (b) Results of the SISYPHE model, with the results being on the same grid as the MU-SEDIM model. 
Bathymetric contours are the 15 m and the 20 m depth contours, below MSL, of the original bathymetry (Figure 2).
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2D model. The model utilised a constant median grain-size of 
250 um.

The to tal solid transport rate  was calculated by means of 
the Soulsby-Van Rijn formula (S o u l s b y , 1 9 9 7 ), applied to the 
currents on horizontal and sloping beds:

Qs =  ( At, + As- ) « [a -  « d  ]2 4 ( 1 - 1 -6 ta n  ß ) (6)

A b =
0.005h(D50 /  h)

0.012 D30D,
A.. -

- 0.6

[ ( s ~ l ) g D j 2

n 1/3

D *  —

V
a 50

(7)

(8 )

(9)

where A  , is the bed load component, A  is the suspendedsb  * ’ ss  1
load component, u the critical entrainm ent velocity, 6 the 
slope of bed in a streamwise direction (assum ed equal to 0), 
D * the non-dimensional diameter, z0the bed roughness length 
(assumed equal to 0.006 m) and v is the kinem atic viscosity of 
the water.

The formula is validated for conditions in which the bed 
is rippled. Detailed multibeam imagery confirms th a t th is 
requirem ent is satisfied (V a n  L a n c k e r  et al.., 2004).

Validation under the Influence o f  T id es A lone
By way of a reference run, a sim ulation was performed for 

the period March 2nd 2004 6h30 to March 17th 2004 OOhOO, 
comprising an entire spring-neap tidal cycle.

The results for the residual sediment transport under the 
influence of tides, calculated with the MLT-SEDIM model, are 
presented in Figure 7a. They are comparable with the results 
of a sediment transport model, based upon a two-dimensional 
hydrodynamic model, presented in V a n  L a n c k e r  et al. (2004). 
On the steep western side of the bank, sand transport is 
towards the northeast, whilst on the gently sloping eastern 
side, transport is in the ebb direction, i.e., towards the 
southwest. On the western side, the transport directions on the 
top of the bank veer to an almost perpendicular orientation, 
with respect to the banks’ crest. This pattern  is in agreement 
with the concept presented by C a s t o n  and S t r id e  (1970), who 
described opposing sediment transport directions on either 
sides of a tidal sandbank; th is  is caused by an amplification 
of currents over the sandbank. The sediment transport rate  
is greatest on the top of the sandbank but much less in the 
swales. These results are sim ilar to those of B r iè r e  et al. (this 
volume).

The results obtained with the SISYPHE model for the 
same period are presented in Figure 7b. The results show a 
dominant residual sediment transport, under the influence 
of tides alone, towards the northeast. Sediment transport 
over the area is much more uniform (see above) and return  
transport towards the southwest is not present. In the MLT- 
SEDIM results, sediment transport in the swales, to the 
west and east of the Kwinte Bank, is towards the southwest. 
However, in the SISYPHE model results, transport is towards

the southeast on the west of the bank; it is towards the east 
on the east. Furtherm ore, the rates predicted by the SISYPHE 
model are a factor of two larger than  those of the MLT-SEDIM 
model. Such differences are common in sediment transport 
modelling; S o u l s b y  (1997) mentions that, in the sea, the total 
load sediment transport formulae give predictions within a 
factor of 5 in 70 % of the cases.

In order to validate the results of the models, the sediment 
transport patterns have been compared with these from dune 
asymmetries. As L a n c k n e u s , D e  M o o r , and S t o l k , 1994, 
and L a n c k n e u s  et al. (2001) have shown, both the small to 
medium dune asym m etries and the large dune asymmetries 
can be used to derive sediment transport directions. Such 
asymmetry is, in the first place, defined by the dominant tidal 
current (L a n c k n e u s  et ai., 2001). Further, although hydro­
meteorological conditions, including the influence of waves, 
can alter the asymmetry of the bed forms, they re tu rn  to their 
original tidally induced asymmetry, once a storm has abated. 
Therefore, it can be assum ed th a t dune asymmetries, induced 
by tidal currents, can be used to validate model results for 
tides. Elsewhere, for the Kwinte Bank, R o c h e , D e g r e n d e l e  and 
S c h o t t e , (2004) have presented sediment transport pathways, 
derived on the basis of dune asymmetries; they showed very 
sim ilar patterns to those predicted by num erical models, i.e., 
residual sand transport on the steep western side of the bank 
in the direction of the flood currents, towards the northeast, 
whilst on the more gentle sloping eastern  side of the bank, 
where ebb currents are dominant, southw estem ly directed 
sediment transport occurs. Investigations undertaken within 
the context of the present study also confirm th is pattern  
(B e l l e c  et al., th is volume).

Erosion and sedim entation patterns, derived from the 
sim ulated sediment transport, are presented in Figure 8a 
for the MLT-SEDIM results. The Figure shows th a t under 
calm w eather conditions, i.e., w ithout taking into account the 
meteorological conditions and waves, erosion occurs on the 
steep western side of the sandbank; on the more gently sloping 
eastern  side, some sand deposition may occur. Also on the top 
of the sandbank, some sand deposition occurs, tending to make 
the sandbank shallower. This interpretation is in agreement 
with the results obtained in the ELT-MAST RESECLTSED 
project (D e  M o o r  and L a n c k n e u s , 1993). Here, it was shown 
th a t under calm w eather conditions, the up-slope movement 
of sand under the influence of near-bed currents caused an 
accumulation of sand; under stormy conditions, the down- 
slope dispersion of sand results in a decrease in the volume 
of the upper p art of the bank. The erosion and sedimentation 
patterns calculated with the SISYPHE model (Figure 8b) are, 
despite the differences in sediment transport rates, sim ilar to 
the MLT-SEDIM results. However, to the north and to the south 
of the bank, the area of erosion seems to be more extensive.

SIM ULATION O F DIFFERENT SCENARIOS

The effect of large-scale sand extraction on the sediment 
transport and the morphodynamical evolution of the Kwinte 
Bank have been investigated using the models described. 
Three different scenarios have been studied.

In a first scenario, it is assum ed th a t the entire sandbank 
(the dotted area, Figure 2), an area of 19.4 km 2, is deepened to 
15 m below MSL. This represents an extracted volume of 59.7 
IO6 m s, or an averaged deepening of the area by 3.07 m; it is 
clear th a t th is is an unrealistic ‘worst-case’ scenario.

Journal o f  Coastal Research, Special Issue No. 51, 2010



European Marine Sand and Gravei Resources l i i

The two other scenarios are more realistic, where an 
extraction volume of 6.4 IO6 m s is extracted. Compared with 
the present level of sand extraction (about 1.9 IO6 m s every 
year), th is represents the am ount of m aterial th a t could be 
extracted in less than  4 years.

In the second scenario, it has been assum ed th a t th is 
am ount is extracted in a trench of about 1 km to 2 km in 
length, located in the area of the sandbank shallower than  
13 m below MSL between 51.2604°N and 51.2697°N. A mean 
deepening of 3.11 m is established, with a maximum deepening 
of 5.40 m. These values are of the same order of magnitude as 
the deepening w ithin the Central Depression.

In the last scenario, the same amount of m aterial is extracted, 
but now over the entire area of the bank shallower than  15 in 
below MSL (dotted area, Figure 2). In all grid cells of this area, 
a proportion of material, 10.8 %, is extracted, relative to the 
sand available above the 15 in below MSL level. As a result, the 
mean water depth of the area is in creased by 0.33 in in th is case, 
with a maximum deepening at the top of the bank of 0.81 in.

W hilst both of the last scenarios are realistic in term s of 
the am ount of m aterial extracted, they represent the two 
possible ways of extraction: extraction from a specific area; or 
extraction over a much larger area.

Scenario  1: th e ‘W orsUCase’ S cenario , R em oving the  
Sandbank a t 15 m below  MSL

The new bathym etry of Scenario 1 is shown in Figure 9a. 
The effect on the sediment transport is considerable, as is 
shown by the results of the MU-SEDIM model (Figure 10a).

The transport of sediment on the western side of the sandbank 
is significantly lower. Overall, the magnitude of the tidal- 
residual sediment transport, in the area where the bathym etry 
changed, decreased to 72 % of the original size. At the top of 
the sandbank, the sediment transport rate  even decreased 
to only 28 % of the original transport rate. Furtherm ore, the 
returning transport to the southeast of the bank  has almost 
disappeared. Similar results are presented by the SISYPHE 
model (Figure 10b), where the main effect is a decrease in the 
sediment transport rates over the Kwinte Bank. In th is model, 
the ra te  of sediment transport on the top of the bank decreased 
to 45 % of the original.

The resulting morphodynamical changes are shown in 
Figure 1 la, for the MLT-SEDIM model results, and Figure 1 lb, 
for the SISYPHE results. It can be observed th a t for the MLT- 
SEDIM model results, erosion on the western side of the bank 
decreased. Only on the northw estern side of the bank, near 
the kink, some erosion still occurs. Overall, on the bank itself, 
minor deposition is observed.

Minor deposition observed on the top of the sandbank 
appears to indicate th a t some regeneration mechanism could 
exist, to rebuild the sandbank, although the model results 
are not conclusive. Furtherm ore, it should be realised th a t 
the deposition rate  is moderate; as such a regeneration of 
the sandbank would take a considerable am ount of time. 
Furtherm ore, it is im portant to emphasise that, although the 
model results indicate a potential for regeneration, th is does 
not indicate th a t the bank will regenerate. Such regeneration 
depends also upon the possible sources of new sand; th is  is not 
taken into account in the model.
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F ig u re  15. E rosion  (light) a n d  sed im en ta tio n  (dark) p a tte rn s  on th e  K w inte B an k  w ith  tid es only, for th e  period  M arch  2nd 2004 6h30 — M arch  17th 
2004 OhOO an d  for Scenario 3, decrease o f th e  sa n d b an k  h e ig h t above 15 m below  M SL by  10.8 %. (a) R esu lts  o f th e  M U -SED IM  m odel, (b) R esu lts 
o f th e  SISY PH E m odel. B a th y m etric  contours a re  show n for 15 m a n d 2 0  m  below  MSL.
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S cenario  2: M oderate ex traction  from  a specific area

In the Scenario 2, a more realistic am ount of m aterial 
is extracted from an area of approximately 1 km by 2 km, 
resulting in an overall deepening of the area of more than  3 m. 
The Scenario 2 bathym etry is shown in Figure 9b.

W hilst the m ain pattern  of the sediment transport around 
the sandbank rem ains the same (see above), the effect of the 
trench cut in the sandbank can be identified on a local basis 
(Figure 12). The sediment transport ra te  decreases near and 
over the trench, whilst transport is directed slightly towards 
the direction of the trench. This decrease in sediment transport 
rate  is reliant upon the combined effect of a decrease of the 
current over the trench and the increasing w ater depth; this 
results in a reduction of bottom stress. In the SISYPHE model, 
the influence of bathym etry on the sediment transport rate  
appears to be less pronounced. A reduction in the sediment 
transport rate  over the trench is 78 % of the original. In the 
MU-SEDIM model results, the transport in the trench is 
reduced even further, to only 37 % of the original.

The effects on the morphodynamical changes are shown in 
Figure 13a, for the MU-SEDIM model. Erosion to the western 
side of the trench disappears, although to the north of the 
trench a small area of erosion is generated. Over most of the 
trench, moderate deposition occurs; however, th is is smaller 
than  the deposition on the eastern  side of the bank. Such 
sim ulation appears to indicate th a t no breakthrough of the 
bank is developing, i.e., th a t the trench has the tendency of 
infilling slowly. Again the SISYPHE model results show a 
sim ilar trend  (Figure 13b). Nevertheless, further research is 
required to be able to establish the existence of a regeneration 
mechanism.

S cenario  3: M oderate ex traction  over a larger area

In the last Scenario, the height of the sandbank, above 
15 m below MSL (dotted area, Figure 2) has been decreased by 
10.8 %. This results in an overall increase of the w ater depth

over the entire area with only 0.3 m, but causes disturbance 
to a much larger area. The Scenario 3 bathym etry is shown in 
Figure 9c.

As could be expected, the sedim ent transpo rt p a tte rn  
(Figure 14) and the bottom  evolution (Figure 15) are very 
sim ilar to the situations associated with the  original 
bathym etry. Here, also, clockwise sedim ent transpo rt is 
found around the sandbank. Erosion takes place on the 
steep w estern side of the  bank  with deposition on the gently 
sloping eastern  side of the bank. The sedim ent transport 
ra te  decreased on the top of th e  sandbank slightly to 83 % 
(95 %) of the original sedim ent transport for the MLT-SEDIM 
(SISYPHE) model. Likewise erosion and deposition ra tes are 
somewhat lower th an  in the  case of the original bathym etry. 
The sim ulation appears to indicate th a t regeneration is more 
probable, compared to the previous scenario, i.e., w ith a 
trench.

D ISCUSSIO N: INFLUENCE O F M ETEOROLOGICAL  
C O N D IT IO N S A N D  WAVES 

Introduction

In the previous Section of the paper, sediment transport 
over the Kwinte Bank was discussed under the influence 
of the tides alone. Different scenarios were sim ulated to 
investigate the influence of bathym etric changes on the 
sediment transport rates and directions. In th is Section, the 
influence of the meteorological conditions and the waves 
on the sediment transport is discussed briefly. Firstly, two 
third-generation wave models are presented. Likewise, the 
modification to the sediment transport models, to include the 
wave effects, is discussed. Further, sediment transport under 
the influence of tides, prevailing meteorological conditions and 
waves is presented, for the same period as for the tide-only 
simulations.
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W ave M odels

Wave modelling was carried out using two different third- 
generation wave models: the WAM model (WAMDI, 1988), 
adapted for high-spatial resolution applications in shallow 
w aters in the WAM-PRO version (M o n b a l iu  et al., 2000); and 
the TOMAWAC model (B e n o ît , M a e o o s  and B e c q , 1996).

The WAM model solves the wave transport equation 
without any assum ption in relation to the spectral shape. The 
physics of the wave evolution are represented for the full set 
of degrees of freedom, of a two-dimensional wave spectrum. 
The propagation and source term s are computed with 
different num erical methods and time-steps. The model was 
implemented on four nested model grids.

The TOMAWAC model (v.5.5) was implemented on the same 
mesh used by the hydrodynamic model TELEMAC-2D and the 
morphodynamical model SISYPHE. The model solves the balance 
equation of the wave action density spectrum and provides, to the 
SISYPHE model, the significant wave height, the peak period and 
the mean wave direction. More information on the TOMAWAC 
model can be found in B e n o ît , M a r c o s  and B e c q , (1996).

At the open sea boundaries, the wave models use a 
param etric JONSWAP spectrum for incoming waves, together 
with a complete wave absorption for outgoing waves.

The two wave models adopt a same spectral discretisation, 
with 12 directions and 25 frequencies. Source term s include 
input from the wind, bottom friction dissipation, white-capping 
and non-linear quadruple interactions (M o n b a l iu  et al., 2000; 
B e n o ît , M a r c o s  and B e c q , 1996). Comparison of the two model 
performances, with buoy measurements, provide similar results 
in term s of significant wave height hindcasting with an average 
root-mean-square error of 0.25 m (V a n  L a n c k e r  et al., 2005).

A daptations to th e sed im en t tran sport m odels, to  
in clu d e the effect o f  w aves

To account for the influence of the waves on the derivation 
of sediment transport pathways, using the ‘to tal load 
formula of A c k e r s  and W h it e  (1973) in the MU-SEDIM 
model (see above), the friction velocity under the influence 
of currents and waves M* has to be utilised, i.e., instead of 
the friction velocity under the influence of currents alone. In 
the MU-SEDIM model, the calculation of the bottom stress 
and the related friction velocity (Eq. 3), under the influence 
of currents and waves, is based upon the formula of B i .jk e r  
(1966). Furtherm ore, the critical sediment mobility param eter 
A h asb een  adapted by S w art  (1976, 1977, in: S l e a t h , 1984), to 
include the effects of waves on sediment transport.

In order to include the effect of the waves on the to tal solid 
transport rate, as calculated by the Soulsby-Van Rijn formula 
(S o u l s b y , 1997), which is used in the SISYPHE model, a term  
is added in the equation, which is dependent upon the RMS 
orbital velocity of the waves at the bottom U(l :

Q o = A sU u 2+ 2 0X)18 2 -u „ ( l - 1 . 6 t a n ß )
(9)

C D =
0.40

\n{h!zo) - l
( 10)

w ith CD being the  drag coefficient due to currents alone.

2 .54  2.66  2.78  2.54  2.66  2.78
Figure 17. Predicted sedim ent transport under the influence of tides, meteorological conditions and waves, for the  period M arch 2nd 2004 6h30 — 
M arch 17 th 2004 OhOO. In the  background the bathym etry is shown, (a) R esults of MU-SEDIM, with one vector for each four grid points shown, (b) 
Results of the SISYPHE model, with the  results being on the sam e grid as the MU-SEDIM model. Bathym etric contours are the  15 m and the  20 m 
depth contours, below MSL, of the  original bathym etry (Figure 2).
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S ed im ent T ransport u nd er the Influence o f  Tides, 
P reva ilin g  M eteorological C onditions and W aves

The sim ulation of sediment transport under the influence of 
tides, prevailing meteorological conditions and waves has been 
established for the same period, i.e., from March 2nd 2004 6h30 
to March 17th 2004 OOhOO. Over the selected period, selected 
waves over the Kwinte Bank reach a maximum of 1.4 m in 
height. The wave hindcasts from the TOMAWAC model are 
shown in Figure 16.

As shown in Figure 17a, sediment transport rates, 
calculated by the MU-SEDIM model, are clearly higher, when 
the waves are taken into account, especially in the shallower 
w ater areas (compare to Figure 7a). In such areas, where the 
w ater depth is less than  10 m below MSL, wave effects are 
important, modifying sediment transport under norm al tidal 
conditions.

The enhancem ent of the sediment transport rates under 
the influence of waves, derived using the SISYPF1E model 
(Figure 17b), is clearly sm aller than  the enhancem ent in the 
MLT-SEDIM results (compare to Figures 17a and 7b). Whilst 
the transport of sediment under the influence of the tidally- 
only situation was mainly towards the northeast, the sediment 
transport under the influence of tides and waves, for th is 
period, changed the directions to a more northerly direction.

From the above synthesis, it is evident th a t waves can 
have an im portant influence on sediment transport, even 
under m oderate conditions; th is  will be investigated further in 
G ia k d in o , V a n  d e n  E y n d e  and M o n b a l iu , (this volume).

C O N C LU SIO N S

In the present contribution, the influence of bathym etric 
changes, in response to intense sand extraction, on erosional 
and depositional patterns on the Kwinte Bank, has been 
studied using num erical modelling. On the basis of the results 
obtained, an initial impression of the effect of sand extraction 
on the stability of the sandbank has been obtained.

Initially, the present situation was simulated, using 
sediment transport models. LTsing the MLT-SEDIM model, a 
clockwise sediment transport pattern  was found around the 
sandbank, with sediment transport towards the northeast on 
the steep w estern side of the sandbank and to the southwest on 
its gently sloping eastern  side. Overall, th is  results in erosion on 
the western side and deposition on the eastern  side, associated 
with a minor increase in height of the sandbank. This pattern  
is in agreement with the general view of transport around a 
sandbank under calm w eather conditions, w ith an upslope 
movement of sand under the influence of tidally-induced n ea r­
bed currents causing an up-piling of sand (e.g., D e  M o o r  and 
L a n c k n e u s , 1993). The sediment transport patterns agree well 
with the directions derived from the asymmetries of the bed 
forms.

Three different scenarios were investigated, related to the 
am ount and intensity of dredging. In the first scenario, the 
sandbank was removed at 15 m below MSL, representing 
a ‘worst-case’ scenario. A second, more realistic, scenario 
assumes a trench to be dredged, perpendicular to the crest 
of the sandbank, where an average deepening of about 3 m is 
established. In the last scenario, the same am ount of m aterial 
is extracted, bu t now over a much larger area.

The results of the sim ulations show th a t the intense

sand extraction does not appear to affect the stability of 
the sandbank. W hilst there is less erosion and deposition 
after the sand extraction, a regeneration mechanism seems 
to be present, potentially allowing the sandbank to rebuild. 
Likewise, the trench created perpendicular to the crest of the 
sandbank seems be slowly refilled again. However, further 
research is needed to be able to make conclusive statem ents 
regarding the existence of a regeneration mechanism. In the 
case of the overall decrease of the sandbank above 15 m below 
MSL by 10.8 %, the sediment transport pattern  is very sim ilar 
to th a t obtained with the original bathym etry. Regeneration 
seems to be more probable for th is scenario, compared to th a t 
of a trench with the same dredged volume.

These results are in agreement with those of D e g r e n d e l e , R och e  
and S c h o tt e , 2005, andDECRENDELE etal. (this volume). Onthebasis 
of intensive bathymetric monitoring, these investigations show, at 
least in the short-term, that, after the cessation of extraction in 
the Central Depression, the situation remained stable. No further 
erosion or no regeneration was apparent.

It is clear th a t deposition on the sandbank is very moderate 
and that, if regeneration of the sandbank is to occur, th is  will 
take a considerable am ount of time. Following extensive sand 
extraction, resulting in significant lowering of the sandbank, 
the equilibrium height of the sandbank as it is a t the present 
could be reached only again on a very long time-scale. 
Furtherm ore, it is im portant to realise that, although the model 
results indicate a potential for regeneration, regeneration of 
the sandbank depends also upon possible sources of new sand. 
This is not guaranteed.

Some prelim inary results on the effects on the morphology 
of the sandbank are presented here. However, the sediment 
transport models used are still subject to im portant 
uncertainties. Further, it was shown th a t the effects of waves 
on the transport patterns and rates could be important; their 
effects, on the stability of the sandbank, are not investigated 
here. Nevertheless, some indications are provided th a t the 
stability of the sandbanks will not be affected dram atically as 
a result of the extraction of sand.
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ABSTRACT I

The North Sea is, to an increasing degree, subject to human activities and interests; a particular example of a user Hillii«» function of this environment is sand extraction. In order to satisfy the demand for sand, tidal sandbanks in some
sectors of the North Sea act as a source of sediment, this may lead to the creation of large-scale pits on these beclforms. 
Sandbanks, which provide protection to adjacent stretches of coastline, are therefore worthy of investigation, especially 
when their potential as a source of aggregates is taken into account.
To investigate seabed dynamics, in general, and to predict the long-term morphodynamics of tidal sandbanks subject 
to sand extraction, in particular, process-based modelling is a commonly-usecl method. Different approaches can be 
considered: (i) based on complex numerical simulations: (ii) or applying an idealised model, designed specifically to 
describe sandbank dynamics. Herein, the first approach is applied to a case study of the Kwinte Bank: this is a ticlally- 
maintainecl sandbank, located on the Belgian continental shelf. The modelling is set up using the complex process- 
based model Delft 3D -  Online, the waves were not taken into account.
Numerical results and experimental elata from a field campaign (undertaken in March 2004) are compared and show 
good agreement. Analysis of residual currents indicates a predominance of ebb flow over the bank. However, the 
residual sediment transport pattern is flood-dominated. The predicted residual sediment transport pattern shows that 
the Kwinte Bank should be regarded as part of a system of swales and sandbanks.
Finally, the long-term evolution is discussed, considering complementary approaches that combine the benefits 
from the complex numerical modelling with the idealised one. The evolution of a tidal sandbank, after removing 
an amount of sand, is difficult to predict. No clear tendency is evident in the evolution of the depression area on the 
basis of the long-term full process-based modelling. However, on the basis of idealised modelling, the anticipated 
long-term trend of an excavated area is the recovery of the depression, resulting in an equilibrium of the sandbank, 
over a time-span of a few centuries.

ADDITIONAL INDEX WORDS: sandbank dynamics, n umerical modelling. Delft 3D, stability analysis.

IN T R O D U C T IO N

The offshore seabed of shallow shelf seas, like the North 
Sea, is covered with a wide variety of rhythm ic sedim entary 
features of different length scales. In the potential sand ex­
traction areas, tidal sandbanks and sandwaves, even both are 
likely to occur (see e.g. H u l s c h e r  and V a n  d e n  B r in k , 2 0 0 1 ) .  
Tidal sandbanks are the largest of the offshore features; they 
have lengths of several kilometers, a spacing of up to 10 km 
and a height of several tens of m eters (D y e r  and H u n t l e y , 
1 9 9 9 ) .  Sand waves are smaller, but are more dynamic and 
prominently present throughout the North Sea. Tidal sand­
banks and sandwaves may act directly as sources of sand, this 
may lead to the creation of large-scale p its on these bedforms. 
Typical dimensions of such pits are several kilom eters long

DOI: 10.2112 / SI51-011.1 received 14 January 2007; accepted in 
revision 29 October 2007.

and wide and several m eters deep. Offshore sandbanks af­
fect navigation, but provide protection to adjacent stretches of 
coastline. These structures, therefore, are worthy of investiga­
tion, especially when the ir potential as a source of aggregates 
is taken into account.

The formation of tidal sandbanks can be explained in term s 
of a morphodynamic instability of a flat seabed, subject to tidal 
flow and sediment transport (H u t h n a n c e , 1 9 8 2 ) .  The under­
lying hydrodynamic mechanism, known as tidal rectification 
(Z im m e r m a n , 1 9 8 1 ), explains the formation and, usually, the 
counter-clockwise orientation of the bank’s crest w ith respect 
to the tidal current in the N orthern Hemisphere. However, lit­
tle is known of the morphodynamic processes th a t shape and 
m aintain tidal sandbanks in equilibrium. Besides, a large- 
scale intervention such as sand extraction can interfere with 
the complex hydrodynamic and morphodynamic processes; 
nonetheless, th is impact is largely unknown. In particular, the 
long-term effects on time-scales of decades to centuries from
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such interaction are of in terest to the aggregate industry and 
to coastal managers.

In order to investigate seabed dynamics, in general, and 
to predict the long-term evolution of tidal sandbanks subject 
to sand extraction, in particular, process-based modelling is 
an approach which has been used commonly. Different ap­
proaches can be considered: (i) based upon complex num erical 
simulations, w ith a full process-based model such as Delft3D — 
Online (L e s s e e  et al., 2 0 0 4 ) ;  or (ii) applying an idealised model, 
designed specifically to describe sandbank dynamics (Roos et 
al., 2 0 0 4 ) .  Although both approaches are based upon the u n ­
derlying physical processes, they are essentially different; as 
such, they have different benefits and limitations.

The full process-based models combine different processes 
(e.g. wind- and wave-driven currents, density gradients, Cori­
olis force, sediment transport, etc ...) within broad classes of 
problems, over different tem poral and spatial scales; they are 
able to deal w ith complex geometries. The morphodynamic 
procedure consists of the coupling of a num ber of modules th a t 
sim ulate processes such as wave and current propagation, 
sediment transport and morphodynamic bed updating. In all 
of these models, the hydrodynamic module is usually the most 
computationally expensive, explaining why the ir applications 
are, in most cases, restricted to initial sedimentation/erosion 
modelling. This so-called m orphostatic approach, which has 
been extensively and effectively used in comparative impact 
studies, does not enable the modeling of the long-term evo­
lution of a system. F urther disadvantage of these models is 
related to the uncertainties associated with the boundary con­
ditions and with the inputs, such as wind stress, expressed as 
explicit forcing term s in the equations.

Alternatively, idealised models have been designed to 
study rhythm ic bed forms (D od d  et al., 2003). These models 
are based also upon the underlying physical processes and 
have been developed for particu lar applications (e.g. sand­
bank  formation in H u l s c h e r , D e  S w a e t  and D e  V r íe n d , 1993; 
and H u t h n a n c e , 1982). Assuming a strongly simplified ge­
ometry, inputs and boundary conditions, they are much less 
com putationally expensive. Therefore, they are more appro­
priate  to study the long-term tran sien t behaviour of sand­
banks. In particular, they can be used to study the evolution 
of sandbanks subject to extraction (Roos, 2004). A different 
example is the study undertaken  by D e  S w a r t  and C a l v e t e  
(2003), who developed an idealised model to investigate the 
non-linear response of shoreface-connected ridges, subject to 
sand extraction.

Comparing and combining the benefits of these two ap­
proaches has been the subject of an earlier study on tidal 
sandbanks ( I d ie r  and A s t r u c , 2003). In th is contribution, the 
objectives are (i) to study the short-term  morphodynamics of 
the Kwinte Bank, and (ii) to discuss the benefits of the idea­
lised and full process-based modelling, to investigate the long­
term  evolution of the bank subject to sand extraction.

The text is organised as follows. In section 2, the geographi­
cal and physical characteristics of the site are presented. Sub­
sequently, section 3 contains the results of the modelling of 
a field m easurem ent programme. Comparison is undertaken 
between num erical results and observations, on the basis of 
statistical analysis. The flow and sediment transport patterns 
are described next, during the period of in terest and focus­
ing upon the depression area. As the long-term effects of sand 
extraction are of in terest to coastal m anagers and policymak­
ers, the fundam ental difficulties of extrapolating short-term

F ig u re  1. S and b an k  p a tte rn s  in  th e  Belgian co n tin en ta l shelf.
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results to long-term prediction are finally discussed in section 
4. Section 5 contains the conclusions.

STU DY  AREA  

G eographical and Physical Characteristics o f  the 
Kwinte Bank

The Kwinte Bank is a Southwest/Northeast oriented tidal 
sand bank which is located on the Belgian continental shelf 
and belonging to the Flemish Banks’ system (Figure 1.). The 
sandbank itself has a length of 15 km and a width which var­
ies from 2 km in its southern part, to 1 km in its northern  part 
(Figure 2.). The minimum w ater depth is about — 5 m MLLWS 
(Mean Lowest Low W ater Springs) in the southern part of the 
bank. The depth reaches — 22 m MLLWS in the swales around 
the bank. On the basis of its bathym etry, the estim ated vol­
ume of the bank represents approximately 400 Mm3 (G a k e l , 
th is volume). In the northern  part, the bedform is covered by 
large dunes with maximum height of about 8 m. Sand dunes 
are also present in the central p art of the bank. The cross- 
section of the sandbank is asymmetrical, with a steeper side 
facing the northw est and a seabed slope reaching 3 °  (V a n  
L a n c k e r  et al., 2004).

In general, the hydrodynamics of the southern p a rt of the 
N orth Sea are characterised by sem i-diurnal progressive 
tides, dom inated principally by M2, S2, N2 and M4 harm onic 
components (W il l ia m s  et al., 2000). Over the Kwinte Bank, 
the average tidal ellipse is elongated along a southwest/ 
no rtheast axis, at about 6 0 in a clockwise direction from the 
bank’s axis. The tidal curren ts ro tate  counter-clockwise, over 
12 hours 25 mins (L a n c k n e u s  et al., 1992), w ith the strongest 
peak currents, of about 1 m/s, being during the flood, tow ards 
the northeast (V a n  C a u w e n b e r g h e , 1971). Furtherm ore, n u ­
m erical modelling and W averider m easurem ents undertaken  
on the  adjacent M iddelkerke Bank (W il l ia m s  et al., 2000) 
have shown th a t significant wave heights less th a n  3 m are 
unlikely to have any significant effect on the bed. On the o th­
er hand, observed residual curren ts in the same area were 
found to be correlated strongly w ith wind duration, speed 
and direction. Recent sedim ent sam pling campaigns un d er­
taken  over the  Kwinte Bank area have established a mean 
grain-size (d ) distribution ranging from 0.25 to 0.55 mm 
(B e l l e c  et al., th is  volume).

Since 1979, sand has been extracted mainly from two dis­
tinct areas of the Kwinte Bank, located along the crest in the 
northern  and central parts  of the bank (Figures 2.). The la t­
te r  location is the most excavated, with dimensions of about 
700 m wide, 1 km long and 5 m deep, a t tim e of cessation of 
extraction. Dredging here ceased in February 2003 to allow 
the monitoring of the evolution of the depression zone, and 
to improve the knowledge on the biological and physical im­
pacts of aggregate extraction on the sta te  and dynamics of the 
sandbank.

Field  Experim ent
Since 2003, field cam paigns were carried out by Institu tes 

involved in the  MAREBASSE and ELTMARSAND projects, 
focusing m ainly upon the central depression (V a n  L a n c k e r  et 
al., 2004). The objectives were to investigate the mechanism s 
of sandbank m aintenance, as well as the im pact of sand ex­
traction  on the benthos. Hydrodynamic m easurem ents (Fig­
ure 2.) were obtained between the 2nd and 12th M arch 2004 
(G a r e l , th is  volume), and are considered here. A 1200 kHz 
Acoustic Doppler C urrent Profiler (ADCP Teledyne RDI)

was moored during 9 days (2-11/03/2004), at the northern  
extrem ity of the central depression; th is recorded data every 
50 cm, from 1.4 m up to 16.4 m above the seabed. An Electro- 
M agnetic C urrent M eter (EMCM S4) was moored at the bank 
crest during the same period and recorded, a t 2 Hz frequen­
cy, the horizontal components of the curren ts at 0.75 m from 
the  seabed.

The m easurem ents obtained by the ADCP showed a good 
agreem ent (G a r e l , th is  volume) with a param etric velocity 
profile ( S o u l s b y , 1997), which has been adopted for compari­
son between the depth-averaged num erical results and the S4 
point m easurem ents, near the bed:

, 1 / 7

U(z) = Ua
0.32 h

(D

where U is the depth-averaged velocitv, s  the sensoravg 1 °  ’
height above the seabed and h is the w ater depth.

M ETHO DS

The characterisation of the flow and the sediment transport 
patterns on the Kwinte Bank is based upon the morphody­
nam ic modelling of the field experiment of March 2004, using 
the complex process-based model Delft 3D — Online (L e s s e r  et 
a l,  2004).

M odel Schém atisations
The hydrodynamics have been sim ulated in a depth-aver­

aged 2D model, as a 2DH approach appears sufficient when 
focussing on the morphodynamics. Moreover, the choice is 
supported by the pragm atic reason of reducing the com puta­
tional time.

The model solves the non-linear shallow-water equations 
using a finite differences formulation. The eddy viscosity in­
cluded is a property of the flow, varying generally in space 
and in time. However, a constant viscosity value is used in the 
modelling undertaken here, as sensitivity tests showed th a t 
the model is not strongly sensitive to th is particular param ­
eter. Eddy diffusivity in the model is set a t 0.5 m2/s. On the 
other hand, num erical results are more sensitive to a change 
in the Chezy coefficient C, which appears in a quadratic bed 
friction law:

(2 )

where p is the density of water, g  is the acceleration due to 
gravity and ii is the depth-averaged velocity.

The best agreem ent between the num erical results and ob­
servations was obtained using a coefficient, C, of 65 m 1,2/s. The 
sediment transport formulation of TRANSPOR1993 (V a n  R i ­
j n , 1989) is adopted to estim ate the sediment transport rates. 
A constant grain-size is considered over the sandbank, with a 
mean grain-size (d60) equal to 325 pm.

The bathym etric data were provided by the M inistry of the 
Flemish Community (Ministerie van de Vlaamse Gemeensc­
hap; Afdeling Kust). The model set-up is based upon a grid 
covering the Belgian continental shelf, with the highest reso­
lution associated with the Kwinte Bank area. For example,
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the averaged grid cell length is around 300 m in the area of the 
depression. The domain, of 4200 grid points, extends from the 
coastline to some 32 km offshore and over 40 km in the along­
shore direction. Model boundaries are located sufficiently far 
from the Kwinte Bank to ensure that any potential spurious 
effects are maintained to be outside the area of interest. The 
hydrodynamic module is forced by time-dependent water lev­
els, generated by the OPTOS-BCZ model ( L u y t e n  et. al., 1999). 
Wind stress upon the sea surface is taken into account within 
the simulations; these data were provided by the UK Met Of­
fice, Bracknell. A southwesterly wind component was observed 
over 35 % of the time, with a speed ranging from 5 to 8 m/s at 
10 m above the mean sea water level.

Observations on the adjacent Middelkerke Bank (W i l l i a m s  
et. al., 2000) demonstrate that no significant changes in the 
significant wave height and in the wave period occur across 
the bank when Hs < 3 m. Failure to detect significant loss in 
wave energy across the bank implies that interactions between 
waves and the bed are weak under “normal” conditions i.e., Hs 
< 3 m. By implication, enhanced mobilisation and suspension 
of bed sediments and modification to bed topography by wave 
action is likely to occur only in storm conditions. Therefore, 
in this study on the Kwinte Bank, the effect of waves on the 
seabed has not been included due to limited wave activity over 
the period of the observations (S4 records show significant wa­
ve heights of less than 1.3m, during the period 2-9/03/2004)

quality of the modelling may be judged from the value of the 
mean absolute error, relative to the observations (RMAE):

R M A E  -
M A E

X
(5)

A RMAE  value includes the contribution from the mea­
surement error. V a n  R i jn ,  G r a s m e i j e r  and R u e s s in k  (2000) 
have discussed the measurement errors associated with the 
COAST3D Project. They showed that the errors were related 
to the physical size of the instruments deployed, together with 
the measurement and conversion principles. On the basis of 
the equipment used and the conditions prevailing in the pres­
ent experiment, an average value of the observed error (OE = 
5 cm/s) is adopted, for comparison. An adjusted relative mean 
absolute error (ARMAE) is proposed then, reducing the influ­
ence of the observational errors (eq. 6):

ARMAE  =
Y - X l - O E

\X\

(6)

M odel P erform an ce Statistics
Comparing field measurements with numerical results re­

quires the acquisition of a large amount of data, in order to 
incorporate the wide spectrum of spatial and temporal evo­
lutions. Consequently, field measurements were undertaken 
over 11 days, the data being recorded at high-frequency. How­
ever, the extensive data set makes visual analysis difficult 
and, as such, statistical methods are used. Information on the 
statistics adopted for the present comparison, alternative sta­
tistics and examples of their use in the EU COAST3D Project, 
can be found in S u t h e r l a n d ,  P e e t  and S o u l s b y  (2004).

In order to quantify the performance of numerical models, 
the root-mean-squared error (RMSE) is used commonly, de­
fined according to:

Statistical Analysis
During the data acquisition, we averaged ADCP records in 

order to provide values of the current velocity and direction 
over 5 minutes, every 15 minutes. The S4 was set up to pro­
vide an average of pressure and current fluctuations over 9 
minutes, every 15 minutes. The depth-averaged values were 
extrapolated from measurements obtained near the bed, us­
ing the velocity profile expression (eq.l). Subsequently, the 
numerical results were analysed considering 861 and 838 
samples at the S4 and ADCP locations, respectively.

RM SE = . l ± f j a „ - X j (3)

where Xn  are the observed values, Yn are the computed 
values and N  is the total number of observations.

However, the RM SE  is appropriate for scalar quantities 
(e.g. water levels), but not for vector quantities (e.g. flow ve­
locities). To this end, a mean absolute error MAE  can also be 
used. Here, for a two-dimensional vector X  = (X 1, X 2 ) , the 
MAE  is defined according to:

Ma e  = <j? -  L |)  -  + -  u „ ) :
’ n= 1

(4)
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D
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The use of the modulus makes the statistics more difficult to 
apply, than using a RM SE  index. However, the MAE  includes 
errors of magnitude and direction, in a single statistic. The

Figure 3. Intercomparison of current speeds at the S4 and ADCP 
locations, with numerical model outputs, u and v define the easterly 
and northerly components, respectively. Full and dotted lines display 
the experimental data and the numerical results, respectively.
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Table 1. Error statistics from DELFT 3D flow module.

S e n so rs Z c
(m)

Zc
1(h) < f >

(cm /s)
<- f )
(cm /s)

R M SE
(cm /s)

BIAS
(cm /s)

STD
(cm /s)

MAE
(cm /s) RM AE ARM AE

S4 point 0.75 0.03 53.0 45.1 12.3 7.8 9.5 14.2 0.31 0.10

ADCP point 53.4 48.5 9.0 4.9 7.7 11.9 0.24 0.08

RESULTS 

Validation R esults
The w ater level statistics indicate th a t inputs at the bound­

aries are of good quality: data available from the S4 deploy­
m ent show a R M SE  error of 15 cm and a bias (numerical re­
sults, m inus experim ental data) of 1.5 cm.

Time-series of the current speeds are presented in Fig­
ure 3., in term s of the easterly (u) and northerly (t>) compo­
nents at the S4 and ADCP deployment sites. Good agreement 
is shown between the observations and the num erical model 
outputs. At the S4 location, the model reproduces the tidal- 
ly-induced flow variation along the easterly axis, although a 
difference in am plitude can be noted. In contrast, the north ­
erly component shows a slight difference in phase. The model 
overestim ates the phenomenon of tidal rectification: the west 
northw est cross-bank component of the flow is accelerated, by 
continuity; whereas the along-bank component is decelerated, 
by the increased effect of bottom friction. Such flow deflection

is noticeable particularly during the ebb tide, in the num erical 
results; in contrast, the experim ental velocities are directed 
mainly towards the west southwest. At the S4 location, the 
m easured maximum and mean (absolute time- averaged) cur­
ren t speeds are 81 cm/s and 45 cm/s, respectively. The num eri­
cal predictions are somewhat higher, a t 92 cm/s and 53 cm/s, 
respectively. At the ADCP location, the maximum and mean 
velocities of the current are, respectively, 87 cm/s and 49 cm/s 
for the experim ental data; the num erical predictions are high­
er, a t 94 cm/s and 53 cm/s, respectively. The major tidal ellipse 
axes (not presented here for the sake of brevity, see G a k e l , 
th is  volume; and V a n  d e n  E y n d e  et al., th is volume) are rotated 
about 10° clockwise compared to the bank’s axis, due to tidal 
rectification. The observations show th a t the mean orientation 
of the axes is sim ilar a t both the S4 and ADCP locations; in con­
trast, the stronger currents, obtained at the S4 location with 
the model, are directed more eastw ard than  those obtained at 
the ADCP point. At both locations, the numerically predicted 
ellipses are more spherical in shape than  the elongated experi­
m ental ellipses.
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F ig u re  4. R esidual cu rre n ts  over th e  K w inte B ank  area . F u ll lines an d  d ash ed  line define b a th y m etric  contours an d  th e  so u th w e st/n o rth e as t axis 
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Figure 5. Residual sediment transport rates over the Kwinte Bank area. Full lines and dashed line define bathymetric contours and the southwest/ 
northeast axis respectively. The ellipse delimits the main area of extraction.
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Figure 6. Cumulative erosion/accretion rate (m) over the Kwinte Bank 
area, over a 10 days period (02/03/2004 to 12/03/2004). Full lines and 
dashed fine define bathymetric contours and the southwest/northeast 
axis respectively. The ellipse delimits the main area of extraction.

Figure 7. Tidal flow driven cumulative erosion/accretion rate (m) 
using an elongated tide, over the Kwinte Bank area, for a 30 years 
period. F uii lines and dashed line define bathymetric contours and the 
southwest/northeast axis respectively. The ellipse delimits the main 
area of extraction.
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The mean (absolute time- averaged) current speeds, to­
gether with the RM SE, MAE, RAIAE  and ARAIAE  errors are 
sum m arised in Table 1. The mean current speed is overesti­
mated, by 13 % and 9  % respectively, at the S 4  and ADCP 
m easurem ent locations. The maximum num erical velocities 
occur during the flood flow, which differs from the experimen­
ta l results. However, the AIAE  indices are 14  cm/s (S 4  loca­
tion) and 12 cm/s (ADCP location); these are low considering 
the mean current speed. Thus, the RAIAE  indices are 0 .3 1  
and 0 .2 4 .  Following S u t h e r l a n d , P e e t  and S o u l s b y  (2 0 0 4 ) ,  
the results can be classified in term s of the ir ARAIAE  values. 
This classification shows th a t the DELFT 3D simulations, de­
scribed here, have a level of performance with results in the 
“excellent” category (0 .1 0  and 0 .0 8 ,  respectively, a t the S 4  and 
ADCP locations).

Short-term  M odelling: Flow and Sed im ent Transport 
Patterns

On the basis of the num erical results obtained over an 11 
days- period (2 /0 3  to 1 2 /0 3 ), the tidally-averaged currents 
have been obtained for each tidal cycle, and have been in te­
grated over the period.

Figure 4. shows th a t the mean residual currents vary con­
siderably over the domain, w ith the general pattern  consisting 
of counter-clockwise gyres, centering over the swales. As such, 
the residual currents are higher on the top of the banks, than  
in the swales. Over the banks, the circulation is in the opposite 
direction, describing clockwise vortices. The flood and the ebb 
are dominant on the western and eastern  flanks of the Kwinte 
Bank, respectively; th is is in agreem ent with the observations 
of L a n c k n e u s  et al., (1 9 9 2 )  and of B e l l e o  et al. (this volume). 
Along the western p art of the Kwinte Bank, the residual cur­
ren ts follow the depth contours towards the northeast. The 
flow pattern  along the eastern flank is influenced by the gyre 
between the Middelkerke Bank and the Kwinte Bank. Conse­
quently, the residual currents are directed to the southwest 
along the northern  and central parts  of the bank.

Conversely, the direction of the tidally-averaged currents is 
towards the north along the southern p art of the flank. These 
results agree, qualitatively, w ith the num erical results ob­
tained using the OPTOS model system (V a n  d e n  E y n d e  et al., 
th is volume; and V a n  L a n c k e r  et al., 2004).

Over the Kwinte Bank, the  residual curren ts are directed 
m ainly tow ards the west southw est in the northern  p art of 
the bank, and tow ards the north  in the southern part. The 
depression area shows ebb-dominated residual currents, 
tending to be parallel to the bathym etric contours. However, 
on the basis of the  tidally-averaged curren ts obtained for 
each tidal cycle, variability  of the residual direction can be 
noted between 02/03 and 05/03, w ith an eastern  dominance 
observed during a few tidal cycles. Such flood curren ts are 
rela ted  to the wind effect, as a 5 to 8 m/s southw esterly wind 
component was observed during the campaign. At both loca­
tions, the num erically-derived residual curren ts are around 
5 cm/s; these are in agreem ent with the values obtained from 
the m easurem ents.

Due to the non-linear character of sediment transport, re­
sidual sediment transport patterns may vary from the direc­
tion of the residual currents. In contrast w ith the flow pattern  
described previously, the residual sediment transport vectors 
describe a s-curve around the sandbank  (Figure 5.), as shown 
previously by V a n  L a n c k e r  et al. (2004).

This pattern  illustrates th a t the Kwinte Bank cannot be 
considered in isolation, but as p art of a system of swales and 
sandbanks. Sand transport is directed towards the northeast 
along the western flank of the Kwinte Bank, whereas the east­
ern part is characterized by transports occurring in different 
directions (from southward to eastward). In the area of the 
central depression, the residual sediment transport vectors 
are opposed to the residual currents, i.e. directed towards the 
east. In contrast to the flow pattern  (Figure 4.), the sediment 
transport vectors are more uniform over the study area with 
a constant rate  of about 0.01 kg/m/s over the different tidal 
cycles. Sand can be expected to be eroded on the western side 
of the bank, bu t deposited on its eastern  part (Figure 6.).

The erosion and sedimentation rates are of the same order 
of magnitude, at about 2.5 mm over an 11 days- period. These 
num erical predictions are in good agreem ent with those ob­
tained by V a n  L a n c k e r  et al. (2004) and V a n  d e n  E y n d e  et al. 
(this volume) using the OPTOS model system. They confirm 
also the results obtained by G a r e l  (this volume); these data 
showed a net transport towards the northeast on the western 
part of the bank (depression and west flank) and described an 
ebb-dominated pattern  on the eastern  side, confirming th a t 
sediment transport is related to a particular phase of the tide 
on each side of the bank (L a n c k n e u s  et al., 1992).

The short-term  modelling of the Kwinte Bank, undertaken 
here, reveals spatial and tem poral variability in the flow, due 
to tidal asymmetry and wind-driven currents.

Besides, wind waves are likely to play an im portant role 
on the flow and the sediment transport patterns. When the 
waves are taken into account, the sediment transport rates 
are higher over the Kwinte Bank and the direction of the flux 
is also different, w ith dominance towards the west (V a n  d e n  
E y n d e  et al., th is  volume).

Finally, it should be noted th a t the small-scale morpholo­
gies, such as such sand waves and dunes, are not taken into 
account in the present study. These features may also influ­
ence the variability of the flow ( H u l s c h e r , D e  S w art  and D e  
V r íe n d , 1993).

D ISC U SSIO N  O N  LONG-TERM  M O D ELLING

As sandbanks evolve on a large time-scale, the long-term 
effects of sand extraction are of interest to coastal m anagers 
and policymakers ( P e t e r s  and H u l s c h e r , 2006). Such long­
term  impact can be investigated through the use of long-term 
morphodynamic modelling ( I d ie r  et al., th is volume).

N um erical M odelling
Practically, the complex full process-based models cannot 

be used straightforwardly for a long-term prediction, as they 
are too time-consuming in term s of computer time. Still, spe­
cific approximate methods have been developed to decrease 
the ir com putational requirem ents (D e  V r íe n d  et al., 1993). To 
th is  end, representative wave, wind and tidal forcing are ad­
opted commonly; th is implies inherent predictability limits, as 
the morphodynamic process is stochastic. Regarding the tidal 
forcing, two methods are used widely (L a t t e u x , 1995): (i) the 
continuity correction, and (ii) the lengthening of the tide. The 
first approach is based upon the input filtering: the morphody­
nam ic change following a representative tide is extrapolated 
over N  tides, using a continuity correction; th is is as long as 
the bed changes do not exceed a critical value. The second ap­
proach is th a t of the lengthening of the tide, which is adequate 
to study propagative features as sandbanks (L a t t e u x , 1995);
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F igu re  8. (a) Evolution of a san d p it, m odeled as a local p e rtu rb a tio n  of 
a sequence of sa n d b an k s (Roos. 2004; Roos an d  H ulscher. 2007). The 
x-axis describes th e  sp a tia l dim ension w hereas th e  y-axis describes 
tim e (in u n its  of 20 to 40 years) an d  th e  vertica l axis th e  b ed  elevation 
(scaled ag a in s t th e  m ean  w ate r dep th  of abou t 30 m). The p lo t shows 
th e  autonom ous dynam ics of a sequence of san d b an k s, as well as the  
response  of a single b a n k  to a local rem oval of sa n d  (crea ted  in  the  
crest a t  x/Ldom=0.65, I au=  120). (b) The sa n d b an k  profile ju s t  before 
(dashed) an d  ju s t  a fte r (solid) ex trac tion . Note: th e  m odel geom etry 
is one-dim ensional, assu m in g  un ifo rm ity  in  th e  along-bank direction, 
w hich im plies th a t  also th e  sa n d  ex trac tion  is uniform  in  th e  along- 
b a n k  direction. The ex trac tion 's cross-section h a s  a G aussian  shape 
w ith  a depth  of 10 m im ply ing  an ex trac tion  of 4000 m3 p er alongbank 
m. (Figure ad ap ted  afte r Roos a n d  H ulscher. 2007).

th is consists of increasing the morphological tim e-step by a 
so-called morphological factor (typically, N  = 100 to 1000). 
This approach is implemented in the Delft 3D — Online model­
ling system. Nevertheless, we stress th a t these approximate 
methods are pragm atic and non-physical, in the sense th a t 
the ir m ain aim is to save computer time; caution is therefore 
required when applying large N-values.

A further disadvantage of the full process-based models is re­
lated to uncertainties associated with the boundary conditions. 
As such, the amplification of errors can have a large effect on 
the long-term behaviour of a small error in the hydrodynamics. 
However, full process-based models enable to study the dynam­
ics of a complex geometry; for example, they provide an indica­
tion of the long-term evolution of the Kwinte Bank.

Hence, considering the spring tidal cycles observed during 
the field experiment of March 2004, and neglecting the wave 
and wind effects, the bed evolution has been computed over a 
30 years period (Figure 7.).

The derived erosion/accretion rates suggest two patterns, 
depending upon location on the bank. Over its southern part, 
sand may be supplied from a bank located to the south of the 
Kwinte Bank, preventing the displacement of the feature. 
Over the northern  and central parts, the bed is eroded on the

western side of the bank and sediments are transported  on the 
western flank. In th is  case, the crest may shift in an eastw ard 
(onshore) direction.

Besides, the Figure 7. shows th a t a supply from the swales 
can be also expected. D e  M o o r  ( 2 0 0 2 )  discussed the stability 
of the Flemish Banks and of the swales. He concluded th a t 
sections of the swales might have provided sand for the regen­
eration of the dredged areas. However, B e l l e c  et al. (this vol­
ume) noticed th a t there is only a lim ited Q uaternary cover and 
th a t the Tertiary substratum  is locally eroded, in the Kwinte 
Bank area; addressing consequently th a t there are no large 
am ounts of sand available in the swales.

On the basis of the long-term full process-based modelling 
over 3 0  years, no clear tendency is evident in the evolution of 
the depression area, and no recovery of the depression can be 
anticipated.

Moreover, any interaction between the excavated area and 
the sandbank itself cannot be clearly discerned from Figure 
7. Besides, any interpretation is lim ited by the fundam ental 
problem of differentiating between anthropogenic and n a tu ra l 
processes.

Id ealised  M odelling
As noted in the introduction, idealized process-based mo­

dels provide an alternative to investigate the long-term dy­
nam ics of large-scale bed forms in the m arine environment. 
A typical feature of these models is the ir strongly simplified 
geometry, the inclusion of only the essential physical mecha­
nism s as well as the focus on the tem poral scales of interest. 
These models are therefore suitable to obtain insight in the 
general physical mechanisms behind the morphodynamics. 
In the following we briefly describe and review how idealized 
models have been extended to study the system’s response to 
sand extraction. However, owing to the idealized natu re  of the 
models, th is should not be interpreted  as a site-specific study 
of the Kwinte Bank case.

The formation stage of both tidal sandbanks ( H u l s c h e r ,  D e  
S w a r t  and D e  V r íe n d ,  1 9 9 3  ; and H u t h n a n c e ,  1 9 8 2 ) has been 
explained as inherent instabilities of a flat seabed subject to 
tidal flow and sediment transport. The underlying hydrody­
nam ic mechanism, known as tidal rectification (Z im m erm a n , 
1 9 8 1 ) , described the friction-topography and Coriolis-topo- 
graphy interactions of tidal flow over an uneven seabed. In 
particular, the stability analysis provides characteristics of a 
so-called fastest growing mode, i.e. preferred values of wave­
length and orientation. L ater on, Roos et al. (2 0 0 4 )  investi­
gated the finite-amplitude behaviour and found equilibrium 
profiles, expressing a tidally averaged balance between bank- 
building mechanisms associated with tidal rectification and 
the downslope sediment transport of (wind-wave stirred) m a­
terial. The shape and height of the equilibrium profiles were 
found to depend on the tidal conditions, the mode of sediment 
transport, wave stirring as well as the relative importance of 
frictional and Coriolis effects. In each of the above approaches, 
a depth-averaged flow description has been employed, and 
Roos et al. (2 0 0 4 )  accounted for wave effects in a param etric 
way, using a depth-dependent stirring factor in the sediment 
transport formulation. This approach relied on the formation 
theory, since the orientation and wavelength were fixed from 
the linear stability analysis.

Subsequently, Roos and H u l s c h e r  ( 2 0 0 7 )  considered a la r­
ger domain in which a sequence of tidal sandbanks, uniform 
in the along-bank direction, was studied. This allowed for the
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investigation of both autonomous dynamics as well as the sys­
tem ’s response to a local removal of sand. See Figure 8., whe­
re asymmetric tidal conditions were employed on a domain 
of about 130 km. From one of the banks, sand was extracted 
at tau=125, where tau is a dimensionless time, m easured in 
un its of roughly 20 to 40 years. It was concluded th a t on a time 
scale of several decades the bank tend to recover, but th a t the 
longer term  fate of a bank is unknown.

Alternatively, D e  S w aet  and C alv ete  (2003) investigated the 
non-linear response of shore-face connected ridges, subject to 
sand extraction. The bed forms under consideration are of a simi­
lar size to tidal sandbanks, but they exist closer to the shoreface 
on the sloping bed of the inner continental shelf; as such, the 
physics of their formation is different. As shown by the model 
results, following the local removal of sand, the system tends to 
return to its original equilibrium state. This gradual process, 
taking place over several centuries, is attended with a supply of 
sand from both the outer shelf and the near-shore zone.

Clearly, th is type of long-term behaviour cannot be investi­
gated with the full process-based num erical sim ulation packa­
ges. One can further argue that, on such tim e scales, unders­
tanding the qualitative behaviour is more im portant than  the 
quantitative details.

C O N C LU SIO N S

In order to satisfy the increasing demand of sand, tidal 
sandbanks of the North Sea act as a source of sediment; this 
may lead to the creation of large-scale pits, on these bedforms. 
Amongst others, the Kwinte Bank has been used to supply 
m arine aggregates, resulting in the development of a large de­
pression in the central p art of the bank.

In th is  contribution, the dynamics of the bank and, in p a r­
ticular, the impact of sand extraction on its morphology, have 
been studied using morphodynamic modelling, using the full 
process-based model Delft 3D — Online.

Short-term  modelling of the Kwinte Bank has been set up, 
on the basis of conditions m easured during a field campaign, 
carried out in March 2004 (Gaeel, th is  volume). Comparison 
between the num erical results and the m easurem ents showed 
good agreement (ARMAE  values of about 0.1).

The derived flow p attern  revealed th a t the flood and the ebb 
are dominant on the western and eastern  flanks of the Kwinte 
Bank, respectively. Over the bank itself, the residual currents 
are directed mainly to the west southwest. The depression 
area is ebb-dominated, w ith currents tending to run  parallel 
to the depth contours. Still, the residual sediment transport 
is flood-dominated. The derived residual sediment transport 
pattern  has shown th a t the Kwinte Bank cannot be consid­
ered in isolation, bu t should be regarded as part of a system 
of swales and sandbanks. Sand transport is directed towards 
the northeast along the western flank of the bank, w hereas 
the direction is generally southw ard along the eastern  part. 
In the area of the depression, the predicted residual sediment 
transport pathways are opposed to the residual currents, i.e. 
directed to the east.

Long-term predictions are somewhat difficult to extrapo­
late from the short-term  results. Thus, the long-term impact 
of sand extraction has been discussed, but considering comple­
m entary approaches, combining the benefits of complex n u ­
merical modelling with an idealised approach. The evolution 
of a tidal sandbank to equilibrium, following the removal of

an am ount of sand, is difficult to predict. No clear tendency is 
evident in the evolution of the depression area over 30 years, 
on the basis of the long-term full process-based modelling. 
Flowever, on the basis of idealised modelling, the anticipated 
long-term trend  of an excavated area is the recovery of the de­
pression; th is resulting in a new equilibrium of the sandbank, 
over a tim e-span of a few centuries.
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ABSTRACT I

The origin and morphodynamic evolution of linear sand banks have been widely studied in recent years. Several Hillii«» investigations have been carried out in order to understand the influence of tide-related parameters, bathymetry and
Coriolis force on sand bank formation and maintenance. However, the effect of waves on the net flux of sediments 
over the sand banks has often been neglected on grounds of the short duration of significant wave activity compared 
to that of tidal cycles. Nevertheless, the interaction between wave activity and tidal currents leads to a high increase 
of bottom shear stress, especially at the sand bank crests and, as a consequence, to an increase of sand tranport. This 
paper investigates the effects of wave activity on the morphology and morphodynamics of the Kwinte Bank (Belgian 
shelf). Numerical simulations were carried out under different wave conditions to assess wave influence on sand bank 
evolution. Model verification involved analysis and comparison with field data collected during two different periods. 
The study shows that wave activity is not only responsible for a large increase in sediment transport but also for a 
change in direction of the net flux of sediments. Moreover, the morphological analysis of several sand banks supports 
the idea that wave activity might also have an impact on the shape of these sand banks. Wave climate data can be used 
to study long-term sand bank dynamics.

ADDITIONAL INDEX WORDS: sand bank, waves, morphodynamic evolution, numerical models, wave climate, bed form 
asymmetry.

IN T R O D U C T IO N

Sand banks are a typical feature on many continental 
shelves. Their size is in the order of 10 km in length, 2 km in 
width and they frequently extend to w ithin a few m eters of 
the sea surface. These bed forms are often located in groups of 
banks and they are found when a considerable am ount of sand 
is available and tidal currents are sufficiently strong (0.5 — 2.5 
m/s) (C akba .ja l  and M o n t a n o , 2001).

The Belgian continental shelf, in the Southern p art of the 
North Sea, is characterized by a large num ber of these banks 
and has been extensively studied (L a n c k n e u s  et al., 2 0 0 1 ) ,  
(Figure 1.). These banks can be grouped in Coastal Banks, 
Flemish Banks, H inder Banks and Zeeland Ridges.

Considerable research  has been done into u n d e rs ta n d ­
ing th e  influence of local tid a l conditions on sand  bank  
morphology. U sing analy tica l ( H u t h n a n c e , 1982a) and  n u ­
m erical ( H u t h n a n c e , 1982b) models, H u thnance showed 
th a t  strong  cu rren ts  and  the  presence of in itia l ir re g u la ri­
tie s  on th e  seabed are sufficient to create and m a in ta in  lin ­
ea r sand  banks. By coupling a set of dep th-averaged  eq u a­
tions com bined w ith  a bedload tra n sp o r t equation, he p re ­
dicted spacing betw een sand  b an k s of about 250 tim es the 
m ean w ater depth. The work w as subsequently  extended

DOI: 10.2112 / S I5 1-012.1 received  15 J a n u a ry  2007; accepted  in 
revision  8 Ju n e  2007.

by H u l s c h e r  et al. (1993) to include ellip tical tid a l cu rren ts  
and  secondary cu rren ts . C a r b a ja l  and M o n t a n o  (2001), by 
m eans of an ana ly tica l model, described th e  re la tionsh ip  
am ong tid a l cu rren ts , la titude , horizon tal leng th  scales 
and  o rien ta tion  of sand  banks. For a fixed w ate r depth  they 
found an alm ost lin ea r dependence betw een sand  bank  
w avelength  and  tid a l cu rren t am plitude. F u rtherm ore , the
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scale of sand  banks w as found to increase w ith increasing  
w ater depth. The angle betw een sand  b ank  crest and the  
p rincip le com ponent of th e  tid a l flow w as inversely  p ropor­
tiona l to the  am plitude of th e  tid a l cu rren t. M oreover th is  
angle w as influenced by the  la titude , due to a change in 
the  Coriolis acceleration.

On the  o ther hand, little  is known concerning the  role 
played by wave action on sand b ank  morphology and dy­
nam ics. Waves are known to be an agent for sand resuspen ­
sion and, aided by the  currents, to tran sp o rt finer sedim ents 
from the  crest to the flanks of the  sand banks. C o l l in s  et 
al. ( 1 9 9 5 ) ,  by m eans of num erical sim ulations, showed th a t 
wave action tends to intensify the  cross-bank component 
of sand tranpo rt. V in c e n t  et al. ( 1 9 9 8 )  estim ated  net su s­
pended tran sp o rt from the  product of profile-integrated 
suspended sand  and cu rren t m eter m easurem ents at two 
locations on the  M iddelkerke B ank (Figure 1.). According 
to these m easurem ents, the com bination of h igh waves and 
strong cu rren ts during four different bursts, explains more 
th a n  5 0  % of the  ne t flux of the  whole m easurem ent period. 
Moreover, these m easurem ents show how waves can influ­
ence the  average size of m ateria l in suspension w ithout con­
siderably affecting the  suspended tran sp o rt direction. V a n  
d e  M e e n e  and V a n  R u n  ( 2 0 0 0 )  concentrated th e ir  a t te n ­
tion on th e  long te rm  morphological sand  b ank  behaviour 
due to the  combined effects of cu rren ts and waves. W ith 
a simplified num erical model they  rep resen ted  the  yearly 
sedim ent tran sp o rt across a linear sand bank. The overall 
resu lt showed th a t  the  n e t sedim ent tran sp o rt is m ainly 
determ ined by cu rren ts in com bination w ith th e  more fre ­
quent non-extrem e waves ranging betw een 0  and 2  m. V i l - 
LAEET and D a v ie s  ( 2 0 0 4 )  carried  out a num erical study in 
the  coastal area n ea r D unkerque, a t the  boarder between 
F rance and Belgium. The au thors applied a wave model, a 
tw o-dim ensional hydrodynam ic model and a m orphodynam ­
ic model to study sedim ent tran sp o rt dynam ics on the  sand 
banks characterizing the  area. Through successive runs of 
the  hydrodynam ic and wave models, they reproduced the 
effects of tides on the  wave propagation, for a w in ter storm. 
The ou tput was used to drive a m orphodynam ic model cou­
pled to the  hydrodynam ic model. The au thors showed th a t 
the  wave m odulation due to tid a l effects was the  dom inant 
process, leading to a large increase of sedim ent tran sp o rt 
tow ards the  N orth-E ast (Belgium).

The present investigation studies the effects of wave activ­
ity on the Kwinte Bank (Figure 1.). Two num erical models 
were implemented and different scenarios sim ulated to as­
sess the impact of wave conditions of different entities on the 
bank. The use of two different models revealed some in terest­
ing differences in the model intercomparison and, in addition, 
highlighted lim itations of diverse sediment transport formula­
tions. Model verification involved comparison with hydrody­
namic, wave, suspended transport and bottom data. A careful 
analysis of the morphology of other sand banks at the Belgian 
shelf was carried out in order to derive a relation between lo­
cal hydrodynamic conditions and the shape of the sand banks. 
Some ideas on the long term  morphodynamic behaviour of the 
Kwinte Bank are put forward based on past observations and 
wave climate data.

The paper elaborates on the work of V a n  d e n  E y n d e  et al. 
(this volume) which focused on the effects of curren ts on sedi­
m ent transpo rt at the Kwinte Bank and assessed the impact 
of sand extraction tak ing  place in the  area.

AREA U N D E R  INVESTIGATION

The Kwinte Bank is a southw est-northeast tidal current 
ridge forming p art of the Flemish Bank system (Figure 1.). 
The sand bank has a length of approximately 15 km and a 
width varying from 2 km in the south to 1 km in the northern 
part. The minimum w ater depth ranges between 7 m below 
Mean Sea Level (MSL) in the southern p art to 10 m below 
MSL in the northern  part. The minimum w ater depth in the 
swales around the bank is about 22 m. The cross section of 
the sand bank is clearly asymmetrical with the steeper slope 
on the northw est side being up to 3°. This profile is consistent 
with the other sand banks of the Flemish system th a t show 
the ir steeper side opposite to the flood direction. The crest of 
the sand bank consists on a very large and flat dune, giving an 
indication of the importance of wave activity in shaping the 
sand bank morphology. Large to very large dunes are found 
up the stoss slope of the Kwinte Bank b u t they are atypical in 
the adjacent swales. Small to medium dunes are common in 
the swales and up the lee slope (steep slope).

The southern p art of the bank is characterized by fine and 
medium sand with D60 (the sediment diam eter for which 50 % 
is finer) ranging between 180 and 240 pm. Coarser m aterial is 
found in the northern  p art with D60up to 400 pm.

The hydrodynamic conditions at the Kwinte Bank have 
been widely investigated by V a n  d e n  E y n d e  et al. (this volume) 
and B r ie r e  et al. (this volume). C urrent ellipses are slightly 
asymmetrical on the Kwinte Bank, with the m ain axis ori­
entated  at a small angle in clockwise direction with respect 
to the bank axis as observed for the first tim e by H u t h n a n c e  
(1973). In the swales the ellipses are more elongated and ori­
entated  nearly parallel to the bank axis. Maximum current 
velocities range between 0.4 — 0.5 m/s during neap tide up to 
0.8 — 0.9 m/s during spring tide. Residual currents at the top of 
the sand bank are almost perpendicular to the sand bank crest 
and have a north-w estern direction.

V a n  C a u w e n b e r g h e  (1971) compared sea charts of the Bel­
gian shelf m apped during the years 1800-1968. Despite dif­
ficulties associated w ith the analysis of bathym etric surveys 
carried out by very diverse m easuring techniques, he con­
cluded th a t the Flem ish Banks are characterized by a sort 
of dynamic equilibrium . Specifically, the Kwinte Bank could 
be considered as stable for the  to ta l length of the period con­
sidered.

M ODELS, DATA A N D  M ETH O DS  

T he m odels
Two different sets of models were implemented separately 

by the Hydraulics Laboratory of the K.LT.Leuven and by the 
M anagement LTnit of the North Sea M athem atical Models 
(MLTMM), see Table 1. Hydrodynamic conditions, wave field 
and sediment transport were computed and the results for dif­
ferent sim ulated scenarios were compared.

The th ree  models used at the K.LT.Leuven, p a rt of the 
same modelling package, are im plem ented on the same 
unstructu red  m esh and adopt a finite elem ent scheme for 
the equation solution. The domain covers the region from 
47°50’N to 71°10’N, and from 12°15’W to 12°15’E. The mesh 
size ranges between 70 km at the open boundary and 150 m 
on the Kwinte Bank.
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Table 1. Numerical models and settings used in this work.

HYDRODYNAMICS MODELS
Parameter TELEMAC-2D COHERENS
Model type Two dimensional — finite element Three dimensional — finite difference
Discretization 24851 nodes with resolution between 

70 km -  150 m
Two regional models plus two coupled grids at the 
Belgian Shelf. Highest resolution:
272 m — 257 m and 10 olayers on the vertical.

Tidal components at the boundary 8 8 ( for the regional model)
Time step 60 s 4 s (for the highest resolution model)
Law of bottom friction Chezy with Chezy’s coefficient variable with water 

depth
Quadratic friction law

Turbulence model Constant viscosity k-e model
WAVE MODELS

Parameter TELEMAC-2D MU-WAVE
Model type Third generation — finite element Second generation — finite difference
Discretization 24851 nodes with resolution between 70 km — 150 m Two coupled grids. Highest resolution: 5 km — 5 km
Time step 100 s Highest resolution model: 180 s
Number of directions 12 24
Number of frequencies 25 20
Minimal frequency 0.04 Hz 0.045 Hz
Wind input JANSSEN (1989,1991) GÜNTHER et al., (1979), HASSELMANN et al. 

(1973,1976)
Bottom friction dissipation Jons wap model (HASSELMANN et al., 1973) GÜNTHER et al., (1979), HASSELMANN et al. 

(1973,1976)
Whitecapping dissipation KOMEN, HASSELMANN S., and HASSELMANN 

K. (1984), JANSSEN (1991)
GÜNTHER et al., (1979), HASSELMANN et al. 
(1973,1976)

Quadruplets wave-wave interaction DIA method (HASSELMANN et al., 1985) GÜNTHER et al., (1979), HASSELMANN et al. 
(1973,1976)

Triads wave-wave interaction No No
MORPHODYNAMIC MODELS

Parameter SISYPHE MU-SEDIM
Model type Two dimensional — finite element Two dimensional — finite difference
Discretization 24851 nodes with resolution between 70 km — 150 m Finest grid of the COHERENS model 

(resolution: 272 m -  257 m)
Time step 600 s 180 s
Sediment transport formula Soulsby-Van Rijn (SOULSBY, 1997) ACKERS and WHITE (1973) adapted by SWART 

(1976, 1977)
Sediment diameter 250 pm Variable in space
Bottom roughness Ripple bed conditions zO = 0.006 m Skin roughness zOs function of D65 according to: 

zOs = (2- D65)/30

The models implemented by MUMM are based on a se­
ries of nested grids and adopt a finite different scheme. The 
highest resolution grid covers p art of the Belgian shelf with 
a resolution of 272 m in longitude and 257 m in latitude. The 
bathym etric data were provided by the M inistry of the Flem ­
ish Community (Flemish authorities, Agency for M aritime 
and Coastal Services, Coastal Division. Gridding was done by 
Ghent University, Renard Centre of M arine Geology).

The main advantage of the use of an unstructured  mesh 
consists in the possibility of running at once the computation 
over the whole domain, with the possibility to highly refine, at 
the same time, the area of interest.

Atmospheric data (wind velocity at 10 m height and atm os­
pheric pressure) were obtained from the United Kingdom Me­
teorological Office (V a n  d e n  E y n d e  et al., 1995).

Hydrodynamic m odels
Open sea boundary conditions were provided, taking into 

account four semi-diurnal tidal components (M„, S„, N„, K„) 
and four diurnal tidal components (O , K , P Q ).

The two-dimensional finite element model TELEMAC-2D 
(v.5.5) ( H e r v o u e t  and B a t e s , 2000) solves the depth averaged 
Saint-Venant equations. Turbulent viscosity was considered 
constant over the whole domain.
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•  ADCP

E *EMCM

F igure  2. ADCP m easu rem en ts a t th re e  d ifferen t he igh ts for a tid a l 
cycle.

The three-dim ensional MU-OPTOS model is based on the 
COHERENS model ( L u y t e n  et al., 1999). The model solves the 
equations of momentum, continuity, tem perature and salinity 
on a series of nested grids. The high resolution model employs 
10 o-layers over the vertical. The k-e turbulence model was 
adopted.

The use of two different hydrodynamic models (depth av­
eraged and three dimensional) to drive the morphodynamic 
models, was considered not to bias the overall results of the 
study. T o n n o n , V a n  R i j n  and W a l st r a  (2007) compared results 
from morphodynamics sim ulations on an artificial sand wave 
using one-dimensional horizontal (1DH) and two-dimensional 
vertical (2DV) hydrodynamic models. The authors showed 
tha t the overall sand transport direction did not depend on the 
use of a 1DH or 2DV model. However, the sand wave growth 
could only be modelled by the 2DV model, due to the creation 
of a vertical circulation cell leading to a net sand transport 
towards the sand bank crest.

A plot of ADCP velocity vectors at three different heights 
is shown in Figure 2. The Figure shows tha t flow direction is 
unidirectional w ith minor differences in current direction at 
different w ater depths. This supports the validity of using a 
depth-averaged hydrodynamic model.

Wave m od els
The TOMAWAC model (v.5.5) ( B e n o i t  et al., 1996) is a 

th ird  generation wave model which solves the balance equa­
tion of wave action density. The model was implemented with 
a spectral discretisation in 12 directions and 25 frequencies. 
Source term s included input from the wind, dissipation from 
whitecapping and from bottom friction and quadruplet non­
linear interactions.

The core of the MU-WAVE model (V a n  d e n  E y n d e , 1992) is 
formed by the second generation HYP AS spectral wave model 
(G ü n t h e r  and R o s e n t h a l , 1985). The model has been tested 
extensively and is used as an operational model for the predic­
tion of waves on the Belgian continental shelf. The North Sea

grid has a resolution of 50 km x  50 km, whereas for the South­
ern Bight a resolution of 5 km x  5 km is implemented.

Both wave models were run  in non coupled mode. No effect 
of wave modulation due to the presence of tide was taken into 
account in the present work. However, previous work on the 
coupling between currents and waves in the Southern North 
Sea, showed tha t the tide modulation accounts only for a small 
variation of the wave height and period (O s u n a , 2002; O s u n a , 
and M o n b a l iu , 2004). This variation should not lead to a sen­
sible variation of the transport direction.

M orphodynam ic m od els
The SISYPHE model (v.5.5) (V il l a r e t , 2004) calculates the 

total load transport and the morphodynamic evolution as a 
function of the hydrodynamic conditions, through internal cou­
pling with the TELEMAC-2D model, and the wave field, calcu­
lated by a previous uncoupled run of the TOMAWAC model. To­
ta l load transport was estimated by means of the Soulsby-Van 
Rijn formulation (S o u l s b y , 1997) assuming a constant sediment 
diam eter equal to 250 pm. The total transport rate  due to the 
combined action of currents and waves is given by:
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A.... =  -
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ln(h/ z0) - l
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(4)

(5)
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V
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where A , is the bedload component, A  is the suspendedsb  ^  7 ss  A
load component, U the depth-averaged flow velocity, CD the 
drag coefficient due to current alone, U0 the RMS wave orbital 
velocity at the bottom, Ucr the critical entrainm ent velocity, ß 
the bed slope in stream wise direction here assum ed equal to 
0, h the w ater depth, D± the non-dimensional diameter, s the 
relative density of sediment, g  the acceleration due to grav­
ity, z0the bed roughness length assum ed equal to 0.006 m as 
suggested by S o u l s b y  (1997) in case of rippled beds and v the 
kinem atic viscosity of the water.

The MU-SEDIM model computes to tal load transport and 
morphodynamic evolution in function of the depth averaged 
current velocity calculated by the MU-OPTOS model and the
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wave field computed by MU-WAVE. The sediment transport 
was estimated by means of the A c k e r s  and W h i t e  (1973) for­
mulation adapted by S w a r t  (1976) a n d  S w a r t  (1977) as report­
ed in S l e a t h  (1984), to include the effects of waves on sediment 
transport. The total sediment transport is given by:

f  \  W /  \  ÏÏ1
F - A y  

w  7 “= D
U 35

U

\ U*cw J \ y
(7)

where Qs is the total transport, I),r the sediment diameter 
for which 35 % is finer, u, the wave-current friction velocity.

7 * c w  •/

i i  . m, A, C1 are dimensionless parameters and F  the sediment 
mobility number. The latter can be determined as:

r \ l - n

F = U

5.66 log
lOh
D

((s- l )gD35)1 / 2 (8)

The wave-current friction velocity u, =(x /pi' ' is calcu-•/  CW v CW

lated based on the formulation proposed by B i j k e r  (1966) for 
the wave-current shear stress x :cw

f  V

F s (9)

being xcthe current shear stress, c an empirical constant, fw 
the wave friction factor, ub the bottom orbital velocity and u 
the current velocity.

More details on the equations implemented in the MU-SED- 
IM model can be found in V a n  d e n  E y n d e  and O z e r  (1993).

The Dso was considered variable over the area. The Dso grid 
was calculated based on 2200 samples collected in the area. A

1
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w v n a / v v w x A / V W V V W
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F igure  3. M odelled and  m easu red  dep th  averaged  flow velocities for 
th e  period  2-12 M arch 2004.

weighted distance based method was used to interpolate the 
measured values on the model grid ( F e t t w e i s  and V a n  d e n  E y n d e , 
2000). The I):;r was calculated assuming a constant ratio equal to 
0.82193 between the I)::r and the Dso (C o o re m a n  cl al., 2000).

Additional formulations were applied to validate the re­
sults: the B i j k e r  (1968) and B a i l a r d  (1981) equations avail­
able in the SISYPHE model and the V a n  R i j n  (1989), B a g n o l d  
(1966) and Y a t.tn  (1963) in the MU-SEDIM model.

Fieldwork
The data used in this study were collected within the frame­

work of the MAREBASSE project (V a n  L a n c k e r  cl al, 2002).
During two measurement campaigns (23-30 June 2003: 

2-11 March 2004), a bottom mounted Acoustic Doppler Cur­
rent Profiler (ADCP) and a multisensor benthic lander (tripod) 
were used. Both instruments were deployed from the oceano­

2 .5 4  2 .66  2 .78  2 .54  2 .66  2 .78
F igure  4. S ed im ent tra n sp o r t w ith  only tides ta k e n  in to  account for th e  period  2-16 M arch  2004. The b a th y m etry  is show n in  th e  background, (a) 
Left: re su lts  of M U-SEDIM . O ne vector for each four g rid  po in ts is show n, (b) Right: re su lts  of th e  SISY PH E model. R esu lts on th e  sam e grid  as th e  
M U -SEDIM  model.
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graphic research vessel RVBelgica. A Conductivity, Tem pera­
tu re  and Depth instrum ent (CTD), th ree Optical Backscatter 
Sensors (OBS) at 0.25, 0.5 and 1 m from the bottom and a 
Laser In-Situ Scattering & Transm ittom eter (LISST-100C) at 
1 m from the bottom were attached to the tripod. ADCP m eas­
urem ents were used to validate the output from the hydro- 
dynamic model, showing a general good agreem ent between 
modelled and observed data (V a n  d e n  E y n d e  et al., th is  vol­
ume) and Figure 3.

The OBS and LISST m easurem ents gave volume concen­
tration  and particle diam eters of m aterial in suspension.

A wave buoy was deployed at the North of the Kwinte Bank 
during the campaign of June 2003. Additional buoy data were 
available for both periods from operational buoys at the lo­
cations W esthinder (51.38°N; 2.44° E) and A kkaert (51.41°N; 
2.77°E). A validation of the wave models was carried out by 
means of these measurem ents. The root mean square error 
between model output (both TOMAWAC and MLT-WAVE) 
and buoy m easurem ents ranged between 0.2 and 0.3 m (V a n  
L a n c k e r  e t  a l ., 2005).

RESULTS

In order to assess the separate impact of tidal and wave ac­
tion, th ree different scenarios were sim ulated by the two sets 
of models. First, a morphodynamic sim ulation was carried 
out considering tidal currents only as forcing. Two additional 
sim ulations include the effect of currents and waves of differ­
ent intensity, i.e. one period w ith moderate wave and one with 
storm wave activity. All runs were carried out for a period cor­
responding to a spring-neap tidal cycle.

T idal currents alone
This first run  was carried out for the period 2-16 March 

2004, neglecting the influence of waves and meteorological 
forces. Figure 3. shows a comparison of the sim ulated and 
m easured depth averaged flow velocities for th a t period. 
Both models give a good representation of the current field, 
which supports the hyphothesis th a t flow characteristics at 
the Kwinte Bank can be well represented by a 2D model. The 
results from th is scenario were discussed in V a n  d e n  E y n d e  et 
al. (this volume).

The outputs from the two models show a general trend  of 
residual transport going towards the northeast (Figure 4.).

This direction is due to effects of tidal asymmetry, which 
are especially evident at the sand bank crest and are char­
acterized by the highest current velocities occurring during 
flood, directed towards the northeast and lower velocities dur­
ing ebb, going to southwest. Peak currents during flood are 
about 10 % larger than  currents during ebb (Figure 5.).

It follows that, and th is is typical for a tidally dominated 
regime, strong flood currents more easily exceed the critical 
entrainm ent velocity U . Estim ated values for U , for a sand^  cr c r
diam eter equal to 250 pm and w ater depth ranging between 
5 and 20 m (typical values for the Kwinte Bank area), range 
between 0.3 m/s at the crest and 0.4 m/s in the swales (V a n  R i ­
j n , 1984). The difference in critical velocity between crest and 
swales is due to a different value of the w ater depth, which 
influences the calculation of U . Sand transport at the Kwintecr A
Bank crest is more im portant than  in the swales due to higher 
flow velocities and lower critical velocity for sediment.

As a result of the sediment transport pattern, erosion oc­
curs at the western flank of the sand bank while deposition 
takes place at the eastern  flank (Figure 6.).
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F ig u re  5. A sy m m e try  o f t id a l  c u r re n ts .
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T able 2. V a lu es  o f  m a ss  tra n sp o r t p r e d ic te d  by th e  tw o  m o d e ls  fo r  th e  d iffe r e n t scen a r io s  a t  p o in t  (51 .27°N , 2 .63°E ).

SISY PH E (kg/m /s) V a ria tio n  re sp e c t to  
sta n d a rd  ru n  (SISYPH E) M U-SEDIM  (kg/m /s) V a r ia tio n  re sp e c t to  

s ta n d a rd  ru n  (M U-SEDIM )

H_2004 0.01534 — 0.00861 —

H+W_2004 0.01890 1.23 0.08260 9.59

H+W_1995 1.90548 124.22 0.70182 81.51

51 .59

O.ObOC

U.U1UU

3050

F igu re  6. E rosion  (light) an d  sed im en ta tion  (dark) p a tte rn s  on th e  K w inte B an k  a s sim u la ted  w ith  only tid es ta k e n  in to  account an d  for th e  period 
2-16 M arch  2004. (a) Left: re su lts  o f th e  M U -SED IM  model, (b) Right: re su lts  of th e  SISY PH E model.

Residual transport predicted by the SISYPHE model is 
about two tim es larger than  the transport predicted by the 
MU-SEDIM model. Values of mass transport for a point lo­
cated close to the crest are indicated in Table 2.

Tidal currents and waves
This simulation was carried out for the same period (2 -16 

March 2004) but including the effects of waves and meteorologi­
cal forces. Wave activity during the period considered was fairly 
low with maximum wave height reaching about 2 m (Figure 7).

W ave height (W HI)

 TOMAWAC output
 M U-W AVE output

♦  buoy d a tai
E
o
E

X

0

02/03
time jdd

F ig u re  7. M odelled an d  m easu red  significant w ave heigh t a t W esth inder 
for th e  period 2-12 M arch  2004.

Model winds obtained from the United Kingdom Metereolog- 
ical Office were low compared to local wind m easurem ents dur­
ing th a t period (not shown). Although the height of the waves in 
not only a local process, the underestim ation of the wave height 
calculated by the model can most likely be attributed to the lim­
ited spatial and time resolution of the model wind.

The residual transport computed by the two models is 
shown in Figure 8. In both models, the influence of wave activ­
ity leads to an increase in residual transport, especially evi­
dent at the sand bank crest where wave orbital velocities are 
higher. The increase in residual transport at the Kwinte Bank 
crest is about a factor 1.23 for the SISYPHE model, and about 
a factor 9.59 for the MU-SEDIM model (Table 2.) with respect 
to the sim ulation forced by tide only.

Moreover the SISYPHE model predicts a change in residu­
al transport direction, locally visible at the Kwinte Bank crest. 
This leads to a different erosion-deposition pattern  than  the 
one observed considering tidal currents alone. This new p a t­
tern  is characterized by erosion occurring at the east flank and 
deposition at the west flank of the sand bank (Figure 9.). The 
change in direction is not found in the MU-SEDIM results at 
the Kwinte Bank crest bu t it is visible, in both models, a t the 
sand bank west of the Kwinte Bank (Buiten Ratel). Compared 
to the Kwinte Bank, the Buiten Ratel is characterized by a 
lower w ater depth at the crest, equal to about 5 m below MSL. 
Wave activity is therefore more im portant on this sand bank,
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F igu re  8. S ed im ent tra n sp o r t u n d e r th e  influence of tides, m eteorological conditions an d  waves, for th e  period  2-16 M arch  2004. 
The b a th y m e try  is show n in  th e  background, (a) Left: re su lts  of MLT-SEDIM. O ne vector for each four grid  po in ts is show n, 
(b) R ight: re su lts  of th e  SISY PH E model. R esu lts on th e  sam e grid  as th e  MLT-SEDIM model.
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F ig u re  9. E rosion (light) an d  sed im en ta tio n  (dark) p a tte rn s  on th e  K w inte B ank  as s im u la ted  w ith  tides, w aves an d  m eteorological conditions tak en  
in to  account an d  for th e  period  2-16 M arch  2004. (a) Left: re su lts  of th e  MLT-SEDIM m odel, (b) R ight: re su lts  of th e  SISY PH E model.

leading to a change in sediment transport direction represen t­
ed by both the formulations adopted in the two models.

Considering the fact th a t these two sim ulations were car­
ried out applying equations which consider sediment tra n s­
port direction determ ined by the direction of the currents, the 
observation th a t the addition of waves might change th is di­
rection is somehow unexpected. Two phenom ena have to be 
considered to understand  th is change. Firstly, the asymmetry

of the tide leads to ebb currents lasting about 10 % longer in 
tim e than  flood currents. When wave activity is superimposed 
on current action, the critical entrainm ent velocity is exceeded 
for a longer period during ebb tide, weaker in intensity but 
longer in time. This can cause sediment transport to veer from 
flood to ebb current direction. Secondly, ebb currents reach 
the ir maximum intensity just before the w ater elevation is at 
its lowest. Considering the fact th a t the Kwinte Bank crest

.20 
2.54 2.66 2.78
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has a minimum water depth of about 7 m and that the tidal 
range, at spring tide, is about 5 m, it follows that orbital veloc­
ities at the bottom are, in average, considerably higher at ebb 
tide than at flood tide. This leads to a considerable increase in 
sediment transport at ebb tide.

The same simulation was repeated adopting other formula­
tions for sediment transport. The B a i l a k d  (1981), B i j k e r  (1968) 
formulations were tested in the SISYPHE model, while the V a n  
R i jn  (1989), B a g n o l d  (1966) and Y a l i n  (1963) formulations were 
adopted in the MU-SEDIM model. Despite the fact that the re­
sults are quite different in magnitude, the change in sediment 
transport direction was predicted by all formulations.

T idal currents and waves during a storm
A final simulation was carried out during a stormy period (1 

- 15 January 1995) to assess the impact of an extreme event on 
the Kwinte Bank morphodynamics. Wave height at Westhinder 
reached in that period a maximum of about 5 m (Figure 10.).

Wave height (WHI)

 TOM AW AC ou tp u t
 M U-W AVE ou tpu t

♦  buoy d a ta

'  t!
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Figure 10. M odelled an d  m easu red  significant w ave h e ig h t a t 
W esth inder for th e  period  28 D ecem ber 1994 to 15 J a n u a ry  1995.

Figure 11. shows the simulated residual transport during the 
stormy period. Sediment transport was increased by the presence 
of these exceptional waves by a factor 124.22 in the SISYPHE 
model and by a factor 81.51 in the MU-SEDIM model (Table 2.).

As a result, a bottom evolution in the order of one meter 
was predicted after this period (Figure 12.).

Concerning the direction in which sediments move, the 
SISYPHE model predicts a significant veering in residual 
transport, in the direction of the ebb currents. In this case the 
change in direction takes place not only at the Kwinte Bank 
crest but over the whole area due to the high wave intensity. 
The extreme waves that occurred during that period caused 
water particle velocity at the bottom to exceed the critical 
entrainment velocity during most of the period considered. 
Therefore, residual transport follows the direction of the 
ebb currents occurring for a longer period of time and when 
water depths are lower. In this respect, the output from the 
MU-SEDIM model is quite different, predicting a change in 
residual transport direction occurring only at the Buiten Ra­
tel crest. An explanation for this difference may be found by 
looking at Figure 13. This Figure shows a sensitivity analy­
sis of total load transport computed by the Ackers-White and 
by the Soulsby-Van Rijn formulas to a change in flow velocity 
and wave height. It is clear that the Ackers-White formula, as 
implemented in the MU-SEDIM model, is considerably more 
sensitive to strong currents than the Soulsby-Van Rijn for­
mula. This causes transport to be dominated by tidal currents 
in the MU-SEDIM model, while the SISYPHE model is more 
sensitive to wave activity.

Once again, the calculation was repeated for different sedi­
ment transport formulations, showing the importance of wave 
activity in modifying the direction of residual transport and 
the proportionality of this change in direction to the increase 
in wave height .

2 .54  2 .66  2.78 2 .54  2.66  2.78

F igu re  11. S ed im en t tra n sp o r t u n d e r th e  influence of tides, m eteorological conditions an d  w aves, for th e  period  1-15 Ja n u a ry  1995. The b a th y m etry  
is show n in  th e  background, (a) Left: R esu lts of M U-SEDIM . O ne vector for each four grid  po in ts is show n, (b) Right: re su lts  of th e  SISY PH E model. 
R esu lts on th e  sam e grid  as th e  M U -SEDIM  model.
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Figure 12. Erosion (light) and sedimentation (dark) patterns on the Kwinte Bank as simulated with tides, waves and meteorological conditions 
taken into account and for the period 1-15 January 1995. (a) Left: results of the MU-SEDIM model, (b) Right: results of the SISYPHE model.
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Figure 13. Sensitivity analysis of total load transport to flow velocity (left) and wave height (right), (a) Left: the flow velocity is combined with a 
constant wave field with significant wave height equal to 1 m and peak period equal to 6 s. Right: the wave height is combined with a constant flow 
velocity equal to 0.6 m/s.

M easurem ents o f  su spend ed  sed im en t and b ed  form  
analysis

Suspended sediment measurements were collected by 
means of OBS and LISST devices during the March 2004 cam­
paign. These data were analyzed in Giardino and Monbaliu 
(2006). Directions of residual transport were calculated by in­
tegrating over the vertical the product of flow velocities and 
sediment concentrations measured at different heights above 
the bottom. The set of measurements available did not give 
any confirmation concerning a change in residual transport 
direction for different wave heights. However, only concentra­
tion measurements at 0.25, 0.5 and 1 m from the bottom were 
collected. Calculation of suspended transport by integration 
of theoretical concentration profiles and flow velocity showed

that, for standard flow conditions, more than 90 % of the trans­
port occurs between 0 and 25 cm from the bottom, where no 
measurement was available. Moreover the instruments were 
located at a water depth ranging between 12 -  16 m, where 
wave effects are not as important as at the sand bank crest.

An indirect confirmation of the simulation results was found 
by looking at the asymmetry of the bed forms. Since little infor­
mation, in this respect, was available for the Kwinte Bank, the 
sand bank west of the Kwinte Bank (Buiten Ratel) was taken in­
to consideration. However, hydrodynamic and wave conditions 
can be considered comparable at the two sand bank and obser­
vations on the Buiten Ratel translatable to the Kwinte Bank. 
B a e y e  ( 2 0 0 6 )  derived a map of sediment transport direction by
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F igure  14. (a) Left: m odelled re s id u a l sa n d  tra n sp o r t u n d er tid a l action only (resu lts of th e  MLT-SEDIM m odel w ithou t ta k in g  w aves in to  
consideration), (b) R ight: sa n d  tra n sp o r t direction from  dune asym m etry . The stu d y  w as ca rr ie d  ou t a t th e  B u iten  R a te l sa n d  b an k  (w est of the  
K w inte B ank) (Baeye, M., 2006).

looking at the shape of bedforms covering the Buiten Ratel (Fig­
ure 14.). Bottom images collected by means of a multibeam in­
strum ent during 5 different campaigns between 2002 and 2003 
were used to reconstruct the shape of these bed forms.

Figure 14. shows a comparison of sediment transport direc­
tion derived from num erical simulations, w ith the direction of 
transport derived from dune asymmetry.

The num erical sim ulation was carried out by means of the 
MLT-SEDIM model without taking waves into considerations. 
The modelled transport follows a general pattern  sim ilar to 
the pattern  shown in Figure 4., driven by the stronger flood 
currents over the sand bank. However, dune asym m etry sup­
plies a different picture of the overall transport, with sediment 
following the flood current direction in the northern  p art of the 
sand bank and transport towards the west flank in the south­
ern part. In fact, the southern p art is characterized by smaller 
w ater depth than  the northern  part. This would allow waves 
to penetrate more easily to the bottom, leading to a modifica­
tion of the transport direction compared to the one determ ined 
by tidal currents only as shown by the previous num erical 
simulations. On the other hand, the larger w ater depths in 
the northern  p art would prevent waves from considerably in ­
fluencing bottom dynamics, and in th is case transport would 
be current dominated.

DISC U SSIO N  

Long-term  m orphodynam ic p red iction  o f  the Kwinte 
Bank

Analysis of the previous num erical sim ulations suggests 
the idea th a t wave activity, superimposed on the action of 
tidal currents, m ight lead to a variation in residual transport 
direction and to an inversion of the erosion-deposition pattern  
on the sandbanks. However, different sediment transport for­
m ulations imply distinct wave thresholds responsible for th is 
change in transport direction. These differences are essential­
ly due to different weights entered in the formulations to the 
actions of waves and currents. As a consequence, equations 
in which wave action is considered more important, predict a 
change in transport direction up to deeper w ater depths while, 
according to other formulas, th is change occurs only at the 
crest of the shallowest sand banks.

General conclusions on long-term morphodyamics of the 
Kwinte Bank may be drawn by looking at the output of the p re­
vious numerical simulations and relating them  to wave climate 
statistics in the area. Table 3. shows statistical values for signif­
icant wave height registered at the W esthinder buoy during the 
period January  1977 — December 2002. Numerical simulations 
carried out adopting the Soulsby-Van Rijn formulation for sand 
transport, for example, show th a t an inversion of the erosion-

Table 3. Significant wave height (cm) at Westhinder for the period January 1977 -  December 2002 
(from http://wwwdin.vlaandvren.he/awz/hydvo/www/hlimaat /  golf' klimaat/mp7sblh.33/evst.him)

J a n F eb M a r A p r M ay J u n J u l A u g S ep O ct N ov D ec

90% percentile 248 238 224 196 176 161 162 160 197 238 233 247

75% percentile 179 175 157 146 129 123 121 117 146 169 173 190

mechan 115 119 104 93 89 88 86 80 99 115 113 128

25% percentile 74 81 69 61 61 61 59 52 70 74 79 86

10% percentile 51 57 49 42 45 44 40 36 51 50 57 57

jtom eters

470500 475500

Strike and asym m etry of d u n es /  

Strike of sym m etric dunes  

Arrows indicating sand transport
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Table 4. S a n d  b a n k s  a t  th e  B e lg ia n  S h e l f  and. th e ir  m o rp h o lo g y

W ater d e p th  a t  th e  c re s t  (m 
be low  M ean  S ea  Level) S te ep e r flank

Oostdyck 5.05 West

Flemish banks
Buiten Ratel 5.03 West

Kwinte Bank 7.46 West

Middelkerke Bank 6.78 West

F  airy Bank 10.75 East-West

Noordhinder 15.57 East

H inder ban k s W esthinder

O osthinder 

Bligh Bank

deposition pattern  due to wave action is visible at the Kwinte 
Bank crest whenever the average wave height, averaged during 
the period considered, exceeds a critical value of 0.4 — 0.6 m. In 
other words, whenever the average wave height is below this 
value, the western flank of the Kwinte Bank behaves as erosive 
and the eastern one as depositional. Inverse erosion-deposition 
pattern  characterizes higher values of wave height. In term s 
of the wave climate, this threshold is exceeded about 80-90 % 
of the time. Hence, for most of the time, sediment transport as 
predicted by the Soulsby-Van Rijn formulation, will be directed 
from the eastern towards the western flank of the Kwinte Bank. 
In the long term, this would produce a migration of the sand 
bank towards the northwest. On the other hand, according to 
different historical observations, the Kwinte Bank seems be­
having as a stable sand bank (V a n  C a u w e n b e r g h e , 1971). The 
difference found with the simulations might be due to an ex­
cessive weight given to wave activity in the Soulsby-Van Rijn 
formulation leading to a threshold which is higher in reality.

It is im portant to point out th a t for a long term  morphody­
namic analysis and prediction, additional phenomena related to 
climate change should be taken into account, such as possible 
increase in storminess and the sea level rise. The increase in 
storminess would contribute to increase the transport towards 
the western flank of the Kwinte Bank. However, a possible in­
crease in storminess is still argument of debate between scien­
tists. Results of several studies during the last decades show 
th a t the storm climate has been subjected to significant varia­
tions on time scales of decades (W a sa  G r o u p , 1998). W e is s e , V o n  
S t o r c h , and F e s e r  (2005) predicted for the Southern North Sea 
very little increase in storm frequency for the period 1958-2001 
(about 1% - 2%). On the other hand, the rise in sea level would 
cause waves to be less effective at the bottom due to a reduction 
of the bottom orbital velocities, with a consequent decrease in 
sand transport. The rise in sea level for the southern North Sea 
has been estim ated at about 1.2 mm/yr from observations over 
a 100 year period ( J e n s e n  et al., 1990). This would reduce the 
wave penetration at the bottom counterbalancing the increase 
in storminess. An increase in wave height is also to be expected 
due to a reduction of bottom dissipation when sea level rises, in 
this case accompanied to an increase in sand transport. How­
ever, as pointed out by M a cD o nald  and O ’C o n n o r  (1996), the 
change in wave height for possible scenarios of sea level rise 
would be minor if not irrelevant at the Kwinte Bank.

Numerical simulations carried out by means of other sediment 
transport formulations produced different values for this thresh­
old and, therefore also differences in long-term morphodynamic

8.90 E ast - W est

11.93 E ast

12.43 E ast

behaviour. Unfortunately, it remains unclear which formulation 
provides the better agreement with the real morphodynamic situ­
ation due to a lack of extensive measurements in space and time.

Sand bank m orphology
The Kwinte Bank is p art of a more complex sand bank sys­

tem  nam ed the Flemish Banks. Various sand banks of th is 
system present a tidal current and wave regime sim ilar to the 
Kwinte Bank: the Oostdyck, the Buiten Ratel and the Mid- 
delkerke Bank (Figure 1.). Moreover, w ater depth and shape 
of these sandbanks are similar, with a minimum w ater depth 
at the crest of about 5 — 7 m and the steeper side facing north ­
west (V a n  L a n c k e r  et al,, 2004) (Table 4.).

Another sandbank system, the Hinder Banks, is locatednorth 
of the Flemish Banks. This system includes the Fairy Bank, the 
Noordhinder, the Westhinder, the Oosthinder and the Bligh 
Bank. The crests of these banks are slightly deeper than those of 
the Flemish Banks and are characterized by a steeper flank com­
monly facing the southeast side (D e l e u  et al,, 2004).

General belief has always attribu ted  the difference in 
shape between the Flemish Banks and the H inder Banks to a 
different equilibrium existing between flood and ebb currents. 
In th is regard, wave action has always been neglected. The 
results from this study have brought new insight into the im­
portance of waves in changing sediment transport patterns. A 
new hypothesis, which relates flow velocity at the bottom due 
to the combined effects of currents and waves to sand banks 
morphology, can therefore be formulated. This hypothesis is 
based on the fact th a t sand banks generally m igrate in the 
direction of the ir steep side (D y e r  and H u n t l e y , 1999). For the 
Flemish Banks, which have the ir steeper flank facing north ­
west, th is could be explained by the direction in which sedi­
m ents are moving only when both waves and currents are con­
sidered. When only currents, or currents together with weak 
waves are taken into account, sediment transport would occur 
towards the stoss slope (gentle slope). This would create a sort 
of dynamic equilibrium due to the alternation between peri­
ods with low wave and periods with large wave activity. On 
the other hand, the steepest side of the H inder Banks faces 
the southeast. This is the direction in which sediments move 
on those sand banks both when only currents are considered, 
and when waves and currents are superimposed. This phe­
nomenon can be explained by the higher depth of these sand 
banks, which causes waves to be less effective at the bottom 
and sediment motion to be determ ined by the strongest flood 
currents. In other words, for both sand bank systems, a rela­
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tionship seems to exist between w ater depth, wave activity at 
the bottom and sandbank  shape.

Numerical modelling and physical observations seem to 
support the hypothesis th a t currents alone can not explain the 
difference in shape of the two sand bank systems. However, 
considerable additional research will be needed to really prove 
and to assess quantitatively the importance of wave activity in 
shaping the sand banks.

C O N C LU SIO N S

The present paper focused on the impact of wave activity 
on the bottom evolution of a sand bank (Kwinte Bank). Two 
different models were set up in order to compute the mor­
phodynamic evolution of the Kwinte Bank under the combined 
effects of currents and waves. Despite differences between 
the two models, wave effects were found to be im portant for 
increasing the magnitude of sand transport. Moreover, wave 
activity together with tidal asymmetry seems to play an im ­
portan t role in changing the direction of residual sand tra n s­
port. Several formulations for sand transport were compared, 
suggesting the idea th a t wave activity and tidal asymmetry 
give rise to a change in residual sand transport direction from 
a typical flood tide dominated environm ent towards an ebb 
tide dominated situation. This behavior was visible especially 
at the crest of the most shallow sand banks and increased in 
importance with increasing wave height. Bed form analysis 
from bottom images seems to confirm the idea th a t residual 
transport is occurring in some areas in the ebb tide direction. 
The change in residual transport direction would result in a 
change in the erosion deposition pattern  at the Kwinte Bank 
producing an evolution of the sand bank towards its steeper 
west flank, in contrast to w hat could be expected considering 
the transport due to currents alone. In the long term, the two 
mechanisms (sand transport due to currents and low waves 
towards the eastern  flank, and sand transport due to currents 
and significant waves tow ards the western flank) would bal­
ance each other out, leading to a sort of dynamic equilibrium.

Sediment concentration measurements did not give any con­
firmation regarding a change in residual transport direction at 
different wave heights. However, several limitations for this kind 
of study were found in the set of measurements currently avail­
able. For future research, sediment concentration and flow veloc­
ity profile measurements should be carried out at the sand bank 
crest and possibly cover a period with different wave conditions.

In conclusion, a new hypothesis was formulated, which re­
lates the shape of the sand banks on the Belgian shelf to their 
w ater depth and, as consequence, to the local bottom dynam ­
ics. This hypothesis would explain why the Flemish Banks 
are characterized by a steeper flank facing the northwest, 
while the H inder Banks system is characterized by a reversed 
morphology. According to th is hypothesis the different shape 
would be related to the different w ater depth of the two sand 
bank systems, which would reflect on a different wave impact 
at the bottom and on a different residual transport direction.
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ABSTRACT I

É3E®
Macrobenthic fauna are investigated, to establish the nature and vulnerability of benthic communities to aggregate Hillii«» mining on a subtidal sandbank, the Kwinte Bank, in the Southern Bight of the North Sea. Within the central part of this
sandbank, a depression (5 m deep) has been created, as a result of 20 years of dredging over the same small area (1 km 
long and 700 m wide). Three stations were sampled within this central depression; two on the western border; and two 
to the east of the depression. Another station was sampled in a “non-exploitecl" area to the north of the depression. 
Four stations were sampled outside of the concession area, on the adjacent Micldelkerke Bank. The hypothesis is 
tested as to whether or not the density, species richness, taxon and community composition do not differ, between 
the depression and the adjacent sites (with similar sediment composition) on top of the sandbank. In addition, it is 
examined whether these parameters differ between the depression and reference sites, at the adjacent undisturbed 
sandbank. Differences in density and species richness could not be detected, between the different locations. Compared 
to the reference stations at the Micldelkerke Bank and locations next to the depression, crustaceans (amphipocls and 
in particular Bathyporeia spp.) and echinoclerms ( Ophiura spp. and Echinocardium cordatum) were more abundant in 
the area of the depression, suggesting a higher similarity to the swale environment, than was the case previously. The 
observed trends were similar, for both of the sampling periods, February and November 2004. However, the species 
composition difference has been observed within the context of the wide range of species assemblages described 
earlier for the Kwinte Bank, together with other Belgian subtidal sandbanks. Sand extraction has created small-scale 
habitat differences on the Kwinte Bank, to which the benthic fauna have adjusted; however, this is not significant on a 
true larger scale of the sandbank system, one year after cessation of the intensive disturbance.

ADDITIONAL INDEX WORDS: ecological impact, human disturbance, sand extraction, recovery, Kzointe Bank, Middelkerke 
Bank, North Sea,

IN T R O D U C T IO N

The investigation of the ecological impact of sand extrac­
tion has a long history (ICES, 1992, 2001). This observation 
applies also to the Kwinte Bank in the Belgian sector of the 
North Sea, where the first impact assessm ent of sand extrac­
tion was undertaken in the late 1970s (V a n o s m a e l  et al., 1979; 
V a n o s m a e l  et al., 1982). In spite of the fact th a t sand extraction 
from sandbanks in Belgian m arine w aters has been monitored 
for more than  30 years, the effect on macrobenthic communi­
ties has not been detected, before the present investigation. 
The spatial variation in extraction intensity was not analysed 
in detail before 2000, as an essential prerequisite to charac­
terising the environm ental impact. B o n n e  (2003) attem pted to 
relate benthic copepod communities of different areas at the 
Kwinte Bank to sand extraction intensity, for each sampling 
station, from the “black-box” records of the extraction vessels. 
The benthic copepod communities identified in 1997, in high

DOI: 10.2112 / SI51-013.1 received 15 J a n u a ry  2007; accepted in 
revision  8 Ju n e  2008.

extraction intensity  areas, varied from those observed in 1976, 
from the same area. A central depression on the Kwinte Bank 
was detected, in m ultibeam  imagery, in 2000; th is was charac­
terised  by intensive sand extraction activities and an impover­
ishm ent of the copepod communities. However, a prelim inary 
analysis of available macrobenthos data (from the University 
of Ghent) did not reveal the same pattern . Based upon these 
data, any differences in density or species num ber could not 
be detected, since the commencement of sand extraction on 
the Kwinte Bank. However, a deviation in species composition 
was observed ( B o n n e , 2003) and confirmed by V a n a v e r b e k e  et 
al. (2007). The extraction of sand from the Kwinte Bank ac­
counted always for more th an  95 % of the to tal volume ex­
tracted  from Belgian subtidal sandbanks, up to 2003. Until 
th is  tim e the effect of sand extraction on the Kwinte Bank has 
not been assessed with more than  two sampling stations, for 
monitoring purposes. Hence, an appropriate macrobenthos da­
tase t and an assessm ent of sand extraction on th is intensively 
(commercially) targeted  sandbank, were lacking. W ithin th is 
context, macrobenthos is accepted widely as an appropriate 
tool to investigate and detect changes, caused by hum an dis-
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turbances. In general, most studies undertaken into the im ­
pacts of m arine sand and gravel extraction have focused upon 
macrofauna (B oyd  et al., 2005; K e n n y  and R e e s , 1996; N e w e l l , 
S e id e e e e , and H it c h c o c k , 1998; S a e d a  et al., 2000; v a n  D a l f - 
s e n  et al., 2000). The present investigation attem pts to char­
acterise th is  faunal grouping, for the central depression of the 
Kwinte Bank; likewise, to compared them  with adjacent sites 
and an unexploited (reference) p art of a sandbank. The central 
depression of the Kwinte Bank was closed for sand extraction, 
in February 2003. In February and November 2004, the fauna 
was sampled, to establish any short-term  recovery. The hy­
pothesis is tested  here th a t density, species richness, taxon 
and community composition do not differ between the depres­
sion and adjacent sites, w ith a sim ilar sediment composition 
on top of the sandbank. In addition, whether these param eters 
differ between the depression and reference sites, on an adja­
cent undisturbed sandbank.

SITE DESCR IPTIO N

The Kwinte Bank and the Middelkerke Bank belong to the 
Flemish Banks, a group of (7) linear subtidal sandbanks, lo­
cated to the west of Oostende, at 10 to 30 km off the Belgian 
coast (Figure 1.). These sandbanks are SW-NE oriented and 
are separated by swales, which dip to the northeast (L a n c k - 
n e u s , D e  M o o e , and S t o l e , 1994).

474000 476000 478000 480000 482000 484000

Legend
 Isobaths bathymetry BCP
Multibeam bathymetry Kwinte Bank

M1

M2
K4

K13 M3

• M4

F igu re  1. M ap show ing th e  location of th e  sam p lin g  sta tio n s  on the  
K w inte an d  th e  M iddelkerke B anks: The K w inte B ank  crest s ta tio n s 
are  superim posed  onto a m u ltibeam  im age. The b a th y m e try  an d  
m orphology (banks an d  sw ales) of th e  san d b an k s are  show n includ ing  
th e  cen tra l depression  on th e  sandbank .

The Kwinte Bank (Figure 1.) is an elongated linear subtidal 
sandbank, of about 15 km in length, 3 km in width and rising 
between 10 m (in the north) and 20 m (in the south), above the 
surrounding seafloor. The mean water depth varies between 
6 m over the central part, to over 20 m in the northern and 
southern edges of the bank (L a n c k n e u s  et al., 1992). The char­
acteristics of the depression, together with its creation by sand 
extraction, are described in detail in D e g r e n d e l e  et al. (this vol­
ume); it is about 1 km long and 700 m wide, located along the 
western crest and beneath the “kink” in the central part of the 
sandbank (Figure 1.). The two swales adjacent to the Kwinte 
Bank are known, respectively, as the Kwinte (to the northwest) 
and the Negenvaam (to the southeast). The la tter is located be­
tween the Kwinte Bank and the Middelkerke Bank.

The Middelkerke Bank (Figure 1.) has a length of 12 km, 
a m ean width of 1,5 km and a height above the surrounding 
sea floor which varies between 8 m in the northeast, to 15 m 
in the southwest. The depth (MLLWS) varies between 4 m in 
the southwest, to 20 m in the northeast (T r e n t e s a u x  et al., 
1994). The swale on the northw estern side is known as the 
Negenvaam (see above), whilst the southeastern side of the 
bank borders the Uitdiep.

M ETH O DS  

Sam pling and P rocessing
Eight stations were sampled in February and November 

2004, over the central p art of the Kwinte Bank, together with 
4 stations on the adjacent Middelkerke Bank in November 
2004 (Figure 1.). The la tte r sandbank represents a reference 
area for medium-sized sands; th is sandbank lies outside the 
concession areas, having never been exploited. On the Kwinte 
Bank, 3 stations were located within the central depression 
(K5, K18, K6), 2 stations along its western border (K16, K17) 
and 2 at its eastern  border, a t the crest of the sandbank (K13, 
K19). The grouping of these stations is based upon an analysis 
of the extraction intensity at the different stations, un til ces­
sation of extraction in February 2003. The vessel “black-box” 
records indicated th a t stations K5, K18 and K6 have been dis­
tu rbed frequently. One station (K4) was sampled at the crest, 
in an unexploited p art of the bank associated with coarse sedi­
m ents lying just to the north of the depression on the Kwinte 
Bank. This station has been sampled to investigate if it can 
be considered as a reference for the coarse sediments, present 
over the western flank of the depression.

Macrobenthos samples were collected from each station u s­
ing a Van Veen grab; for each, 5 replicate grabs were obtained. 
From each of the grabs, a sub-sample was taken  with a 1.5 cm2 
perspex coring tube. These sub-samples were dried immedi­
ately at 60°C, for granulom etric analysis. The macrobenthic 
samples were first fixed with formaldehyde, then sieved on­
board over a 1 mm mesh-sized sieve. After staining with Rose 
Bengal, the samples were washed by décantation (repeated 10 
times), in the laboratory and over a 300 pm sieve, to retain  
fragm ented organisms. Anthozoa, Oligochaeta and Nem ertea 
were counted as groups and representatives of the Polychaeta, 
Mollusca, Archiannelida, Crustacea and Echinoderm ata were 
identified under a stereoscopic microscope to species level 
where possible.

Sediment sub-samples were sieved in the laboratory, u s­
ing a complete column of sieves (4000 to 63 mm). Grain-size 
param eters have been calculated according to the approach of
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F o l k  and Wakd (1957). Sediment classification was defined ac­
cording to the W entworth scale (W e n t w o r t h , 1922).

W ater depth m easurem ents were standardised to Mean 
Low W ater Springs (MLWS), using the M2 reduction model1.

Statistics
Differences in  macrobenthos density (log(x+l) transformed) 

and species richness (untransformed), between both sampling 
periods and the different locations distinguished for the Kwin­
te Bank and the Middelkerke Bank, were analysed by means 
of a two-way ANOVA. Overall significant differences were 
pairwise-compared using the Tukey honest significant differ­
ence test, for unequal sample sizes. For the non-param etric 
data, such as the percentages and abundances of particular 
taxa, the Kruskall-W allis ANOVA by Ranks was preferred; af­
ter this, overall significant differences were further pairwise- 
analysed, following C o n o v e r  (1971). All of the univariate s ta ­
tistical analyses were performed with STATISTICA software 
(Microsoft, StatSoft, Inc., 2000).

An ordination was performed on fourth-root transform ed 
absolute species abundances. A Detrended Correspondence 
Analysis (DCA, H il l , 1 9 7 9 )  and a Canonical Correspondence 
Analysis (CCA, H il l  1 9 7 9 )  were selected as indirect and direct 
gradient analyses, respectively, to illustrate the (d issim ilari­
ties in species composition, between different periods and loca­
tions; likewise, to relate them  to sediment characteristics.

depression a t the Kwinte Bank and w ithin the reference area 
of the Middelkerke Bank, some differences in  sediment compo­
sition can be distinguished. In order to take into account sedi­
m ent composition, when comparing densities of specific taxa 
and genera between the depression and the reference area at 
the Middelkerke Bank, K5 will be compared with M l and M2; 
K6 w ith M4; and K18 w ith M3. However, these “station-to- 
station” comparisons correspond to a relatively low power of 
the analysis, to detect significant differences.

B iological Param eters
Density, species number and macrobenthos taxa composi­

tion have been compared, between: (a) the western border of 
the depression; (b) the depression; (c) the eastern border of the 
depression; (d) the unexploited part to the north of the central 
depression; (e) and the entire Middelkerke Bank, as an undis­
turbed reference area. Seasonal differences, between February 
and November 2004, have been assessed for the Kwinte Bank.

Density and sp ecies num ber
In November 2004, essentially higher densities were re­

corded than  in February 2004 (Figure 3.). However, such sea­
sonal differences were only significant for the eastern  border 
of the depression (p < 0,05). Similarly, the species number 
increased, in general, from February to November 2004, but

RESULTS

Sedim ent Characteristics
A gradient can be discerned over the Kwinte Bank, rang­

ing from very coarse sediment to the north  of the depression 
(station K4), through the slightly less coarse w estern border 
and the heterogeneous sediments of the depression, towards 
the finer sediments a t the eastern  border of the depression 
(Figure 2.).

The depression is characterised by relatively high percent­
ages of fine sand, compared to the other locations. W ithin the
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1 (Flemish Hydrography, Division Coast, Agentschap voor Maritieme Dienstver­
lening en Kust (MDK), of the Flemish Public Administration).

Figure 3. Macrobenthos density per station, a t the different locations 
of the Kwinte Bank and a t the M iddelkerke Bank, for February 2004 
(light grey bars) and November 2004 (darker shaded bars). Note: for 
station locations, see Figure 1.
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Figure 2. Average sedim ent composition a t the sam pling stations of 
the Kwinte Bank and the  M iddelkerke Bank. The average m ean grain- 
size is listed for each station, a t the  top of the column. Note: for station 
locations, see Figure 1.
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Figure 4. Macrobenthos species richness per station, a t the different 
locations of the Kwinte Bank and a t the Middelkerke Bank, for 
February 2004 (light grey bars) and November 2004 (darker shaded 
bars). Note: for station locations, see Figure 1.
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Figure 5. Relative abundance per location a t the Kwinte Bank (Northern border, W estern border, Depression, E astern  border) and the  Middelkerke 
Bank (reference location) for different macrobenthos taxa: (a) Annelida; (b) Crustacea; (c) Mollusca; and (d) Echinoderm ata.

T able 1. Significant differences in the relative abundance of particular macrobenthic taxa, between the different locations on the Kwinte Bank and 
the Middelkerke Bank. Key: * — p < 0,5; ** — p < 0.01; and *** —p<  0.001. Note: for the station locations and their description, see Figures 1. and 2.

T axon A n n elid a

Location Station  4 W estern  border Depression Eastern border R eference a rea

S ta tion  4 * *** *** n.s.
03Ctí W estern border ** ** n.s. n.s.
cctí-O

Depression *** *** n.s. ***

E aste rn  border *** *** n.s. **

Reference area ** n.s. *** ***

T axon M ollu sca

Location Station  4 W estern  border Depression Eastern border Reference area
cC
'S S tation  4 n.s. ** *** ***
B
03 W estern  border n.s. n.s. *** ***
Otí Depression n.s. n.s. * *

O E aste rn  border * n.s. * n.s.

Reference area *** * *** n.s.
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Table 2. Significant differences in density of particular macrobenthic taxa between the different locations at the Kwinte Bank and the Middelkerke 
Bank (* = p < 0,5, ** = p < 0.01, *** =p < 0.001).

T axon O p h iu ra  sp e c ie s

Location Station  4 W estern border Depression E aste rn  border Reference area

£3 Station  4 n.s. n.s. n.s. n.s.

E
ch

in
oc

ar
di

co
rd

at
ui

r

W estern border n.s. * n.s. n.s.

Depression * ** ** ***

E aste rn  border n.s. n.s. n.s. n.s.

Reference a rea n.s. n.s. * n.s.

T axon A m p hip od a

X.0)
'50)

Location Station  4 W estern border Depression E aste rn  border Reference area

Station  4 * *** *** *
¡X
es

'<3
-c
srC
eS

W estern border n.s. ** n.s. n.s.

Depression ** * n.s. ***

E aste rn  border n.s. n.s. n.s. *

m
Reference a rea n.s. n.s. * n.s.

T axon T e llim y a  ferru g in o sa

Location Station  4 W estern border Depression E aste rn  border Reference area

n.s. * n.s. n.s.

W estern border ** n.s. n.s.

D epression n.s. **

E aste rn  border n.s.

significant only in the depression (p < 0,01). Only to the north 
of the depression (Station K4), the species num ber decreased 
slightly between the two sampling periods.

Density and species num ber were significantly higher at 
Station K4 (p < 0,005, p < 0,0005, respectively), in comparison 
with all the other Kwinte Bank locations, in February 2004. 
This difference still existed for density in November 2004, 
but was not observed anymore for the species number, since 
the species num ber in November decreased at station 4 and 
increased at the other stations in comparison with February 
(Figure 4.). Density and species richness are also significant­
ly higher at station K4, in comparison with the entire Mid­
delkerke Bank (p < 0,0005 and p < 0,05, respectively).

Density or species num ber data do not perm it differenti­
ation of the depression, from its western border or from its 
eastern  border, for neither of the two periods. The depression 
is characterised by an interm ediate density, between those of 
the western and the eastern  borders. The species num ber was 
very sim ilar over the entire central p art of the Kwinte Bank, 
without any distinction between the depression and the w est­
ern or the eastern  borders. No differences could be detected, in 
term s of density or species number, between the central part 
of the Kwinte Bank and the entire Middelkerke Bank.

T axon com p osition
In contrast to the findings concerning to tal macrobenthic 

density and species num ber (see above), clear differences in 
taxon composition could be detected between different loca­
tions on the Kwinte Bank.

The relative abundance of Annelida was clearly lowest 
in the depression and differed significantly from the coarser

sedim ents of Station K4 (northern border), the western bor­
der, and the Middelkerke Bank (Figure 5a. and Table 1.). The 
lowest relative abundance of Annelida corresponded with the 
highest relative abundance of Crustacea, within the depres­
sion (Figure 5b.).

The contribution of molluscs decreases from the coarsest 
undisturbed  part, over the  w estern border of the depres­
sion and the depression, tow ards the eastern  border and the 
M iddelkerke Bank (Figure 5c.). The depression is associ­
ated  with an interm ediate am ount of molluscs. Values for

Table 3. Significant differences in density of particular macrobenthic 
taxa, between specific stations in the depression of the Kwinte Bank and 
stations with a similar sediment composition to that at the Middelkerke
Bank. (* - p  < 0,5, ** =p< o.Ol, *** =p <0.001).

K5 com p a red  
to  M l - M 2

K6 com p ared  
to  

M4

K18 com p ared  
to  M3 or  K16 - 

K17 (1)

Annelida * n.s. n.s.

Crustacea * * * *

Mollusca n.s. * n.s.

Echinodermata * * * n.s.

Ophiura *** * n.s.

Echinocardium n.s. n.s. *d)
Amphipoda * * n.s. *

Bathyporeia * n.s. n.s.

Tellimya n.s. n.s. n.s.
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the depression are significantly lower th a n  at Station K4; 
they are significantly higher th an  the easte rn  border and on 
the M iddelkerke Bank (Table 1.). A sim ilar decreasing lin ­
ear tren d  can be identified for the echinoderms (Figure 5d.). 
However, for th is taxon the depression yields the highest 
relative abundance;it is slightly greater th an  at S tation K4, 
and significantly more th an  over the eastern  p art and the 
M iddelkerke Bank (Table 1.).

Trends in the distribution of these taxa, over different loca­
tions at the Kwinte Bank, could be detected for both periods.

In summary, the depression yields relatively less annelids 
and more crustaceans and echinoderms, than  any of the sites; 
likewise an interm ediate num ber of molluscs between the 
coarser sediments, to the west and north, and the sedim ents of 
the eastern  border and the Middelkerke Bank. The depression 
shows a somewhat higher sim ilarity to the western border, 
for the relative abundance of molluscs and echinoderms, and 
seems more sim ilar to the eastern  border in relation to the 
realtive abundance of annelids and crustaceans.

The particular characteristics of the depression were con­
firmed also by the DCA- and CCA analyses (Figure 6.). Station 
K4 is separated clearly from the other locations and is related 
closest to the western border; this, in turn, is characterised 
by an impoverished coarse sand community. The Middelkerke 
Bank shows approximately the highest sim ilarity to the w est­
ern border of the Kwinte Bank, along the first axis, whereas 
the eastern  p art and (clearly) the depression are separated 
along the second axis. On the CCA-plot, some species th a t can

be associated with the differences in species composition of the 
stations, w ithin the central depression, have been plotted.

Figure 7. illustrates th a t the depression yields higher mean 
densities of Ophiura species (13 ind./m2), Echin ocardium corda­
tum  (11 ind./m2), Tellimya ferruginosa (9 ind./m2), Amphipoda 
(145 ind./m2) and, in particular, Bathyporeia species (70 ind./ 
m2) (see Table 2. for significant differences), than  the other lo­
cations. These species are im portant in distinguishing the dif­
ferent areas within the DCA- and CCA analyses. Significant 
differences for all of these taxa were obtained for both February 
and November 2004. Comparing each station of the depression, 
with stations having similar sediment characteristics as at the 
Middelkerke Bank, thus reducing the power of the analysis, 
many of the differences remain significant (Table 3.).

D ISC U SSIO N

D ensity and S pecies N um ber
Impacts of dredging activities on macrobenthos are well 

documented elsewhere and describe changes in density, diver­
sity and community structure (see B oyd  et al., 2003; N e w e l l , 
S e id e e e e , and H it c h c o c k , 1998, for references). As a result of 
sand extraction, a decrease in macrobenthic density and spe­
cies richness can be expected (D e s p b e z , 2000; N e w e l l , S e id e e e e , 
and H it c h c o c k , 1998). Dredges impact directly upon the species 
th a t live on or near the seafloor, as the dredge pipes physically 
disturb the habitat, when they are dragged across the seafloor.
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As study, the direct impacts, through the removal of the fauna, 
are undeniable. V a n o s m a e l  et al. (1979) studied the removal of 
macrobenthic organisms by sand extraction in- situ in Belgian 
territorial waters, by following the dumping of dead and live 
organisms by the sand extraction vessel. 45 % of the animals 
retained on the sieve aboard the vessel, then dumped into the

sea, were fatally damaged; these accounted for 70 % of the bio­
mass. Molluscs contributed mainly to this percentage of fatally 
damaged fauna. Sampling the extraction site before and after 
dredging revealed a reduction in the macrobenthic abundance, 
by 80 % (V a n o s m a e l  et a l, 1979). In the present study, no dif­
ferences in density and species richness could be detected, be-
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tween an intensively exploited area and the reference sites on 
the Middelkerke Bank. The higher density at Station K4 is re­
lated mainly to the naturally higher abundance of interstitial 
polychaetes, within these coarse sediments (V a n o s m a e l  et al., 
1982). Data presented in th is study date are characteristic of 
the depression, after or during ecological recovery, since dredg­
ing over this area has been prohibited since February 2003. 
Hence, post-extraction characteristics are described for an area, 
topographically and geomorphologically altered by sand extrac­
tion; this, in turn, may imply lasting ecological differences with 
the natu ra l surroundings. Communities inhabiting sandy sedi­
m ents are m aintained in a transitional state by natural envi­
ronmental disturbance and are likely to recover within a period 
of 2-3 years, after the cessation of dredging (N e w e l l , S e id e e e e , 
and H it c h c o c k , 1998). The rate of recovery is highly variable, 
depending upon the type of community, the latitude and the 
extent to which the community adapts naturally  to high levels 
of sediment disturbance and suspended particulate load (N e w ­
e l l , S e id e e e e , and H it c h c o c k , 1998). According to R e e s  (1987), 
colonisation by a range of infaunal species will occur in soft 
sediments within weeks or months, depending upon season, 
largely through larval recruitment. Also, diversity will increase 
by the immigration of invading species. According to N e w e l l , 
S e id e e e e , and H it c h c o c k , (1998), density is the first community 
param eter which reaches the pre-disturbance level, one year af­
te r the cessation of the disturbance activity. Subsequently, the 
species richness stabilizes following potential increase during 
the period over which the community evolves into its final state. 
Since sampling for the present study has taken place one year 
after the cessation of dredging, the direct effects of the d istur­
bance are not being detected anymore; as such, the community 
represents a transitional state. V a n a v e k b e k e  et al., (2007) have 
ilustrated recently th a t macrobenthic density and diversity in 
the Kwinte Bank central depression was low, immediately fol­
lowing the cessation of dredging (March 2003), increasing dis­
tinctly one year later.

S pecies C om position
The depression is distinguished clearly from its surround­

ings, on the basis of geomorphological and sedimentological 
characteristics (B e l l e c  et al.; D e g r e n d e l e  et al., th is volume). 
However, the differences in ecological param eters were not as 
straightforward.

V a n o s m a e l  et al. (1982) described two major communities 
on the Kwinte Bank, at the end of the 1970s: a rich commu­
nity over the northern  part of the sandbank, including Station 
K4, together with poorer central and southern communities. 
These communities correspond to the Nephtys cirrosa commu­
nity and the Ophelia limacina - Glycera lapidum  community, 
respectively; or, more particularly, to a transitional species 
association between these two communities (V a n  H o e y , D e - 
g e a e e , and V in o x  (2004)). In V a n  H o e y , D e g k a e k , and V in c x  
(2004) sieving live specimens understim ated the m ean density 
of the Ophelia limacina - Glycera lapidum  community, due 
to the high loss of in terstitia l polychaetes. The macrobenthic 
taxon compositions, detected between the different sites of the 
present study, all fall within the range of the species compo­
sitions described for the typical sandbank communities (V a n  
H o e y , D e g k a e k , and V in o x  , 2004). Stations K5 and K6 were 
sampled previously by V a n o s m a e l  et al. (1982). At th a t time, 
Station K6 was classified w ithin the southern Kwinte Bank 
community, bu t Station K5 showed a higher sim ilarity to the 
community found at S tation K4, than  in the present study.

Such a difference may be a consequence of the disappearance 
of very large dunes at th a t station, which were present in the 
1970's but have largely disappeared from the present depres­
sion (D e g r e n d e l e  et al., th is volume). The higher sim ilarity of 
Station K5 to Station K4, in the 1970's corresponded also with 
a higher sim ilarity in sediment characteristics, between both 
of the stations (V a n o s m a e l  et al., 1982).

Within the present study, significant differences have been 
detected in the relative abundance of annelids, crustaceans, 
echinoderms and molluscs and, in particular, Ophiura species, 
Echinocardium cordatum, amphipods (Bathyporeia species) 
and the bivalve Tellimya ferruginosa, between the different lo­
cations. The la tter species has a commensal relationship with 
E. cordatum (D a a n , M u l d e r , and V a n l e e u w e n , 1994). Urothoe 
poseidon is, an amphipod living in the burrow of the echinoid E. 
cordatum (G il l a n , R ib e s s e , and d e  R id d e r , 2004), was observed 
frequently also in the depression in the present study. E. cor­
datum  has been described as a typical species belonging to an 
equilibrium community and, as such, of the final stage after 
recovery took place (N e w e l l , S e id e e e e  and H it c h c o c k , 1998). 
An interesting observation is th a t the present state of the com­
munity in the depression yields more E. cordatum  individuals, 
than  were found on the eastern border or on the Middelkerke 
Bank, or during any of the sampling undertaken in the 1970's 
or 1990's (B o n n e , 2003; V a n o s m a e l  et al., 1982). E. cordatum 
has been described as one of the dominant species of the mac­
robenthic community found within the Belgian Coastal Banks 
(D e g r a e r  et al., 1999), where m aterial in suspension is gener­
ally higher than  over the Flemish Banks (G o v a e r e  et al., 1980). 
Since E. cordatum is a selective deposit feeder, it may be con­
cluded th a t the high abundance of E. cordatum in the depres­
sion (with a mean of 11 ind./m2), indicates th a t more organic 
m aterial may be deposited in the depression than  is normally 
the case on the surrounding sandbank crest. B e l l e c  et al. (this 
volume), have pointed out th a t fluid muddy layer is deposited, 
during the ebb phase of the tide, in the depression. Colonisation 
depends upon the availability of suitable food, but may occur 
opportunistically, through migration of adults into the area, or 
via larval recruitm ent (R e e s , 1987). Active migration of adult 
E. cordatum  individuals, to their most favorable habitat, has 
been observed (O z o l in ’sh  and N ek r a so v a , 2003). Sedimentation 
of organic m aterial is considered to permit the development of 
a dense population of E. cordatum . This species reworks the 
organic matter, into the sediment, which may have caused the 
bioturbation observed in the cores of the depression (B e l l e c  et 
al., th is volume). The higher echinoderm density confirms tha t 
the depression has similar sedimentological characteristics to 
these in the swale where, generally, much more organic m ate­
rial is available and denser macrobenthos communities and a 
higher bioturbation are found (B o n n e , 2003; T r e n t e s a u x  et al., 
1994; V a n  H o e y , D e g r a e r , and V in o x , 2004). Gastrosaccus spini­
fer occurred abundantly in the samples within the depression, 
indicating another similarity with the swale environment. At 
the Flemish Banks, mysids are significantly more abundant in 
the swales, than  on the sandbank crests (D e w io k e , 2001). At 
its southern end, the depression connects to the Kwinte Swale 
and is subject to strong flood tidal currents (B e l l e c  et al., th is 
volume; D e g r e n d e l e  et al., th is volume). Such currents cause 
erosion over the western part of the Kwinte Bank and induce 
hydrodynamic characteristics which are similar to the swale 
environment in the depression (G a r e l , this volume).

V a n a v e k b e k e  et al., (2007) did not identify any differences in 
taxon composition over the central p art of the Kwinte Bank re­
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lated to the lack of any taxon composition analyses, a t a small 
spatial scale. These investigators analysed to tal proportion 
of major taxonomic groups incorporating the data from all of 
the stations, w ithout distinguishing the w estern and eastern 
border, from the depression. Moreover, they sampled only the 
central and the northern  p art of the depression om itting the 
southern part of the depression, where the highest densities of 
E. cordatum  have been recorded in the present study.

The annelid, crustacean and echinoderm contributions, 
between the various locations, does not reflect a significant 
difference with the different communities, as they have been 
defined for the Kwinte Bank and other Belgian subtidal sand­
banks. On the Kwintebank, a transitional species association 
between the Nepthys cirrosa and the Ophelia limacina - Glyc­
era lapidum  community can be defined in general terms, 
characterised by mobile polychaetes (e.g. Nephtys cirrosa) 
and crustaceans (e.g. Bathyporeia spp.). Species contribution 
differences, between several combinations of transitional spe­
cies assemblages, exist but are not distinguished as a sepa­
rate  community on the larger spatial scale. The high mobil­
ity of the species, the poverty and the wide niche-width of 
the community, together with the extent to which the com­
m unity is adapted to high levels of sediment disturbance in 
these dynamic systems, makes it difficult to detect the effect 
of anthoprogenically-induced physical disturbance. Moreover, 
communities of high-stress areas are characterised by higher 
growth rates ( J e n n e s  and D u in e v e l d , 1985) and, hence, more 
capable of readjustem ent to the impact of dredging operations 
(D e s p r e z , 2000). Sand extraction has created a different habi­
ta t on the Kwinte Bank, to which the benthic fauna has ad­
justed, within the wide niche width of the community. Such 
adjustm ents do not mean th a t no change has been detected, it 
is just not significant on the larger spatial scale; it indicates 
that, locally, a sandbank environm ent has been created with 
greater sim ilarity to the swale system (than would naturally  
be the case). The evolution of the community depends upon 
th a t of the sediments and geomorphology and hydrodynam ­
ics, w ithin the depression. Nonetheless, it is unlikely th a t the 
original western flank will be restored, since the area is sub­
ject to erosion (B r iè r e  et al. th is volume; G a r e l , V a n  d e n  E y n d e  
et al., th is volume). In the longer term, it is anticipated th a t 
the sandbank will shift slightly to the east, to establish a new 
equilibrium (B r iè r e  et al., th is volume). In the la tte r case, the 
macrobenthic fauna in the depression will develop further to­
wards a typical “swale community”. Monitoring the northern 
depression on the Kwinte Bank, created also by sand extrac­
tion, will establish if the evolution in the north, where there is 
no connection between the depression and an ajoining swale, 
will differ from the observed trend  in the central depression.

C O N C LU SIO N S

• Macrobenthos density and species richness was sim ilar 
over the entire central p art of the Kwinte Bank and the 
Middelkerke Bank.

• Seasonal variation was less important, than  spatial differ­
ences.

• A depression created by sand extraction was characterised 
by a lower relative abundance of annelids (%), together with 
a higher relative abundance of crustaceans (%) and echino­
derms (%) than  its surroundings and an unexploited sand­
bank as reference location. Higher densities of Ophiura

species (13 ind./m2), Echinocardium cordatum  (11 ind./m2), 
Tellimya ferruginosa (9 ind./m2), Amphipoda ( 145 ind./m2) 
and, in particular, Bathyporeia species (70 ind./m2) were re­
sponsible for these higher taxon contributions.

• The central depression (which is probably not going to infill 
under prevailing hydrodynamic conditions) shows sim ilari­
ties to the swale environment, based also upon the mac­
robenthic fauna.

• The species composition observed in the depression com­
pares to the wide range of species assemblages described 
earlier for the Kwinte Bank together with other Belgian 
subtidal sandbanks.

• Sand extraction has created a local-different hab ita t on 
the Kwinte Bank, to which the benthic fauna has adjusted. 
Such small-scale change is not significant, within the con­
text of the larger scale of the sandbank system.
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ABSTRACT I

A basic requirement for allowing marine aggregate (sand) extraction on the Belgian Continental Shelf (which takes Hillii«» place on sandbanks) is that it should not result in major environmental changes. However, a tidal sandbank (Kwinte
Bank, Flemish Banks), exploited intensively since the 1970’s, has shown evidence of significant morphological changes 
with the development of a 5 m deep depression in its middle section; thus, since February 2003, sand extraction has 
ceased in this area in order to study the environmental impacts and the regeneration potential of the seabed. The 
present contribution synthesises the results of the multidisciplinary research, which has taken place in the area and, 
on the basis of these findings, considers the need for an efficient management framework, in both the planning 
and monitoring stages of the extraction. The investigation has shown that extraction has had significant impacts 
on the seabed sedimentary character and ecology and the local hydro-and sediment dynamic regime. Under these 
conditions, regeneration of the seabed is not likely in the short-term and, although modelling exercises have indicated 
possible recovery in the medium- and long-term, this is likely to be inhibited by the lack of appropriate sediments in 
the area. The results have provided the basis of the identification of a ‘suite’ of criteria, which can assist in the strategic 
planning/design of marine aggregate concession zones, the efficient management of marine aggregate extraction and 
the planning of effective environmental monitoring; these criteria are related to considerations on resource location, 
the nature/thickness of the targeted deposits, morphodynamics and sediment dynamics, biology and ecology and 
extraction practices. The Kwinte Bank investigation has demonstrated also the need for intensive monitoring schemes 
in order to identify the morphological, sedimentary and ecological impacts, related to the dredging activities. A 
critical part of these schemes should be the evaluation of the dredging-related effects, against the background of the 
natural dynamics of the seabed; thus, baseline information is crucial, as, in its absence, impact assessments are likely 
to remain inconclusive.

ADDITIONAL INDEX WORDS: marine aggregate extraction; dredging; environmental impact assessment; environmental 
monitoring; sustainable development; mining guidelines; seabed regeneration.

IN T R O D U C T IO N

The formulation of recommendations and guidelines, con­
cerning ‘the best practice’ in marine aggregate (MA) extraction 
is a complex issue, as it is driven by both ‘top-down’ considera­
tions (i.e. considerations related to the regulation and m anage­
ment of extraction activities) and ‘bottom-up’ constraints (i.e. 
constraints associated with the diagnosis and prognosis of the

DOI: 10.2112 / SI51-014.1 received 14 F e b ru a ry  2007; accepted  in 
revision  9 J a n u a ry  2008.

complex physical environmental processes). The regulation of 
MA exploitation is associated with different levels of legisla­
tion, consisting of international Conventions, European Direc­
tives and national laws; however, although all European Mem­
ber States have to comply with the rules prescribed by ratified 
international Conventions and the European environmental 
legislation, there are also significant differences in the m anage­
ment and regulation of MA exploitation between them. These 
differences stem mainly from the different approaches adopted 
by the Member States in the incorporation into their national 
legislation of the relevant environmental European Directives 
(particularly the Environmental Impact Assessment (EIA), the
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Strategic Environmental Impact Assessment (SEA) and the 
H abitats Directives), as well as from the particularities of the 
Member States’ adm inistrative structures (see R a d z e v ic iu s  et 
al., th is volume). Hence, the national regulatory framework, 
related to MA exploitation, is not consistent throughout E u­
rope, with a wide variety of processes and procedures existing 
in term s of resource policy, data and information management 
and research co-ordination and dissemination.

The main issue, involved in the regulation of MA exploi­
tation, is associated with resource sustainability, as well as 
with the environm ental impacts of the extraction and the ir as­
sessment. With respect to the assessm ent of the environm en­
ta l impacts, there are many different interpretations on how 
to identify ‘best practices’. This is due partly  to the presence 
of a large array  of hab itats along the European coast, which 
have different characteristics and are associated with differ­
ent environm ental risks, when being disturbed. In addition, 
there are disparities between the different EU Member States 
concerning the ‘know-how’ necessary to address effectively the 
various scientific problems associated with resource prospect­
ing and the environm ental impact of MA extraction (see also 
V e l e g r a k is  et al., th is  volume). Many of the environm ental ef­
fects of MA extraction are likely to be site-specific, but gen­
eral conclusions can be drawn from the results of site-specific 
research. Nowadays, developing technology and an increase 
in the efficiency of environm ental monitoring, in combination 
with innovative and effective research, allow an improved es­
tim ation of the effects of MA extraction.

Groups with industry-in terest (e.g. th e  European M arine 
Sand and Gravel Group (EMSAGG)), the In ternational Coun­
cil for the Exploration of the Sea (ICES) and Non-Govern­
m ental O rganisations (e.g. World Wildlife F und (WWF)) are 
working already on initiatives rela ted  to MA extraction and 
the promotion of appropriate research, to address problems 
at a supra-national (regional) level. W ithin ICES, the W ork­
ing Group on the  Effects of Extraction of M arine Sedim ents 
on th e  M arine Ecosystem (WGEXT) produces A nnual Reports 
including overviews of: (a) extraction activities; (b) seabed re ­
source m apping programmes; (c) approaches to environm ental 
impact assessm ents; and (d) rela ted  environm ental research 
developments. The group has also form ulated guidelines con­
cerning the inform ation which has to be collated/acquired in 
order to assess effectively the environm ental im pacts of MA 
extraction (ICES, 2003). The OSPAR Commission has sta ted  
th a t the OSPAR Contracting P arties should take  these guide­
lines into account, w ithin th e ir  procedures, for the au thoriza­
tion of the extraction of m arine sedim ents (see R a d z e v ic iu s  
et al., th is  volume). According to the  ICES guidelines (ICES, 
2003), wide-ranging inform ation is required for evaluating 
the physical im pacts of MA extraction, i.e. inform ation on: 
(1) the im pacts of sedim ent extraction on the coastal and off­
shore sedim entary and hydrodynamic processes, including 
potential draw-down of neighbouring beaches, changes to 
sedim ent supply and transpo rt pathw ays and modifications 
to wave and tida l regimes; (2) potential changes to the sea­
bed morphology and sedim ent type; (3) exposure of different 
substrates; (4) changes in the behaviour of bedforms, w ithin 
the extraction and adjacent areas; (5) the potential risk  of the 
release of contam inants during aggregate dredging and ex­
posure of potentially  toxic n a tu ra l substances; (6) the tra n s ­
port and redeposition of fine-grained sediments, which are 
either resuspended by the dredging activities or are released 
into the w ater column through hopper overflow or on-board

aggregate processing; (7) the effects on the w ater quality of 
increases in the concentration of resuspended fine m aterial; 
(8) changes in local w ater circulation, resulting  from removal 
or creation of topographic features on the  seabed; and (9) the 
tim e-scale for potential physical “recovery” of the seabed. In 
order to assess the biological impacts, ICES guidelines rec­
ommend studying: (1) changes in the benthic community 
structure and in any ecologically-sensitive species, or hab ita t 
th a t may be vulnerable to extraction operations; (2) the ef­
fects of aggregate dredging on pelagic biota; (3) the im pacts 
on the fishery and shell fishery resources, including spawn­
ing fish, nursery  areas, over-wintering grounds for ovigerous 
crustaceans and known routes of migration; (4) the effects on 
trophic relationships, e.g. between the benthos and dem ersal 
fish populations; (5) the im pacts on sites designated under 
local, national or in ternational regulations (see above); (6) 
ra tes and modes of recolonisation of exploited sites, taking 
into account in itial community structure, n a tu ra l tem poral 
changes, local hydrodynam ics and any predicted changes in 
sedim ent type; (7) the  effects on m arine flora and fauna, in ­
cluding seabirds and mammals; and (8) the im pacts on the 
ecology of boulder fields/stone reefs.

The aim of the presen t contribution is to presen t and 
evaluate the  procedures concerning some of the topics iden ti­
fied in the ICES guidelines and to provide recom m endations 
on the im provem ent of some aspects of the  environm ental 
monitoring of MA extraction sites. Toward th is  objective, the 
resu lts obtained from the environm ental m onitoring of the 
central p a rt of the Kwinte Bank (Flemish Banks, southern 
North Sea), where a depression has formed due to intensive 
MA extraction, are synthesised and discussed. Physical, 
ecological and potential cum ulative im pacts are evaluated, 
w hilst a suite of criteria is provided which can assist in lim ­
iting the environm ental im pacts of MA extraction. Finally, 
a more general methodological research framework is pro­
posed, together with recom m endations on th e  refinem ent of 
monitoring schemes.

BA CKGROUND T O  T H E KWINTE BANK MA 
EXTRACTIO N

The topics, included in the ICES guidelines, are discussed 
w ith reference to the Kwinte Bank (see Figure 11., V e l e g r a k is  
et al., th is  volume); th is is a tidal sandbank situated  in the 
southern North Sea, on the Belgian Continental Shelf in wa­
te r  depths of -8 to -25 m MLLWS (mean lowest low w ater level, 
at spring tides) (Figure 1.). MA extraction commenced on the 
bank in the 1970’s and, from 1997 until 2003, 75 % (11,620,000 
m s) of all the Belgian MA extraction was related to th is sand­
bank. Since 2003, MA extraction activities have seized on the 
bank, in order to evaluate the environm ental impacts and 
monitor changes and recovery rates (see V a n  L a n c k e r  et al., 
th is volume). As such, the Kwinte Bank provides an ideal ex­
ample for the investigation of the impacts of MA extraction, 
w ithin a tidally dominated environment.

W ithin Belgium, sediment removal from sandbanks is, for 
each individual extraction activity, restricted to an excavation 
depth of 0.50 m; as such, only the upper surface sediments 
are removed. This approach has been considered to cause only 
minimal environm ental impacts, as it has long been believed 
th a t sandbank m aintenance processes would counterbalance 
the loss of the extracted sediments (V a n  L a n c k e r  et al., th is
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F ig u re  1. Concession zones on th e  B elgian C o n tinen ta l Shelf. The 
m ore offshore exploration  zone for fu tu re  m arin e  aggregate  extraction  
is in  cheated also.

volume). Since 1976, the exploited sandbanks have been moni­
tored and, un til recently, only lim ited physical environm ental 
impacts had been reported. However, in 2000, a depression 
(5 m deep, 700 m wide and 1 km long) was identified along 
the most intensively exploited upper part (crown) of the sand­
bank (see Figure 3., D e g r e n d e l e  et al,, th is  volume). To allow 
regeneration of th is  section of the sandbank, sand extraction 
has been prohibited, since February 2003. M ultidisciplinary 
research programmes, covering a 2-year period, have been 
set-up to address the regeneration potential, from a physical 
and ecological perspective; these have been based upon state- 
of-the-art methodology and instrum entation. The physical 
impact of extraction, on the seabed, has been assessed using 
hydro-, sediment- and morphodynamic modelling and cali­
brated/validated using in-situ measurem ents. The ecological 
impact was focussed upon the macrobenthos and included a 
comparison between exploited and non-exploited sandbanks. 
The framework for the investigations, together with the is­
sues arising after 30-year of monitoring, are discussed in V a n  
L a n c k e r  et al. (this volume).

A part from the impacts related to the depression area of 
the sandbank, the long-term monitoring results did show a 
significant loss of the to tal bank’s volume ( N o r r o  et al., 2006). 
Moreover, De M o o r  (2002) had reported a general erosive 
tendency for the whole of the Flemish Bank region, including 
both exploited and non-exploited sandbanks, w ith the swales 
between the banks being either stable or slightly erosional. 
This pattern  indicates th a t aggregate extraction may not be 
the only cause for the observed erosive trends; nonetheless, it 
em phasises the need for a more sustainable exploitation ap­
proach.

SYNTHESIS O F T H E NEW  RESULTS 

Physical Im pacts
B e l l e c  et al. (this volume) and D e g r e n d e l e  et al., (this vol­

ume) studied the geology, morphology and sedimentology of the 
Kwinte Bank and its central depression. Comparing bathym et­
ric profiles obtained in 1992 and 1999, a difference of up to 6 m 
was observed between the deepest part of the depression (-16 
m MLLWS) and the former crown (-10 m MLLWS) of the sand­
bank; in comparison, the western swale remained stable, at 
around —25 m MLLWS (D e g r e n d e l e  et al., th is volume). Follow­
ing cessation of dredging activities, the depression’s bathym etry 
remained quite stable and its morphodynamics became similar 
to those of the adjacent, non-exploited crown of the sandbank 
(D e g r e n d e l e  et al,, th is volume). No clear evidence of morpho­
logical regeneration could be established, at least over a 2-year 
observation period. The depression could be distinguished also 
from its surroundings on the basis of acoustic imagery and 
seabed classification. Large dunes were found also in the de­
pression, but they were characterised by locally lower heights, 
whereas their steep face was observed to be pointing progres­
sively towards the NE, i.e. in the direction of the flood flow (B e l ­
l e c  et al,, th is volume). Interestingly, a lot of the dunes, found 
within the depression, appear to have uninterrupted crests (see 
Figure 3., D e g r e n d e l e  et al., th is volume), suggesting early re­
covery of the basic bedform morphology.

Intensive sediment sampling showed th a t the sandbank 
might be divided into subareas, each with a particular sedi­
m entary character (B e l l e c  et al., th is volume). The seabed 
of the depression showed a wide range of fine- to medium- 
grained sediments, with variable shell content, whereas, the 
sedim ents in the surrounding areas of the bank were found to 
consist of poorly-sorted and coarse-grained, shelly sediments 
in the west and reasonably homogeneous, well-sorted, finer- 
grained sediments in the east. The observations indicated 
th a t the depression might act as a ‘transport corridor’ for 
shelly material, transported  by the flood flow. Over a 2-year 
period, the overall sediment characteristics in the depression 
rem ained fairly consistent, suggesting very lim ited sediment 
exchanges. However, the evolution of the mean grain size of 
sediments, within the depression, showed trends resembling 
those of the more heterogeneous swale sediments; as such, 
these sediments are different from those anticipated for the 
crown of a sandbank. W ithin the depression, observations ob­
tained during the ebb (flow in a SW direction), have revealed 
the presence of ephem eral muddy deposits; th is indicates th a t 
the depression has the potential to trap  also fine-grained sedi­
ments. Combined with the shelly coarser-grained material, 
brought in by the flood flow, th is might initiate a slow regen­
eration of the depression.

The potential for sediment transport towards the depression 
and, hence, for natu ra l regeneration, has been studied on the 
basis of short-term hydro-sedimentary observations (G a r e l , 
th is volume). Tidal cycle measurements, carried out under 
reduced wave activity, have shown differences between the 
near-bed tidal ellipses and the across-bank component of the 
peak (ebb and flood) flow inside the depression and those at the 
crown of the bank. Divergent net sand transport was predicted 
for the area of the depression, suggesting seabed erosion. Sedi­
ment transport pathways were investigated also on the basis 
of grain size trend analysis ( P o u l o s  and B allay , th is volume). 
Two main transport pathways were identified: (a) to the NE 
(flood-directed) in the central depression and along the western
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F igu re  2. Concession zones an d  g rain  size (m edian g rain  size after V erfaillie, V an L ancker, a n d  V an M eirvenne, 2006) d istribu tion  of th e  surficial 
sed im en ts of th e  K w inte B ank  an d  su rro u n d in g  areas . The crestlines of la rg e  to very  large  subaqueous dunes a re  also show n on th e  F igure , as well 
as th e  type of se d im e n ta ry  env ironm en ts an d  th e  m ajor tra n sp o r t sed im en t pa th w ay s (for details, see text). The location of th e  cen tra l depression 
is in  cheated.

flank; and (b) to the SW (ebb-directed) along the gentle eastern 
slope of the Kwinte Bank; these results contrast to those of a 
previous similar study over the Kwinte Bank (Gao et al., 1994), 
which had suggested across-bank sediment transport mainly. 
Generally, it appears th a t the central depression acts more as a 
transit area, than  as a depocentre, for the sediments.

Process-based, ‘bottom-up’ modelling has been used to inves­
tigate the general seabed dynamics of tidal sandbanks (B r iè r e  et 
al., th is volume, and V a n  d e n  E y n d e  et al,, this volume). Gener­
ally, there was good agreement between the derived numerical 
results and the obtained field measurements. Flood and ebb tidal 
flows were found to dominate the western and eastern flanks of 
the Kwinte Bank, respectively, whereas the overall residual cur­
rents were found to be mainly towards the WSW, indicating ebb- 
dominance for this part of the bank. In addition, distinct erosion/ 
deposition patterns were simulated; these appeared to be similar, 
for different levels of dredging-induced lowering of the sandbank 
(V a n  d e n  E y n d e  et al,, this volume). Under such conditions, no 
destabilisation of the sandbank was indicated. Modelling of the 
sediment transport under wave-current interaction was under­

taken, as the crests of shallow tidal sandbanks have been shown 
to be particularly vulnerable to wave action; as such tidal erosion/ 
deposition patterns may change, according to superimposed wave 
activity (G ia r d in o , V a n  d e n  E y n d e , and M o n b a liu , this volume). 
The modelling showed a high increase in sediment transport, but 
also a change in direction of the net flux of sediments (G ia r d in o , 
V a n  d e n  E y n d e , and M o n b a liu , this volume). The dominance of 
the ebb flow along the eastern flank can be suppressed by south­
erly (or SW) winds, which is the prevailing wind direction over 
this area. Previous studies (V a n  C a u w e n b e r g h e , 1971) had indi­
cated tha t the sandbanks have not migrated; this might be due to 
the long-term balancing out’ of the sediment transport over the 
bank under the influence of waves, i.e. the sediment transport 
under the combined action of tidal currents and (relatively low) 
waves along the eastern flank and the sediment transport due to 
tidal currents and higher waves along the more exposed western 
flank (G ia r d in o , V a n  d e n  E y n d e , and M o n b a liu , this volume).

The long-term impact of sand extraction has been modelled, 
using complementary approaches, which combined the benefits 
from numerical, ‘bottom-up’ modelling and idealised models
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Table 1. Evolution of the central depression, after cessation of 
dredging. Indications of erosion. The references can be found in this 
Special Issue.

Methodology Indications of an erosional trend
Multibeam bathymetry The depression is 5 m deeper than the

surrounding sandbank and since 2003; there 
is still a minor increase in depth (natural 
processes?). Large sand dunes are lower in 
height and move faster in the depression 
than outside of it (Degrendele et al.).
The higher current speeds likely prevent 
deposition during the flood (Bellec et al.).
Temporal grain size trends in the depression 
resemble more the evolution of sediments 
in the swale; they differ significantly from 
those along the crest of a sandbank (Bellec 
et al.). Along the axis of the depression, 
significant NE directed sediment transport 
is indicated, on the basis of grain size trend 
analysis (Poulos and B allay). The presence 
of the depression is more a sediment transit 
area, than a depocentre, (Bellec et al., and 
Poulos and Ballay).

Due to the canalisation of the flow, there 
is a stronger erosional potential during 
flood. A divergence of net sand (bed load) 
transport has been calculated inside the 
depression, with net erosion during the 
tidal cycle (Garel).

Process-based model Throughout a tidal cycle, erosion over the
Delft 3D central depression was modelled (0.001 m

of erosion during 10 days, in the absence of 
waves) (Brière et al.).

MU-SEDIM and Without atmospheric conditions and waves
SISYPHE models being taken into account, erosion occurs in

the depression and on the western flank 
of the sandbank (Van den Eynde et al.). 
Giardino et al. demonstrate higher sediment 
transport capacities and changing residual 
transport directions, under the combined 
action of tidal currents and waves.

Biological sampling No further impoverishment, but a species
composition difference has been observed 
within the wide niche width of the sandbank 
transitional species assemblages, with lower 
relative polychaete and higher relative 
crustaceans and echinoderms abundance. 
Nonetheless, similar macrobenthos density 
and species richness exists (Bonne).

(B rière et al., this volume). The latter showed that the expected 
long-term trend of an excavated area is recovery, resulting in 
a new sandbank equilibrium. Such long-term predictions con­
trast to those by the morphodynamic observations (D egrendele 
et al., this volume) as well as to those indicated by the hydrody­
namic observations and the short-term, ‘bottom-up’ modelling 
(see above); these do not suggest regeneration for the area of the 
depression. Such differences between the idealised modelling 
results and those by the other approaches might be due to the 
basic assumption of the modelling used, i.e. the presence of an 
infinite source of sand in the area, which, in reality, is not the 
case (Le  B ot et al., 2003, for an overview).

The impact of the different levels of the lowering of the 
sandbank (see above), on the coast, has been studied also

Table 2. Evolution of the central depression, after cessation of 
dredging. Indications of recovery. The time-scale and the significance 
of the process is provided. The references can be found in this Special 
Issue.

Method Indications of recovery Time-scale
Multibeam Slight tendency for a relative 3 years
backscatter increase in fine sediments, in the (Significant?)
classification depression (Degrendele et al.).

Sediment Central depression appears to trap
sampling shelly and coarse-grained material

(Bellec et al.), albeit locally. 
Deposition of mud, under ebb and 
neap tidal cycle conditions (not 
observed on the crest) (Bellec et al.)

Hydrodynamics
(ADCP/S4)

Convergence of net sand transport, 
at the bank’s crest (Garel).

Tidal cycle, 
Significant

Process-base d 
model (Delft3D)

Residual transport direction from the 
SW (swale) towards the NE, over the 
sandbank crest (Brière et al.).

Two weeks, 
Significant

Idealised
modelling

On the long-term (100 years), the 
system tends to a new equilibrium, 
displaying recovery of the depression 
(Brière et al.).

100 years

Biological
sampling

Macrobenthic species assemblage 
has changed slightly, but develops 
well (Bonne).

3 years, 
Significant

within the context that intensive offshore dredging would in­
crease a 1000-year wave height (Verwaest and V erelst, 2006). 
However, no significant impact could be deduced. This is con­
sidered to be due primarily to the large distance (>12 km) of 
the extraction site from the coast, together with the presence 
of other sandbanks between the Kwinte Bank and the coast 
that leads to a significant dissipation of wave energy.

For environmental and resource management purposes, 
the physical information available from the Kwinte Bank is 
synthesised in Figure 2. The most economically interesting (in 
relation to the MA industry) grain sizes (> 300 pm) are found 
to the north of the Flemish Banks, although patches of coarser 
grain sizes occur, locally, in the remainder of the concession 
zones, where fine to medium sands prevail. The asymmetry 
of the large and very large subaqueous dunes indicates flood- 
dominance along the western steep flank and ebb-dominance 
along the gentle eastern slope of the Kwinte Bank. Modelling 
results, concerning areas of erosion and deposition, in the wid­
er area, over a 30-year period (B rière et al., this volume), indi­
cate mostly erosion in the swale areas (+/- 1 m) and along the 
western steep flanks of the banks, together with the kink are­
as. In comparison, the eastern gentle flanks of the banks have 
been predicted to be deposit ion al; this is also the case with the 
highest part of the crown of the Kwinte Bank that is situated 
more towards the south. According to the inferred sediment 
transport pathways, the sedimentary cover in the swale to the 
west of the Kwinte Bank could be a potential source of sedi­
ments to the depression area. However, the grain size is finer 
than in the depression and the thickness of the Quaternary 
cover in the swales is less than 2.5 m to absent (Le  B ot et al., 
2003, for an overview). Hence, the major source of coarse sand 
(> grain size 300 pm), needed to rebuild this section of the 
bank, is located to the north of the depression.

Surficial sediment 
sampling

Hydrodynamics
ADCP-S4

Event
related,
Significant
(Significant?)
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B io lo g ica l/eco lo g ica l im pacts
The natu re  and vulnerability of benthic communities to MA 

extraction on the Kwinte Bank, has been investigated using 
macrobenthic fauna sampling (B o n n e , th is volume). Sampling 
stations were located within the central depression, along its 
sides and outside the exploited area. In addition, the adjacent, 
non-exploited Middelkerke Bank (Figure 1.) was also sam ­
pled, for reference purposes. Compared to the historical data 
from the Kwinte Bank and the reference stations on the Mid­
delkerke Bank, crustaceans and echinoderms have become 
more im portant over the area of the depression; th is suggests 
a greater sim ilarity between the depression and a swale envi­
ronment. The difference in species composition in the depres­
sion can be considered within the wide niche w idth of the sand­
bank transitional species assemblages, described previously 
for the Kwinte Bank and the Belgian Continental Shelf (V a n  
H o e y , D e g r a e r , and V in o x , 2004). On th is basis, sand extrac­
tion appears to have created a ‘locally-different’ hab itat on the 
Kwinte Bank, with adaptation of the benthic fauna; however, 
the changes have not been found significant, at least on the 
scale of the sandbank system. It m ust be noted, th a t within 
the framework of the present investigation, only the macrob­
enthos has been considered. V a n a v e r b e k e  et al. (2007) have 
discussed elsewhere the ecological effects, based upon changes 
in macrobenthic, nem atode and copepod communities, includ­
ing also an evaluation of the ir short-term  recovery, after the 
cessation of dredging. The conclusions pointed out th a t even 
without morphological changes, the increased dynamics, in ­
troduced by the creation and filling up of the dredging furrows 
would affect the benthos.

E rosion /recovery  trends
Trends in the evolution of the depression after cessation of 

dredging, based on the results of the present investigation are 
listed in Tables 1. and 2. It appears that, in the short-term, 
erosion dominates, whilst recovery seems appropriate over the 
medium- to long-term.

D ISC U SSIO N  A N D  RECOM M ENDATIONS

M arine environm ents are dynamic and complex and 
the ir knowledge base is limited; thus, many changes are not 
observed un til it is too late for a rigorous dem onstration of 
cause and effect (T h r u s h  et al., 1 9 9 8 ) .  The same applies to the 
Kwinte Bank, as it was only after the formation of a 5 m deep 
depression along the crown of the sandbank, th a t an intensive 
research strategy was established. The results of the morpho­
logical, sedimentological and biological surveys, carried out 
following the cessation of dredging, have not revealed any 
significant recovery of the depression, at least over a 2-year 
observational period. The fact th a t such depressions develop 
indicates th a t sandbanks should not be considered as infinite 
resources of renewable MA deposits.

The identification of best practice in MA extraction from 
tidal sandbanks is linked, inherently, to the consideration 
of w hether renewable or non-renewable sedim ents are being 
extracted; this, in turn , has im plications on sustainability. 
Guidelines on sustainable exploitation have been described 
by W e l l m e r  and B e c k e r - P l a t e n  (2002), who addressed the 
sustainability  of m ineral resources, in general. For renew ­
able resources, “the rate o f consumption should not exceed the 
rate at which they are regenerated”. Non-renewable resources

imply th a t “ the consumption should not exceed the amoun t 
that can be replaced by functionally equivalen t renewable re­
sources, or by attain ing a h igh er efficien cy in the use o f renew­
able or non-renewable resources”. Moreover, these investiga­
tors observed “material and energy input into the environ­
ment should not exceed the capacity o f the en viron m en t to ab­
sorb them with m inim al detrimen tal effects". Likewise, th a t 
“ the rate o f an thropogen ic input and en viron men tal interfer­
ence should be measured against the time required for na tu ­
ral processes to react and cope with en vironmen tal change". 
Such considerations are highly relevant to the m anagem ent 
of MA resources, a t least, if extraction is envisaged w ithin 
the system ’s n a tu ra l variability. If non-renewable resources 
are exploited increasingly, there is a need for a more efficient 
use of the seabed, a search for functionally equivalent renew ­
able resources and minim ising the detrim ental effects of the 
extraction.

R elevance o f  the results against sustainable MA ex ­
p loitation

Physical impacts
Generally, the most severe direct physical impact of MA 

extraction relates to substratum  removal, alteration of bottom 
topography and re-deposition of resuspended/jettisoned fine 
m aterial (e.g. D e  G r o o t , 1996; N e w e l l , S e id e r e r , and H it c h ­
c o c k , 1998). Dredging-induced changes in sediment composi­
tion relate mostly to: (a) surficial grain size alterations (M c ­
C a u l e y , P a r r , and H a n c o c k , 1977; P o in e r  and K e n n e d y , 1984); 
(b) an increase in the proportion of fine sands (B oyd  et al., 
2005; D e s p r e z , 2000; V a n  D a l f s e n  et al., 2000), or silt (V a n  
d e r  V e e r , B e r g m a n  and B e u k e m a , 1985); and (c) an increase 
in gravel, through the exposure of coarser sediments (K e n n y  
et al., 1998).

Generally, depressions or pits, created by MA extraction, 
have been reported to be enduring seabed features, for sev­
eral years. B o e r s  (2005) has reviewed the morphological be­
haviour of different pits, trenches and channels, excavated in 
sand on the Dutch Continental Shelf. The recovery tim e of the 
depressions/pits has been shown to vary, depending on the lo­
cal environm ental conditions (water depth, waves, flow veloc­
ity, sediment characteristics) and pit/trench characteristics 
(volume, shape, orientation). Thus, the regeneration tim e of 
the depressions/pits has been found to range from m onths in 
shallow water, to decades or centuries in deep w ater settings; 
characteristic regeneration time-scales for large-scale sand 
extractions (> 10 million ms), in w ater depths of more than  
20 m, have been found to be in the order of centuries (Roos,
2004). LTsing process-based modelling, V a n  R i j n  et al. (2005) 
concluded th a t the orientation of the pit, towards the flow, is 
the most im portant param eter. P its or channels, lying perpen­
dicular or oblique to the flow, enhance sedimentation, whereas 
those parallel to the flow promote sedim entation in the case 
of wide p its ( H o o g e w o n in g  and B o e r s , 2001; R ib b e r in k , 1989), 
but slight erosion in the case of narrow p its (R ib b e r in k , 1989). 
If pit/depression evolution is modelled as a local topographic 
perturbation, the system may shift to a new equilibrium pro­
file (Roos, 2004), with the corresponding time-scales (approx. 
a century) being shortest for deep and narrow pits, formed on 
the bank’s crest.

On the Kwinte Bank, the direct impact of dredging is re­
vealed by the presence of elongated depressions, formed w ith­
in the topzones of sandbanks (D e g r e n d e l e  et al,, th is volume).
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Instead of homogeneous well-sorted medium to coarse sand, 
patches of fine and coarse sand occur next to areas of ephem ­
eral mud deposits (B e l l e c  et al., th is volume). At least, over 
a period of 3 years, no significant sediment infill has been ob­
served in the depressions; th is is somewhat unusual, since the 
crests of sandbanks are generally regarded as being dynamic, 
sediment pathway convergence zones (e.g. P a t t ia k a t c h i and 
C o l l in s , 1987). The modelling results predict recovery of these 
areas, but only after a tim e-span of, a t least, a century and on 
the condition th a t the necessary sand supply is available in 
the system. Nevertheless, if the extracted sediments are dif­
ferent from those th a t are transported  easily within the sys­
tem, restoration of the bank is more difficult to take place. 
There are also concerns about the effects of these depressions 
on the flow, as flow modification may introduce changes in the 
original erosion/sedimentation patterns. In some cases, such 
changes might lead to increased erosion in the neighbouring 
coasts, although no clear impacts have been described within 
the literature, even for extraction areas close to the coast (e.g. 
B r a m p t o n , E v a n s , and V e l e g r a k is , 1998; Q u e e n s l a n d , 2005). 
Biological/ecological impact

Assessing ecological changes is difficult in sandbank envi­
ronments. The high mobility of species, the poverty and the 
wide niche width of the community, together with the extent 
to which the community adapts to high levels of sediment 
reworking, makes it difficult to isolate the effect of human- 
induced physical disturbance. Moreover, communities in a r­
eas of high stress are characterized by higher growth rates 
( J e n n e s  and D u in e v e l d , 1 9 8 5 ) ; hence, they adapt more readily 
to the impact of any dredging operation (D e s p r e z , 2 0 0 0 ) .  The 
macrobenthos at the Kwinte Bank changed, bu t the changes 
were not significant at the larger community scale indicative 
for the Flemish Banks; th is  is due to the considerable adapt­
ability of the community with highly mobile species. The ob­
served, relatively, small changes showed th a t recovery can be 
considered as sufficient and relatively fast. However, some of 
the changing biological characteristics confirmed the tendency 
of the excavated depression to show more sim ilarity with the 
behaviour of the deeper swale areas, next to the bank. W ater 
depth changes may indeed cause changes to benthic fauna as­
semblages, such as changes in the composition, species diver­
sity and abundance (Q u e e n s l a n d , 2 0 0 5 ) .

Poten tial cumulative impacts
In the increasingly anthropogenically-stressed coastal m a­

rine environment, cumulative environm ental effects may be 
anticipated. For example, sandbanks are associated also with 
fishery activities, which are focussed mainly on the swales and 
the base of the sandbanks; in high intensity traw ling zones, 
the seabed has been shown (by m ultibeam  imagery) to be 
completely scraped (Fund for Sand Extraction, unpublished). 
Since these areas are very significant components of the sys­
tem, forming im portant constituents of the sediment recircula­
tion cells and, thus, of the sandbank m aintenance mechanism 
(e.g. D y e r  and H u n t l e y , 1999; P a t t ia r a o h i and C o l l in s , 1987), 
the cumulative impacts of fishery activities require further 
investigation. In addition, the modification of the seabed dy­
nam ics in relation to the installation of m arine Aeolian parks 
(windmill farms) has not been thoroughly investigated; never­
theless, these changes could affect the dynamics of nearby MA 
extraction zones. Cum ulative impacts may also occur, when 
the potential effects of sea-level rise and increased storminess 
are considered (e.g. S o l o m o n  et al., 2007); these effects are,

however, difficult to establish, since long-term datasets are 
required.

Criteria for sustainable exp loitation
Generally, the environm ental impacts of extraction are site- 

specific, due to variations in sediment type, mobility and bot­
tom topography and hydrodynamic activity (D e s p r e z , 2000); as 
such, the establishm ent of general guidelines for minimising 
environm ental effects is a ra th e r difficult exercise. Nonethe­
less, in many cases, MA extraction zones are planned in areas 
th a t are not favourable for aggregate extraction in the long­
term, e.g. due to lim ited resource availability and/or expected 
environm ental constraints. If criteria can be set th a t are clear 
and quantifiable, they can: (a) provide guidance to the design 
of MA concession zones; (b) guide decisions on the m anage­
m ent of MA extraction; and (c) be used for effective environ­
m ental monitoring. The strictness of such criteria will depend 
strongly upon the view of the relevant regulatory authorities 
on the acceptable environm ental risks.

Location criteria
One of the major criteria for selecting MA extraction sites 

is the potential impact on the coast. In many coastal areas, 
the appropriate regulatory authorities have set location crite­
ria on the basis of the w ater depth, the ‘closure depth’ or the 
distance from the coast in order to lim it undesirable effects 
of MA extraction on the neighbouring coasts as, for example, 
in The N etherlands and the US (e.g. C a m p b e l l  et al., 2003). 
Depending on the distance from the coast, the infill ra te  of 
dredged areas will differ as also the impact on inshore wave 
climate (modified refraction and diffraction) and gradients of 
littoral drift (V a n  R i j n  et al., 2005). It m ust be noted, however, 
th a t the establishm ent of such criteria is also constrained by 
economic considerations related to costs due to the increased 
depth of extraction and the distance from the landing facilities 
(e.g. B a t e  et al., 1997).

Geological criteria
Selecting concession areas w ith most suitable sediment 

resources, guaranteed also in the long-term, requires an im ­
proved knowledge of the continental shelf geology, particu ­
larly  in the case of sandbanks. Sandbanks are characterised 
by a variable and complex in ternal architecture, w ith some 
banks exhibiting complex in ternal structures, suggesting 
m ulti-phase formation (e.g. T r e n t e s a u x , S t o l k , and B e r n e ,
1999) and others showing simple structures (e.g. C o l l in s  et 
al., 1995). These differences m aybe rela ted  to the antecedent 
morphology and type of substrate, as well as th e  sedim entary 
fram ework in which the sandbanks were formed. Sandbanks 
w ith a m ulti-phase formation are often founded on an ero­
sional (incised) surface which is infilled by coarser m aterial 
over which estuarine and shallow m arine deposits w ith vary­
ing lithologies are draped (T r e n t e s a u x  et al., 1999). Only the 
upper p a rt of these banks is tidally dominated, consisting of 
sediments, representative of the present-day hydrodynamic 
regime. In these cases, exploitation should be restric ted  to 
the upper body of the sandbank, both from a resource per­
spective (i.e. consistent quality) and an environm ental im ­
pact perspective (i.e. regeneration potential). On the basis 
of the resu lts of the Kwinte Bank bathym etry  monitoring, 
the thickness of the modern tidal sedim entary cover should 
not be less th an  5 m, as intensive dredging may otherwise 
uncover the underlying deposits in a relatively short tim e
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Table 3. Large-scale information/maps needed to support sustainable exploitation.

Information Function
Detailed Grain size Distribution Target the appropriate aggregate quality 

Id
entity potential source areas for regeneration;

Thickness/Suitability of the deposits Ensure long-term availability and consistency in quality;
Spatial/temporal information on flow information and sediment Indicate areas with higher dynamics
transport and erosion/deposition patterns, supported by information on Identify bedload convergence/divergence zones and the evolution of the
bedform dynamics and morphological changes sedimentary environments to avoid areas with poor regeneration potential 

(e.g. ‘kink’ areas and extremities of the banks) and minimise detrimental 
physical impacts ;

Wave Energy Distribution Evaluate event-driven possible impacts on the extraction zones and 
neighbouring coasts;

Ecological Functioning Avoid sensitive areas, or important habitats;
Other seabed uses Minimise conflicts, optimise concurrent use.

period (B e l l e c  et al., th is volume). Further, it is im portant 
th a t areas are selected where a sufficient unconsolidated 
Q uaternary  cover is guaranteed over larger areas, includ­
ing the swales between the banks, as it appears th a t swale 
areas close to extraction sites are more erosive th a n  others 
(De Moor, 2002); hence swales likely form prim ary sources of 
sediments, for bank  regeneration

Morphological criteria
Less stable areas of sandbanks are best to be avoided in 

term s of removal of sediments, i.e. MA extraction should be 
avoided over ‘k ink  areas (if present) and bank extremities. It 
has been suggested (B e l l e c  et al., th is volume; D e l e u  et al., 
2004; S m it h , 1988) th a t the ‘kink’ areas of sandbanks are as­
sociated with higher dynamics. In some cases, these areas are 
somewhat lower in height (D e l e u  et al., 2004), but the dynamics 
of their bedforms is often rapid and readily adjustable to the 
varying hydro-meteorological conditions. Moreover, modelling 
experiments, undertaken over a 30-year period, have shown an 
erosional trend for the ‘kink’ area of the Kwinte Bank (B r iè r e  
et al., th is volume). In addition, flow speed and direction may 
change rapidly in these areas, ham pering recovery.

The dynamics along the sandbank extrem ities are also 
not easily predictable. In the  Flem ish Bank region, bank  ex­
trem ities appear in teresting  as resource areas, with higher 
bedforms and coarser-grained sediments. Flowever, sedi­
m ent volumes fluctuate more here and are more susceptible 
to storm  action th an  those of the middle sections of the sand­
banks. On th e  basis of historical data, D e  M o o r  (2002) has 
shown th a t the northern  extrem ities of the Flem ish Banks 
are recent sedim entary accumulations, formed w ithin the 
last century. This is supported by seismic evidence, which 
have shown th a t only a th in  sand sheet forms these modern, 
tidally-controlled sandbank sections (B e l l e c  et al., th is  vol­
ume). In addition, due to the more dynamic bedform move­
ment, it is difficult to distinguish n a tu ra l from anthropogenic 
changes in these areas; consequently, negative im pacts of the 
sedim ent extraction will not be tim ely (and easily) observed. 
Finally, extraction over in terdune areas can have adverse 
environm ental impacts, if the crests and troughs of the dunes 
represent different sedim entary environm ents, w ith the 
troughs usually  being heterogeneous in te rm s of sedim ent 
composition and often richer in benthic fauna th an  the crests 
(M a c k ie  et al., 2006).

Sedimen t dynamics criteria
If extraction is viewed within the framework of the natural 

variability of the sandbank’s volume, then it would be beneficial 
if sediment extraction involves deposits with grain sizes tha t 
can be regenerated easily, i.e. deposits with grain sizes th a t are 
readily available in the potential source areas. In addition, the 
extraction zones should be restricted to areas known as being 
depositional. Sandbanks are generally areas of sediment ac­
cumulation (e.g. P a t tia r a c h i and C o l l in s , 1987); nonetheless, 
sections of the sandbanks can be erosional, as suggested also by 
the results of the Kwinte Bank investigation (V a n  d e n  E y n d e  et 
al., th is volume, and B r iè r e  et al., th is volume).

A difficult criterion to define relates to the sediment vol­
um es th a t can be extracted, w ithout causing any long-term 
impact; th is requires knowledge on the na tu ra l volume fluc­
tuations. Based upon an extensive, monitoring programme, 
D e g r e n d e l e  et al. (this volume) have proposed a m ean na tu ra l 
evolution of the bank volume of +/- 0.05 m 3/m2/year; ideally, 
the rate  of extraction should not exceed th is  rate. On the b a ­
sis of 12 observations, V a n  L a n c k e r  (1999) has identified also 
such variability in the erosion/sedimentation patterns of the 
Belgian nearshore area, but found th a t it is mostly ‘event de­
pendent’. As such, th is rate  of change can occur between suc­
cessive observations, on the short-term  and may be balanced 
out on a year’s basis. P resent extraction activities, on a local 
basis, exceed significantly th is rate; inside the depression, a 
rate  of 1.08 m s/nr/year has been estimated, with the rates for 
the surrounding area and the overall extraction zone being 
0.47 m s/m2/year and 0.64 m s/m2, respectively (D e g r e n d e l e  et 
al., th is volume). Thus, the extraction activities in the area 
cannot be balanced by the na tu ra l dynamics.

Biological./ecological criteria
Sustainable m anagem ent of renewable na tu ra l resources 

should be based upon a balance between exploitation and ad­
verse effects on the other components of the ecosystem (T h r u s h  
et al., 1998). The results of v a n  M o o r s e l  (1994), K e n n y  and 
R e e s  (1996) and D e s p r e z  (2000) have illustrated  th a t exten­
sive dredging may modify the sedim entary deposits slightly, 
but the benthic communities considerably. As such, it may be 
preferable to concentrate extraction w ithin small areas of the 
sandbank i.e. follow an ‘intensive dredging’ model. N everthe­
less, prolonged extraction in confined areas can also cause 
serious effects on seabed morphology and sediment quality
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Table 4. Overview of knowledge/ data and tools /  innovation needs, to support the sustainable exploitation of a particular extraction site.

Geology Morphology Sedimentology Sediment dynamics Biology/Ecology
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/ D
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ed

Resource  ava ilib ility  
sufficient 

unconsolidated 
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S ed im ent balance 
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eco log ica lly  
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■aooc
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Seism ics Acoustics
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Acoustics
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Acoustics/Optics/ 
Electro M agnetic
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TO
>Occ

+ + 

Coring+G eotechnics Video/Still

ociidui niifji uvcnicni 
+

Sam pling+G eotechnics
+

Sampling
+

Video/Sampling

(/>
o

Monitoring - adequate time series -- good reference framework

ß Predictive modelling -  long-term

Risk and Uncertainty Analysis

(D esprez, 2000; V anaverbeke et al., 2007). For comparison, 
there exists a Threshold scale’ and a ‘frequency of disturbance 
events’ at which long-lasting ecological effects may occur, even 
in the case of non-anthropogenic (natural) disturbance (K aiser 
and S pencer , 1996). The results obtained here for the Kwinte 
Bank support these suggestions.
Criteria related to the extraction activity itself

V an R ijn  et al. (2005) regard the orientation of the pit in rela­
tion to the flow, as the most important parameter controlling the 
rates of inflll (see above). From navigational safety and practi­
cal perspectives, it appears logical that extraction should take 
place along the direction of the main current (e.g. B ate et al., 
1997). However, the present investigation (D egrendele et ál., 
this volume) has shown that the depression is located slightly 
obliquely to the crest and parallel to the flow; this has caused an 
opening of the depression, towards the northwestern swale (see 
Figure 3., D egrendele et ál., this volume) with the flood flow 
becoming channelised’ (Garel, this volume). Such a situation 
should be avoided, as it enhances erosion. Other crucial criteria 
relate to the amount extracted on each dredging visit and the 
number of extractions over a given time-span (S chrijvers et al., 
2007). Thresholds on these issues cannot be set on the basis of 
the available information, but they may be established in the 
future, with data becoming increasingly available on environ­
mental impacts and dredging activities. Other issues relate to 
minimising the overflow, or fine material screening; however, 
these have been found less important on the Belgian Continen­
tal Shelf (S chrijvers et al., 2007).

Example o f the application o f some of the criteria to other 
extraction zones

Applying the above mentioned criteria to the concession 
zones in the Flemish Banks region, leads to the selection of the 
eastern part of the Buiten Ratel sandbank (Figure 2.) as being 
most suitable: water depths are still around 10-15 m MLLWS; 
the distance to the coast remains around 12 km; the sedimen­
tary deposits have a sufficient thickness (> 5m) to support long­

term extraction; the sediments are characterised by grain sizes 
in excess of 300 pm; the area is depositional; and the overall 
surface area with suitable sediments is large. Bedforms over 
this area reach up to 4-6 m in height; their asymmetry confirms 
the modelling results, which suggest that this area forms a bed­
load convergence zone and, thus, is a depositional sedimentary 
environment. Moreover, the grain sizes in the swale, lying to 
the east, are similar to those found on the bank, hence suitable 
for the regeneration of the areas of extraction. The present ex­
traction zone, which is located on the steep, western flank of the 
bank, does not comply with most of the above criteria. At this 
location, the sediment grain size is somewhat less than 300 pm 
and, this area has been suggested to be an erosional sedimenta­
ry environment with the adjacent swale to the west, consisting 
mostly of gravel (Van Lancker et al., 2007b, for resource maps). 
Therefore, the present extraction zone is regarded unsuitable 
and with low regeneration potential, as regeneration is likely 
to be hampered by a lack of suitable material sources. Conse­
quently, comparable problems to those described for the Kwinte 
Bank are likely to occur in the future, i.e. formation of a depres­
sion on the western flank of the Buiten Ratel Bank, which will 
not be easily restored and will affect the local ecology, which is 
likely to be similar to that identified for the Kwinte Bank.

Need for an improved management framework
If it is further confirmed that non-renewable sediment re­

sources are being exploited increasingly, there is a need for 
an improved resource evaluation and a more efficient and tar­
geted use of the seabed. These requirements call for a strate­
gic management framework (e.g. a plan according to the SEA 
Directive, see R adzevicius et ál., this volume), incorporating 
detailed resource and environmental information, at large and 
small scales (Table 3.). The basis of this framework should al­
ways be high quality geological maps, incorporating the surfi- 
cial extent of the resource and its availability within depth. 
For sandbanks, in particular, detailed knowledge of their 
internal architecture is crucial for the accurate estimation of
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the resource reserves. Moreover, the hydrodynamics and sedi­
m ent dynamics of these areas should be diagnosed in order to 
assess (predict) the morphodynamic evolution and the physi­
cal impacts of aggregate extraction. In addition, ecological in ­
formation should be acquired in order to identify vulnerable 
species and habitats. Finally, although data availability will 
vary significantly, according to location and distance from the 
coast, the information detail needs to be sufficiently high, to 
ensure a realistic initial evaluation of any potential impacts.

M ulticriteria resource maps, as presented in Figure 2., can 
assist in the selection of optimal locations for MA extraction, 
within the (often predefined) concession zones. These maps 
can integrate information on: (a) detailed sediment grain size 
distribution; (b) thickness of the targeted sediment deposit; (c) 
bedform distribution, shape/size, asym m etry and dynamics; 
and (d) areas of diagnosed/predicted erosion and deposition. 
Similarly, seabed mobility studies (e.g. V e l e g r a k is  et al., 2007) 
can be used as an input to the decision-making process. Ero­
sion/deposition rates can also be modelled, or derived from h is­
torical charts and maps. In the la tte r  case, historical changes 
in sediment volume and sandbank elevation can be established 
providing erosional/depositional rates and regional patterns of 
sand movement (B r a m p t o n , E v a n s , and V e l e g r a k is , 1998; G ao  
and C o l l in s , 1995).

D etailed  sp a tia l and tem poral inform ation on ecologi­
cal functioning is difficult to acquire and  in teg rate , b u t 
is im portan t w ith in  th e  context of the  protection  of sen ­
sitive or valuab le h ab ita ts , com m unities or species. For 
so ft-substra tum  areas of the  shelf, th e re  is likely a strong 
link  betw een the  n a tu re  and dynam ics of the  physical and 
biological environm ent; as such, recen t developm ents in 
m odelling tools m ay enable th e  m apping of ecologically 
im portan t zones on the  basis  of abiotic p a ra m e te rs  alone 
(e.g. V a n  L a n c k e r  and  F o s t e r - S m i t h , 2007). This approach 
h as  been dem onstra ted  for th e  Belgian C on tinen ta l Shelf, 
w here the  n a tu re  of m acrobenthic com m unities was p re ­
dicted successfully, on th e  basis  of th e  m edian grain  size 
and fine m a te ria l (silt-clay) percen tage in the  sedim ent 
(D e g r a e r  et al., in  press). Biological/ecological valuation  
crite ria  (e.g. D e r o u s  et al.., 2007) can be applied  then, to 
obtain  m aps estab lish ing  the  ecological value of shelf e n ­
v ironm ents ( D e r o u s  et al.., in  press). Such ecological maps, 
toge ther w ith resource m aps (V a n  L a n c k e r  et al., 2007b) 
and the  re su lts  of more detailed, ta rg e ted  research  can 
provide an ideal basis  for any sp a tia l p lann ing  in itia tive  
(e.g. M a e s  et al., 2007). The d a ta  can be used  to estab lish  
q u an tita tiv e  param ete rs, which can serve as in p u ts  to de- 
cision-support system s, guiding th e  p lann ing  and m anage­
m ent of fu tu re  extraction  activ ities (e.g. C a l e w a e r t  et al.., 
2007; S c h r ij v e r s  et al., 2007). In Table 4 . ,  th e  knowledge/ 
d a ta  needs and the  tools and  innovation, requ ired  to e s ta b ­
lish  th e  necessary  fram ew ork for an im proved susta inab le  
m anagem ent of MA deposits are sum m arised.

D etails on the  m orpho-sedim entary  and  biological e n ­
vironm ent are, now adays, increasingly  derived from very 
high-reso lu tion  acoustic surveys (for an overview of sea ­
bed m apping techniques in  env ironm enta l m onitoring and 
m anagem ent, see B o y d  et al. (2006) and M e s h  P r o j e c t  
(2007)). N evertheless, ta rg e ted  g round -tru th ing  of the  
rem ote-sensed inform ation will rem ain  an im portan t com­
ponent, in o rder to: (a) ca lib ra te  the  acoustic im agery and 
im prove au tom ated  seabed classifications; and (b) e s ta b ­
lish  q u an tita tiv e  re la tionsh ips betw een th e  physical and

biological env ironm ent to be used  in d iagnostic and pred ic­
tive modelling. H ydro-sedim ent dynam ic observations (at 
least over a tid a l cycle), u sing  high frequency acoustical 
(e.g. acoustic doppler velocim eters and cu rren t profilers, 
acoustic b ack sca tte r sensors), optical (e.g. optical back- 
sc a tte r  sensors) or electrom agnetic devices, toge ther w ith 
detailed  inform ation on sedim ent grain  size and  bedform  
dynam ics, should be considered aga in st th e  ou tpu ts of 
m orphodynam ic modelling. Moreover, th e  re su lts  should 
be eva lua ted  aga in st ex traction  d a ta  to d istingu ish  b e ­
tw een n a tu ra l and anthropogenic seabed dynam ics. The 
significance of any im pacts can be fu rth e r  assessed  using 
long-term  predictive m odelling tools (for an overview, see 
I d ie r  et al., th is  volume).

The scientific framework of such an investigation can be 
managed ideally in a GIS environment, allowing simplified 
integrations of spatially diverse data sets. However, the avail­
ability of relevant data in an appropriate spatial and tem poral 
resolution and the inherent uncertainties in the diagnosis and 
prediction of the dynamics of the m arine environm ent remain 
a continuous challenge.

The m anagem ent of MA activities is a complex exercise, 
requiring robust cost-benefit analyses and holistic, science- 
based practical approaches, as well as effective transfer of 
knowledge between scientists, m anagers and policy-makers. 
The communication and fine-tuning of the various m anage­
ment needs should be considered within appropriate frames 
of reference (e.g. V a n  K o n in g s v e l d  and M u l d e r , 2004), which 
contain key elements such as the formulation of: (a) strategic 
objectives, expressing the long-term m anagem ent vision and 
policy; and (b) operational objectives, describing how the s tra ­
tegic objectives will be achieved.

Environm ental m onitoring
E nvironm ental m onitoring of the  extraction  sites should 

be able to docum ent w hether unacceptable im pacts are evi­
dent or conditions th a t will lead to the developm ent of such 
im pacts are already in place (for an overview of m onitoring 
guidelines/practices, see F r e d e t t e  et al. (1990) and P o s f o r d  
D u v iv ie r  E n v ir o n m e n t  and H il l  (2001)) As such, m onitoring 
schemes should provide clearly in te rp re tab le  inform ation 
on w hether a th reshold  of an adverse condition has been, 
or is likely to be reached. On th is  basis, decisions can be 
m ade on th e  continuation, modification or closure of MA 
extraction  sites. ICES (2003) has p u t forw ard a num ber of 
questions th a t should be answ ered in a successful m onitor­
ing program m e: (a) w hat are the environm ental concerns 
that the mon itoring program me seeks to address?; (b) what 
m easurem ents are necessary to identify the significance of 
a particu lar effect?; (c) w hat are the most appropriate loca­
tions at which to take samples or observations for assess­
m ent and  what is their na tura l variation ?; (d) how many 
measuremen ts are required to produce a sta tistically sound  
programme?; and  (e) w hat is the appropriate frequency and  
duration o f mon itoring?

Answering these questions requires the acquisition/analy­
sis of quantita tive inform ation at various spatial and tem ­
poral scales (e.g. C o l l in s  and B a l s ó n , 2007). The present 
investigation has dem onstrated th a t intensive, concentrated 
monitoring is required to detect in detail the  morphologi­
cal, sedim entary and ecological dredging-related impacts. 
A critical p a rt of the assessm ent is the  evaluation of these 
effects, against the background of the n a tu ra l dynamics of

Journal o f  Coastal Research, Special Issue No. 51, 2010



European Marine Sand and Gravei Resources 161

the seabed. This approach requires system atic monitoring 
of the wider areas of the extraction sites, albeit a t a lower 
spatial resolution. However, robust monitoring program m es 
may become very ‘labour intensive’; the Belgian experience 
has shown that, even in the case of relatively high tem poral 
resolution surveying (e.g. 4-5 times/year), it is difficult to es­
tab lish  statistically  significant trends in sedim ent volumes/ 
morphology ( N o r r o  et al., 2006). Baseline inform ation is cru­
cial, as, in its absence, im pact assessm ents are likely to re ­
main inconclusive (V a n  L a n c k e r  et al., th is  volume). It m ust 
be noted also th a t the establishm ent of practical and efficient 
monitoring practices require rigorous quality control (e.g. 
through regular reporting and publishing in peer-reviewed 
journals) and continuous fine-tuning.

Extensive or intensive dredging?
An im portant issue in MA extraction is related to w hether 

extraction should be procured extensively, i.e. with a high 
spatial spread of the extraction activities, or intensively, i.e. 
focussed on relatively small areas of the seabed. Ideally, the 
former option would imply reduced severity of the environ­
m ental impacts and increased potential for site recovery from 
a physical and biological viewpoint; however, these benefits 
should be considered against the increased requirem ents for 
information gathering and environm ental monitoring. In 
comparison, the Kwinte Bank investigation has shown th a t 
focussing on small areas of the seabed may result in the de­
velopment of enduring morphological features, which are also 
related to long-term changes in the sedim entary and ecologi­
cal properties.

It m ust be noted th a t the intensive dredging of the Kwinte 
Bank has involved, mostly, dredging vessels with an aver­
age capacity of less th an  5,000 m s, reflecting the availabil­
ity of the vessels presently  in service and the economics of 
MA exploitation, which constrain the extraction site’s w ater 
depth and distance from the coastline (e.g. B a t e  et al., 1997; 
P o s f o r d  D u v iv ie r , 2000). In response, both to the increasing 
general dem and (driven by large beach nourishm ent or land 
reclam ation projects) and stric ter regulations on the exploi­
ta tion  of land-won aggregates (e.g. R a d z e v ic iu s  et al., th is 
volume, and V e l e g r a k is  et al.., th is  volume) future resource 
developments are envisaged to occur in deeper w aters (e.g. 
B a t e  et al., 1997). Anticipating these needs, dredging ves­
sel capacities have recently increased substantially  (in some 
cases up to 46,000 m s (www.jandenul.com)). However, deeper 
offshore sedim entary environm ents (including the offshore 
sandbanks) are much less dynamic and, as such, the ir recov­
ery potential is reduced. Therefore, strategies and practices 
involving the exploitation of deeper w ater resources should 
be form ulated carefully.

C O N C LU SIO N S

The Kwinte Bank investigation has shown th a t the MA ex­
traction, focussing on the upper p art (crown) of the bank, has 
had significant environm ental impacts, the most im portant 
being the formation of a substantial depression. Within the 
depression, the sedim entary character of the seabed was found 
to differ from th a t of the rem ainder of the bank’s crown and its 
characteristics resembled more to those of the adjacent swale. 
Bedforms and the ir dynamics showed also evidence of change. 
Following cessation of extraction activities in 2003, the bank

morphology rem ained rem arkably stable, with no significant 
additional effects being observed either on the bank itself or 
on the adjacent coast. The formation of the depression led to 
changes in the hydrodynamic and sediment dynamic regimes, 
which appear to ham per the regeneration of the depression, at 
least in the short-term. In comparison, predictive modelling of 
the medium- to long-term evolution of the bank showed a slow 
recovery of the bank’s morphology. However, as the sources of 
appropriate material, necessary for the infill of the depression, 
are lim ited in the area and with the general erosive trend  of 
the Flemish Banks, it is unlikely th a t na tu ra l regeneration 
processes will counterbalance the effects of the extraction. 
Finally, sand extraction appears to have created a ‘locally- 
different’ hab ita t on the Kwinte Bank, with adaptation of the 
benthic fauna; nevertheless, the change has not been found 
significant, a t least on the scale of the sandbank system.

As non-renewable sediment resources are likely to be ta r ­
geted increasingly for extraction, efficient and sustainable re­
source use is required. Such an approach relies upon detailed 
field information and appropriate mapping and modelling ap­
proaches w ithin a long-term perspective. The Kwinte Bank 
investigation, although site-specific, may assist in the formu­
lation of general guidelines for minimising environm ental ef­
fects. It is suggested th a t the setting of clear and quantifiable 
criteria is a necessary prerequisite in the planning/design of 
MA concession zones, the efficient m anagem ent of MA extrac­
tion and the planning of effective environm ental monitoring 
schemes. Such criteria are related to considerations on: (a) re­
source location (i.e. w ater depth and distance from the coast); 
(b) the natu re  and thickness of the targeted  sedim entary de­
posits; (c) bank morphodynamics; (d) sediment dynamics at 
regional and extraction site spatial scales; (e) biology and ecol­
ogy; and (f) extraction practices.

The Kwinte Bank investigation has dem onstrated th a t in­
tensive, concentrated monitoring is required to identify the 
morphological, sedim entary and ecological impacts related 
to the dredging activities. A critical p art of the assessm ent is 
the evaluation of these effects, against the background of the 
n a tu ra l dynamics of the seabed; thus, baseline information is 
crucial, as, in its absence, impact assessm ents are likely to 
rem ain inconclusive. Finally, the jury is still out on whether 
MA extraction activities should follow an extensive (i.e. wide­
spread) or an intensive (i.e. concentrated in small areas) mod­
el, as both of these models has pros and cons.
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ABSTRACT I

É3E®
There is no water body within the European Union which is surrounded by more countries than the Baltic Sea; Hillii«» likewise no water-body is more diverse regarding geological, environmental and ecological conditions. In response
to postglacial development, there is isostatic uplift in the northern part of the Baltic Sea with rates of up to 9 m m / 
year; the southern part is sinking, at rates up to 2 mm/year. Crystalline rocks in the area of uplift and soft glacial and 
postglacial deposits in the area of sinking result in erosion and coastal retreat along the southern Baltic Sea coastline, 
whilst the northern countries are gaining lanci. Additionally, the marine resources of raw materials such as sand, 
gravel and stones are of limited extent and volume in the most south-westerly and southerly part of the Baltic Sea, due 
to the late glacial and Holocene development. Such conditions, combined with the predicted sea level rise, will lead to 
an increasing demand of aggregate resources in the future due to a higher demand for shore protection measures, as 
"soft" solutions like beach and dune nourishment are favoured in many countries. At the same time, restrictions due 
to EU and national directives are increasing, limiting the number of resources which can be used. This introduction 
gives both, an overview about the environmental conditions of the Baltic Sea which are controlling the availability 
of sand and gravel resources and as well a short summary about the exploitation and use of sand and gravel in the 
countries surrounding the Baltic Sea.

ADDITIONAL INDEX WORDS: Baltic Sea, sand and gravel extraction, aggregate resources, Holocene coastal es'olution

IN T R O D U C T IO N

Since the trading route of the Hanseatic Lounge, which was 
established in 1250, the Baltic Sea stands for the exchange of culture, 
goods and knowledge. This was interrupted only by the “Cold War”, 
separating the eastern and western world for more than 40 years. The 
political separation, which finished at the end of the last century, led to 
different developments regarding the demand, exploitation and use of 
mineral resources from and below the seafloor. Such resources are of 
limited extent and volume in the Baltic Sea.

Mismanagement of the extraction of sand and gravel resources 
may cause unacceptable consequences for society and the environment 
( B o y e d  et al., 2004; HELCOM, 1999). Hence, it is important to aim 
at sustainable development, whereby dredging is carried out, but with 
maximum consideration for the needs of nature protection; at the same 
time ensuring societal benefits from the extraction of the raw material. 
For this reason, it is necessary to improve our knowledge of the real 
extent, volume and quality of the resources, likewise to adapt extraction 
procedures to the development of new techniques, knowledge, laws and 
guidelines, to ensure minimum impacts on marine habitats.

Sedimentary deposits of economic importance such as sand, gravel, 
stones and boulders are resources of limited extent and volume; they 
are either non-renewable or they renew very slowly. Knowledge of the 
physical characteristics of the seafloor is essential for the identification, 
delimitation and exploitation of marine resources. Locating sand and 
gravel mining areas and a sustainable exploitation approach requires a 
profound knowledge of the palaeogeographic and geological evolution

DOI: 10.2112 / SI51-015.1 received 21 F e b ru a ry  2008; accepted  in 
revision  21 A pril 2008.

of an area, the spatial extent of the raw material resources and the 
environmental conditions and consequences, during and after extraction. 
For beach nourishment and land reclamation, sometimes in connection 
with harbour construction, extraction of material from offshore is 
the only environmentally - and economically - realistic alternative. 
Geological mapping using state of the art mapping technology (side- 
scan sonar, multibeam, 3-D seismic), is an appropriate approach to 
explore offshore resources; this enables the accurate delineation of 
deposits of the required quality.

Within the European Union there is no water body which is 
surrounded by more countries than the Baltic Sea (Figure 1 ). Likewise 
no water-body is more diverse regarding geological, environmental and 
ecological conditions. All riparian countries of the Baltic Sea have some 
offshore sand and gravel resources at their disposal, even Sweden in its 
southern part ( H a r f f  et al., 2004a; HELCOM, 1999). In some countries, 
mining is on-going today, due to the increasing demand for aggregates 
for industrial use, construction purposes and especially coastal defence. 
This paper provides a short introduction to the evolution of the Baltic 
Sea, with information in relation to sand and gravel resources; these have 
been exploited from the Baltic Sea for more than a century ( N i e l s e n  et 
al., 2004), but exploitation became very modest until the beginning of 
the 1980ties ( D y b e r n  and F o n s e l i u s ,  1981).

TH E BALTIC SEA

The Baltic Sea is a non-tidal intracontinental shelf sea with a free 
connection to the North Sea through the Kattegat and Skagerrak (Figure 
1 ). It is the second largest brackish water body in the world, comprising 
an area of 412,560 knr, a volume of21,631 km3, extending 1,300 km in
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F igure  1. B a thym etry  of th e  B altic Sea (based upon d a ta  abstrac ted  
t o r n  S e if e r t , T au b er  an d  K ay ser , 2 0 0 1 ) .

S - N  direction (54° - 66°), 1,000 tan in E -  W direction (10° - 30°) and 
has a maximum width of approximately 300 tan. Various values ranging 
between 52 m (HELCOM, 1990) and 55 m ( H a r f f  et al., 2005), are 
given for the average depth of the Sea; the deepest part, Landsortdeep, 
is 460 m in depth. The bathymetry is controlled by the presence of sills 
and deep basins, which developed during the last glacial period. These 
basins increase in size from west to east (Mecklenburg Bight, 25 m 
deep; Arkona Basin, 45 m deep; Bornholm Basin, 100 m deep; Gotland 
Basin, 250 m deep).

G eological developm ent
During the last glacial maximum, approx. 21.000 years1 ago ( F l e m i n g  

et al., 1998), the world's continental shelves were widely exposed to 
sub-aerial processes. Their subsequent flooding was at its highest rates 
between 15,000 and 7,000 years ago; then was followed by a pronounced 
retardation during the last 7,000 years. Due to this relatively short time- 
span, the continental shelves contain presently a lot of relict features, 
which are inherited from past glacial times ( E m e r y ,  1968; R o y  et al,
1994). Typical examples in the higher latitudes are till, deposited by 
glaciers, and river valleys, which are sometimes deeply incised in the 
shelf sequences, due to the formerly lower-lying sea-level. The veneer of 
marine sediments, deposited since the post-glacial flooding, is on many 
shelf platforms still relatively thin, e.g. the German part of the North 
Sea, where it does not exceed a few metres ( Z e i l e r ,  F ig g e  and S c h u l z -  

O h l b e r g ,  2000) or is even absent, except in areas of high sediment input, 
e.g. adjacent to river mouth systems or within deep basins.

1 When not explicitly mentioned all data are given in conventional 14C dates.

The northern and central parts of the sub-surface of the Baltic Sea 
are dominated by crystalline rocks and Palaeozoic sediments. The 
whole south-eastern to south-western part, the coastal areas of Latvia, 
Lithuania, Russia, Poland, Germany and Denmark, are built up of 
Quaternary deposits ( W i n t e r h a l t e r  et al., 1981 ), mainly of Weichselian 
age, with only a few exceptions, e.g. parts of Rügen Island (Germany) 
or Mons Klint (Denmark), where cretaceous deposits have been pushed 
by the last glaciation. This observation is at least consistent for the upper 
layers exposed in shallow waters and at the coastlines.

The basin of the Baltic Sea was carved out over the past 2.4 million 
years, by several ice advances; of these, the latest formed the specific 
geomorphological shape of the basins, bays and coastal areas, on a larger 
spatial scale. The distances between the different ice-marginal lines of the 
latest ice advance, increase from west to east. Between these ice-marginal 
lines, melt-water sediments (composed of silt, sand and gravel) have been 
deposited. As such, the amount of sand and gravel below the veneer of the 
modern, post-littorina sediment increases from west to east.

Glacio-isostatic movement and climatically-controlled eustatic sea 
level fluctuations have caused transgressions and regressions in the 
Baltic Sea and its precursors, during the Holocene development. From 
the early to middle Holocene, the Baltic Sea underwent 4 evolutionary 
stages: Baltic lee Lake; Yoldia Sea; Ancylus Lake and Littorina Sea 
(Figure 2) ( B j ö r k ,  1995; E r o n e n  et aí., 2001 and L a m p e ,  2005), 
experiencing alternating fresh-, brackish- and marine water conditions 
as a result of the interaction of uplift rates and changes in relative sea 
level. Based upon the modelling of large scale palaeo-coastline changes, 
since the onset of the Littorina transgression 8000 BP the sea-level in 
the northern part has declined significantly; in some areas by more than 
200 m ( C a t o ,  2004). This pattem has been resulted in a regression, 
out-weighting by far the southern transgression. According to M e y e r  

and H a r f f  (2005) the aerial extent of the Baltic Sea has diminished by 
approximately 30 % whilst the volume has decreased from 47,000 tau3 
to 22,000 tau3, or by 47 %.

In response to glacio-isostatic rebound, the northern part of the Baltic 
Sea is dominated still by an uplift relative to the present sea level, with 
rates up to 9mm/year in Bothnian Bay ( M ö r n e r ,  1977; H a r f f  et al.,
2005); in the southern part, subsidence rates of up to 2 mm/year occur 
( M e y e r  and H a r f f ,  2005). Sueli subsidence generally causes erosion 
and coastal retreat, along the whole of the southern Baltic Sea coastline, 
from Denmark via Germany, Poland, the Kaliningrad area, Lithuania to 
parts of Latvia, as these coastal areas consist of an alteration of cliffs 
and lowlands, built up of soft glacial and postglacial deposits, with only 
the few exceptions of the chalk-cliffs of Jasmund, Arkona and Mons 
Klint (Figure 3).

Environm ental conditions
For the ecosystem of the Baltic Sea, the deep basins are not the most 

important; rather the two sills, the Drodgen Sill in the Oresund, with a 
depth of only 7 m below sea level and the Darss Sill between Gedser 
Rev and Fischland-Darss, with a depth of 18 m below sea level (Figure 
1 ). These sills control the water exchange with the North Sea ( J a c o b s e n ,  

1980). Such exchange is not continuous, but depends strongly upon 
westerly storms, resulting in oxygen-rich North Sea water inflow into 
the Baltic Sea basin; this, 73 % takes place via the Darss sill, whilst the 
remainder is controlled by the Drodgen Sill.

The ratio between the Baltic Sea surface and the drainage area is 1:4, 
the annual freshwater input (rainfall and river discharge) amounts to 
660 km3/year and the brackish water discharge is 950 km3/year, which is 
compensated by 475 km3/year of North Sea water inflow ( B j ö r c k ,  1995). 
The difference in the balance is due to evaporation. Therefore the Baltic 
Sea is dominated by an estuarine circulation. A distinct stratification 
of the water body with a pronounced halocline and pycnocline leads 
to oxygen depletion in the deepest parts of the basins where regularly 
anoxic conditions predominate.

Gdansk
TïrkonaBasing
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F igure  2. The developm ent of th e  B altic Sea during  th e  late- an d  post-glacial (from E ronen  et al., 2001)

Besides the vertical stratification of the water-body, there is also a 
strong salinity gradient from full marine conditions in the Skagerrak 
area to only approx. 3 -  5 %o in Bothnian Bay and the Gulf of Finland; 
this influences strongly the faunal and floral distribution within the 
entire Baltic Sea. As the Baltic Sea extends up to 66° N, it is affected 
also by different climatic zones. Sea ice develops in the northern and 
north eastern parts (e.g. the Gulf of Finland has an ice cover of up to 100 
days/year), which is dominated by continental climate. The southern and 
southwestern parts are mostly free of ice, even during the wintertime. 
However, several times since 1742 the entire Baltic Sea, including its 
southwestern part, has been covered with ice (HELCOM, 2007; Tinz, 
1995).

Wave conditions and sediment transport in shallow coastal waters 
depend upon exposure to the main wind and wave direction. Within this

context, the southern Baltic Sea coast is exposed to both north easterly 
and westerly winds. For comparison, within the western Baltic Sea 
(Germany and Denmark) where Ijords and bays are common (Figure 3), 
the most effective wind direction inducing coastal currents and sediment 
mobilisation varies considerably; it includes all directions, even south 
for some stretches of the Danish coastline. However, no long term-trend 
in increasing storminess indices over southern Scandinavia has been 
observed (HELCOM. 2007).

Large sections of the German Baltic Sea coastline are retreating, at an 
average rate of 0.2 -  0.3 m/year and maximum rates of up to 1.5 m/year 
( S c h w a r z e r  et al., 2003). East of Rügen Island (Figure 1) the coastline 
turns towards a formation which looks as if equilibrium conditions 
between erosion and accumulation predominate; however even here 
coastal retreat dominates. Approximately 70 % of the coastline of the
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Figure 3. Seabed s e d im e n ts  around  D enm ark, th e  G erm an p a r t of th e  Baltic Sea an d  p a r ts  of the  Polish coast. Source: H e r m a n se n , B. an d  JENSEN, J.B . 
2 0 0 0 .

Figure 4. Side-scan im a g e  from A dlergrund  / Baltic Sea (54° 44,433’ N, 14° 17,533’ E). To get a b e tte r  im pression  about the  rehef, th e re  is no slan t 
range correction of the  im a g e .  1 — w ater-colum n, 2 — ridges, 3 — acoustic shadow, 4 -  sand, 5 — wave induced ripples (F e l d e n s . D ie sin g  an d  SCHWARZER, 

2007).
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Table 1. Offshore aggregate resources and present mining activities of the countries surrounding the Baltic Sea. Resources are given in m 3 ■106 (* 
data taken from HELCOM, 1999, ** Kramarska et al., 2004, ***Nielsen et al., 2004, +M.-V. = State Mecklenburg-Vorpommern, Germany).

C ou n try P o lan d L a tv ia L ith u a n ia E sto n ia R u ssia  
(K alin in ­

grad  an d  St. 
P e te r  s-burg  

region)**

F in la n d S w ed en D enm ark*** G erm an y

Aggregate
Material

Gravel: 280 
Sand: 35

No activity* No activity* No activity* Gravel and 
sand 400 

(33.4+)

< 0 ,5* No activities 
since 1992*

Gravel: 300 
Sand: 2510

Gravel: 11.0 
Sand: 14.5 

(**only 
M.-V.)

State Mecklenburg-Vorpommern, extending from Mecklenburg Bay to 
Odra Bay (Figure 3), is under retreat permanently ( H a r f f  et al., 2004a). 
According to HELCOM (2007), 74% of the Polish coast is presently 
under erosion, but coastal defence structures have only been erected 
along 26 % of the coast. Along parts of the Latvian coast, cliff erosion 
has increased from an average of 0.5 -  0.6 m/year over the past 60 
years, to 1.5 -  4 m since 1980/81. All of this response is related to 
the isostatic / neotectonic sinking, sea level rise, frequency of storm 
surges and the geological architecture of the coastal areas. As such, 
it requires continuous replacement of the eroded material to maintain 
a stable coastline in those areas where settlements, different kinds of 
infrastructures and/or industrial use predominate.

Natural sediment sources within the region are active cliffs and sediment, 
abraded from the seafloor ( S c h r o t t k e ,  2 0 0 1 ) .  In many cases, the amount 
of sediment supplied by seafloor abrasion is underestimated, sometimes 
completely neglected. Depending upon the composition of the Quaternary 
deposits and the exposure to the main wind- and wave direction, such 
sediment supply can be of the same order of magnitude as that e.g., from a 
1 0  m high retreating cliff ( S c h r o t t k e  and S c h w a r z e r ,  2 0 0 6 ) .  However, in 
many cases even this is not sufficient to stabilize the coastline.

No precise information is available on wave conditions in the open 
Baltic Sea, but some measurements are available from the research station 
in Lubiatowo (Figure 1), which was established in 1974 and belongs 
to the Polish Academy of Sciences - Institute of Hydroengineering. 
Records from this research station indicate a maximum wave-height 
Hmax° f  7.4 m ( P a p l i n s k a - S w e r p e l ,  2003) and a maximum wave length of 
around 80 m. During those NE-storm conditions, the depth of incipient 
sediment movement induced by waves ( W r i g h t ,  1995) extends down to 
a water depth of approximately 40 m.

A ggregate resources
Compared to other marine environments in particular to the tidally 

dominated North Sea, the surficial sediment distribution in the non-tidal 
Baltic Sea is much more heterogeneous; it is patchy on both, small and 
large spatial spatial scales (Figure 3). This observation is confirmed by 
different maps, either covering the whole Baltic Sea ( W i n t e r h a l t e r  et 
al., 1981 ) or just localised areas ( E m e l y a n o v ,  T a u b e r ,  and L e m k e ,  1993; 
G e l u m b a u s k a i t e  etal., 1999; H e r m a n s e n  and J e n s e n ,  2000; T a u b e r  and 
L e m k e ,  1995; T a u b e r ,  L e m k e  and E n d l e r ,  1999 and U s c i n o w i c z  and 
Z a c h o w i c z ,  1994). The deep basins (Figure 1 ) function as sinks for fine 
grained sediment (silt and clay), whilst sandy material is deposited in 
the more shallow areas. Relict sediment remains, where till or other 
glacial deposits pinch out at the seafloor (Figure 4) where they are 
directly influenced by waves.

Dredged material in the Baltic Sea result from both: a) non-renewable 
fossil resources like glaciolimnic deposits or deposits from a former 
stage of the Baltic Sea ( B e l l e c ,  D i e s i n g  and S c h w a r z e r ,  this volume; 
M a n s o  et al., this volume and S c h w a r z e r ,  D i e s i n g  and T r i s c h m a n n ,

2000); or b) material which originates from coastal erosion or seafloor

abrasion, which is transported and re-deposited in shallow marine areas 
( K o r t e k a a s  et al., this volume, and S c h w a r z e r  et al., 2003).

Sand and gravel deposits in the southern part of the Baltic Sea (the 
offshore areas belonging to Denmark, southern Sweden, Germany, 
Poland and the Kaliningrad area) have formed mainly as the result of 
post-glacial erosion and selective transport and deposition processes of 
glacial and partly postglacial deposits, reflecting the geological settings 
and the prevailing hydrodynamic conditions. Many of these deposits are 
of fossil origin and, therefore, non-renewable. They consist of glacio- 
fluvial deposits, fossil beach ridges and submerged coastal planes, 
which developed during the former stages of the Baltic Sea ( N i e l s e n  et 
al., 2004 and S c h w a r z e r ,  D i e s i n g  and T r i s c h m a n n ,  2000).

Although the sediment distribution is affected strongly by the 
subsurface geology, a depth-dependent overall zonation of surface 
deposits can be found ( S e i b o l d  et al., 1971). In the southwestern and 
southern Baltic Sea, coarse-grained lag deposits form a thin veneer (a 
few decimetres) on top of till deposits, in water depths of 5 to 15 m 
along the coasts and on the submarine sills and shoals. These sediments 
result directly from the abrasion of the underlying till deposits. Material 
with grain sizes within the range of sand is removed by wave- and 
current action, leaving the coarser constituents behind ( S w i f t  et al., 
1971; T a u b e r ,  L e m k e  and E n d l e r ,  1999). Lag deposit areas are often 
found to be surrounded by well-sorted fine to medium sands. Apart 
from the immediate proximity of the coast and abrasion platforms, 
these sand veneers are relatively thin, for example only 0.5 to 2 m in 
Kiel Bay ( S e i b o l d  etal., 1971) and inner Mecklenburg Bay. Significant 
amounts of marine sediments are found within the deeper basins and 
channels of the Baltic Sea, where fine-grained, organic-rich sediments 
(mud) accumulate ( L e m k e ,  1998; W e r n e r  et al., 1987). Depending on 
the water depth, the grain-size decreases from coarse to fine silt while 
the content of organic matter increases up to 10 -  15 % ( W i n t e r h a l t e r  

etal., 1981).

Exploitation
In the western Baltic Sea, sand, gravel, stone and even boulder 

exploitation ( K a r e z  and S c h o r i e s ,  2005) has lasted for more than a 
century ( N i e l s e n  et al., 2004). For all kinds of usage the most important 
parameter is grain size; others such as the mineral composition are of 
minor importance and as such their analyses are mostly not carried out. 
Gravel is used mainly by the concrete industry; however, sand is used 
predominantly for coastal protection works, only minor proportions 
are being used by the glass industry. Natural restrictions regarding 
exploitation are the water depth, the thickness of mud cover and the 
distance of the resources from the coast. Around the Baltic Sea, 
Denmark is the leading extractor and supplier of marine aggregates to 
other countries, followed by Germany. Minor quantities are dredged in 
Finland and the St. Petersburg area of Russia (Table 1). No activities 
are reported from Lithuania, Latvia, Estonia and the Kaliningrad region 
( N i e l s e n  etal., 2004).
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Probably the largest known resource of sand and gravel in the Baltic 
Sea is the NE -  SW elongated shoal “Ronne Bank -  Adler Ground” 
(Figures land 3), with a potential volume of 1.5 billion m3 of sand and 
gravel ( N i e l s e n  et a l, 2004), of which 2000 • IO6 m3 are located in 
Danish waters. This shoal extends 60 km from the Bornholm coast, 
into German territorial waters. Extraction is carried out here to support 
the Danish, Swedish and German market; it is still on-going but has 
decreased recently from 700,000m3/year to 250,000m3/year. However, 
the total volume dredged in the Danish Baltic Sea territories is about 
1.5 -2 .0  X IO6 m3 ( N i e l s e n  et al., 2004).

The amount of sand and gravel resources located in coastal waters 
off Mecklenburg Vorpommern (Figure 3) amounts to 25.5 x IO6 m3 
(Table 1) of which 31 % have been exploited until 2004 ( H a r f f  et a l, 
2004b). In Poland, from 1990 -2000, 10.9 x IO6 m3 of sand and gravel 
were exploited from the Baltic Sea; this approximates to 1 x 106m3/ 
year ( K r a m a r s k a  et a l, 2004). Approximately 33 xlO6 m3 of sand and 
gravel exist in the eastern Gulf of Finland; of this, 45% were mined for 
building in the St. Petersburg and Feningrad districts ( M o s a k a l e n k o  et 
al., 2004). The dredging areas are established partly in shallow waters, 
within a water depth of only 6 m. According to C a t o  (2004), only 17 % 
of the Swedish Baltic Sea territories are well mapped. However due to 
uplift, the highest postglacial shoreline in Sweden is found at an altitude 
of 286 m above the present sea level: Therefore a huge amount of sand 
and gravel of former marine origin is found on land at various altitudes 
( C a t o ,  2004) and can be mined there. In the past, the demand for marine 
extraction was not very high; since 1992 there have been no offshore 
dredging activities offshore Sweden.

C O N C LU SIO N S

The Baltic Sea is a very 'young' marine environment, which is 
extremely diverse compared to other oceans regarding geological 
prerequisites, physical forcing of sediment mobility and environmental

conditions. Due to its young geological history and the on-going uplift 
/ subsidence processes, the surface sediment distribution and the upper 
part of the subsurface, which are of interest as an economic deposit, 
are very patchy; they are mainly of Quaternary origin. In part, they 
are primary deposits, sueli as the gravel sediments in Tromper Wiek 
( B e l l e c ,  D i e s in g ,  and S c h w a r z e r ,  this volume), which is the most 
shallow extraction site in the southwestern Baltic Sea, located in water 
depth of only 8 m, at a distance of approximately 2 km from the 
coastline. Partially in some areas deposits are renewing continuously 
in response to active coastal transport processes ( K o r t e k a a s  et al., this 
volume). In the eastern Gulf of Finland (Kurort District St. Petersburg, 
Figure 1) deposits formed by wave and current activities, actually are 
found in water depths of only 3 - 5  m. These deposits have a sediment 
dynamic linking to beach sands and as sueli their mining is endangering 
the coastline ( M o s k a l e n k o  et a l, 2004).

In addition to the risk assessment of aggregate extraction, there are 
legal and administrative restrictions, e.g. the EU Water Framework and 
Habitat Directive, together with national laws and restrictions, which 
differ from country to country. Other conflicts of interest regarding the 
exploitation of marine mineral resources result from the identification as 
military exercise areas, archaeological sites, shipping lanes or spawning 
grounds ( C z y b u l k a  and B o s e c k e ,  2006).

For the subsiding southern and southwestern parts of the Baltic 
Sea in particular there might be an increasing demand o f sand for 
beach nourishment in the future; this is related to increasing erosion 
and coastal retreat, because of the predicted sea level rise (HEFCOM, 
2007). As these are the areas which have the most limited amount 
of natural, marin mineral resources due to their Pleistocene and 
Holocene development, and where shore protection is favoured to be 
carried out only with natural material, some problems might occur 
here. In the northern uplift section, where sea level rise is not yet a 
problem, the available resources are sufficient and dredged material 
is only used for construction purposes; as such offshore aggregate 
dredging is not yet identified as a problem. However, by the year
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2100, many regions currently experiencing a relative fall in sea 
level would instead have a rising relative sea level (Figure 5). For 
example, the past trend o f a lowering mean sea level in the Gulf 
o f Finland would not continue in the future because the accelerated 
rise in global average sea level will balance the land uplift. The 
combination o f high sea levels induced by storm surges, ice-free seas, 
and unfrozen sediments would enhance erosion and the transport o f 
sediments (HELCOM, 2007).

In summary it is important for each society to maintain 
environmentally - and economically - sound raw material management, 
to ensure the fully sustainable exploitation of offshore resources.
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ABSTRACT

The Late Quaternary history of the Baltic Sea is marked by a complex sequence of glacial, lacustrine and marine 
phases (late Pleistocene, Baltic lee Lake, Yoldia Lake, Ancylus Lake, Littorina Sea). Boomer elata, acquired in October 
2004, permitted to improve the knowledge of the late Quaternary geological evolution of Tromper Wiek, a semi- 
enclosecl bay, located in the north-eastern part of Rügen Island. The sedimentary deposits can be subdivided in 6 
seismic units (Ul to U6). The upper part of the lowest unit (U l) corresponds to Pleistocene till. Channels incise 
the top of this till (surface S2), probably created during the first drainage of the Baltic Sea during the Late Glacial. 
Subsequent channel filling (U2) occurred in two phases beginning with chaotic deposits, probably fluviatile of origin, 
followed by graded deposits. This filling was stopped by an erosive period with the formation of surface S3, showing 
channels at the same location as S2. The facies of the channel filling (U3 and U4), during a second phase, is similar 
to the first one, but resembles a progracling sediment body, intercalated between the two units in the shallower part. 
U3 shows a bar-shaped deposit at its top. The facies of U4 is very similar to a barrier/back-barrier facies similar to the 
facies of unit U5, partly composed of gravel. The deposits of U6 correspond to the post-Littorina Sea deposits.
The presence of gravel is linked to coastal cliffs, in which chalk layers, pushed up by glaciers, alternate with sections 
of till and meltwater deposits and with submarine outcrops of till. Gravel deposits are present in unit U5. They are 
strongly linked to the presence of a barrier. Four of the six units show a barrier facies (U2, U3, U4 and U5); gravel 
deposits could be present inside all of these units and would represent a larger deposit than estimated previously.

ADDITIONAL INDEX WORDS: Baltic Sea, coastal evolution, barrier des’elopment, marine resources.

IN T R O D U C T IO N  A N D  AIM O F TH E  STU DY

Gravel-dominated coastal deposits occur in several places 
where sediment supply and wave energy favour the accum ula­
tion of coarse debris in the littoral zone. The presence of rocky 
cliffs, subm arine outcrops and tectonic setting (e.g. raised 
gravel beaches, associated with co-seismic uplift, such as in 
New Zealand (B e r r y m a n  et al., 1992; W e l l m a n , 1967), favour 
these deposits (D a v ie s , 1972; O r f o r d , F o r b e s , and J e n n in g s , 
2002). Moreover, there is a latitudinal control (>40° N and S) 
on the common occurrence of gravel deposits in continental 
shelves and shore zones (D a v ie s , 1972; H a y e s , 1967), which 
correspond to periglacial deposits ( C h u r c h  and R y d e r , 1972). 
On storm wave-dominated coasts gravel originates mainly 
from glacigenic deposits (C a r t e r  et al., 1987; F o r b e s  and T a y ­
l o r , 1987; F o r b e s  and S y v it s k i, 1994).

The coastline of the Southwestern Baltic Sea (from Den­
m ark via Germany to Poland) consists of an alternation of

DOI: 10.2112 / SI51-016.1 received 14 J a n u a ry  2007; accepted in 
revision  15 J a n u a ry  2008.

Pleistocene cliffs and lowlands, where the cliffs are composed 
mainly of till, partly  of m eltw ater deposits or older material, 
pushed-up by advancing ice during the last glaciations. Most 
of these cliffs are under erosion with an average re trea t of ap­
proximately 30 cm/year (S c h w a r z e r , 2003).

Exploration and exploitation of offshore m ineral resources 
have been carried out in the former German Democratic Re­
public since the seventies ( H a r f f  et al., 2004; J ü r g e n s , 1999; 
L e m k e  et al., 1998; L e m k e , S c h w a r z e r , and D ie s in g , 2002). 
Extraction has been carried out by m eans of anchor hopper 
dredging in depths of up to -9 m mean sea level (msl). As a 
result, the sea bottom is covered with furrows and pits with 
diam eters between 20 to 50 m and depths of up to 6 m below 
the sea bed (D i e s in g , 2003; D ie s in g  et al., 2004; K l e in , 2003; 
K u b ic k i, M a n s o , and D ie s in g , 2007; M a n s o  et al, th is  volume). 
Our study area is situated  in the northw estern part of Tromp­
er Wiek (Figure 1) where the seafloor is dominated by gravel. 
The aim of th is paper is to improve the knowledge of the geo­
logical setting of the study area and especially to understand 
the geological development of gravel resources.
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Table 1. Baltic Sea stages (adapted from Lampe, 2005). The transgressive stages noted Rügen 1 to Rügen 7 are derived from Schumacher and 
Bayeri (1999). WL: water-level.

B a lt ic  S ea  s ta g e s D a te  14C (ky  B P ) P o ssib le  e v o lu t io n  o f  th e  w a ter -lev e l E v e n ts

Post-Littorina 0
1.5 Rügen 7
3-2 Rügen 6 4-0 ky: only tectonic movements of minor importance

Rügen 5 (Uscinowicz, 2002)
5.8 Abrupt regression 6-5 ky: regression phase? Neotectonic movements?
6 Much slower rise

Littorina Sea Rügen 3 7-6 ky : temporary increase of the uplift
7.3-7.2 Rügen 4 then WL fall of ~ lm Depth: -2 m (Janke and Lampe, 2000)

WL fall (from —6 to —7.5 m) Flooding of the Danish Strait — Depth: -15 m

7.8 Rapid rise (Lemke, 1998)

Ancylus Lake 7.8 Connection with the ocean
8-7.3 WL rise (Rügen 2) 8-7 ky: decrease of the rate of uplift
9.2-8.8 Sudden WL fall after 8.8 ky Regression (32 m below wl, Lemke et al., 1998)
9.5 Rapid rise (Rügen 1)

Yoldia Lake 9.5
9.9 Temporary link to the ocean
10.3

Baltic lee Lake 10.3 WL drop of 25 m Connection with open ocean-drain age. Start of the early
WL rise Holocene incision phase on the mainland (Janke, 1978).

Late-glacial Lake transformed into a delta or river plain.
Melt-water pulse (Fairbanks, 1989) - Subglacial drainage,

11.5 WL drop of 5-10 m channel incisions.
12.5 14-11 ky: main uplift (Uscinowicz, 2002)
13.5-13 WL rise Connection with the ocean

GEOLOGICAL H ISTO RY O F T H E BALTIC SEA  
A N D  STUDY AREA

The Baltic Sea is an almost non-tidal w aterbody with only 
one narrow connection (Skagerrak) to the North Atlantic via 
the North Sea. Its history is controlled by isostacy, eustasy 
and resulting connections to the North Sea, for distinct peri­
ods during the Late Pleistocene and early Holocene (B jô e k ,
1995). Therefore its evolution is m arked by lacustrine and m a­
rine phases, resulting in four stages: Baltic lee Lake, Yoldia 
Sea, Ancylus Lake and the L ittorina Sea (Figure 2, Table 1) 
(B.jô r c k , 1995; D u p h o r n  et al., 1995; L a m p e , 2005). Below, a 
description of the evolution of the Baltic Sea is given, w ith an 
indication of conventional radiocarbon years.

During the pleniglacial (Figure 2), the water-level was high 
in Pomerania, between 3 and 25 m above the mean sea level 
( J a n k e ,  2002b). Here, the late Pleistocene history of the Bal­
tic Sea started  with the retreat of the active ice from Rügen 
Island and the Pomeranian Bight around 14 ky BP ( G ö e s d o e f  
and K a is e r ,  2001; K r a m a r s k a ,  1998; L a g e r l u n d  et al., 1995; LTs- 
CINOWICZ, 1999). With the opening of several, probably subgla­
cial drainage channels at Mt. Billingen app. 11.2 ky BP, the 
water-level dropped to at least —25 m msl and extensive river 
erosion occurred. During the Younger Dryas, the water level 
rose again from -40 to -20 m msl (L am pe, 2005) leading to the 
full development of the Baltic lee Lake (Table 1). The reopening 
of a drainage pathway at Mt. Billingen, due to the retreat of the 
Scandinavian ice sheet around 10.3 ky BP, caused a drop of the 
water table to about -40 m (B .jô rc k , 1995). The early Holocene 
marine incision phase Yoldia Sea started  ( J a n k e ,  1978), but due 
to rapid uplift of Scandinavia the closure of the connection to 
the open ocean followed 9.5 ky BP (Table 1). The Ancylus Lake 
period began with a water level rise reaching a maximum high-

stand of —18 m msl (L a m p e , 2005; L e m k e , 1998; L e m k e  et al., 
1999), similar to the level of the Baltic lee Lake. This highstand 
was followed by a water level fall during the second half of the 
Ancylus Lake period. The first phase of the following Littorina 
Sea is m arked by a rapid water level rise between 7.8-6 ky BP. 
Since then, the water level had fluctuated within a range of 
a few m eters between —5 m msl and the present water level 
( S c h u m a c h e r  and B a y e r l , 1999). After 5 ky BP, the water level 
almost reached its modem position (Figure 2). W ater level low- 
stands occurred at the end of Dryas 1, at the Yoldia Sea stage 
and the regression of the Ancylus Lake (Table 1).

Rügen Island was reached by the Littorina transgression 
about 7.2 ky BP ( J a n k e , 2002; L a m pe  et al., 2002) and shows a 
strongly undulating shoreline displacement curve with up to 17 
regression and transgression phases (S c h u m a c h e r , 2002). This 
island, a former archipelago comprising more than  a dozen larg­
er and smaller Pleistocene islands, connected by barrier and 
spit development during the younger Holocene (D u p h o r n  et al., 
1995, J a n k e , 2002), is an uplifted area with rates of 0.24 nnn/yr 
for the north-eastern part (S c h u m a c h e r , 2002). K o l p  (1979) and 
D ie t r ic h  and L ie b s c h  (2000) have shown the presence of a hinge 
line of zero isostatic uplift, which stretches from the southern 
Zingst peninsula to LTsedom Island, separating an uplifted (Rü­
gen Island) from a subsiding area (southwestern Baltic Sea, e.g. 
bays of Wismar, Lübeck and Kiel). The strong regression be­
tween 6-5 ky BP has been related to an uplift of 6 m between 7-5 
ky BP (S c h u m a c h e r  and B a y e r l , 1999; S c h w a r z er , D ie s in g , and 
T r ie s c h m a n n , 2000) and as a land upheaval on Rügen Island of 
8 m (S c h u m a c h e r , 2002). The age of th is uplift fits to the age of 
the uplift of the Pomeranian Bight shoreline around 5.8-5 ky 
BP ( J a n k e  and L a m p e , 2000).

Tromper Wiek is a semi-enclosed bay located in the north­
eastern  p art of Rügen Island between the cliffs of Wittow and
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Jasm und (Figure 1). The cliffs are connected by a 12 km long 
Holocene barrier nam ed Schaabe, which developed after the 
L ittorina Transgression (D u p h o r n  et al., 1995; S c h u m a c h ­
e r  and B a y e r l , 1999). The cliffs, with a maximum height of 
118 m at Jasm und, are characterized by a complicated p a t­
te rn  of glacio-tectonically uplifted Late Cretaceous chalk and 
Pleistocene deposits subdividing the chalk un its (H e r r ig  and 
S c h n ic k , 1994). The chalk is soft and weakly cemented, inher­
iting black flint concretions ( J a n k e , 2002; S c h n ic k , 2002). The 
w aters off Jasm und and Wittow are characterized by a steep 
bathym etric gradient which continues in the north-western 
part of Tromper Wiek where the w ater depth increases rapidly 
from -12 to -18 m msl (S t e p h a n  et al., 1989).

The latest result of sediment distribution patterns in this 
bay (Figure IB) can be found in S c h w a r z e r , D ie s in g , and T r i - 
e s c h m a n n  (2000). Lag deposits occur in front of Wittow and 
Jasm und cliffs. They situate the gravel deposit, which is lo­
cated in front of Wittow cliff and Schaabe barrier between —8 
and —14 m msl. This deposit shows prom inent morphological 
ridges composed of well-rounded pebbles and cobbles up to 25 
cm in diameter. Shallower than  -10 m some till crops out. Fine 
sand is located in front of Schaabe spit between —10 and —14 
m msl. Muddy fine sand and sandy m ud occurs in deeper parts 
of Tromper Wiek.

J e n s e n  (1992); J e n s e n  et al. (1997); L e m k e  et al. (1998); 
L e m k e , S c h w a r z e r , and D ie s in g  (2002) have identified five seis- 
m ostratigraphic units (E l to E5) in the western Baltic Sea and 
the area around Rügen. An uppermost till (El) was incised by 
late glacial channels, probably filled with glacio-lacustrine sedi­
m ents (E2) of the early Baltic lee Lake stage. A thick sedimen­
tary  complex (E3) covered these deposits during the final phase 
of the Baltic lee Lake. The boundary separating E2 and E3 cor­
responds to a major discontinuity. At least in Tromper Wiek E3 
is subdivided into E3a and E3b. E3a corresponds to an associ­
ated beach ridge - lagoon system and E3b is interpreted to be 
either of fluvial or coastal origin, deposited during the lowstand 
of the Yoldia Sea. E4 was deposited in the deeper central part 
of the bay during the final phase of the Yoldia stage and in the 
beginning phase of the Ancylus Lake. The maximum highstand 
of the Ancylus Lake was around -18 m msl. It was followed by 
a regression to about 30 m msl. LTnit E5 is a brackish marine 
mud, which reflects recent sedimentation.

In the shallower p art of Tromper Wiek, an inner basin is 
characterised by lagoonal deposits of E3a which are covered 
by gravelly beach ridges. F urther offshore, towards the central 
part of Tromper Wiek, the till surface dips steeply, reaching a 
level of more than  —40 m msl and delimiting an outer basin 
created by former ice (L e m k e , S c h w a r z e r , and D ie s in g , 2002).

M ETH O DS

The Uniboom is an electro-acoustic sound converter produc­
ing a broad frequency band of acoustic pulses (0.5 to 15 kHz) 
em itted vertically into the w ater column (A t z l e r , 1995). The 
boomer acoustic source is mounted on a catam aran and towed 
behind the ship. The sound signal is reflected from boundaries 
between different layers/structures within the sedim entary 
sequence, consisting of different impedances. Reflected sig­
nals are received by a streamer, additionally towed behind the 
ship, close beneath the sea surface. This signal is tuned  in a 
receiver and transferred  to analogue and digital acquisition 
units. Processing of the digital data consists of bandpass filter­

ing, stacking and the adjustm ent of a tim e varied gain (TVG). 
Very-high resolution seismic profiles are in terpreted  accord­
ing to seism o-stratigraphy principles ( P o s a m e n t ie r  et al., 1 9 9 2 ; 
P o s a m e n t ie r , J e r v e y , and V a il , 1 9 8 8 ; V a il  et al., 1 9 7 7 ; V a n  
W a g o n e r  et al., 1 9 8 8 ) . Originally developed for low resolution 
seismics, it can also be applied for high to very-high resolution 
seismic (e. g. B r o w n e , 1 9 9 4 ; C h io c c i , O r l a n d o , and T o r t o r a , 
1 9 9 1 ; C  ir  Ac et al., 1 9 9 7 ; L e r ic o l a is , B e r n é , and F e n ie s , 2 0 0 1 ) .

Lim itations in the quality of the seismic profiles, due to 
bad w eather conditions during the surveys, complicate p a r t­
ly the in te rp re tation  of the  data into different seism ostrati- 
graphic units.

RESULTS

Several seismic units (U1 to LT6) are present on the seismic 
profiles (Figures 3 to 7). They are bounded by high amplitude 
and often strongly erosive surfaces S2-S6. These units essen­
tially correspond to the filling of two basins. The first one, in 
the shallower part of the bay, would correspond to a lagoonal 
facies (L e m k e , S c h w a r z e r , and D ie s in g , 2002) and is located be­
tween —13 to —20 ms tw t (app. —10 to —15 m msl) behind the 
gravel barrier (S c h w a r z e r , D ie s in g , and T r ie s c h m a n n , 2000) on 
our seismic profiles. Its maximum depth is about 20 ms (app. 
-15 m) tw t (two-way travel time) in our study area. The second 
basin is situated offshore deeper than  —24 ms tw t (app. -18 in 
msl) (Figure 3) and is m arked by a steeply dipping surface. The 
thickness of the sediment fill is more or less 25 ms tw t (app. 20 
in). Correlation between the two basins was achieved by com­
paring the seismic facies and the num ber of the seismic units 
above unit U l, occurring in the whole study area without in ter­
ruption. The un it U l dips steeply offshore where it delimits the 
offshore basin. The base of U l is not accessible. Its upper part 
constitutes of indented reflections which form channels.

The base of the  onshore (lagoonal) basin  corresponds to 
an uneven high am plitude and to low to good continuity  su r­
face S2 which can be followed th roughout the  whole study 
area (Figures 3, 4 and 5). S2 shows channels righ t to the off­
shore boundary  of the  inner basin  where it alm ost reaches 
the  sea bottom . In th is  area, th ree  channels show a general 
NW-SE strike and incise th e  substra tum  down to 36 ms tw t 
(app. -27 in) (Figure 5). They are separated  by interfluves 
shallow er th a n  28 ms tw t (app. 21-22 in h). The channels, 
which alm ost d isappear at th e  boundary betw een the  two 
basins, are filled by two different facies: the first one (LT2a) 
is chaotic and evolves upw ards into a second facies (LT2b), 
which shows wavy para lle l reflections (Figure 4). There is 
no clear reflection horizon visible betw een these two seismic 
facies.

Surface S3 shows sim ilar characteristics as S2. It is an 
uneven high am plitude and good continuity surface showing 
channels. Nevertheless, the channels are generally smaller 
than  the previous ones. The first deposits filling the channels 
(LT3a) are composed of a chaotic facies with few parallel reflec­
tions on the interfluves. Another type of deposits (U3b) is only 
located in the westernmost area. Its  base is quite tabular. The 
seismic facies corresponds to prograding reflections. LT3b rap ­
idly pinches out offshore. LT3 shows a bar-shaped body in th is 
upper part (Figure 6).

The amplitude of the surface S4 is variable, but its conti­
nuity is good (Figure 4). It erodes the top of unit LT3. LTnit LT4 
corresponds to the last filling of the channels formed by S2 and
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onlaps on S4. F urther south th is unit shows a complex pattern  
of retrograding, prograding reflections and small channels with 
only a few milliseconds (twt) deep. An offshore bar-shaped body 
is present between the two basins, a t the same place than  the 
U3 bar-shaped body. Its facies is chaotic (Figure 6).

The upper surface S5 exhibits high am plitude and good 
continuity and can be followed almost throughout the inner 
basin (Figures 3, 4 and 7). It shows NW-SE oriented isochrons 
between 16 and 24 ms tw t (app. -12 and -18 m) and a small 
E-W oriented channel of only a few milliseconds deep. It is cov­
ered by the high am plitude facies U5 which is composed of two 
units: a basin filling showing chaotic facies (U5a), prograding 
and retrograding reflections as well as channels of 3-4 ms tw t 
which are very sim ilar to the facies of U4, and a barrier-shaped 
body (U5b) which ends up the facies offshore. The steep slope 
of the ridges on the barrier (Figure 4) is directed towards the 
coast and the gentle slope towards the sea. This barrier facies

is located exclusively in the shallow p art of the bay where it 
shows a thickness of up to 6 ms tw t (app. 4,5 m). The thicker 
parts  are located on the barrier and in the shallowest area. 
The unit U6 is a th in  layer (less than  1 m) of deposits, which is 
difficult to follow because it is mixed with the seafloor signal.

The seismic un its U2, U3 and U4 reach the position of the 
outer ridges and U3 and U4 pinch out at the end of the ridge 
deposit. The thickness of each un it does not exceed 8 ms tw t 
(app. 6 m), with a mean around 3-4_ms tw t (app. 2-3 m).

Between the two basins, the till deposit U l is bounded by 
the surface S2, covered by U2 in the northw est (Figures 3, 
4 and 6). The facies of th is  unit shows channel filling in the 
north (U2a, Figure 4). Towards the southeast, prograding and 
retrograding reflections form a dome-shaped deposit (U2c) on 
S2 and sometimes cover the channels formed by th is surface. 
Small channels are also present in the dome-shaped deposit. 
U2c was gently eroded by the formation of S3, except on its top
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where the erosion was stronger and probably younger than  
the formation of S3, as U3 deposits are only present on each 
side of the dome-shaped deposit (Figure 6). U2 and U3 are cov­
ered by a th in  layer composed of the younger un it U6, which 
thickens just at the foot of the barrier (app. 2-3 m thick), show­
ing parallel reflections at th is location.

Into the offshore basin (Figure 3), the uneven surface S2 
also corresponds to the base of the basin, which dips offshore 
around 30 ms tw t (app. 22 m). S2 shows channels of less than  
5 ms tw t (app. 3,5 m). S2 is covered by U2, which present simi­
lar seismic facies than  in the onshore basin: the bottom deposit 
is chaotic and evolves upw ards from wavy to more or less p a r­
allel reflections. S3 does not correspond to an uneven surface 
in the offshore basin. It corresponds to a p lanar surface with 
a medium am plitude and continuity, locally disturbed by gas 
presence. U3 presents high frequency parallel reflections. The 
upper surface S4 is quite horizontal w ith a high am plitude 
and continuity. It shows small channels of 2-3 ms tw t deep 
(app. 1.5-2 m). The seismic facies of un it U4 also corresponds 
to high frequency parallel reflections. It is partly  difficult to 
differentiate U5 from U4 in the offshore basin, as U5 could 
correspond to a p art of facies U4. U6 is composed of parallel 
reflections and becomes thicker offshore, increasingly.

The thickness of the un its is regular and corresponds to 8 
ms tw t (app. 6,5 in) for U2, about 5-7 ms tw t (app. 4-5,5 in) for 
U3, 6-8 ms tw t (app. 5-6,5 in) for U4 (plus U5?) and 1 to 3 ms 
tw t (app. 1-2,5 ni) for U6.

D ISC U SSIO N  A N D  INTERPRETATION  

H istory o f  the W estern Part o f  Tromper Wiek
C o m p a r i n g  t h e  r e s u l t s  w i t h  p r e v i o u s  i n v e s t i g a t i o n s  o n  

l a n d ,  (H o f f m a n n , L a m p e , andBAKNASCH, 2 0 0 5 ;  S c h u m a c h e r  a n d

B a y e r l ,  1999) and inside Tromper Wiek (L e m k e  et al., 1998; 
L e m k e , S c h w a r z e r ,  and D ie s in g ,  2002; S c h w a r z e r ,  D ie s in g ,  
and T r ie s c h m a n n ,  2000), the upper part of the un it U l corre­
sponds to Pleistocene till (unit E 1 in L e m k e  et al., 1998; L e m k e , 
S c h w a r z e r ,  and D ie s in g ,  2002; Table 2). In fact, these authors 
indicate th a t the surface of the upperm ost till is characterised 
by a high relief and channel-like depressions with the surface 
dipping steeply towards the central p art of Tromper Wiek, as 
is the case for surface S2.

After the last glacial maximum about 18.5 ky BP (L a m b e c k  
et al., 2000), during the lee Sheet and the lee M arginal Lake 
periods, the m elting of the ice led to an opening of the Baltic 
Sea torw ards the North Sea (L am p e, 2005). The water-level 
dropped more than  40 m, which probably in itiated  the for­
mation of the channels bounded by S2 (Figures 8A and 8B). 
Channels generally form during water-level fall, but can also 
be formed due to m elt-water pulses or subglacial draining. 
There were two im portant water-level falls due to the drain­
age of the Baltic lee Lake. The first one (drainage at 13 ky 
BP, Figure 2) occurring in the Baltic Sea was combined with 
a m elt-water pulse, as the ice re trea t on Rügen Island is situ ­
ated about 14 ky BP ( G ö r s d o r f  and K a is e r ,  2001; K r a m a r ­
s k a , 1998; L a g e r l u n d  et al., 1995; U s c in o w ic z ,  1999), and so 
could lead to the formation of the more im portant channels, 
bounded by surface S2. Between about 13 and 10 ky BP, the 
water-level had been more or less stable, around -20 to -25 m 
msl ( S c h u m a c h e r ,  2002) or rose up to a few m eters on Rügen 
Island considering the water-level evolution in the Arkona b a­
sin or in west Pom erania ( B e n n ik e  and J e n s e n ,  1996; J e n s e n ,  
1995; L a m p e , 2005). The th ree channels, present in Figure 4, 
incise from 26-28 ms tw t (19-21 m msl) down to more than  36 
ms tw t (27 m msl). Therefore a water-level around 20-25 m 
msl probably allowed the filling of the channels (U2, Figure 
8C). U nit U2 was deposited in two steps during the water-

T a b le  2 . Com parison between the se ism ic u n its  o f L emke et al. (1998) a n d  those in  th is  paper.

L e m k e  et a l 1 9 9 8 T h i s  p a p e r

S e i s m i c  u n i t s S e d i m e n t  t y p e A g e S e i s m i c  u n i t s S u p p o s e d  A g e

E l :  T ik h yp : grey , p a r t ly  c la y ey , 
c h a lk  fr a g m e n ts

P le is to c e n e U l P le is to c e n e

C h a n n e l su r fa c e L a te  g la c ia l S 2  (ch a n n e l) ~ 1 3  k y  (d ra in a g e)

E 2: c h a n n e l f il lin g , g lac io -  
la c u s tr in e  se q u e n c e

h y p  : S ilty  to  s a n d y  m a te r ia l E a r ly  B a lt ic  le e  L a k e  s ta g e U 2 B a lt ic  le e  L a k e

M ajor u n c o n fo r m ity S 3  (ch a n n e l) ~ 1 1 .5  k y  (d ra in a g e)

E 3  : 
E 3a: T h ick  s i l t  th e n  o liv e  grey , 

f in e  la m in a te d  s i l t

B a lt ic  le e  L a k e  

U p p e r  p art: ~ 1 0 .1 -1 0 .5  k y
U 3 ?
U 4 ?
U 5 ?

B a lt ic  le e  L a k e  to  Y o ld ia  
S e a

E 3 b  (b e lo w  3 5  m  dep th):  
f lu v ia l or c o a s ta l

S i lty  f in e  s a n d F r o m  ~ 1 0 .3  k y

U 5 ?

E 4: fr e s h  w a te r  la k e  d ep o s it B e lo w  -3 4  m  : g re y  s i l t s B a se :  ~ 9 .6  k y  
A n c y lu s  L a k e

U 5  ? U 6 ? A n c y lu s  L a k e

E 5 O liv e  g re y  s a n d y  m u d P o st-L itto r in a U 6 P o s t-L itto r in a  S e a
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Figure 8. Deposition model of the 6 seismic units, interpreted from the boomer profiles . WL: waterdevel.

level stagnation after 13 ky BP (Figure 8C). The lowest unit 
(LT2a) shows a chaotic facies, which might represent the final 
melt w ater deposits, composed of heterogeneous and/or coarse 
m aterial. The un it above (LT2b) shows alternating  wavy bed­
ded reflections, following the underlying relief. This generally 
gives evidence of more homogeneous and/or finer deposits. 
This wavy facies is very sim ilar to the E2 facies mentioned 
in L e m k e , S c h w ä r z e r , and D ie s in g  (2002) where the authors

also indicate th a t the seismic facies represents silty to sandy 
m aterial. They in terpret E2 as a glacio-lacustrine sequence 
formed immediately after the final deglaciation of the area. In 
front of the offshore basin, a dome-shaped body (LT2c, Figure
6) seems to correspond to a barrier beach, formed during or af­
te r  the filling of the channels since the ir deposition. It should 
indicate a stabilisation of the water-level around 20-25 m msl 
for a duration which is sufficient to create these deposits. This
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meets the w ater level curves for Rügen Island, presented by 
S c h u m a c h e r  ( 2 0 0 2 )  and the position around 2 0 -2 5  m depth of 
the channels (S 2 ) .  In the offshore basin, the initial filling of 
the channels consists of sim ilar facies.

The formation of the second set of channels, located in the 
onshore basin (surface S3, Figure 8D), should be due to the 
second im portant drainage of the Baltic lee Lake around 11 ky

BP present on the water-level curves of the Arkona basin or 
the west Pom erania (B e n n ik e  and J e n s e n , 1996; J e n s e n , 1995; 
L a m p e , 2005) (Figure 2). When forming th is surface S3, a part 
of the beach barrier, located offshore, was eroded. S3 seems 
to correspond to the boundary between the un its E2 and E3 
which is m entioned in L e m k e , S c h w a r z e r , and D ie s in g  (2002); 
S c h w a r z e r , D ie s in g , and T r ie s c h m a n n  (2000). Moreover, these
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authors indicate th a t E3, corresponding to the seismic un it of 
U3, was deposited prior to 10.3 ky BP.

More in detail, the lowermost deposits of U3 in the chan­
nels look sim ilar to the facies of U2, i.e. heterogeneous and/ 
or coarse deposits (U3a). The facies above is different and cor­
responds to a small prograding deposit (U3b). Normally, th is 
indicates sediment input during a constant water-level. As it is 
only located in the west p art of the profile (Figures 3 and 4), it 
could be formed due to local conditions, e.g. progradation of the 
channel wall. U3 deposits do not show a large beach barrier 
facies as U2c. Nevertheless, a deposit sim ilar to a barrier is 
p resent downstream of U2c (Figure 6 ). L e m k e , S c h w ä r z e r , and 
D ie s in g  (2002); S c h w a r z e r , D ie s in g , and T r ie s c h m a n n  (2000) 
also indicate th a t th is  un it is correlated with a barrier-lagoon 
system in the central p art of Tromper Wiek, where the b a r­
riers are composed of gravel. A barrier is also present in our 
study area. So the barrier-lagoon system probably extended 
towards the north. Nevertheless, in our study area the gravel 
deposits do not correspond to LT3, but to the younger u n it (LT5). 
Therefore there should have been several periods of gravel 
deposition with a shift of the centre of deposition towards the 
north.

A th ird  erosive surface is indicated by S4. This surface 
could have been formed during the last drainage after 10.3 ky 
BP. Onlaps, which are characteristic for a transgressive facies, 
are present on S4 (Figures 4 and 8E). As such, LT4 is a tra n s ­
gressive facies which should have been formed during the first 
p art of the water-level rise about 10-9.5 ky BP. The channel- 
filling continued as well, as also the construction of the barrier 
which is already present in LT3. A back-barrier/lagoon facies is 
p resent also (Figure 6).

About 9.5 ky BP, the speed of the water-level rise slowed 
down and rem ained stable at a level of 23-25 m msl, which is 
about 10 m below the back-barrier system. Nevertheless, if we 
consider an uplift of 6 m after 7 ky BP, then the gravel deposits 
would have been located around 16-20 m msl, which was the 
depth of the shoreface 9.5 ky BP ago (Figure 9A). The shape of 
the gravel confirms th is fact, as observations by scuba divers 
revealed th a t these ridges are composed of well-rounded peb­
bles and cobbles of up to 25 cm in diam eter (S c h w a r z e r , D i e s ­
in g , and T r ie s c h m a n n , 2000).

The water-level stagnation may have favoured the form a­
tion of a wave erosion surface (S5) at the top of LT4 (Figures 
8F and 9A). Due to stable water-level conditions during sev­
eral centuries, a barrier, larger than  the former ones, had 
been developed. Behind th is barrier, a facies sim ilar to the LT4 
facies has been deposited. The LT5 deposit is oriented p ara l­
lel to the barrier (Figure 7). LT5 would correspond to a barrier 
and a back-barrier facies with channels alternating  interfluves 
showed by retrograding or prograding reflections.

The next water-level rise, after 9 ky BP, was likely re la ­
tively fast. Due to the very coarse material, the gravel deposits 
were preserved partly. Nevertheless, the barrier was probably 
in p art eroded due to its shallow w ater location, and its mor­
phology evolved in a berm  system (steep slope shifted land­
wards; Figure 9B). The deposition of gravel probably decreased 
quickly with increasing w ater depth. No gravel is present on 
the actual coast, below -15 m msl. New systems of barriers 
and berm s might have formed on the gravel deposits (Figure 
9C). Prior to the uplift approximately 5-7 ky BP, the gravel 
deposits were probably located in 22 m water-depth. The 
onshore boundary is more difficult to establish, but, by com­
parison with the actual depth, it was likely in approximately

15 m water-depth. LTplift raised Rügen Island with about 6 m 
( S c h u m a c h e r  and B a y e r l , 1999; S c h w a r z e r , D ie s in g , and T r ie ­
s c h m a n n , 2000). Then the gravel deposits were located between 
8 and 16 m msl, which is the actual depth (Figure 9D and E). 
Due to the very coarse granulom etry of the barrier sediments, 
it was mostly preserved.

The last unit, LT6, is a th in  cover of fine sand, which repre­
sents the actual sedimentation onshore. Offshore, it can be sub­
divided in several sub-units, which have probably recorded the 
oscillations of the water-level since 9000 years BP (Figure 8G). 
This unit probably corresponds to the un it E5 of S c h w a r z e r , 
D ie s in g , and T r ie s c h m a n n  (2000), which shows typical deposits 
of the post-Littorina brackish m arine Baltic Sea.

Gravel deposits: Barrier and back-barrier facies
We found a barrier facies in four of the six un its  (LT2, LT3, LT4 

and LT5), generally in the ir upper part/top. In our study area, 
a back-barrier/lagoon facies is present in two units (LT4 and 
U5) and other investigations (L e m k e , S c h w a r z e r , and D ie s in g , 
2002; S c h w a r z e r , D ie s in g , and T r ie s c h m a n n , 2000) showed the 
presence of a lagoon in E3/LT3 in the central p art of Tromper 
Wiek. Two of these un its crop out on the sea floor (LT3 in the 
central p art of Tromper Wiek and LT5 in our study area) show­
ing barriers composed of gravely sediments with a northwest- 
southeast orientation for LT3 and a northeast-southw est orien­
tation for LT5.

The with gravel built-up unit LT5 is intensively dredged, 
showing pits of up to a few m deep (D ie s in g , 2003) (Figure 7). 
The thickness of the gravel un it (LT5) reaches 6 ms tw t on our 
seismic profiles (about 5 m thick) (Figure 7). LT5 spreads over 
more than  3500 m in a NE-SW direction and from about 300 m 
(in the north) to more than  1000 m (in the south) in a NW-SE 
direction.

It is possible th a t each of these un its (LT2, LT3, LT4 and LT5) 
shows gravel deposits on the ir upper part, especially in the 
barrier facies. That means th a t the to tal gravel deposit is prob­
ably much more spread than  the gravel deposits on the sea 
bottom shows.

Generally, there are two sources of gravel: the seafloor itself 
and the erosion of the cliffs (A n t h o n y , 2002; C a v io l a , 1997; 
J o h n s o n , 1919; O r f o r d , F o r b e s , and J e n n in g s , 2002; R e g n a u l d , 
M a u z , and M o r z a d e c -K e r f o u r n , 2003; S c h r o t t k e , 2001). The 
gravel deposits formed when the water-level was about 15-20 
m msl, considering the uplift of about 15-10 m modern msl. 
Moreover, the barrier deposit built during quite high and sta ­
ble water-levels. If the seafloor was the only source of the grav­
el, we should find gravel deposits in the outer basin; th is is not 
the case. So, the most probable source of the gravel deposits is 
the erosion of Wittow cliff, composed of chalk, m eltw ater sedi­
ments, boulder and clay, present close to our study area. This 
erosion is only possible when the water-level was about 15-20 
m msl. Following, the cliff was eroded by wave and current 
action and supplied the gravel needed for the formation of the 
gravel deposits.

C O N C LU SIO N S

Six un its (LU to LT6) have been identified in the western 
p art of Tromper Wiek and are bounded by 5 surfaces (S2 to 
S6). LU is attribu ted  to the presence of Pleistocene till; its up ­
per p art was eroded by the formation of channels (S2), proba­
bly related to the water-level drop during the Late Glacial. The
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filling of these channels (U2) began by fluviatile sediments, 
which were la te r replaced with finer and homogeneous sedi­
ments. U2 shows a beach barrie r facies deposited during or 
after the  filling of the  channel. The location of th is  b arrie r is 
slightly offshore of the  modern barrier. The first reactivation of 
the channels (S3) occurred probably during the Baltic lee Lake 
about 11 ky BP. Their filling (U3) is very sim ilar to U2. At the 
top of U3, a b arrie r is found at more or less the same position 
as the  actual barrier. Outside of the study area, investigations 
have shown th a t U3 is partly  composed of gravel barriers. S4 
corresponds to the last reactivation of the channels formed by 
S2 and could have been formed about 10 ky BP. The filling 
of the channels (U4) occurred during the  Yoldia Sea and the 
Ancylus Lake. It is slightly different as it shows tran s  gres sive 
deposits and a b arrie r and back-barrier facies. S5 would be an 
erosional surface caused by waves as the water-level rise speed 
decreased. U5 also shows a barrier and a back-barrier facies 
sim ilar to the U4 facies. This un it is nowadays dredged in ten ­
sively, because of its high gravel content. Due to the  uplift of 6 
m about 5-7 ky BP, the  gravel deposited originally around 15- 
20 m msl depth, which are the m ean depth of the  high water- 
level between 9 and 13 ky BP, are now a t about 10-15 m msl. 
U6 would correspond to the last L ittorina deposits.

Four of the  six un its  (U2, U3, U4 and U5) show barrier 
deposits. The two un its  (U3 and U5), outcropping on the sea 
bottom, and showing a barrier, are composed of gravelly sedi­
ments. It is possible th a t the  two others un its  (U2 and U4), 
showing a barrier, are also composed, a t least partly  of gravel. 
The gravel came from the  erosion of th e  Wittow cliff during 
periods of high water-level. The volume of gravel resources can 
be more im portant th an  estim ated before.
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ABSTRACT I

Using hydro-acoustic survey techniques (side-scan sonar and multibeam), high-resolution bathymetric and acoustic Hillii«» images (sonographs) of former marine aggregate extractions, front Tromper Wiek (Rügen Island, Baltic German
Coast) were obtained. These elata, together with grouncl-truthing (underwater video and seabed sediment samples) 
are used to describe the present condition of marks generated by mining, in terms of their morphology 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: Tromper 
Wiek 1 (sandy gravel seabed) and Tromper Wiek East (sandy seabed). Regeneration varies, depending upon the 
material extracted and the mining technique applied. In general, it is rapid during the first years following the 
extraction, becoming almost undetectable over a longer period of time. However, the marks are still detectable after 
more than 10 years, since they were generated.

ADDITIONAL INDEX WORDS: Marine aggregates; dredging effects; regeneration; loestern Baltic Sea.

IN T R O D U C T IO N

M arine aggregate dredging consists of transferring  sedi­
ment, generally using powerful pum ps on a suction pipe, 
from the seabed to the dredging vessel. Investigation into the 
physical impact generated by such activities has been u n ­
dertaken previously (i.e. B oyd  et al., 2004; D ic k s o n  and L e e , 
1973; G a je w s k i  and U s c in o w ic z , 1993; and P r ic e  et al., 1978); 
however, most of these studies have focused mainly upon 
tidally-dominated, sandy, areas of the seabed. The objective 
of th is contribution is to describe the present state of former 
extraction sites in a non-tidal area, where the sediments are 
mainly relict. For the investigation, high-resolution hydro- 
acoustically-based approaches were used. These will permit: 
1) evaluation of the results of dredging operations, in term s of 
the morphology and superficial grain size distribution; and 2) 
the investigation of trends and processes related to the evolu­
tion of the area. Subsequently, regeneration rates can be es­
tablished through the comparison with previous datasets; this

DOI: 10.2112 / S I5 1-017.1 received  14 J a n u a ry  2007; accepted  in 
revision  27 F e b ru a ry  2008.

will provide an indicator of the suitability of these extractions, 
in the long-term.

The Baltic Sea can be considered as being “sedim ent 
s ta rved”, due to the  low input of m aterial. As such, the 
regeneration  of m arine aggregate extraction sites extends 
over longer periods of time, in com parison to more active 
areas ( D ie s in g  et al., 2006). D uring th e  early  phase of dredg­
ing operations in the  Baltic Sea, the  vessel was stationary, 
or anchored, w hilst th e  dredge pipe excavated the  seabed. 
M ateria l was often screened onboard, w ith the  unw anted  
fractions (undersize or oversize) being re tu rn ed  im m edi­
ately  to the  overlying w aters. This technique, “anchor” or 
“s ta tic” dredging, generated  deep p its on the  seabed. E lse­
where, previous studies have evaluated  the  recovery of such 
pits, over several years, in gravelly su b stra tes  (D ic k s o n  and 
L e e , 1973); over a year, in the  case of p its in channels a s ­
sociated w ith high curren t velocities (V a n  D e r  V e e r , B e r g ­
m a n , and B e u k e m a , 1985). In order to m inim ise the  im pacts 
on the  seabed, dredging m arine aggregates has evolved to ­
w ards “tra ile r  (suction) hopper” dredging. In th is  case, the 
lower end of th e  suction pipe is tra iled  slowly (at around 1-2 
knots) across the seabed. Such an approach generates long 
shallow furrows.

mailto:f.manso@fugro.it
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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
The study was undertaken within Tromper Wiek, a semi­

enclosed bay located to the NE of Rügen Island (Figure 1). Tidal 
currents are hardly discernable (the tidal range is a few cm). 
Although wind driven currents may have some significance, 
the waves are the most im portant hydrodynamic agent for sedi­
ment mobility. The bay is located east of a spit, between two 
headlands (Figure 1). Due to th is coastal configuration, Tromp­
er Wiek is exposed only to waves from the 0-90° quadrant, with 
a maximum fetch of about 90km. Throughout the year, westerly 
winds dominate. High waves are only generated during the late 
w inter and early spring (February to May), when strong east­
erly to northeasterly winds prevail (M o h r h o l z , 1998).

Various sedimentological environm ents on the seabed, 
ranging from gravel to mud, are associated with several ex­
traction sites, located close to each other; here, different m a­
terials are extracted. For the purpose of th is study, two sites 
were selected for investigation (not under exploitation pres­
ently): Tromper Wiek 1 (TW 1); and Tromper Wiek E ast (TWE). 
At Tromper Wiek 1, 231.000m3 of gravel has being extracted, 
in w ater depths ranging between 9 and 14m, from 1988 to 
1999-2000. At Tromper Wiek East, sand has been extracted 
from w ater depths of around 20 m, on two occasions: in 1989 
(151.000m3); and in 2000 (104.000m3) (D ie s in g  et a l, 2006).

In order to facilitate establishing the effects related to 
dredging activities, the present study has focused upon loca­

tions, from the commissioned areas, where the extraction of 
m aterial was most intense (Z e il e r  et a l, 2004).

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

Multibeam and side-scan sonar data were collected, simul­
taneously, onboard R V  Littorina (IfM-GEOMAR) in 2003. The 
survey lines were designed in such a way as to ensure data over­
lapping, in relation to the swath width of instruments. The vessel 
speed was set at 5 knots. Due to technical problems, ground- 
truthing (seabed grab samples and underwater video) was per­
formed in October 2004, onboard R IrAlkor (IfM-GEOMAR).

M ultibeam  Data
The multibeam unit was a hull-m ounted L3 ELAC NAU- 

TIC SEABEAM 1185 (126 beams, em itting pulses at 180 kHz). 
M easurem ents were carried out in w ater depths of between 9 
and 20m. To ensure full coverage of the seafloor, at all depths, 
the beam s were set at 150°; th is perm itted a swath width of 
7.5 tim es the working depth. The resolution of the multibeam 
(ranging from 0.26 to 0.52m) depends upon the ensonified area, 
which can be computed on the basis of the width of the em it­
ted  beams (1.5°xl.5°) and the w ater depth (from 10 to 20m). 
Utilising th is  equipment, two different datasets have been ac­
quired: bathym etry and sonographs, based mainly upon the 
am plitude of the backscattered signal ( F is h  and C a r r , 2001).
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Following sound velocity and w ater level calibration, the data 
were processed using HDP-Edit'S1 (Elac Nautik®). 3D editing 
with Fledermaus®6.1.4b-pro (IVS 3D®) was undertaken to cor­
rect artefacts caused by MRU (motion reference unit) calibra­
tion problems. Subsequently, data from the outer beam s were 
rejected, due to interferom etric noise. D ata were visualised u s­
ing Surfer 8® (Golden Software®) and Fledermaus®6.1.4b-pro.

D ata from the German Hydrographic Service, BSH (ac­
quired in 1999) was collected using a hull-m ounted Atlas Hy­
drosweep MD (80 beams, em itting pulses of 50 kHz).

Side-Scan sonar Data
Side-scan sonar data were acquired using a dual frequency 

(100-500kHz) high-resolution side-scan sonar (Klein Assoc. 
Inc., USA, Model 595). The 500 kHz frequency (beam width
0.2°) was selected and the range was set at 50m. The side- 
scan sonar data were processed with a resolution of 0.25m, 
since an along-track resolution (mainly beam width depend­
ent) of 0.2m and an across-track resolution (based of the pulse 
length) of 0.075m was computed. The side-scan sonar fish was 
fixed underneath  a larger buoyancy fish, to m aintain the sys­
tem  in a stable position, minimising the effect of ship motion 
(S c h w a e z e e  et al., 1996). The data were processed with the 
ISIS Sonar®6.06 software (Triton Elies®), performing correc­
tions on the vessel speed, slant range, layback, time-varying 
gain and navigation. For visualisation Delphmap 2.9 (Triton

Elies®), Erdas Imagine® and Surfer 8 (Golden software®) were 
used. Generally, in the case of shallow surveys, when com­
paring two side-scan sonar sonographs from the same area, 
various effects can generate fluctuation on the position of the 
features (up to few tens of metres) in relation to: positioning 
errors, due to rapid changes of position of the dGPS antenna; 
current-generated drifting of the towed sonar fish, etc.

Hydro-acoustic data im plem entation
Side-scan sonar and multibeam backscatter m aps were used 

to estim ate seabed nature, based on differences in reflectivity 
(as a backscattered signal) (B l o n d e l  and M u b t o n , 1997; F is h  
and C a b e , 2001; and R o b in s o n  et al., 1995). Higher reflectiv­
ity represents acoustically-hard m aterial and is, in th is study, 
darker on the imagery. On the basis of the higher geometrical 
accuracy of the m ultibeam  backscatter map, compared with 
the side scan sonar mosaics, th is multibeam backscatter was 
merged with the multibeam bathym etry. Still, the resolution 
of the side-scan sonar mosaics is higher.

Ground-truthing
Based upon the side-scan sonar mosaic and the underw a­

te r  video (towed Mariscope MICRO underw ater video system, 
with black and white CCD), sample sites were selected from

furrow s
" a r e a
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Figure 2. (a) bathymetric chart; (b) composite surface (multibeam 
bathymetry, merged with multibeam backscatter) of TW1. Detail of 
an area of furrows is presented in (c). Depths presented are relative 
to mean sea level.

Figure 3. Side-scan sonar mosaic of TW1, with detailed images of 
relevant features ((a), (b), (c)). Numbers represent sample locations; 
only those shown by circles were recovered. The grain size distributions 
of undisturbed sediments from the low reflectivity (d) and high 
reflectivity (e) areas are presented.
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Figure 4. Ternary diagram of the gravel-sand-mud percentage of the 
samples from the study area. Dashed lines group TW1 samples, whist 
solid lines group TWE samples. V  stands for the samples related with 
the small grid on the southwestern part of TW1 (see Figure 3.). L stands 
for the subsurface sample taken from TWE Sample 8 (Figure 6.).

representative locations, i.e. dredged ‘im pacted and ‘unim- 
pacted  parts  of the seabed. Seabed samples were collected u s­
ing an 80 kg Van Veen grab (HELCOM standard). Samples 
were obtained from the upper 5-10 cm; at one station, two 
depth intervals (0-5 and 10-15 cm) were sampled to investi­
gate granulom etric changes, between the superficial and the 
underlying sediment deposits.

Grain size analysis
Sediment samples were analysed by combining the results 

of a Beckman Coulter LS 1 3 3 2 0  laser diffraction particle ana­
lyser (fraction <2000 pm) and of dry sieving (fraction >2000 
pm). For the very-coarse sediments, dry sieving was undertak ­
en using sieves of 4 0 0 0 ,  2 8 0 0 ,  1 4 0 0 , 1 0 0 0 , 7 1 0 , 5 0 0 , 3 5 5 , 2 5 0 , 
1 8 0 , 1 2 5 , 9 0  and 6 3  pm. All the grain size data were transposed 
into phi units, w ith a IO interval. Based upon the logarithmic 
grain size distribution of the sediments, the mean grain size 
and sorting coefficient were calculated, according to the F o lk  
and W akd  method (1 9 5 7 ) .  Calculations were performed using 
the GRADISTAT program  (B l o t t  and P y e , 2 0 0 1 ) .

RESULTS 

Tromper W iek 1 (TW l)
On the composite image of the Tromper Wiek 1 site, estab­

lished using m ultibeam  bathym etry and backscatter datasets 
(Figure 2), a sharp contact between two areas of different re ­
flectivity is observed, partly  because of a change in the slope 
of the seabed.

Furrows, generated by trailer suction hopper dredging, appear 
in the upper part of the image. However, the main features con­
sist of abundant deep pits, generated by anchored suction dredg­
ing; around these, patches of lower reflectivity can be identified. 
In term s of reflectivity some horizontal artefacts (related to the

Easting (UTM, in)

Figure 5. Bathymetric map (a), together with a composite surface 
(multibeam bathymetry merged with multibeam backscatter). of TWE (b).

tracks followed by the vessel) are visible; this pattern is related 
to the automatic gain of the multibeam attempting to adjust the 
signal, in response to the sharp changes in reflectivity of the dif­
ferent seabed materials. From the imagery, it appears that areas 
where dredging activities took place correlate with high reflectiv­
ity zones. In these zones, around 21% consists of pits, and 3% of 
furrows. The average size of the pits is 16±5.4m in diameter (on 
the basis of 47 measurements) and 1.7±lm in terms of the average 
water depth (on the basis of 82 measurements). The length of the 
furrows range between 15m and 290m, with an average width of 
2.4±0.5m. A mosaic of the side-scan sonar tracks reveals the same 
general features, as observed on the multibeam backscatter map 
(Figure 3), i.e. sharp contact between areas of different reflectivity, 
including furrows (Figure 3a) and pits (Figure 3b).

This higher resolution image permits detailed features to be 
examined, such as the area of lower reflectivity around the pits 
(-32% of the total area). Looking into more detail, some observa­
tions can be made about the composition of the seabed, prior to the 
ground-truthing. On the high reflectivity area, lower reflectivity 
patches occur only around the pits, indicating their dredging-relat­
ed origin. This finer material (associated with lower reflectivity) is 
related to the “undersize” particles spilled back to the water dur­
ing dredging operations, as established during previous studies 
undertaken on the same area (K lein , 2003). The presence of rip­
ples on the deeper part of the pits (Figure 3c), instead of the same 
material (in term s of reflectivity) observed on the unimpacted sea­
bed, indicates that spilled material accumulates on these features. 
The wavelength of the ripples (0.7±0.15m) and their Crestline 
orientation (from 45° NE, to 174° NW), have been computed, 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.).

the basis of 89 measurements. Fourteen samples were collected 
from TW1 (Figure 3); 9 in the higher reflectivity zone and 5 in the 
area without dredging features, to characterise the lower reflec­
tivity area. The superficial sediments vary from gravel to sand. 
On the basis of sonographs and ground-truthing, from each of the 
reflectivity areas, the relevant features and the superficial sedi­
ment distribution can be described. The studied surface area was
1.301.000m2, within which the low reflectivity zone (-21% of the 
area) consisted of poorly sorted very fine sands; these increase in 
grain size (fine sand) in the vicinity of the higher reflectivity area 
(Figure 3d). The remainder of the area (-79%) is characterised by 
higher reflectivity; here poorly sorted sand and gravel (Figure 3e) 
occurs. Finally, the spilled material (lower reflectivity, around the 
pits) corresponds to coarse sand. Samples rich in spilled material

showed a slight increase in their mud content (from 0.2% to 4.8% ). 
To evaluate any trends regarding sediment composition, samples 
were plotted on the Folii ternary diagram (% gravel-sand-mud) 
(F olk, 1954; Figure 4). Three different groups were observed: 
sandy gravel from the undisturbed areas, showing high reflectiv­
ity; sand and muddy sand, from the lower reflectivity area; and an 
elongated group of gravelly sands, corresponding to the dredged 
areas. The more intense the impact of the extraction, the richer 
the samples are in finer-grained materials.

Trom per W iek East (TWE)
The composite image of the Tromper Wiek E ast site shows 

a contact between two areas of slightly different reflectivities,
i.e. higher in the west and lower in the east (Figure 5).
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The sharp contact between gravel and sand, observed in 
TW1 (Figure 2), is also visible on the westernmost part of the 
area. Some diffuse furrows are observed within the northern 
part of the high reflectivity area. Crossing the area from SW to 
NW, some deep well-defined furrows appear, lying very close to 
each other. Depending upon the location, from 2 to 4 individual 
furrows, with a maximum width of 8m, 1.3km maximum length 
and 2.4 maximum depth, can be identified. Some pits appear 
also in the vicinity of the northern end of the deep furrows, with 
maximum diameters of 28.5m and maximum depths of 2.5m. 
The diffuse furrows were generated during the extractions ta k ­
ing place in 1989; more distinct furrows are seen in 2000 (D i e s - 
in g , 2003). No side-scan sonar data are available from th is area, 
from the 2003 survey. Nevertheless, given the low dynamics of 
this area (D ie s in g , 2003), another mosaic, generated from data 
collected in 2004, was used (Figure 6). In th is sonograph, the 
same features as shown in the composite multibeam image are 
presented: the contact between gravel and sand (Figure 6 a); the 
contact between the two areas with different reflectivity, where 
ripples are observed in the acoustically darker area (Figure 6b); 
the (1989) diffuse furrows (Figure 6c); the (2000) well-defined 
furrows (Figure 6d); and the pits (Figure 6e).

In order to correlate reflectivity w ith superficial grain 
size d istribution, 8 sam ples were collected over th is  area; 
these were from und istu rbed  locations from each reflectivity 
zone, in the  extraction sites and on the seabed surrounding 
the  extraction  sites (Figure 6). On the  basis of these  data, 
it can be estab lished  th a t th e  low reflectivity zone (-60% 
of th e  study area, i.e. 1.266.100m2) corresponds to poorly 
sorted very fine sand; the  rem ainder (-40%) w ith h igher re ­
flectivity, to poorly sorted m edium  sand (Figure 6f). W ithin 
the  high reflectivity area, th e  new er furrows extend over

roughly 9% of the  area, showing superficial sedim ent finer 
th a n  th a t of the  surrounding seabed (poorly sorted, very 
coarse silt). The area covered by the  older furrows, corre­
sponding to very poorly sorted fine sand, could not be es tab ­
lished (due to th e ir  diffuse profile). The effect of extraction 
on the  superficial sedim ents can be detected also in relation  
to the  m ud content. On the und istu rbed  m edium  sand, the 
m ud content is around 8%; in sam ples affected by dredging 
activities, th is  content is h igher (-70%  on th e  2000 furrows; 
-66%  on the  1989 furrows).

Vertical grain size variations, observed on the subsamples 
from Station 8, indicate th a t the effects of dredging affect al­
so the area surrounding the extraction sites. The superficial 
sample is associated with a grain size distribution, which is 
sim ilar to th a t from the newer extraction site sample (Sample
7); it has high a mud content, but not as high as in the extrac­
tion area (-54% and -70%, respectively). The sample from the 
underlying sediment presents a grain size distribution (poorly 
sorted, medium sand) and mud content (-7%), which lies w ith­
in the same range as the undisturbed sediment from the high 
reflectivity area (Figures 6f and 6g).

On a ternary  diagram  (% gravel-sand-mud), the samples 
from TWE can be classified into 3 groups (Figure 4). Two of 
the groups relate to undisturbed sediments from the main a r­
eas, as observed on the sonographs: slightly gravelly sand, on 
the high reflectivity area (Samples 2, 5 and the sub-surface 
sample of Station 8); and slightly gravelly muddy sand, on the 
low reflectivity area (Samples 4 and 6). The th ird  group, the 
sandy mud samples, are associated with sites impacted upon 
by dredging (Samples 1, 7 and 8); here, an increase in the mud 
content, coinciding with a decrease in the percentage of sand, 
is observed. The grain size distribution of Sample 3, located 
within a high reflectivity area, lies closer to th a t of the undis-

Vertical Exaggeration 1:4 
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Figure 7. Multibeam surfaces derived from the 1999 (a) and 2003 (b) Figure 8. 2000 Mosaic of TW1. Note: the zones marked (1 to 4) are
surveys: TWE. Details of some relevant features are also presented. shown, in detail in Figure 9.
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F i g u r e  9 . C o m p a r is o n  o f  t h e  c h a n g e s  o b s e r v e d  in  s o m e  a r e a s  o f  T W 1, 
f ro m  2 0 0 0  ( f i r s t  c o lu m n )  to  2 0 0 3  ( s e c o n d  c o lu m n )  (fo r lo c a t io n s ,  s e e  
F i g u r e  8 .).

tu rbed sediments, from the lower reflectivity area. An expla­
nation of th is effect will be discussed later.

Seab ed  Evolution along D redging Sites
D atasets acquired within the framework of other projects, 

undertaken in 1999 and 2000, are compared now with the 
datasets available from 2003 and 2004. The seabed evolution 
along TWE is studied on the basis of multibeam bathym etry 
comparisons (Note: no backscatter information is available 
from the older dataset); TW1 by side-scan sonar, since no 
m ultibeam data are available.

D redging mark evolution  on  a sandy seabed  (TWE)
Figure 7 represents the multibeam surfaces of both the 

1999 and 2003 surveys. Overall, both surfaces show the same 
features, except for the noise within the 1999 dataset and 
the deep, well-defined furrows, running parallel (from SW to 
NW) on the 2000 dataset (Figure 7). The diam eter of the pit 
has increased between the two surveys, likely to be related to 
collapsing of the walls (Figure 7). No volumetric differences 
were calculated between the two surfaces, because of the noise 
of the 1999 dataset, due to calibration problems. Significant 
changes can be seen along the furrows; i.e. after 4 years, a 
maximum vertical variation exists of almost 2.5m.

D redging mark evolution  on  a gravel seab ed  (TW1)
Dredging operations on TW1 were undertaken, continu­

ously, from 1989 to 2000. The 2000 mosaic from TW1 (Figure
8) shows sim ilar features to those of 2003.

Major differences can be observed w ithin the pits (Figure
9), independent of the ir dimensions; th is perm its direct rec­
ognition of the various pits, after a 3 year period. Generally, 
there appears to be some correlation between the diameter 
and the depth of the pits: as a result, the potential for wall- 
collapsing will be higher in the case of the deeper pits; the 
sm aller ones are more stable in the ir shape (Figures 8 and 
9, Locations 1 and 2 ). Such an effect is even more m arked on 
the furrows where, due to the ir shallow bathym etric profile, 
the ir edges rem ain highly stable. F urther infilling within the 
furrows, by finer—grained sediments, is less intense (Figures 
8 and 9, Location 2 ). Even infilling of furrows associated with 
the area of sand is not significant (Figures 8 and 9, Location 3). 
The m ain change observed is related to the area with spilled 
sand (Figures 8 and 9, Location 4 ). The surface area covered 
by th is m aterial decreases with time, rem aining observable 
inside the pits. This corroborates the role of pits, as traps of 
such sediments (D i e s in g , 2 0 0 3 ) .

DISC U SSIO N

Results obtained from the hydro-acoustic surveys, for both 
study areas, reveal morphological features on the seabed, re­
lated  to dredging activities. The effects of dredging can be de­
tected also in the superficial sediment grain size distributions. 
Areas affected by dredging operations are associated with fin­
er-grained sediments and a higher am ount of mud, in relation 
to unim pacted areas; th is has been observed previously, in 
other studies (B oyd  et al., 2 0 0 4 ) .  On the gravel area, the finer- 
grained sediments are the result of the spilling of undersized 
material, during extraction. Such m aterial is easily detectable 
on sonographs, as lower reflectivity patches around the pits 
themselves. On the area with sand, the extraction sites have 
revealed the presence of sandy-mud material, whilst the u n ­
impacted sediment consists of slightly gravelly muddy sand. 
The mud content of the unim pacted sediment is around 8%, 
whilst it is around 66% at the older extraction sites (1989) and 
7 0 %  on the more recent site (2 0 0 0 ) .  Areas lying adjacent to the 
extraction sites have sim ilar superficial sediment grain size 
distributions, together with slightly lower mud contents, than  
the directly-impacted zones.

In order to assess regeneration of the extraction sites, the 
dredging technique adopted and the natu re  of the m aterial 
dredged are considered. No pit has been observed, within any 
of the datasets, in an advanced stage of regeneration, inde­
pendent of the m aterial dredged. The p its from the gravel area 
are associated with sharp edges, even though some of them  
were formed some 15 years before the present dataset was col­
lected. Some refilling has occurred in response to accumula­
tion of spilled sand, generating ripples in the craters, as cited 
previously (B oyd  et al., 2 0 0 4 ) .  Likewise, the re-suspension and 
transport of material, around the pits, has been investigated 
elsewhere (G a k e l  and L e f e b v k e , th is volume; K l e in , 2 0 0 3 ;) .  
Pits lying within a sandy seabed (TWE) are associated with 
more diffuse edges; th is is related to “wall collapsing” effects, 
as described by other investigators ( B o e r s , 2 0 0 5 ) .  Furrows 
generated by trailing  suction hopper dredging have been ob­
served, in an advanced sta te  of refilling, bu t only on the sandy 
beds. Furrows generated in the gravel part of the seabed are 
shown to rem ain almost constant in the ir expression, even 
when lying close to an area containing an abundance of finer- 
grained material.
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Based upon the above observations, a change from anchor 
suction dredging to trailing hopper suction dredging appears 
to be an appropriate decision. In the case of the areas studied, 
the furrows show enhanced regeneration; as such, they impact 
less upon the environment, than  the pits. Nevertheless, m ulti­
ple dredging profiles, over the same transect, generate deeper 
features within the seabed, complicating the ir regeneration; 
th is is the case of the 2000 extraction, from TWE. In relation 
to the extracted material, the dredging of the gravel areas of 
the seabed creates a deeper impact. Reworking of coarser- 
grained m aterials over the area follows a very slow pattern  
of recovery; th is is corroborated by other studies (G a r e l  and 
L e f e b v r e , th is  volume; K l e in , 2003;).

C O N C LU SIO N S

(1) Hydro-acoustic survey techniques have generated de­
tailed images of the seabed, where the morphology of areas 
of extraction can be described. In the case of Tromper Wiek, 
the impacts from anchor suction dredging (pits) and trailing 
hopper suction dredging (furrows) can be observed, in both of 
the areas studied. On the gravel area (TW1), deep pits and 
dredging-related spill m aterial represent the main observable 
features. Over the sandy area (TWE), long and deep furrows 
are the main detectable features.

(2) Dredging activities can be identified also from inform a­
tion obtained from the grain size distribution of the superficial 
sediments. Dredged areas reveal a finer superficial grain size 
distribution and higher mud content, than  the unim pacted a r­
eas. In some cases, th is effect is detectable on the sonographs, 
due to the presence of spill m aterial (e.g. after anchor suction 
dredging, on a gravel bed).

(3) Regeneration depends upon the adopted dredging tech­
nique and the natu re  of the dredged material. P its remain 
more stable than  furrows, indicating a higher impact of anchor 
suction dredging, in comparison with trailing  hopper suction 
dredging. In relation to the type of dredged seabed material, 
representative m arks on gravel areas are more stable than  
those on a sandy bed.

(4) Seabed evolution in the sandy gravel area, studied on 
the basis of sonographs, indicates high stability of the dredg­
ing marks. The main observed processes were collapsing of the 
pit walls and refilling by spilled sand.

(5) Seabed evolution in the sandy area, examined on the b a ­
sis of m ultibeam  bathym etry, shows th a t regeneration is rapid 
during the first years after the extraction; subsequently, th is 
becomes hardly detectable, but m arks are still visible, even 
after a decade.
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ABSTRACT I

Gravei pits created by anchor hopper dredging may affect regional sediment transport patterns by trapping sediments, illlllll» In turn, this may cause -or enhance- erosion at the adjacent coastline. Reliable assessment of such impacts requires
a good understanding of the hydro-sediment dynamic processes acting at dredged pits. This paper examines the 
processes for sand re-suspension from pressure, current and turbidity data collected inside and outside a single 
dredged pit, in a non-tidal environment (Tromper Wiek, Baltic Sea). The data confirm the generally weak sediment 
dynamics in the area, with waves being the main hydrodynamic agent for sediment re-mobilization. Comparisons 
with historical data indicate a small number of sediment re-suspension events (<15%), over a 37 months-long period, 
without significant difference inside and outside the pit. Suspended sediment concentration profiles are predicted 
inside the studied pit by a simplistic model, tuned to over-estimate sediment re-suspension. The results suggest that 
the depth of the excavation should be very shallow (<1 m) for the bed material to be frequently extracted out by waves, 
and redistributed over the area. With pits up to 7 m-deep within the extraction zone, we conclude that a significant 
fraction of sediment is trapped over the long-term period (years).

ADDITIONAL INDEX WORDS: dredging, suspended sediment concentration.

IN T R O D U C T IO N

The volume of gravel extracted from the seabed has sig­
nificantly increased since the 1980s, in response to growing 
dem and of the m arket (ICES, 2001). Offshore gravel extrac­
tion is generally carried out by m eans of anchor suction dredg­
ing. The technique generates rounded craters on the seabed, 
typically 10-50 m in diam eter and up to 10 m in depth. The 
unw anted fraction of (fine) m aterial is screened onboard and 
dumped back into the sea. These operations may have nega­
tive effects upon the m arine environment, including the ben- 
thic communities and sediment transport patterns (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
ume). Thus, in a num ber of countries, Environm ental Impact 
Assessment (EIA) and Coastal Impact Studies (CIS) are re­
quired before granting licenses for extraction (R a d z e v ic iu s  et 
al., th is volume). With respect to sediment dynamics, dredging 
close to the shore may affect the coastal sediment budget by 
trapping fine sediments, and cause -or enhance- coastline ero­
sion. A comprehensive understanding of the hydro- sediment 
dynamic processes acting at dredged pits is im portant to as­
sess these harm ful effects.

Recently, increasing attention has been put upon the hy­
drodynamic impacts and regeneration (refilling) processes of 
(dredged) sand trenches (e.g. the European projects PUTMOR 
(Boers, 2005) and SANDPIT (V a n  R i j n  et al., 2005)). These ex­
cavations present gentle in ternal slopes, and are surrounded 
by large am ounts of sand. By contrast, dredged gravel pits
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have steep walls, and sand is distributed in patches nearby 
the pits (due to the settling out of the fines during the 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 morphology and m aterial availability imply distinct 
hydro-sediment dynamic conditions (e.g. flow structure and 
time-evolution) for both types of excavations.

The morphological changes and regeneration processes of 
dredged gravel pits have been the subject of several investiga­
tions, a t the Tromper Wiek area (Baltic Sea) (Figure 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, apart from K l e in  (2003), no direct hydrodynamic m ea­
surem ents have been performed inside gravel dredged pits. 
In th is paper, we present new hydrodynamic data collected in 
the same area, during a 4-days period which includes a storm 
event. Pressure, current and turbidity  data, from both inside 
and outside a dredged gravel pit, are compared and discussed, 
in order to specify the processes responsible for fine m aterial 
remobilization. In particular, we examine if some sand can be 
naturally  extracted out of the pit due to the waves’ action.

The organization of the paper is as follows. The first part de­
scribes the hydrodynamic and geological settings of the studied 
area. The next section presents the methods used to collect and 
process the data. In particular, a model to predict wave-induced 
bed shear stress is described. The results are provided in the 
following section. The subsequent discussion focuses on several 
points: firstly, we investigate the difference in suspended sedi­
ment concentration which has been observed inside and outside 
the studied pit; secondly, the relative num ber of sediment re­
suspension events, over the long-term period, is characterized, 
based upon our records and historical data; next, we propose 
th a t sand is hardly extracted out of the pit by waves, on the 
basis of a simple sediment re-suspension model; additionally, 
we confirm th a t currents have no significant effect upon the up­
ward diffusion of sand; at last, prior to conclude, we discuss the 
impact of dredged pits from a sediment transport perspective.

SETTING

Tromper Wiek is a semi-enclosed bay in the W estern Bal­
tic Sea, with low sediment dynamics intensity  (D ie s in g , 2 0 0 3 )  
(Figure 1). Tidal currents are hardly discernable in th is p racti­
cally non-tidal environm ent (the tidal range is a few cm). Al­
though wind driven currents may have some significance, the 
waves are the most im portant hydrodynamic agent for sedi­
m ent mobility. The bay is located east of a spit, between two 
headlands, in the northern  p art of Rügen Island (Figure 1). 
Due to th is coastal configuration, Tromper Wiek is exposed on­
ly to waves from the 0 -9 0 °  quadrant, with a maximum fetch of 
about 9 0  km (Figure 1). Throughout the year, westerly winds 
dominate. High waves are only generated during the late w in­
te r and early spring (February to May), when strong easterly 
to northeasterly  winds prevail (M o h r h o l z , 1 9 9 8 ).

Sand and gravel extraction has been carried out at Tromp­
er Wiek for many years (Figure 1). W ithin the gravel extrac­
tion site (Tromper Wiek 1), between 9 and 16 m w ater depth, 
the seafloor is m arked with craters 5 to 50 m in diam eter and 
up to 7 m-deep. These features have proved to be stable for 
several years, a t least ( F ig g e  et al., 2002). In detail, spatial 
extension of the edge of the pits is observed over the years, due 
to collapsing of the walls (K u b io k i, M a n s o , D ie s in g , 2007). It is 
estim ated th a t among the 460,000 m 3 of sediment extracted

between 1988 and 2000, half of th is volume was dumped back 
into the sea (B r a u c k h o f f , cited in D ie s in g  et al., 2006). Thus, 
patches of fine sediment (<2 mm in diameter, mostly sand) 
are commonly found in the vicinity of the pits (D ie s in g , 2003). 
These deposits constitute a possible source of pit refilling. In 
agreement, core analyses dem onstrate the episodic occurrence 
of sand advection inside the craters (D ie s in g , 2003; M a n s o  et 
al., th is  volume), and repeated side-scan sonar surveys show 
the presence of bedforms together with rapid changes in the 
pattern  of the sand patches (D ie s in g , 2003; D ie s in g  et al., 
2006). Based upon acoustic seafloor imaging, K u b io k i , M a n s o , 
and D ie s in g  (2007) observed a decrease in the availability of 
sand around a pit and a deceleration of the mean (pit) refilling 
rate, over a 6 years period. The key mechanisms for sediment 
remobilization are the near-bed orbital motions induced by 
surface waves entering the bay (K l e in , 2003).

M ETH O DS  

Data acquisition
Hydrodynamic data were acquired using three self-record­

ing Autonomous Benthic Landers (ABLs), from the 19th to the 
23rd of October 2004. Each ABL consists of a device (VALE- 
PORT 808) mounted on a frame weighted with chains. The 
devices are fitted with a pressure gauge, an Electro-Magnetic 
Current-M eter (EMCM) and an Optical Backscatter Sensor 
(OBS). The EMCM and OBS m easure the northw ard and 
eastw ard components of the flow (in a horizontal plan), and 
the scattering of infrared radiation by suspended particles, re­
spectively. One ABL (referred as V3, hereafter) was deployed 
at -14.5 m w ater depth, inside a circular dredged pit (at 
54.6291° N; 13.4208° E). The selected pit has been investigated 
previously by K l e in  (2003) and K u b io k i, M a n s o , and D ie s in g  
(2007). From multibeam bathym etry, the excavation was, in 
December 2003, 3.5 m-deep and -30  m in diam eter (K u b io k i , 
M a n s o , and D ie s in g , 2007). The two other ABLs (referred as VI 
and V2, hereafter) were moored at about 20 m from the edge of 
the pit, at -11  m w ater depth (Figure 1). Scuba-divers checked 
the location of the moorings, within sandy patches displaying 
symmetrical ripples.

The ABLs were set up to record the pressure, horizontal 
currents and turbidity  at 4 Hz, during bursts of 8 min 32 sec, 
every 30 min. The pressure sensor, OBS and EMCM were at 
0.5, 0.45 and 0.25 m above the sea bed, respectively. In addi­
tion, a 20 cm-high cylinder, opened at top, was attached verti­
cally to the frames, in order to trap  sediments at the height 
of the OBS. These traps were collected by scuba-divers at the 
end of the experiments, together with bed sediment sampled 
nearby the instrum ents.

The ABLs were triggered at the same time, allowing direct 
comparison of the burst records. Because stations V 1 and V2 
were located relatively close to each others, the ir outputs are 
very similar; only the results of station V 1 are presented here 
and compared to the data collected inside the pit (V3).

One hour-averaged wind and air pressure data from Kap 
Arkona meteorological station (see Figure 1 for location) were 
provided by the German W eather Forecast Agency. In addi­
tion, historical wave param eters were obtained from the BSH 
(Federal M aritim e and Hydrographic Agency); the dataset 
consists of the readings (significant wave heights, direction, 
period and wavelength) from a buoy located in the entrance to 
the bay (Figure 1), between 2003 and 2006, at a 30 min time 
interval.
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Data processing
The pressure is converted to sea surface elevation with 

standard  calculations methods assuming linear wave theory, 
as described by Tucker and P itt (2001). A frequency-depen­
dent pressure correction factor th a t compensates for depth 
attenuation  is applied to wave frequencies from 0.05 to 0.33 
Hz. The significant wave height (Hs) and peak period (Tp) are 
derived from spectral analysis applied to each burst.

Three techniques were combined for grain size analysis: 
Coulter counter for the mud fraction; settling tower for the 
sand fraction; and, sieving for coarser grained sediments. The 
statistics of the particle size distribution are described accord­
ing to M cM a nus (1988). The distribution of the bottom sedi­
m ent should be considered with caution. The divers reported 
the loss of some fines during the sampling, and it is suspected 
th a t the d60 of the bed sediment is slightly finer than  proposed. 
In addition, sediment distributions are highly variable, even 
at nearby locations, in relation with the heterogeneous nature 
of the seafloor (D ie sin g , 2003).

The observed turbidity  was converted to suspended sedi­
m ent concentration (SSC) in laboratory. Various known con­
centrations of sediment were stirred  in a bucket, during OBS 
m easurem ents, and a regression was applied to the resulting 
concentration-turbidity graph. The calibration was performed 
w ith the sediments from the traps, i.e. which were in suspen­
sion at the height of the sensor during the experiment. The 
following polynomial equation yields the best correlation coef­
ficient (0.82), and was therefore used to convert the turbidity 
(T, in Volts) into suspended sediment concentration (SSC, in 
mg/1) (Figure 2):

SSC = 110.36T2+16.275T ( 1)

90 -I

110.36x" + 16.275X
70 - R' = 0.8239
60 -

30 -

20  -

10 -
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Turbidity (Volts)

F igure  2. C alib ration  curve of th e  OBS.

B ed shear stress
Due to the weakness of the flow during the experiment, the 

bed shear stress results essentially from the activity of the 
waves. The wave induced bed shear stress is computed from 
the near-bed significant orbital velocity (U ), using S wakt 
(1974) friction factor (F ) for rough turbu len t flow:

with

T = 0.5p F Uw  1 w  w

Fw = 0.00251exp(5.21r019)

(2 )

(3)

where r  is the relative roughness: 
r  = A/K (4)

with Ks, the N ikuradse roughness. The grain related bed 
shear stress is computed using:

K s =  2 -5 d 6o (5)

where d is the median grain diam eter of the bed material. 
To compute the to tal bed shear stress, the N ikuradse rough­
ness (Ks) is derived from the total bed roughness (ZJ through 
the relationship:

K = 30Z (6)

Zo is the sum of the skin friction component (d6Q/12) and 
form drag component of the bed roughness (Zo(). Following 
NIELSEN (1992), Zo( is obtained from the wave ripples height 
(H.) and wavelength (L.):

Z = 0.267H VLoí r  r (7)

where the size of the ripples is estim ated for mobile sand, 
based upon the wave mobility num ber (XF) and the skin friction 
Shields param eter (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 /fed 60( s - l) ]  

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

(8)

(9)

( 10)

( 11)

with g, the acceleration due to gravity (9.81 m/s2), Tws, the 
skin friction bed shear stress, p s, the sediment density (2650 
kg/m3), p , the w ater density (1027 kg/m3), and s, the ratio of 
grain and w ater densities ( p s/ p ) .  It has been verified th a t the 
wash-out conditions (XF=156 and 9s=0.831) were not met dur­
ing the period of measurem ents.

In equations (4) and (8), A is the wave semi-orbital excur­
sion:

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

The significant orbital velocity is considered as more repre­
sentative of the waves’ activity than  the maximum orbital ve­
locity, during a burst. The orbital velocities are computed for 
each bu rst from the EMCM records. The la tte r are filtered to 
elim inate the velocity components not related to waves (high 
pass, 0.1 Hz cut off frequency). The filtered velocity compo­
nents are rotated in the direction of the waves, and analyzed in 
the spectral domain, to yield the significant (crest and trough) 
near-bed wave orbital velocities (i.e. above the wave boundary 
layer). The difference between the crest and the trough val­
ues is generally less than  0.2 cm/s, with a maximum of about 
1 cm/s, observed at VI during the storm, for corresponding 
significant orbital velocities about 25 cm/s. Thus, the waves 
can be reasonably considered as symmetrical. Only the crest 
orbital velocities were used for calculations.

The bed is mobile when the maximum grain related bed 
shear stress is higher than  the critical bed shear stress (x ), 
derived from equation (11), where 9 the threshold Shields 
param eter is obtained using S o u lsby ' s (1997) formula:

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

where D is the dimensionless grain-size:

(13)
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dots); (b) s ign ifican t w ave h e ig h t (line) an d  d irection  of advance (m arks) a t  bo th  sta tio n s  (VI: b lack  fine a n d  crosses; V3: grey lin e  a n d  dots); (c) 
W ave p eak  p eriod  a t  b o th  s ta tio n s  (VI: black; V3: grey); (d) stick  p lo t o f th e  averaged  cu rre n ts  a t  s ta tio n  V I; e) stick  p lo t o f th e  averaged  cu rre n ts  
a t  s ta tio n  V3.

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

S a m p le ^50 C la s s if ic a tio n S o r t in g S k e w n e s s K u r to s is

V I b ed 0.5mm coarse/m edium  sand m oderately so rted  (0.84) positively skew ed (0.08) lep tokurtic  (1.2)

V3 b ed 0.34m m m edium  san d w ell-sorted (0.46) Sym m etrical (-0.03) m esokurtic (0.98)

V I t r a p 0.1mm very  fine sa n d poorly so rted  (1.21) sym m etrical (-0.07) lep tokurtic  (1.19)

V 3 t r a p 0.07m m very fine sa n d poorly so rted  (1.43) sym m etrical (-0.09) lep tokurtic  (1.24)
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Figure 4. (a) bed shear stress at VI (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 VI, respectively.

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

with U, the kinem atic viscosity (1.36. IO'6 nrVs).

RESULTS

From the morning of October 20th, an easterly to south­
easterly wind was recorded at Kap Arkona, with an increas­
ing strength peaking at 15 m/s in the afternoon (Figure 3a). 
Stormy waves, w ith a saw-toothed significant height signal, 
up to 1.2 m, were generated inside the bay (Figure 3b). About 
midday of October 21st, a still strong (about 10 ms/) southw est­
erly to westerly wind sets in, un til the end of the deployment 
period. The change in wind direction induced a rapid decrease 
in wave activity, due to the sheltering effect of the coast. D ur­
ing the 26 hours-long storm, the peak period rem ained fairly 
constant, about 6 sec, typical of locally generated waves (Fig­
ure 3c). The waves were directed towards the west during the 
whole experiment (Figure 3b). In agreement, coincident side- 
scan sonar records displayed symmetrical ripples, w ith ~N-S 
crest orientation, over the sandy patches and inside the pits 
(M a n s o  et al., th is  volume). A systematic slight angle between 
the wave direction at stations VI and V3 can be observed. 
This is attribu ted  to refraction due to changes in bathym etry 
nearby the pit.

The currents present significant differences inside and out­
side the pit. At the outer station VI, the flow is about 2, 5 
and up to 8 cm/s before, during and after the storm, respec­
tively (Figure 3d). The direction of the flow shows no relation 
to the waves and wind, suggesting a complicated pattern  of 
w ater circulation in the bay (this circulation is probably in­
duced mainly by the wind, which pushes the w ater in or out of 
the bay). The flow is towards the NE at the beginning of the 
storm, and then ro tates anticlockwise, to the SW, after the 
storm (Figure 3d). In contrast, the flow recorded at station V3, 
inside the pit, is weaker, with peak velocities up to 3 cm/s, dur­
ing the storm (Figure 3e). Apart from short periods of time, its 
direction is almost constantly towards the NW. This indicates 
a decoupling of the flow inside and outside the pit, as previ­
ously observed by K l e in  (2003). Nevertheless, the flow orien­
tations inside and outside the pit are better correlated during 
the storm. Thus, the pit hydrodynamics appears to relate as 
well to the wind-driven w ater circulation in the bay during 
extended periods of strong easterly winds.

The statistical grain-size param eters of the sediment sam ­
pled near the ABLs and collected in the traps are displayed 
in Table 1. Bed sedim ents are finer (d60=0.34 mm) and better 
sorted inside the pit (V3), compared to station VI (d60= 0.5mm). 
The sediments in the traps consist of poorly-sorted fine sand, 
w ith d60=0.1 and 0.07 mm at stations VI and V3, respectively. 
In addition, much more sedim ents were found in the trap  a t­
tached to V3 (80% of the relative percentage, in weight).
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During the storm, the predicted (grain related) bed shear 
stress exceeds the threshold of motion for grain-size up to 1 
mm at station VI, and up to 0.5 mm at station V3 (Figure 
4a). These grain-sizes correspond to 85% and 90% in weight of 
the entire grain-size distribution, at VI and V3, respectively. 
Thus, most of the sand fraction was mobile at the studied sites 
during the storm. Peaks in the SSC signal are observed at VI 
and V3, from a sim ilar background value, simultaneously with 
the increase in bed shear stress (Figure 4b). Fligher maximum 
concentrations were noticed inside the pit (~30 mg/1) than  out­
side (~8 mg/1), despite a higher predicted bed shear stress at 
the outer station. In addition, the SSC inside the pit started  
to raise for a bed shear stress of ~0.12 N .nr2, i.e. ju st after the 
threshold of motion for very fine sand (0.06 mm) was reached 
(Figure 4). By contrast, a t VI, the SSC peak started  half an 
hour later, for bed shear stress values about 4 tim es larger 
(-0.4 N.m'2), when a much larger fraction of sediments was 
already remobilized. Relatively good correlations are observed 
between bed shear stress and SSC (Figure 5), with best fit 
lines which follow exponential law equations. However, large 
discrepancies are observed for high values (of the bed shear 
stress and SSC), i.e. during the storm.

D ISC U SSIO N

OBS m easurem ents are highly influenced by both the num ­
ber of particles and the particle size (Xu, 1997). Thus, the 
differences in SSC values, observed at VI and V3 during the 
storm (Figure 4b), can be explained by the presence of finer bed 
sediment inside than  outside the pit, ra the r than  advection

from the surroundings. The presence of finer median grain di­
am eter of the bed and trapped m aterial a t V3, compared with 
VI, supports th is view (Table 1.); likewise, the relative volume 
of sediment collected inside the traps was greater inside the 
pit. In agreement, the SSC at V3 started  to increase while the 
threshold of motion for very fine sand is exceeded (Figure 4). 
Although at a greater depth, the fines at the bottom of the pit 
require a relatively lower bed shear stress in order to be up ­
lifted. In turn, they are more easily m aintained in suspension, 
due to slower settling velocities. As an example, the settling 
velocity (Ws) of the sediment found in the traps (referred here­
after with the subscript ‘s’) are determ 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 resulting settling velocity is twice as fast at VI (5.6 
mm/s) than  at V3 (2.8 nnn/s). Approximately, sediment is sus­
pended when the settling velocity is slower than  the skin fric­
tion velocity (U„ ), the la tte r being function of the square root 
of the bed shear stress:

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

Thus, in our example, the trapped sediments at V3 require 
a much sm aller (-4  times) bed shear stress than  at VI to re­
m ain in suspension. However, previous investigations in the 
area indicate th a t the fines inside the pit originate from the 
surrounding sandy patches, which m aterial is remobilized 
during storms (K u b io k i, M a n s o  and D ie s in g , 2007; D ie s in g , 
2003). Sediment advection might contribute partly  to the SSC 
signal observed inside the pit during the storm.

Table 2. Waves parameters used to predict suspended sediment concentration profiles.

S to rm D a te H s (m ) Tz (se c o n d s ) U w s (m /s) A s (m ) H rs  (cm ) L rs  (cm ) O r ig in  o f  th e  
d a t a

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

S e v e re 20/03/2001 3.1 6 0.59* 0.57* 7*(1) 40*(1) Klein (2003)

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

(*) p redicted  values (m easured  otherwise): (1) for (1=0.3 1 m m : (2) from  side-scan sonar im agery: (+) period 2003-2006, 0-90: quadran t.
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Based upon the relation between predicted bed shear stress 
and SSC (Figure 5), the historical waves were used to quantify 
the relative num ber of sediment re-suspension events, during 
the years 2003 to 2006. Due to some periods without data, the 
entire original dataset represents ~37 months-long (30min- 
averaged) continuous records. Only the waves from the 0-90° 
quadrant were considered, to account for the sheltering effect 
of the coast. The significant wave heights are presented in Fig­
ure 6.

As mentioned previously, storm events predom inate be­
tween February and May (note the extreme storm which oc­
curred in February 2005 (Fls>4 m) and the data gap during 
w inter 2006). The bed shear stress has been predicted, based 
upon the model described previously, and compared to the 
threshold for sediment re-suspension observed inside and out­
side the pit (0.12 N.m'2 and 0.4 N.m'2, respectively) (see Figure 
4). This approach documents the percentage of (wave induced) 
sediment re-suspension events, a t 0.45 m above the bed (i.e. 
height of the sensor), during the 37 months-long period. Re­

sults show negligible differences inside and outside the pit 
(Figure 7).

Sediment re-suspension is predicted to take place during 
14.3% and 12.4% of the time, at VI andV3, respectively. These 
values represent less than  5.3 months of the (37 months-long) 
period, confirming the low intensity of the hydrodynamic ac­
tivity inside the bay. Bed sediment are relatively rarely re­
suspended by waves. A slow refilling of the dredged gravel pits 
is predicted. Towards the assessm ent of p its’ recovery rate, it 
would be of in terest to quantify the concentration of re-sus- 
pended sediments. This has not been done here, due to the 
poor relation obtained between high values of bed shear stress 
and SSC (Figure 5).

From the echo intensity of ADCP records, Klein (2003) pro­
posed th a t waves may re-suspend bed sediment above the rim 
of the pits, allowing some m aterial to be episodically removed 
and redistributed over the shallower surroundings. To test 
th is  scenario, vertical concentration profiles were computed, 
inside the crater (i.e. a t 14.5 m w ater depth) for various wave

(a)  B u rst  1 1 6 (b)  B u rst  1 3 9

V1
V3

Hs=12cm
U(V1)=4.5cm/s
U(V3)=5cm/s

(/)

Hz

V1
V3

0.40 0.05 0.1 0.15 0.2 0.25 0.3 0.35

Hz

F ig u re  9. Sem i-log p lo t o f th e  flow m ag n itu d e  spec tru m  for b u rs ts  116 (a) a n d  139 (b).
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conditions, referred to mild, severe and extreme storm, here­
after (see Table 2.).

For weak currents (<0.1 m/s), the SSC profile induced by 
waves only is sim ilar to the one induced by combined waves 
and currents (V a n  R i j n , 1993). Thus, only the time-average 
wave-induced SSC over rippled beds was modeled, using 
N ie l s e n ’s  (1992) equation:

C(z) = Coe '™ (17)

Since U /W > 18, the vertical scale (1) corresponds to:w s s ’ \  /  r

1= 1.4H (18)

The reference concentration (C =0.0050 3) is obtained from'  o r  7
the modified effective Shields param eter (9r):

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

The significant wave orbital velocity, U , is estim ated°  ’ WS;

from:

Uws = nH /[T sinh(kh)] (20)

where sinh is the hyperbolic sine, h, the w ater depth, k, 
the wave num ber (2n/L), and L, the wavelength. Comparisons 
show very little differences between the wave orbital veloci­
ties m easured in the present study, and the ones derived from 
equation (19) (see mild storm, in Table 2.). Equation (17) ap­
plies to uniform bed m aterial. For graded bottom sediment, 
such in the present study, the median grain diam eter of the 
sediment in suspension will be appreciably finer than  the one 
at the bed. In th is  case, as noted by S o u l s b y  (1997), reliable 
methods of predicting sediment concentration profiles under 
waves are not available yet. In the present model, the situa­
tion was simplified by considering a uniform bed, where the 
median grain diam eter relates to the sediment trapped at V3 
(i.e. 0.07 mm), ra ther than  to the bed material. The objective is 
to test a favored case for sediment re-suspension, ra th e r than  
to aim at accurate predictions. Since the suspended sediment 
concentration profile is very sensitive to the grain settling ve­
locity, the model predictions are enhanced in comparison with 
those based upon the bed m aterial. Likewise, ripples have 
been imposed to the model, to enhance the upw ards sediment 
diffusion: for mild and severe storms, the ripple dimension has 
been predicted using equations (8) and (9); for extreme storms, 
it corresponds to large bedforms, as observed with side-scan 
sonar (M a n s o  et al., th is volume) (although sheet flow condi­
tions are easily met during severe storms, for such fine sedi­
ment). The Nielsen’s calibration constant (0.005) seems appro­
priate to compute the reference concentration (C ), since it is 
derived from m easurem ents over rippled beds and sheet flow 
conditions, w ith sand diam eters between 0.08 and 0.55 mm, 
and wave periods between 1.0 and 9.1 sec ( N ie l s e n , 1986). The 
model fails to re-suspended m aterial above the rim  of the cra­
ter, under these optimized conditions (Figure 8). Then, it is 
unlikely th a t the bed sediment inside the pit is extracted due 
to the action of the waves alone, even during extreme storm 
events. If some sand is naturally  extracted out of th is  pit, an ­
other process has to be considered.

Flow separation and reversal in the near-bed layer, due to 
adverse pressure gradients, is observed for pits w ith slopes 
of 1:5, or steeper (A l f r in k  and V a n  R i j n , 1983). This effect 
generates additional turbulence energy which may consider­
ably reduce the settling process, and therefore, enhance the 
concentration of suspended m aterial. With computed slopes of 
about 1:3, flow separation may take place in the studied pit.

The spectral density of the flow m agnitude was computed for 
bursts corresponding to the fastest flow and lower wave activ­
ity during the experiment, a t VI and V3 (i.e. for bursts when 
flow separation is expected to be the most pronounced). In 
the case of significant flow separation inside the pit, the flow 
magnitude spectra at V3 should comprise additional (high 
frequency) energy in comparison with VI. The results show 
energy peaks which correspond to the sea wave frequencies, 
but no significant difference is observed between VI and V3 
(Figure 9). Obviously, the current recorded during our survey 
were too weak to be significantly affected by the morphology 
(~3 cm/s, a t maximum, inside the pit). The fastest currents 
m easured by K l e in  (2003) at the bottom of the pit, in March 
and April 2001, were less than  8 cm/s (and only ~4 cm/s dur­
ing the severe storm of March 2001). Based upon these obser­
vations, storms are not associated with stronger bottom cur­
rents. Thus, flow separation has probably a reduced effect, if 
any, on the suspended sediment concentration profile in the 
dredged pits.

Dredged p its have minimal impacts upon (regional) sedi­
m ent transport patterns if the ir bottom (fine) sedim ents are 
frequently extracted by waves’ action. At a yearly scale, ex­
trem e stormy waves are too rare in the bay for frequent re­
distribution of these fines over the area. During the more 
common severe storms, significant am ount of (very fine) sand 
are uplifted at ~1 m above a bottom lying at 14.5 m water 
depth (Figure 8). In other words, the model predicts frequent 
m aterial removal out of ~1 m-deep pits, or less, at -13.5 m 
w ater depth. As pointed out before, the predicted SSC profiles 
correspond to optim al conditions, and are therefore over-esti­
mated. Thus, bed sediments are probably long-termed (years) 
trapped in p its more than  1 m-deep, with bottom at 14.5 m 
w ater depth. At th is  w ater depth, the maximum depth of exca­
vation, for frequent wave-induced sediment extraction, is very 
shallow, estim ated less th an  1 m.

C O N C L U SIO N

Hydrodynamic m easurem ents were carried out at Trom p­
er Wiek, close to the bottom  of a 3.5 m-deep dredged gravel 
pit (14.5 m w ater depth), and at a shallower nearby patch 
of sand (11 m w ater depth). Our investigations confirm the 
generally weak sedim ent dynamics, governed by th e  waves’ 
activity. It is estim ated th a t sedim ent re-suspension events 
are observed, at 0.45 m above the bed, during -5  m onths over 
a 37 m onths-long period (i.e. less th an  15% of the time), w ith­
out significant difference inside and outside the pit. During 
a m oderate storm  (Hs up to 1.2 m), most of the  sand frac­
tion was remobilized, including inside the pit. There, bed 
sedim ents are finer th an  at the surroundings sandy patches. 
They are therefore easier to uplift, resulting  in relatively 
stronger SSC. However, it is unlikely th a t these fines are re ­
suspended high enough to be removed out of the  pit, even 
during historical extrem e storm  events (Hs=5.1 m). We sug­
gest th a t p its  at 13-14 m w ater depth should be very shallow 
(<1 m-deep) for the fines to be frequently red istribu ted  over 
the area. Dredged p its are generally much deeper (e.g. M a n s o  
et al., th is  volume). Thus, fine sedim ents located in dredged 
p its at 14.5 m w ater depth, or deeper, are probably trapped 
over the long-term (years).

The estim ation of reliable (dredged pits) recovery rate  is 
fundam ental to carry out comprehensive environm ental im ­
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pact assessments. Towards this objective, numerical models 
must be calibrated by field observations, in order to quantify 
accurately sediment re-suspension events under various wave 
conditions. For further studies, detailed investigations of the 
suspended sediment composition and concentration, inside 
dredged pits, are recommended.
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ABSTRACT I

É3E®
The German Baltic Sea coast between Warnemünde and Darss is rapidly eroding. In this area, extensive sand extraction Hillii«» takes place at water depths of 8-13 m, for both local beach nourishment and industrial use. Sand resources in the
area are restricted to a layer of <2 m of Holocene sand, whilst contemporary input of sand is limited to erosion of the 
cliff sections. To investigate if sand extraction in this area has any effect on the coastline, bathymetric elata from two 
particular time periods were compared, as well as the location of the coastline over 5 different years, ranging from 
1953-2002. Waves and wave-induced sediment transport were simulated using the integrated coastal zone model. 
Sistema ele Modelado Costero (SMC). Results indicate some primary areas of concern: small changes in bathymetry 
of approximately 10% are sufficient to cause significant modifications in sediment transport potential at the coast: 
and, thus, alternations in the patterns of erosion and accretion. Sediment transport by both wave action and currents, 
induced by the inflow of North Sea water, is in a NE direction towards Darss. Here, deposition takes place in a National 
Park, where dredging is prohibited. There is very little input of sediment in the system. Any sand that is removed 
by marine aggregate extraction, for industrial use, will have a negative effect on the total sediment budget at the 
shoreline.

ADDITIONAL INDEX WORDS: dredging, sediment transport, integrated coastal zone model. Sistema de Modelado Costero 
(SMC), differen tial bathymetry, beach erosion.

IN T R O D U C T IO N

Sand is extracted from the seabed for many uses, including 
the construction industry and beach nourishm ent. In response 
to increasing demand, more m arine sand is extracted from the 
inner continental shelf (< 6 0  m w ater depth) in Europe, every 
year. As such, concerns have been raised about the adverse ef­
fects on the coastal system, including ecology, the seabed and 
the adjacent shoreline. For example, the results of a question­
naire sent to local residents in South Wales, have shown th a t 
a vast majority believes th a t m arine aggregate (MA) extrac­
tion is responsible for the increased rates of beach erosion at 
local beaches (S im o n s  and H o l l in g h a m , 2 0 0 1 ) .

There are different ways in which offshore MA extraction 
may cause changes to the coastline. For example, B r a m p t o n  
and E v a n s  (1998) identify 5 effects: (a) beach draw-down; (b) 
modifications to tidal currents; (c) changes in sediment tra n s­
port; (d) variations in nearshore wave conditions; and (e) a re­
duction in shelter provided to the coastline. Many of these ef­
fects are in terrelated  (as discussed below). N a ir n  et al. ( 2 0 0 4 )

DOI: 10.2112 / SI51-019.1 received 13 January 2007; accepted in 
revision 2 April 2008.

suggest th a t shoreline changes occur in two ways: (i) an extrac­
tion site in te rrup ts or modifies the sediment supply pathways 
to the coast, reducing the sediment budget at the shoreline; 
or (ii) modifications in wave transform ation patterns change 
the character of the waves reaching the coast, altering sedi­
m ent transport and, eventually, changing erosional and accre- 
tional patterns. The study of coastal impact of dredging is not 
straightforw ard and, as such, many different approaches have 
been adopted.

Extensive MA extraction takes place in the Baltic Sea, 
in the area between W arnemünde and Darss (Figure 1), for 
both beach nourishm ent purposes and industrial use (K r a u s e , 
1998). Two of the offshore extraction sites are located close 
to the coast, i.e. Graal M üritz and Wustrow; they are located 
in w ater depths of 8-12 and 11-13 m, respectively (Figures 1 
and 2). Wave conditions and wave-induced sediment transport 
within the area of these extraction sites are investigated here, 
to assess if the dredging may impact upon the coast. Offshore 
bathym etry and the location of coastlines, over a num ber of 
years, were compared to study patterns of erosion and accre­
tion. Waves (in the absence of tides) and sediment transport 
were modelled using Sistema de Modelado Costero (SMC), an 
in tegrated coastal zone model.
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Figure 1. Location map, showing the major towns, extraction sites Graal Müritz and Wustrow, and the fine grids used for modelling. DS = Darss 
Sill.

EFFECTS O F MA EXTRACTIO N O N  TH E  
COASTLINE  

Effects on  Coastal Sedim ent Budget
The most direct effect of MA extraction on the coastline is 

beach draw-down; th is may occur when m aterial is extracted 
from within the active beach profile. Beach sand or gravel, 
transported  seawards during storm events, rem ains trapped 
in the depression. It will not retu rn  to the upper beach during 
calm conditions, thus resulting in a net loss of beach m aterial 
(B r a m p t o n  and E v a n s , 1998). Beach draw-down was the cause 
of the destruction of the coastal village of Hallsands, Devon 
(UK), in 1917, where between 1897 and 1902 some 382,000 
m3 of gravel was extracted from the foreshore (P e a r c e , 1996; 
S im o n s  and H o l l in g h a m , 2001).

Reduction in the sediment budget at the shoreline may oc­
cur also due to modification or in terruption of the sediment 
supply pathways, towards the coast. Such a reduction may oc­
cur in two ways: dredging may remove sediment th a t would 
normally supply the beach; or an extraction site may trap  sedi­
ment, which would otherwise have been transported  towards 
the coast. The la tte r process is suggested to be the reason for 
the weak recovery of the Pakiri-M angawhai coast in New Zea­
land, following storms in 1978. Although extraction in this 
area takes place w ithin the surf zone, it has been impossible 
to prove a cause-effect relationship between sand extraction 
and backshore stability ( H il t o n  and H e s p , 1996). A n c t il  and 
O u e l l e t  (1990) have calculated littoral drift changes for three 
dredging scenarios in Quebec (Canada) and found th a t only 
excavation at the sea bed of 2 m or more in depth had  a signifi­

cant impact on sediment transport. These investigations have 
concluded th a t the coastal impact can be limited, by gradually 
changing the bathym etry, leaving the system sufficient time 
to adjust. This outcome is achievable by preventing multiple 
dredging over the same area.

Effects on  Waves and Currents
Modification of the bathym etry may alter nearshore wave 

conditions, by changing the wave refraction patterns; hence, 
the wave direction, or the total wave energy, reaching the 
coast. Since breaking waves are generally considered to be the 
dominant factor affecting the coast, M a a , H o b b s , and H ardaw ay  
(2001); M a a  et al. (2004) have used the change in breaking wave 
height to assess the coastal impact of changing wave tran s­
formation, caused by extraction. Even though the local wave 
height between the extraction site and the coast can increase 
by as much as two-fold, the change in the breaking wave height 
is less significant, as most of the wave energy is dissipated be­
fore the waves reach the shore (B y r n e s  et al., 2004a; M a a  et 
al., 2004). However, in areas with a steep shoreface, the wave 
energy does not dissipate significantly and, instead, increases 
considerably upon reaching the coast (B y r n e s  et al., 2004b). For 
example, at Grand Isle, Louisiana (LTSA), two large salients and 
areas of increased erosion developed shoreward of an offshore 
extraction site th a t was situated some 800 m offshore, in a wa­
te r depth of 4.6 m (B e n d e r  and D e a n , 2003). The extraction pit 
affected the wave propagation pattern, which, in turn, caused 
changes in erosion and accretion at the coast.

M a a  and H o b b s  (1998) have examined longshore sediment 
transport, using breaking wave conditions, calculated from 
modelled wave transform ation processes. The model results
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showed considerable na tu ra l wave energy convergence, which 
could be responsible for severe beach erosion over the same 
area. However, the dredging effects on wave transform ation 
and longshore sediment transport were found to be insignifi­
cant. K e l l e y , R a m s e y , and B y r n e s  (2004) developed a new ap­
proach for evaluating the coastal impact of an extraction site, 
incorporating n a tu ra l spatial and tem poral variability in the 
wave climate, as the basis for determ ining the level of signifi­
cance. A coast with a na tu ra l high variety of wave conditions 
and, consequently, sediment transport will be less sensitive

to wave modifications caused by dredging, than  a coast with a 
lim ited range of wave conditions.

Wave conditions at the shoreline may change also as a re­
sult of dredging of nearshore sandbanks, reducing the shelter 
provided to the coastline. The disappearance, or lowering, of 
the bank will change the wave patterns between the bank and 
the coast; this, in turn, will cause changes in sediment tra n s­
port and, hence, erosion and accretion patterns at the shore­
line (H a y e s  and N a ir n , 2004). An example is the 1996 beach 
nourishm ent project undertaken in M artin County, Florida 
(USA), where sand was extracted from a shoal located some 
910 m offshore, in a w ater depth of 12.8 m. By lowering the 
shoal height, the coast was exposed to increased wave action, 
resulting in localised erosion (B e n d e r  and D e a n , 2003). Simi­
larly, sand extraction from a large shore-parallel shoal, located 
10 km offshore of the coast of Louisiana, LTSA, would increase 
erosion and overwash on the adjacent shoreline (S u t e r , M u s s a , 
and P e n l a n d , 1989).

The effects on tidal currents are, typically, lim ited and very 
localised. For example, M a a  et al. (2004) modelled the influ­
ence of dredging of two shoals offshore of M aryland and Dela­
ware (LTSA), on the tidal currents. The results showed only 
small changes in the maximum near-bed tidal current velocity 
a t the shoals, indicating only a negligible impact. Elsewhere, 
B y r n e s  et al. (2004a) found that, whilst the extraction at sites 
offshore from Alabama (USA) could produce a localised effect 
on the currents, there was no impact upon the prevailing or 
am bient flow characteristics.

SITE DESCRIPTIO N

The German Baltic Sea coast is a micro-tidal area, with 
a negligible tidal range. The study area is situated  between 
W arnemünde and Ahrenshoop (Figure 1). The shoreline in 
th is  area consists of narrow beaches, with dunes and cliffs of 
Pleistocene deposits (L a m p e , 2002). The main source of sedi­
m ent in the coastal zone is retreating  cliff sections. Sediment 
input from rivers is negligible. The slow-flowing Warnow Riv­
er drains into the Baltic Sea at Warnemünde, but its sediment 
discharge consists mainly of suspended fines. The coastal zone 
here is experiencing long-term erosion, with an average coast­
al re trea t varying from 30-70 m/100 years, over the last 160 
years ( J a n k e  and L a m p e , 1998). In order to m aintain the beach­
es, sand has been extracted offshore for beach nourishm ent 
projects, since 1968. Besides beach and dune nourishment, a 
wide range of shore protection structures have been installed, 
e.g. groynes, breakw aters and dykes, to reduce coastal erosion. 
In th is study, two sediment extraction sites are considered, 
which are located close to the coast: Graal-M üritz and Wus­
trow (Figure 1).

The offshore area is characterised by the D arss Sill (Figure 
1). Approximately 73 % of the w ater exchange between the 
Baltic Sea and the North Sea is through th is relatively shal­
low, narrow strait. The seafloor consists of glacial till, overlain 
by a th in  layer (<30 cm) of lag deposits which, in turn, is cov­
ered, over a small p art of the area, by Holocene m arine sand 
(L e m k e  et al., 1994). In the area of Graal-Müritz, the overly­
ing m arine sand has a maximum thickness of 1.1 m (D ie s in g , 
2003). NNW-SSE oriented sandwaves, with heights of up to 
2.7 m and a wavelength of approximately 180 m, are present 
in th is area. W ithin the ir troughs, coarse lag sediments are 
exposed (D ie s in g , 2003). The extraction site of Graal-M üritz 
is located some 2.5-5.5 km offshore, within a w ater depth of
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8-12 m. Extraction at th is site has taken place since 1988 
(D i e s in g , 2003). The Wustrow extraction site is located about 
1 km off the coast, near Wustrow, in a w ater depth of 11-13 m. 
Sand has been extracted here, for beach nourishm ent projects, 
since 1997. The mean thickness of the overlying m arine sand, 
in th is area, is 1.9 m (K r a u s e , 2002). For extraction at both 
sites, a tra iler suction hopper dredger is used; th is  creates 
shallow (ca. 0.5 m deep) furrows on the seafloor, which have 
widths of 3-10 m and lengths of up to 1 km (D ie s in g , 2003; 
M a n s o  et al., th is volume).

The bathym etry of the extended offshore area (W arnemünde 
to Ahrenshoop) shows th a t the nearshore zone (<10 m w ater 
depth) becomes narrow er towards the north (Figure 2). Whilst 
the 10 m depth contour is located approximately 10 km off­
shore of Graal-Müritz, it is only 2.5 km away from the coast 
at Wustrow. Large offshore sandbanks are present within this 
area, oriented obliquely to the coast (Figure 2).

METHODOLOGY AND DATA 

Bathymetric Data
Bathym etry relating to two different tim e periods was 

compared: 1976-1979 (before dredging) and 1996-2002 (after 
dredging). The data were obtained from the BSH (Bundesamt 
für Seeschifffahrt und Hydrographie = Federal M aritime and 
Hydrographie Agency), Germany. It was necessary to use data 
sets derived from multiple surveys, undertaken over several 
years, because no survey covered the complete area, within 
any particular year. The horizontal error of the older data set 
is about 20 m + 5% of the depth; for the recent data set, it 
is about 5 m + 5% of the depth. The vertical error is highly 
dependent upon w ater depth; it ranges from 0.50-0.56 m and
1.00-1.10 m for the new and old bathym etry data sets, respec­
tively (IHO, 1998; MONK, 2005 pers. connn.).

Aerial Photographs
In order to compare the location of the coastline, over time, 

aerial photos were used. Sets of photos from 4 different years 
(1953, 1980, 1994 and 1998), together with a set of orthopho­
tos (2002), were obtained from the Landesvermessungsamt, 
Mecklenburg-Vorpommern, Germany (Table 1). The aerial 
photos were scanned and rectified, using the orthophotos 
(with a resolution of 8 dm) and the software ER-Mapper 6.4. 
The rectification error was m aintained at less than  1 m, for 
most of the photos. However, for some of the photos, especially 
the older ones, th is  was not possible; as such, the error could 
extend up to 2 m. When taking into account the resolution of 
the orthophotos of 8 dm, together with the size of the pixels of 
the scanned aerial photos of about 1.5 m, the maximum total 
error may have been about 4 m. Following rectification, mosa­
ics were created and the coastlines from different years were 
digitised and compiled in a GIS database (ArcView).

Wave and Sediment Transport Modelling
In th is  study, the software Sistem a de Modelado Costero 

(SMC), tran sla ted  as Coastal Modelling System, has been 
used to sim ulate wave propagation, as well as the currents 
induced and sedim ent transpo rt in th e  coastal area of Graal- 
M üritz and W ustrow. SMC was developed by the Coastal E n ­
gineering and Oceanography Group (C.LO.C., 2002), of the 
LTniversity of Cantabria, in collaboration with the Coastal 
and Environm ental D epartm ent of the Spanish Government. 
SMC includes different modules and num erical implemen-

T ab le  1. Year, num ber a n d  scale o f the aerial pho tographs used  to 
stu d y  coastline changes.

D a te N u m b e r  o f  a e r ia l  p h o to g ra p h s S ca le

1953 9 1:22000

1988 16 1:18000

1994 20 1:12500

1998 23 1:12500

2002 47 (ortho-photos) pixel size: 8 dm

tation, to assist in coastal dynamics studies; it u tilises the 
parabolic solution of the mild-slope equations (K ir b y  and 
D a l r y m p l e , 1983), for wave propagation. The software allows 
the sim ulation of monochromatic or spectral waves from deep 
waters, to the coast. In each case, wave-induced curren ts 
and potential sedim ent transpo rt can be obtained. Sediment 
transpo rt is computed from th e  previously obtained wave 
and curren t fields, using the formulae of B a il a r d  (1981) and 
S o u l s b y  (1997). Both m ethods compute the to ta l sedim ent 
transport, tak ing  into account bed load and suspended load 
transport.

Two areas were selected for modelling: Graal-M üritz 
and Wustrow. For both areas, two coarse offshore grids 
(300 X  300 m) were established for the different wave direc­
tions, each with a fine grid (15 x 30 in) attached, for the n ea r­
shore area. Monochromatic waves were used in the model.

Wave Climate
The NNW-WNW-facing coast, between W arnemünde and 

Ahrenshoop, is a fetch-limited coastline and is sheltered from 
waves coming from the Baltic Sea, to the east (Figure 1). A 
continuous five-year record (1998-2002) of directional wave 
data, m easured every hour, was available from a m easur­
ing station located close to Ahrenshoop. Over th is  period, the 
dominant wave direction was from W-WNW, with more than  
65 % of all waves originating from th is direction (Figure 3 and 
Table 2). Large storm waves originate, typically, from a WNW 
direction.

T a b le  2. Proportion o f all w aves w ith  H s >0.2 m in different 
directions.

D ire c t io n N NNW NW W NW W W SW

P e r c e n ta g e 9.95 8.42 4.99 23.70 41.60 8.97

For the wave modelling, five “wave cases” were selected, 
corresponding to two different directions. The most common 
wave condition is represented by a significant wave height 
(Hs) of 0.68 ni, a period (Tin) of 4.64 s and a direction (Dir) of 
276°. Within th is context, long period swell waves in th is area 
have a direction of 347°, a wave height of 0.31 in and a period 
of 6.09 s. For completeness, locally-generated wind waves from 
th is direction were also simulated; these have a wave height of 
0.56 in and a period of 4.44 s. Furtherm ore, an average yearly 
storm wave (Hs 1.29 in, Tin 5.77 s, Dir 276°) and the average 
5-yearly storm wave (Hs 1.40 in, Tin 6.00 s, Dir 276°) were 
modelled (Table 3). Because most sediment transport takes 
place during storm conditions, the results of the la tte r will be 
discussed in detail.
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T able 3. Parameters of the modelled wave conditions (significant wave 
height, mean period and wave direction).

Wave cases Hs (m) Tm (s) Dir (°)
Local waves 1 0.68 4.64 276
Local waves 2 0.56 4.44 347

Swell 0.31 6.09 347

Storm (ly ) 1.29 5.77 276
Storm (5y) 1.40 6.00 276

RESULTS 

Bathymetry
Bathym etric changes between 1976-1979 and 1996-2002 

are subtle (Figure 4) and, in general, lie w ithin the range of 
the maximum vertical error of the bathym etry (around ± 1 m). 
The highest ra te  of seabed erosion (4.5 m, in ca. 20 years) can 
be found in a small area close to the extraction site of W us­
trow. The broad shallow zone (<10 m), offshore of Graal-M ü­
ritz is stable, typically showing no change. In general, accre­
tion takes place in the coastal zone close to the Wustrow coast; 
erosion occurs in the offshore area to the NE of Graal-M üritz 
(Figure 4).

Coastline
The location of the coastline has fluctuated considerably 

between 1953 and 2002. Comparing the 1953 and 2002 coast­
lines, two areas of maximum erosion (of up to 3 m per year)

can be identified: the coast to the south of Graal Müritz, and 
the D arss area (Figure 5). However, a maximum accretion of 
3-5 m per year takes place a t the northerly tip of the D arss Pe­
ninsula, immediately to the north of the rapidly-eroding Darss 
coast (Figure 6). In general, the coastline from the south of 
Graal-M üritz to Dierhagen is mainly erosional, except for a 
small section of prograding coastline, lying close to the town 
of Graal-M üritz. This accretional zone is located in  an area 
where repeated beach nourishm ent has been undertaken 
(Mblu, 1995). The coast from Dierhagen to Wustrow has ex­
perienced, overall, a small am ount of accretion; whilst, from 
the north of Wustrow up to Darss, an overall erosional trend 
was observed.

The extensive coastal protection works, including groynes, 
breakw aters and beach nourishm ent projects, make it difficult 
to distinguish (from the aerial photographs) the natu ra l trend 
in shoreline evolution. For example, the two large accretional 
peaks near Wustrow and Ahrenshoop (Figure 5) are associat­
ed w ith the breakw ater construction in  1985 and 1986, respec­
tively. Subsequently, considerable accretion has taken place 
on the lee side of these breakwaters.

Wave and sediment transport modelling
The results of the simulation of WNW storm waves show 

th a t they focus upon particular areas of the coastline, as a 
result of the offshore bathym etry. The subtle differences be­
tween the old and new bathym etry cause also small changes 
in the nearshore wave conditions (Figure 7). W ithin the Graal- 
M üritz area, the offshore wave height has increased; howev­
er, most of the energy dissipates before the waves reach the 
shore (Figure 7). The changes in the Wustrow area are most
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pronounced at the extraction site, where wave heights have 
increased.

Most sediment transport takes place during storm condi­
tions. The sim ulation of WNW storm waves shows sediment 
transport mainly at bathym etric depths down to 2-3 m and not 
beyond the 4 m depth contour. The direction of wave-induced 
sediment transport, for waves coming from a 276° direction, is 
towards the NE. However, the modelled waves, w ith a direc­
tion of 347°, generate sediment transport in a SW direction. 
Since the prevailing wave direction is from the W and WNW

(Figure 3 and Table 2), the dominant sediment transport di­
rection is towards the NE.

The calculations of sediment transport potential for the 
modelled storm waves show distinct peaks along the coast, in 
the Wustrow area. These peaks are located generally within 
the same area for the pre- and post-dredging bathym etries. 
However, there is an increase in transport potential in the 
area located landw ard of the extraction site, in the post­
dredging scenario. Comparison of the transport potential, for 
the old and new bathym etry in the Graal-M üritz area, shows 
a very distinct peak of 58 m 3/h/m during the period of 1976-
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1979, which has disappeared almost entirely in 1996-2002 
(Figure 8). The analysis of the coastline locations indicates 
that, between 1953 and 1988, th is  area was eroding rapidly, 
even though beach nourishm ent was undertaken here (Mblu, 
1995). Erosion rates have decreased over the period extending 
from 1988 to 2002 (Figure 8).

DISCUSSION

Offshore sedim ent extraction may affect the coastline in 
different ways. It may in te rru p t or modify coastal sediment 
supply, or a lter sedim ent transpo rt ra tes and pathways, as a 
resu lt of changing waves or currents. In the m icro-tidal Ger­
m an Baltic Sea, the effect of MA extraction on tida l curren ts 
can be neglected. Furtherm ore, dredging takes place well be­
yond the active beach profile. Sand extraction in th is area 
does not remove nearshore sandbanks and, hence, will not 
cause any reduction in the shelter provided to the coastline. 
As such, extraction in th is  area may affect nearshore wave 
conditions and associated sedim ent transpo rt and the total 
sedim ent budget at the shoreline; these factors need to be 
assessed.

Wave modelling has shown tha t, even though the  changes 
in bathym etry  observed over a period of 20 years are sub­
tle, they have resu lted  in modifications to the waves. Conse­
quently, a lterations have taken  place in the  sedim ent tra n s ­
port at the coast (Figure 8). The largest change in transport 
potential is identified as lying between G raal-M üritz and 
Dierhagen, where a decrease from 58 m3/h in 1976-1979, to 
approxim ately 20 m 3/h in 1996-2002, was found. Overall, 
the  sedim ent transpo rt potential is higher for the Wustrow 
area, th an  for the G raal-M üritz area; th is  corresponds to the 
findings of W e il b e e r  and Z ie l k e  (1999). Their investigations 
conclude th a t the steeper bathym etry, to the north, causes 
more wave energy to reach the coast; this, in turn , resu lts in 
a higher transpo rt potential.

The resu lts  of th e  modelling show th a t the  extraction 
sites lie outside the  area  of wave-induced sedim ent tra n s ­
port; th is  is consistent w ith the  resu lts  of D i e s in g  et al. 
(2006), who calculated th a t th e  closure depth for th is  area 
is 4 m. D etectable morphological changes over longer tim e- 
scales (decades to centuries), occur down to a lim iting depth

___
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wave height (m)

Graal-Müritz Graal-Müritz

F igu re  7. W ave h eigh ts for th e  m odelled 5-yearly  sto rm  (Hs 1.40 m. Tm 6.00 s. D ir 276°) in  th e  G raal-M üritz  area: (a) m odelled  wave h e ig h ts  for the  
1976-1979 ba th y m etry : an d  (b) m odelled  w ave h e ig h ts  for th e  1998-2002 b a th y m etry . N ote th e  areas of wave focussing in  th e  n o rth  an d  cen tre  of 
th e  coastline. For th e  location of th e  m odelling area , see F igu res l .a n d  5.

of h. = 10 m (D i e s in g  et al., 2006). However, short-term  
changes and, therefore, sedim ent transpo rt, were shown to 
occur down to depths of 8-13 m, as observed from repeated  
side-scan sonar surveys, following dredging. The dredged 
furrows at G raal M üritz were alm ost completely refilled 
afte r 6 m onths ( D i e s i n g , 2003); those a t W ustrow showed 
considerable infilling, afte r 10 m onths (K r a u s e , 2002). In ­
terestingly, th e  bedform s offshore from W ustrow are locat­
ed also in w ater depths lying beyond those associated w ith 
wave-induced sedim ent transpo rt. According to L e m k e  et al. 
(1994), these  bedform s are the resu lt of cu rren ts generated 
by the  inflow of saline bottom  w ater from the N orth Sea. 
Bedform changes th a t  have been observed indicate flow ve­
locities of 70-100 cm/s; these only seldomly occur, typically 
on tim e-scales of m onths-years ( L e m k e  et al., 1994). These 
NE-flowing cu rren ts cause the  tran sp o rt of sedim ents in 
offshore areas beyond the  zone of w ave-induced transport. 
Thus, both the dom inant directions of w ave-induced sedi­
m ent tran sp o rt and the current-induced sedim ent tran sp o rt 
are in a NE direction. Such tran sp o rt moves sedim ent out 
of the  area, to D arss, where it is deposited, accum ulating

along the  D arss Peninsula. Long-term  accretion in th is  area 
is indicated  also by a sequence of Holocene beach ridges 
(L a m p e , 2002), runn ing  para lle l to the present-day coastline 
(Figure 6). The D arss area  is a N ational Park, where ex trac­
tion activities are prohibited.

Overall, the coast from W arnemünde to Darss has only 
a lim ited am ount of m arine sand resources: the cover of 
Holocene sand is th in  (D ie s in g , 2003; K r a u s e , 2002), whilst 
there is little contemporary input from the rivers. The main 
sediment source is erosion of retreating cliff sections ( H o f f ­
m a n n  and L a m p e , 2007). An increase in storminess in the Baltic 
Sea area, as reported by K o n t  et al. (2005), together w ith a rise 
in sea level will resu lt in an increase in cliff erosion; hence, 
increase the supply of sediment to the coastal zone ( H o f f m a n n  
and L a m p e , 2007). At the same time, it will lead also to an 
increase in beach erosion and sediment transport, by wave ac­
tion. Extraction of sediment for local beach nourishm ent may 
bring offshore sand into the zone of wave-dominated sediment 
transport, where it will be transported  towards the northeast. 
Extraction of sediment for industrial use will leave the system 
completely.
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Figure 8. Sediment transport potential calculatedby SMT for the coast from Warnemünde to the Darss Peninsula. Note the large peak in transport 
potential for the old bathymetry, which has now completely dis appeared. The aerial photograph shows the location of the peak in sediment transport 
potential along the coastline between Graal Müritz to Dierhagen (the area between the dotted lines in the graph). Also in cheated are the coastlines 
of 2002, 1988 and 1953.

CONCLUSIONS

Few exam ples exist of direct coastal erosion caused by 
m arine sand extraction; these  re la te  to the  rem oval of sand 
from the  upper shoreface. In the  Baltic Sea, dredging takes 
place well beyond the  depth of wave action, i.e. in w ater 
depths of 8-13 m. No direct relationship  was found betw een 
changes in bathym etry  and those at the  coastline. It is sug­
gested th a t  the  coastal changes resu lt m ainly from ex ten­
sive coastal protection works carried  out in th e  area. T here­
fore, it is difficult to assess th e  effects of dredging on the 
coastline in the  area  of W arnem ünde to D arss. However the 
p resen t study has indicated  a few points of concern, as ou t­
lined below.
— Only very small changes in bathym etry (1-2 m) are suffi­

cient to cause significant modifications in sediment tra n s ­
port potential at the coast and, thus, alternations in the 
patterns of erosion and accretion. Therefore, care should be 
taken th a t extraction does not cause lasting changes in the 
bathymetry.

— Overall, the coast from W arnemünde to D arss is an erod­
ing coast. Sediment is transported  in a NE direction by both 
wave action and currents, induced by the inflow of North 
Sea water. Such m aterial is deposited in the Darss area, in 
a National Park, where dredging is prohibited.

— There is very little input of sediment into the system. The 
main source of sediment is m aterial eroded from cliff sec­
tions. Any sand th a t is removed by MA extraction, for indus­

tria l use, will have a negative effect on the total sediment 
budget at the shoreline.
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ABSTRACT I

É3E®
The German Baltic Sea coast between Warnemünde and Darss is rapidly eroding. In this area, extensive sand extraction Hillii«» takes place at water depths of 8-13 m, for both local beach nourishment and industrial use. Sand resources in the
area are restricted to a layer of <2 m of Holocene sand, whilst contemporary input of sand is limited to erosion of the 
cliff sections. To investigate if sand extraction in this area has any effect on the coastline, bathymetric elata from two 
particular time periods were compared, as well as the location of the coastline over 5 different years, ranging from 
1953-2002. Waves and wave-induced sediment transport were simulated using the integrated coastal zone model. 
Sistema ele Modelado Costero (SMC). Results indicate some primary areas of concern: small changes in bathymetry 
of approximately 10% are sufficient to cause significant modifications in sediment transport potential at the coast: 
and, thus, alternations in the patterns of erosion and accretion. Sediment transport by both wave action and currents, 
induced by the inflow of North Sea water, is in a NE direction towards Darss. Here, deposition takes place in a National 
Park, where dredging is prohibited. There is very little input of sediment in the system. Any sand that is removed 
by marine aggregate extraction, for industrial use, will have a negative effect on the total sediment budget at the 
shoreline.

ADDITIONAL INDEX WORDS: dredging, sediment transport, integrated coastal zone model. Sistema de Modelado Costero 
(SMC), differen tial bathymetry, beach erosion.

INTRODUCTION

Sand is extracted from the seabed for many uses, including 
the construction industry and beach nourishm ent. In response 
to increasing demand, more m arine sand is extracted from the 
inner continental shelf (< 6 0  m w ater depth) in Europe, every 
year. As such, concerns have been raised about the adverse ef­
fects on the coastal system, including ecology, the seabed and 
the adjacent shoreline. For example, the results of a question­
naire sent to local residents in South Wales, have shown th a t 
a vast majority believes th a t m arine aggregate (MA) extrac­
tion is responsible for the increased rates of beach erosion at 
local beaches (S im o n s  and H o l l in g h a m , 2 0 0 1 ) .

There are different ways in which offshore MA extraction 
may cause changes to the coastline. For example, B r a m p t o n  
and E v a n s  (1998) identify 5 effects: (a) beach draw-down; (b) 
modifications to tidal currents; (c) changes in sediment tra n s­
port; (d) variations in nearshore wave conditions; and (e) a re­
duction in shelter provided to the coastline. Many of these ef­
fects are in terrelated  (as discussed below). N a ir n  et al. ( 2 0 0 4 )

D O I :  1 0 .2 1 1 2  /  S I 5 1 - 0 1 9 .1  r e c e i v e d  1 3  J a n u a r y  2 0 0 7 ;  a c c e p t e d  i n  
r e v i s i o n  2  A p r i l  2 0 0 8 .

suggest th a t shoreline changes occur in two ways: (i) an extrac­
tion site in te rrup ts or modifies the sediment supply pathways 
to the coast, reducing the sediment budget at the shoreline; 
or (ii) modifications in wave transform ation patterns change 
the character of the waves reaching the coast, altering sedi­
m ent transport and, eventually, changing erosional and accre­
tional patterns. The study of coastal impact of dredging is not 
straightforw ard and, as such, many different approaches have 
been adopted.

Extensive MA extraction takes place in the Baltic Sea, 
in the area between W arnemünde and Darss (Figure 1), for 
both beach nourishm ent purposes and industrial use (K r a u s e , 
1998). Two of the offshore extraction sites are located close 
to the coast, i.e. Graal M üritz and Wustrow; they are located 
in w ater depths of 8-12 and 11-13 m, respectively (Figures 1 
and 2). Wave conditions and wave-induced sediment transport 
within the area of these extraction sites are investigated here, 
to assess if the dredging may impact upon the coast. Offshore 
bathym etry and the location of coastlines, over a num ber of 
years, were compared to study patterns of erosion and accre­
tion. Waves (in the absence of tides) and sediment transport 
were modelled using Sistema de Modelado Costero (SMC), an 
in tegrated coastal zone model.

mailto:s.kortekaas@fugro.nl


206 Kortekaas, et al.

Prerow

Ahrenshoop
G erm any

 ̂ y  ¿ ?/%m 
' ' / v ? 7 y

'  Dierhagen

fustrow

Graal-Müritz Ribnitz-Damgarten

Warnemünde'

GERMANY

M odelling  areaRostock

! S and  ex trac tion  sites

Figure 1. Location map, show ing the major towns, extraction sites Graal M üritz and W ustrow, and the fine grids used for modelling. DS = Darss 
Sill.

EFFECTS OF MA EXTRACTION ON THE 
COASTLINE 

Effects on Coastal Sediment Budget
The most direct effect of MA extraction on the coastline is 

beach draw-down; th is may occur when m aterial is extracted 
from within the active beach profile. Beach sand or gravel, 
transported  seawards during storm events, rem ains trapped 
in the depression. It will not retu rn  to the upper beach during 
calm conditions, thus resulting in a net loss of beach m aterial 
(B r a m p t o n  and E v a n s , 1998). Beach draw-down was the cause 
of the destruction of the coastal village of Hallsands, Devon 
(UK), in 1917, where between 1897 and 1902 some 382,000 
m3 of gravel was extracted from the foreshore (P e a r c e , 1996; 
S im o n s  and H o l l in g h a m , 2001).

Reduction in the sediment budget at the shoreline may oc­
cur also due to modification or in terruption of the sediment 
supply pathways, towards the coast. Such a reduction may oc­
cur in two ways: dredging may remove sediment th a t would 
normally supply the beach; or an extraction site may trap  sedi­
ment, which would otherwise have been transported  towards 
the coast. The la tte r process is suggested to be the reason for 
the weak recovery of the Pakiri-M angawhai coast in New Zea­
land, following storms in 1978. Although extraction in this 
area takes place w ithin the surf zone, it has been impossible 
to prove a cause-effect relationship between sand extraction 
and backshore stability ( H il t o n  and H e s p , 1996). A n c t il  and 
O u e l l e t  (1990) have calculated littoral drift changes for three 
dredging scenarios in Quebec (Canada) and found th a t only 
excavation at the sea bed of 2 m or more in depth had  a signifi­

cant impact on sediment transport. These investigations have 
concluded th a t the coastal impact can be limited, by gradually 
changing the bathym etry, leaving the system sufficient time 
to adjust. This outcome is achievable by preventing multiple 
dredging over the same area.

Effects on Waves and Currents
Modification of the bathym etry may alter nearshore wave 

conditions, by changing the wave refraction patterns; hence, 
the wave direction, or the total wave energy, reaching the 
coast. Since breaking waves are generally considered to be the 
dominant factor affecting the coast, M a a , H o b b s , and H ardaw ay  
(2001); M a a  et al. (2004) have used the change in breaking wave 
height to assess the coastal impact of changing wave tran s­
formation, caused by extraction. Even though the local wave 
height between the extraction site and the coast can increase 
by as much as two-fold, the change in the breaking wave height 
is less significant, as most of the wave energy is dissipated be­
fore the waves reach the shore (B y r n e s  et al., 2004a; M a a  et 
al., 2004). However, in areas with a steep shoreface, the wave 
energy does not dissipate significantly and, instead, increases 
considerably upon reaching the coast (B y r n e s  et al., 2004b). For 
example, at Grand Isle, Louisiana (LTSA), two large salients and 
areas of increased erosion developed shoreward of an offshore 
extraction site th a t was situated some 800 m offshore, in a wa­
te r depth of 4.6 m (B e n d e r  and D e a n , 2003). The extraction pit 
affected the wave propagation pattern, which, in turn, caused 
changes in erosion and accretion at the coast.

M a a  and H o b b s  (1998) have examined longshore sediment 
transport, using breaking wave conditions, calculated from 
modelled wave transform ation processes. The model results
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showed considerable na tu ra l wave energy convergence, which 
could be responsible for severe beach erosion over the same 
area. However, the dredging effects on wave transform ation 
and longshore sediment transport were found to be insignifi­
cant. K e l l e y , R a m s e y , and B y r n e s  (2004) developed a new ap­
proach for evaluating the coastal impact of an extraction site, 
incorporating n a tu ra l spatial and tem poral variability in the 
wave climate, as the basis for determ ining the level of signifi­
cance. A coast with a na tu ra l high variety of wave conditions 
and, consequently, sediment transport will be less sensitive

to wave modifications caused by dredging, than  a coast with a 
lim ited range of wave conditions.

Wave conditions at the shoreline may change also as a re­
sult of dredging of nearshore sandbanks, reducing the shelter 
provided to the coastline. The disappearance, or lowering, of 
the bank will change the wave patterns between the bank and 
the coast; this, in turn, will cause changes in sediment tra n s­
port and, hence, erosion and accretion patterns at the shore­
line (H a y e s  and N a ir n , 2004). An example is the 1996 beach 
nourishm ent project undertaken in M artin County, Florida 
(USA), where sand was extracted from a shoal located some 
910 m offshore, in a w ater depth of 12.8 m. By lowering the 
shoal height, the coast was exposed to increased wave action, 
resulting in localised erosion (B e n d e r  and D e a n , 2003). Simi­
larly, sand extraction from a large shore-parallel shoal, located 
10 km offshore of the coast of Louisiana, LTSA, would increase 
erosion and overwash on the adjacent shoreline (S u t e r , M u s s a , 
and P e n l a n d , 1989).

The effects on tidal currents are, typically, lim ited and very 
localised. For example, M a a  et al. (2004) modelled the influ­
ence of dredging of two shoals offshore of M aryland and Dela­
ware (LTSA), on the tidal currents. The results showed only 
small changes in the maximum near-bed tidal current velocity 
a t the shoals, indicating only a negligible impact. Elsewhere, 
B y r n e s  et al. (2004a) found that, whilst the extraction at sites 
offshore from Alabama (USA) could produce a localised effect 
on the currents, there was no impact upon the prevailing or 
am bient flow characteristics.

SITE DESCRIPTION

The German Baltic Sea coast is a micro-tidal area, with 
a negligible tidal range. The study area is situated  between 
W arnemünde and Ahrenshoop (Figure 1). The shoreline in 
th is  area consists of narrow beaches, with dunes and cliffs of 
Pleistocene deposits (L a m p e , 2002). The main source of sedi­
m ent in the coastal zone is retreating  cliff sections. Sediment 
input from rivers is negligible. The slow-flowing Warnow Riv­
er drains into the Baltic Sea at Warnemünde, but its sediment 
discharge consists mainly of suspended fines. The coastal zone 
here is experiencing long-term erosion, with an average coast­
al re trea t varying from 30-70 m/100 years, over the last 160 
years ( J a n k e  and L a m p e , 1998). In order to m aintain the beach­
es, sand has been extracted offshore for beach nourishm ent 
projects, since 1968. Besides beach and dune nourishment, a 
wide range of shore protection structures have been installed, 
e.g. groynes, breakw aters and dykes, to reduce coastal erosion. 
In th is study, two sediment extraction sites are considered, 
which are located close to the coast: Graal-M üritz and Wus­
trow (Figure 1).

The offshore area is characterised by the D arss Sill (Figure 
1). Approximately 73 % of the w ater exchange between the 
Baltic Sea and the North Sea is through th is relatively shal­
low, narrow strait. The seafloor consists of glacial till, overlain 
by a th in  layer (<30 cm) of lag deposits which, in turn, is cov­
ered, over a small p art of the area, by Holocene m arine sand 
(L e m k e  et al., 1994). In the area of Graal-Müritz, the overly­
ing m arine sand has a maximum thickness of 1.1 m (D ie s in g ,
2003). NNW-SSE oriented sandwaves, with heights of up to 
2.7 m and a wavelength of approximately 180 m, are present 
in th is area. W ithin the ir troughs, coarse lag sediments are 
exposed (D ie s in g , 2003). The extraction site of Graal-M üritz 
is located some 2.5-5.5 km offshore, within a w ater depth of
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8-12 m. Extraction at th is site has taken place since 1988 
(D i e s in g , 2003). The Wustrow extraction site is located about 
1 km off the coast, near Wustrow, in a w ater depth of 11-13 m. 
Sand has been extracted here, for beach nourishm ent projects, 
since 1997. The mean thickness of the overlying m arine sand, 
in th is area, is 1.9 m (K r a u s e , 2002). For extraction at both 
sites, a tra iler suction hopper dredger is used; th is  creates 
shallow (ca. 0.5 m deep) furrows on the seafloor, which have 
widths of 3-10 m and lengths of up to 1 km (D ie s in g , 2003; 
M a n s o  et al., th is volume).

The bathym etry of the extended offshore area (W arnemünde 
to Ahrenshoop) shows th a t the nearshore zone (<10 m w ater 
depth) becomes narrow er towards the north (Figure 2). Whilst 
the 10 m depth contour is located approximately 10 km off­
shore of Graal-Müritz, it is only 2.5 km away from the coast 
at Wustrow. Large offshore sandbanks are present within this 
area, oriented obliquely to the coast (Figure 2).

METHODOLOGY AND DATA 

Bathymetric Data
Bathym etry relating to two different tim e periods was 

compared: 1976-1979 (before dredging) and 1996-2002 (after 
dredging). The data were obtained from the BSH (Bundesamt 
für Seeschifffahrt und Hydrographie = Federal M aritime and 
Hydrographie Agency), Germany. It was necessary to use data 
sets derived from multiple surveys, undertaken over several 
years, because no survey covered the complete area, within 
any particular year. The horizontal error of the older data set 
is about 20 m + 5% of the depth; for the recent data set, it 
is about 5 m + 5% of the depth. The vertical error is highly 
dependent upon w ater depth; it ranges from 0.50-0.56 m and
1.00-1.10 m for the new and old bathym etry data sets, respec­
tively (IHO, 1998; MONK, 2005 pers. connn.).

Aerial Photographs
In order to compare the location of the coastline, over time, 

aerial photos were used. Sets of photos from 4 different years 
(1953, 1980, 1994 and 1998), together with a set of orthopho­
tos (2002), were obtained from the Landesvermessungsamt, 
Mecklenburg-Vorpommern, Germany (Table 1). The aerial 
photos were scanned and rectified, using the orthophotos 
(with a resolution of 8 dm) and the software ER-Mapper 6.4. 
The rectification error was m aintained at less than  1 m, for 
most of the photos. However, for some of the photos, especially 
the older ones, th is  was not possible; as such, the error could 
extend up to 2 m. When taking into account the resolution of 
the orthophotos of 8 dm, together with the size of the pixels of 
the scanned aerial photos of about 1.5 m, the maximum total 
error may have been about 4 m. Following rectification, mosa­
ics were created and the coastlines from different years were 
digitised and compiled in a GIS database (ArcView).

Wave and Sediment Transport Modelling
In th is  study, the software Sistem a de Modelado Costero 

(SMC), tran sla ted  as Coastal Modelling System, has been 
used to sim ulate wave propagation, as well as the currents 
induced and sedim ent transpo rt in th e  coastal area of Graal- 
M üritz and W ustrow. SMC was developed by the Coastal E n ­
gineering and Oceanography Group (C.LO.C., 2002), of the 
LTniversity of Cantabria, in collaboration with the Coastal 
and Environm ental D epartm ent of the Spanish Government. 
SMC includes different modules and num erical implemen-

Table 1. Year, number and scale of the aerial photographs used to 
study coastline changes.

D a te N u m b e r  o f  a e r ia l  p h o to g ra p h s S ca le

1953 9 1:22000

1988 16 1:18000

1994 20 1:12500

1998 23 1:12500

2002 47 (ortho-photos) pixel size: 8 dm

tation, to assist in coastal dynamics studies; it u tilises the 
parabolic solution of the mild-slope equations (K ir b y  and 
D a l r y m p l e , 1983), for wave propagation. The software allows 
the sim ulation of monochromatic or spectral waves from deep 
waters, to the coast. In each case, wave-induced curren ts 
and potential sedim ent transpo rt can be obtained. Sediment 
transpo rt is computed from th e  previously obtained wave 
and curren t fields, using the formulae of B a il a r d  (1981) and 
S o u l s b y  (1997). Both m ethods compute the to ta l sedim ent 
transport, tak ing  into account bed load and suspended load 
transport.

Two areas were selected for modelling: Graal-M üritz 
and Wustrow. For both areas, two coarse offshore grids 
(300 X 300 m) were established for the different wave direc­
tions, each with a fine grid (15 x 30 in) attached, for the n ea r­
shore area. Monochromatic waves were used in the model.

Wave Climate
The NNW-WNW-facing coast, between W arnemünde and 

Ahrenshoop, is a fetch-limited coastline and is sheltered from 
waves coming from the Baltic Sea, to the east (Figure 1). A 
continuous five-year record (1998-2002) of directional wave 
data, m easured every hour, was available from a m easur­
ing station located close to Ahrenshoop. Over th is  period, the 
dominant wave direction was from W-WNW, with more than  
65 % of all waves originating from th is direction (Figure 3 and 
Table 2). Large storm waves originate, typically, from a WNW 
direction.

Table 2. Proportion of all waves with Hs >0.2 m in different 
directions.

D ire c t io n N NNW NW W NW W W SW

P e r c e n ta g e 9.95 8.42 4.99 23.70 41.60 8.97

For the wave modelling, five “wave cases” were selected, 
corresponding to two different directions. The most common 
wave condition is represented by a significant wave height 
(Hs) of 0.68 ni, a period (Tin) of 4.64 s and a direction (Dir) of 
276°. Within th is context, long period swell waves in th is area 
have a direction of 347°, a wave height of 0.31 in and a period 
of 6.09 s. For completeness, locally-generated wind waves from 
th is direction were also simulated; these have a wave height of 
0.56 in and a period of 4.44 s. Furtherm ore, an average yearly 
storm wave (Hs 1.29 in, Tin 5.77 s, Dir 276°) and the average 
5-yearly storm wave (Hs 1.40 in, Tin 6.00 s, Dir 276°) were 
modelled (Table 3). Because most sediment transport takes 
place during storm conditions, the results of the la tte r will be 
discussed in detail.
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F ig u re  3. D istrib u tio n  o f w ave d irections a n d  w ave h eigh t, from  m easu rem en ts ob ta in ed  a t  th e  S tA U N  M essnetz  s ta tio n  a t  A hrenshoop, 
for th e  perio d  1998-2002.

T able 3. Parameters of the modelled wave conditions (significant wave 
height, mean period and wave direction).

Wave cases Hs (m) Tm (s) Dir (°)
Local waves 1 0.68 4.64 276
Local waves 2 0.56 4.44 347

Swell 0.31 6.09 347

Storm ( l y ) 1.29 5.77 276
Storm ( 5 y ) 1.40 6.00 276

RESULTS 

Bathymetry
Bathym etric changes between 1976-1979 and 1996-2002 

are subtle (Figure 4) and, in general, lie w ithin the range of 
the maximum vertical error of the bathym etry (around ± 1 m). 
The highest ra te  of seabed erosion (4.5 m, in ca. 20 years) can 
be found in a small area close to the extraction site of W us­
trow. The broad shallow zone (<10 m), offshore of Graal-M ü­
ritz is stable, typically showing no change. In general, accre­
tion takes place in the coastal zone close to the Wustrow coast; 
erosion occurs in the offshore area to the NE of Graal-M üritz 
(Figure 4).

Coastline
The location of the coastline has fluctuated considerably 

between 1953 and 2002. Comparing the 1953 and 2002 coast­
lines, two areas of maximum erosion (of up to 3 m per year)

can be identified: the coast to the south of Graal Müritz, and 
the D arss area (Figure 5). However, a maximum accretion of 
3-5 m per year takes place a t the northerly tip of the D arss Pe­
ninsula, immediately to the north of the rapidly-eroding Darss 
coast (Figure 6). In general, the coastline from the south of 
Graal-M üritz to Dierhagen is mainly erosional, except for a 
small section of prograding coastline, lying close to the town 
of Graal-M üritz. This accretional zone is located in  an area 
where repeated beach nourishm ent has been undertaken 
(Mblu, 1995). The coast from Dierhagen to Wustrow has ex­
perienced, overall, a small am ount of accretion; whilst, from 
the north of Wustrow up to Darss, an overall erosional trend 
was observed.

The extensive coastal protection works, including groynes, 
breakw aters and beach nourishm ent projects, make it difficult 
to distinguish (from the aerial photographs) the natu ra l trend 
in shoreline evolution. For example, the two large accretional 
peaks near Wustrow and Ahrenshoop (Figure 5) are associat­
ed w ith the breakw ater construction in  1985 and 1986, respec­
tively. Subsequently, considerable accretion has taken place 
on the lee side of these breakwaters.

Wave and sediment transport modelling
The results of the simulation of WNW storm waves show 

th a t they focus upon particular areas of the coastline, as a 
result of the offshore bathym etry. The subtle differences be­
tween the old and new bathym etry cause also small changes 
in the nearshore wave conditions (Figure 7). W ithin the Graal- 
M üritz area, the offshore wave height has increased; howev­
er, most of the energy dissipates before the waves reach the 
shore (Figure 7). The changes in the Wustrow area are most
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F igu re  4. C om parison of th e  b a th y m etry  of 1976-1979 an d  1998-2002, show ing areas of erosion an d  accretion. C orresponding  to a m axim um  vertica l 
e rro r of ca. 1 m. th e  changes from  1 m an d  m ore are  in cheated. The la rg es t erosion of alm ost 5 m is found  d irectly  to th e  SW of th e  W ustrow  extraction  
site.

pronounced at the extraction site, where wave heights have 
increased.

Most sediment transport takes place during storm condi­
tions. The sim ulation of WNW storm waves shows sediment 
transport mainly at bathym etric depths down to 2-3 m and not 
beyond the 4 m depth contour. The direction of wave-induced 
sediment transport, for waves coming from a 276° direction, is 
towards the NE. However, the modelled waves, w ith a direc­
tion of 347°, generate sediment transport in a SW direction. 
Since the prevailing wave direction is from the W and WNW

(Figure 3 and Table 2), the dominant sediment transport di­
rection is towards the NE.

The calculations of sediment transport potential for the 
modelled storm waves show distinct peaks along the coast, in 
the Wustrow area. These peaks are located generally within 
the same area for the pre- and post-dredging bathym etries. 
However, there is an increase in transport potential in the 
area located landw ard of the extraction site, in the post­
dredging scenario. Comparison of the transport potential, for 
the old and new bathym etry in the Graal-M üritz area, shows 
a very distinct peak of 58 m 3/h/m during the period of 1976-
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 co a s tlin e  (1953 )

F ig u re  5. A ro ta te d  m osaic of ae ria l pho tog raphs of th e  2002 coastline, from  W arnem ünde in  th e  S outh  to th e  D arss P en in su la  in  th e  N orth . The 
m outh  of th e  W arnow  R iver can be seen  in  th e  South, close to W arnem ünde.The two rec tang les ind ica te  th e  m odelling  grids. The g raph  show s the  
average ra te  of erosion an d  accretion (m /year) a long th e  coastline, betw een  1953 a n d  2002.

F ig u re  6. A eria l pho tog raph  of 2002. focusing in  upon th e  n o rth e rn  p a r t  
of th e  D arss P en in su la . The coastlines from  2002 an d  1953 are  shown, 
in d ica tin g  clearly  a change from  erosion in  th e  sou th  to accretion in 
th e  north .

1979, which has disappeared almost entirely in 1996-2002 
(Figure 8). The analysis of the coastline locations indicates 
that, between 1953 and 1988, th is  area was eroding rapidly, 
even though beach nourishm ent was undertaken here (Mblu, 
1995). Erosion rates have decreased over the period extending 
from 1988 to 2002 (Figure 8).

DISCUSSION

Offshore sedim ent extraction may affect the coastline in 
different ways. It may in te rru p t or modify coastal sediment 
supply, or a lter sedim ent transpo rt ra tes and pathways, as a 
resu lt of changing waves or currents. In the m icro-tidal Ger­
m an Baltic Sea, the effect of MA extraction on tida l curren ts 
can be neglected. Furtherm ore, dredging takes place well be­
yond the active beach profile. Sand extraction in th is area 
does not remove nearshore sandbanks and, hence, will not 
cause any reduction in the shelter provided to the coastline. 
As such, extraction in th is  area may affect nearshore wave 
conditions and associated sedim ent transpo rt and the total 
sedim ent budget at the shoreline; these factors need to be 
assessed.

Wave modelling has shown tha t, even though the  changes 
in bathym etry  observed over a period of 20 years are sub­
tle, they have resu lted  in modifications to the waves. Conse­
quently, a lterations have taken  place in the  sedim ent tra n s ­
port at the coast (Figure 8). The largest change in transport 
potential is identified as lying between G raal-M üritz and 
Dierhagen, where a decrease from 58 m3/h in 1976-1979, to 
approxim ately 20 m 3/h in 1996-2002, was found. Overall, 
the  sedim ent transpo rt potential is higher for the Wustrow 
area, th an  for the G raal-M üritz area; th is  corresponds to the 
findings of W e il b e e r  and Z ie l k e  (1999). Their investigations 
conclude th a t the steeper bathym etry, to the north, causes 
more wave energy to reach the coast; this, in turn , resu lts in 
a higher transpo rt potential.

The resu lts  of th e  modelling show th a t the  extraction 
sites lie outside the  area  of wave-induced sedim ent tra n s ­
port; th is  is consistent w ith the  resu lts  of D i e s in g  et al. 
(2006), who calculated th a t th e  closure depth for th is  area 
is 4 m. D etectable morphological changes over longer tim e- 
scales (decades to centuries), occur down to a lim iting depth

___
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Graal-Müritz Graal-Müritz

Figure 7. Wave heights for the modelled 5-yearly storm (Hs 1.40 m. Tm 6.00 s. Dir 276°) in the Graal-Müritz area: (a) modelled wave heights for the 
1976-1979 bathymetry: and (b) modelled wave heights for the 1998-2002 bathymetry. Note the areas of wave focussing in the north and centre of 
the coastline. For the location of the modelling area, see Figures l.and 5.

of h. = 10 m (D i e s in g  et al., 2006). However, short-term  
changes and, therefore, sedim ent transpo rt, were shown to 
occur down to depths of 8-13 m, as observed from repeated  
side-scan sonar surveys, following dredging. The dredged 
furrows at G raal M üritz were alm ost completely refilled 
afte r 6 m onths ( D i e s i n g , 2003); those a t W ustrow showed 
considerable infilling, afte r 10 m onths (K r a u s e , 2002). In ­
terestingly, th e  bedform s offshore from W ustrow are locat­
ed also in w ater depths lying beyond those associated w ith 
wave-induced sedim ent transpo rt. According to L e m k e  et al. 
(1994), these  bedform s are the resu lt of cu rren ts generated 
by the  inflow of saline bottom  w ater from the N orth Sea. 
Bedform changes th a t  have been observed indicate flow ve­
locities of 70-100 cm/s; these only seldomly occur, typically 
on tim e-scales of m onths-years ( L e m k e  et al., 1994). These 
NE-flowing cu rren ts cause the  tran sp o rt of sedim ents in 
offshore areas beyond the  zone of w ave-induced transport. 
Thus, both the dom inant directions of w ave-induced sedi­
m ent tran sp o rt and the current-induced sedim ent tran sp o rt 
are in a NE direction. Such tran sp o rt moves sedim ent out 
of the  area, to D arss, where it is deposited, accum ulating

along the  D arss Peninsula. Long-term  accretion in th is  area 
is indicated  also by a sequence of Holocene beach ridges 
(L a m p e , 2002), runn ing  para lle l to the present-day coastline 
(Figure 6). The D arss area  is a N ational Park, where ex trac­
tion activities are prohibited.

Overall, the coast from W arnemünde to Darss has only 
a lim ited am ount of m arine sand resources: the cover of 
Holocene sand is th in  (D ie s in g , 2003; K r a u s e , 2002), whilst 
there is little contemporary input from the rivers. The main 
sediment source is erosion of retreating cliff sections ( H o f f ­
m a n n  and L a m p e , 2007). An increase in storminess in the Baltic 
Sea area, as reported by K o n t  et al. (2005), together w ith a rise 
in sea level will resu lt in an increase in cliff erosion; hence, 
increase the supply of sediment to the coastal zone ( H o f f m a n n  
and L a m p e , 2007). At the same time, it will lead also to an 
increase in beach erosion and sediment transport, by wave ac­
tion. Extraction of sediment for local beach nourishm ent may 
bring offshore sand into the zone of wave-dominated sediment 
transport, where it will be transported  towards the northeast. 
Extraction of sediment for industrial use will leave the system 
completely.
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F ig u re  8. S ed im ent tra n sp o r t p o ten tia l c a lcu la ted b y  SMT for th e  coast from  W arnem ünde to th e  D arss P en in su la . N ote th e  larg e  p eak  in  tra n sp o r t 
po ten tia l for th e  old b a th y m etry , w hich h as now com pletely dis appeared . The ae ria l pho tograph  show s th e  location of th e  peak  in  sed im en t tra n sp o r t 
po ten tia l along th e  coastline betw een  G raa l M üritz  to D ierhagen  (the a rea  betw een  th e  do tted  lines in  th e  graph). Also in  cheated are  th e  coastlines 
of 2002, 1988 an d  1953.

CONCLUSIONS

Few exam ples exist of direct coastal erosion caused by 
m arine sand extraction; these  re la te  to the  rem oval of sand 
from the  upper shoreface. In the  Baltic Sea, dredging takes 
place well beyond the  depth of wave action, i.e. in w ater 
depths of 8-13 m. No direct relationship  was found betw een 
changes in bathym etry  and those at the  coastline. It is sug­
gested th a t  the  coastal changes resu lt m ainly from ex ten­
sive coastal protection works carried  out in th e  area. T here­
fore, it is difficult to assess th e  effects of dredging on the 
coastline in the  area  of W arnem ünde to D arss. However the 
p resen t study has indicated  a few points of concern, as ou t­
lined below.
— Only very small changes in bathym etry (1-2 m) are suffi­

cient to cause significant modifications in sediment tra n s ­
port potential at the coast and, thus, alternations in the 
patterns of erosion and accretion. Therefore, care should be 
taken th a t extraction does not cause lasting changes in the 
bathymetry.

— Overall, the coast from W arnemünde to D arss is an erod­
ing coast. Sediment is transported  in a NE direction by both 
wave action and currents, induced by the inflow of North 
Sea water. Such m aterial is deposited in the Darss area, in 
a National Park, where dredging is prohibited.

— There is very little input of sediment into the system. The 
main source of sediment is m aterial eroded from cliff sec­
tions. Any sand th a t is removed by MA extraction, for indus­

tria l use, will have a negative effect on the total sediment 
budget at the shoreline.
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ABSTRACT I

In autumn 1997, approximately 320,000 m3 of sand were extracted from a site located ca. 2.5 km off Wustrow, Hillii«» Germany, Western Baltic Sea. The physical impacts of dredging on the sea floor are assessed on the basis of sicle-scan
sonar, sediment texture, and oxygen profile approaches. Benthic macrofaunal effects are analysed, in terms of species, 
abundance, and biomass (SAB ). addressing the responses of sensitive and non-sensitive species.
Seabed modification was patchy within the dredging site. Morphology, texture, and oxygen characteristics returned 
to pre-clredging conditions over most of the site, during the first year of post-clredging. A smaller part of the area 
deepened by ca. 5 m and caused by multiple dredge furrows, was altered more drastically. During the year following 
the extraction, a shift to finer sediments with a higher organic carbon content and reduced oxygen levels was observed, 
at this location. Sensitive benthic species abundance did not recover to pre-impact levels, within a year after dredging. 
Slow recovery of the sensitive species can be overlooked easily by common environmental assessment measures, such 
as the SAP) approach. Related to benthic habitats, environmentally-souncl dredging practices should consider the 
various impacts that the creation of deep pits can have on the seabed, and compared those of shallow and isolated 
furrows.

ADDITIONAL INDEX WORDS: aggregates, mining side-scansonar, sediment micro- profiles, macrozoobenthos, SAB approach, 
sensitive benthic species, dredging fur rozos, recolonisation, recovery.

INTRODUCTION

W hilst several studies have investigated the effects of m a­
rine sand dredging on benthic associations (e.g. E s s in k , 1998; 
O r e s u n d k o n s o r t ie t , 1998; v a n  d e r  V e e r , B e r g m a n , and B e u k e - 
m a , 1985), a substantially lower num ber of studies have dealt 
w ith gravel extraction (B oyd  et al., 2005; C o o p e r  et al., 2007; 
K e n n y  and R e e s , 1994, 1996); fewer still have investigated 
Baltic Sea conditions (B o n s d o r f f , 1980; O r e s u n d k o n s o r t ie t ,
1998). In order to develop an improved understanding of the 
physical recovery and macrofaunal recolonisation processes 
of dredged habitats in the western Baltic Sea, a dredging op­
eration has been examined, at different spatial scales. At a 
broad scale, results were obtained from: (a) acoustic devices 
which covered an area > 1,000,000 n r; (b) grab samples, per­
m itting examination of processes occurring over a few n r; and 
(c) sediment cores and oxygen profiles, providing information 
at a millimetre-scale. The overall objective of th is study was to 
develop a better understanding of the physical and biological 
impact of dredging operations, within the Baltic Sea.

The western Baltic Sea (S c h w a r z e r  , th is  volume) can be 
regarded as a brackish w ater transition  zone of decreasing sa­
linity (5 - 20 psu). Faunistic diversity reaches its minimum

DOI: 10.2112 / SI51-020.1 received 23 February 2007; accepted in 
revision 1 April 2008.

w ithin th is salinity range (horohaloclinicum  ; K i n n e , 1971, R e ­
m a n e , 1940). M acrofaunal species in th is zone have often been 
described as 'transgressive ' or 'opportunistic ' (G r a y , 1979; 
P e a r s o n  and R o s e n b e r g , 1978); relatively 'im m une' to many 
anthropogenic stress factors (W il s o n , 1994). However, W il s o n  
and E l k a im  (1991) have shown th a t not all estuarine species 
act as opportunists. The present study focuses upon the sen­
sitive species, assuming th a t they are an im portant p art of 
the local biodiversity: these mostly rare  species, in accordance 
with the "flush and crash ' spéciation model ( P ir a in o , F a n e l l i , 
and B o e r o , 2002), ensure the continuation of biological diver­
sity.

For th is study, species sensitive to physical disturbance 
of the seabed are defined following a concept of the 'Benthos 
Ecology Working Group' of the International Council for the 
Exploration of the Sea (ICES), published in 1994 (ICES, 1994) 
and reviewed in 1995 (ICES, 1995). The ICES list of general 
criteria was published to develop “biogeographically-specific” 
lists for macrobenthic communities, to perm it the prediction of 
disturbance related to any physical modification of the seabed. 
The list was based upon the assum ption that, initially, any im­
pact has a negative effect on individuals within a specific a r­
ea. Sediment extraction can harm  macrobenthic individuals, 
by damaging the ir bodies, burrows or shells, or by removing 
anim als (potentially, w ith the ir tubes) from the substratum . 
However, disturbance can harm  significantly the affected pop-
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ulations, only if the autecological characteristics of the popula­
tion are characterised predom inately by 'sensitive ' features. 
The main criteria in the definition of 'sensitive ' species are: a 
low growth rate; reduced regeneration capacities; low fecun­
dity; infrequent recruitm ent; low propagule mobility; special­
ised hab ita t requirem ents; or narrow substratum  tolerances. 
In contrast, macrobenthic populations with 'non-vulnerable' 
features are regarded as being resistan t to the impact, e.g. r- 
strategic and highly mobile species. This ICES guideline does 
not draw up a list of species, but, rather, identifies standard  
criteria to establish regional lists. Table 2 from K r a u s e , v o n  
N o r d h e im , and G o s s e l c k  (1996) provide an overview of the 
sensitive macrobenthic species, for the planned extraction 
sites of region under investigation.

SETTING

The study site was located 2.5 km northw est of Wustrow, 
Germany, off the coast of the Fischland Peninsula (Figure 
1), in w ater depths of between 10 and 12 m, below Mean Sea 
Level. The site is situated  to the south of the D arss Sill, a shoal 
th a t inhibits the inflow of bottom w ater of higher salinity, into 
the central Baltic Sea. As a consequence, salinities are usually 
higher (> 10 psu), to the southwest of the D arss Sill, than  to 
the northeast of it (~ 7 psu).

The dredging site “Wustrow IP  encloses a surface area of 
approximately 1,100,000 n r. The seafloor consists of moder­
ately-sorted fine sands (Udden-W entworth scale, T a u b e r  and 
L e m k e  (1995)). The mean grain-size of surface sediments rang­
es from 210 to 250 pm, whilst the average thickness of the 
deposit am ounts to 1.9 m, overlying till (StAUN Rostock, pers. 
comm.).In November 1997, approximately 320,000 m3 of sand 
were extracted from the site, by tra ile r suction hopper dredg­
ing. This method leads to the production of shallow linear or

Baltic
Sea

C o n tro l

Im pact

L egend

G ra b s  be fo re  e x trac tion

■ G ra b s  a fte r  e x trac tion

•  C o re s  a fte r  ex trac tion

W ustrow

12" 2 2 ’ E

F igure  1. M ap show ing th e  location of th e  dredging site W ustrow  I I  
(black polygon in  F igure), in  th e  w estern  B altic Sea. Symbols of p re ­
extraction  control sam ples are  overlain by post-extraction symbols. 
Video im agery  an d  observations of SCLTBA divers suggested  th a t  im pact 
sam ple sites be relocated  after extraction  to the  m ore heavily  im pacted  
area. According to video im agery, control sites an d  im pact sites were 
hom ogeneous sandy  p lains, before extraction. DS — D arss Sill.

curved furrows on the seafloor (B oyd  et al., 2004). Extracted 
sediments were utilised for beach replenishment, on the Fis- 
chland Peninsula.

METHODS 

Side-Scan Sonar
Side-scan sonar surveys were carried out on 30 March, 

1998 and 17 September, 1998, aboard R V  Littorina. A Klein 
595 dual-frequency (100 and 384 kHz) side-scan sonar was op­
erated, in high-frequency mode, in order to perm it the highest - 
resolution imaging, with a range of 75 m and a typical altitude 
of 8 - 10 m. Sonar re tu rns were recorded on paper print-outs. 
D ifferential GPS was used for vessel positioning. The sonar 
tow fish had a layback of 15 - 20 in, whilst a sound velocity of 
1500 m s'1 was assumed.

The analogue paper records were scanned and georefer­
enced, according to the method of K u b ic k i and D ie s in g  (2006). 
For every logged ship position (1 min'1), four additional points 
were computed for the two side-scan sonar channels, describing 
both swath and w ater column extent. The la tter points were 
assigned lying on the side-scan centre line . A geo-referencing 
method of ‘rubber sheeting’ was then applied (see K u b ic k i 
and D ie s in g , 2006 for details); in this, the sonographs were 
stretched, or compressed, between two neighbouring geo-refer- 
enced points. In th is way, the entire water column was removed 
. This method introduces positioning errors of the order of a 
few metres. In the absence of a more sophisticated method, to 
convert analogue print-outs into geo-referenced data, it was the 
“ method-of-choice”, bearing in mind its limitations.

The georeferenced side-scan sonar data were projected in LTni- 
versal Transverse Mercator (LTTM) projection, then displayed in 
a geographical information system (Esri ArcView 3.2). Blocks of 
100 in by 100 ni, in size, were defined according to the LTTM grid. 
The number of identifiable tracks, per block, was counted visually 
for each of the surveys. As a result, maps displaying the number 
of dredge tracks per 100 in by 100 in block, were created.

G round-truthing was undertaken using an underw ater 
video camera, w ith an on-board control and positioning sys­
tem; it was towed at an altitude of < 1 in over the sea bottom. 
Two transects, running from east to west and north to south, 
were surveyed: 4 months before extraction (August 1997); 
and 1 month (December 1997), , 6 months (May 1998), and 10 
months (September 1998) after.

Sampling
The effects of the extraction on the sediment and macroben- 

thic communities were examined, using a classical BACI (before- 
after-control-impact) approach (H e w it t , T h r u s h  and C u m m in g s , 
2001). The various sample locations are plotted in Figure 1. 
Pre-extraction samples were collected from the centre of the in­
tended dredging site, but sites were relocated after the extraction 
took place (as LTW-video observations located the actual centre 
of the dredging activity). In contrast, the control sites were not 
relocated. Grab and core samples were collected from both the 
control and impact sites. Grab samples were collected using a 
'heavy' van-Veen-grab (0.1 nr), according to the international 
recommendations and calibration guidelines for monitoring mac­
rozoobenthos in the Baltic Sea (HELCOM, 1988; ICES, 1990). 
A minimum of three replicates were collected at each sampling 
site. The minimum penetration depth was 10 cm. Grab samples 
were collected 4 and 2 months before and 1, 4, and 10 months
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after extraction. 6 and 10 months after extraction, 6 to 12 core 
samples were collected by SCUBA divers, at the control and 
impact sites, respectively. These cores were taken by means of 
large plastic tubes (10 cm diameter, 30 cm in lenght), which could 
be closed underwater, at both ends. The minimum penetration 
depth here was 15 cm. The cores were sampled directly, at the 
extraction site, from the furrows. Typically, the distance between 
the cores was 2 m. The sample positions were assumed to be the 
ship’s position, as measured by differential GPS (SCUBA divers 
were attached to the boat by a rope).

Sediment Analyses 

Grain Size and Carbon Content
From each site, a grab sample was transported  to the labo­

ratory, for analysis of grain-size distribution and organic car­
bon content. Mean grain-size was calculated from one sub-set, 
using the wet sieving m ethod of D y e r  (1986). Another portion 
was dried for 24 h at 60 °C and was powdered. These samples 
were subdivided; one half was trea ted  with excess IM HC1 
(hydrochloric acid), then dried for 12 h; the other rem ained 
untreated. The carbon content of both sub-samples was deter­
mined using a “CN-Analyser” (Fisión Instrum ents). Finally, 
organic carbon content was calculated by subtracting the C- 
values of the trea ted  sub-samples (inorganic C), from the C- 
values of the un trea ted  subsamples (total C); th is was noted 
as a proportion of the total sediment mass.

Oxygen Profiles
SCUBA divers collected all of the cores w ithin a single day. 

The collecting tim e was approximately two hours, for 12 cores. 
M easurem ents on the core m aterial were made within 12 h, 
in a field laboratory. During m easurem ents, un trea ted  cores 
were stored open in the dark and at a tem perature of approxi­
mately 10 °C.

Oxygen concentration profiles were recorded in the sedi­
ment cores, with a robust stainless steel needle electrode 
(Microscale M easurements), containing a sensing tip (120|tm 
in length) for oxygen (Au-plated P t cathode) of 120 pm (V a n  
G e m e r d e n  et al., 1989). Electrodes were polarised at least one 
hour before commencement of the m easurem ent. A cellulose­
n itra te  m em brane was installed, prior to the m easurem ents. 
These were replaced each time. Calibration was carried out 
in an extra tube with black sediment and saturated  seawater 
(0 % and 100 % air saturation), in which the oxygen content 
was m easured by a calibrated electrode (WTW EOT 196). A 
m icromanipulator was used to insert the electrode, step-wise 
into the sediment. Signals from the sensor were digitised by 
an analogue-to-digital converter, then transm itted  to a note­
book using the software WINDAQ (Dataq Instrum ents). Each 
m easurem ent was repeated at least once, for each core. Sam­
ples were processed in a method sim ilar to those of V is s c h e r , 
B e u k e m a  and v a n  G e m e r d e n  (1991) and V o p e l  et al. (1998). For 
further data analyses, the mean oxygen concentration for each 
core was calculated, in 1 to 5 mm steps.

Macrofauna
Each grab sample replicate was sieved at sea, using a 

1 mm screen, before preserving the sample with 4 % buffered 
formosaline solution. At the laboratory, organisms were ex­
tracted  and identified to species level, except for Nematoda, 
Turbellaria, Bryozoa, Hydrozoa, Nemertini, Oligochaeta, and 
Diptera, as identification was impractical. Organisms were

blotted (duration varied from a few seconds for small polycha­
ete, to several m inutes for large bivalves); afterwards, the wet 
m ass was determ ined with a precision of 0.1 mg. Molluscs were 
weighed always with shell. Identified species were classified 
as endangered, according to existing local and biogeographic 
red lists (H e l c o m , 1998; M e r c k  and v o n  N o r d h e im , 1996) and 
as 'sensitive ' or 'non-vulnerable', according to guidelines of 
the "Benthic Ecology Working Group of ICES' (ICES, 1994;
1995), adapted for sediment extraction by K r a u s e , v o n  N o r d ­
h e im  and G o s s e l c k  (1996).

Average species abundance and biomass were calculated 
per square metre, for all the sampled taxa. Num ber of species, 
abundance, and biomass were compared between control and 
impact sites. To avoid double usage of the same data set, nei­
the r control site data nor these of impact sites were tested  sta ­
tistically, between tim es i.e. before/after dredging. The results 
showed non-normal distributions; thus, transform ations were 
avoided, w ith differences tested  by non-param etric Mann- 
Whitney U and Wilcoxon tests  (B o r t z ., L ie n e r t  and B o e h n k e , 
1990). Contents of grab and core samples were analysed sepa­
rately. Analyses were performed using a spreadsheet calcula­
tion (MS Excel) and NCSS (H in t z e , 2001).

Out of 50 taxa, only 28 species were used for the m ultivari­
ate statistical analysis. All other taxa were excluded from the 
analyses, for various reasons, i.e. not systematically sampled 
species like epifauna, and hyperbenthic species (e.g. Neomy­
sis integer)', low taxonomic resolution (e.g. Diptera); patchily 
distributed (e.g. M ytilus edulis) and species which occurred 
w ithin less than  1 % of all of the samples (e.g. Calliopius lae­
viusculus). The data were used for cluster analysis and non­
metric multi-dimensional scaling (nMDS) ordination, accord­
ing to C l a r k e  and W a r w ic k  (1994). The analyses were based 
upon Bray Curtis (Steinhaus) sim ilarity of the fourth-root 
transform ed abundance data. In th is study, the (hierarchical) 
"unweighted arithm etic average clustering', also called "UPC- 
MA' (L e g e n d r e  and L e g e n d r e , 1998) was used; it is a standard  
m ethod used in benthic ecology ( C l a r k e  and W a r w ic k , 1994).

All statistical calculations and procedures were performed 
with the software packages PCOrd (M c C u n e  and M e f f o r d ,
1999), Prim er 5 (C l a r k e  and W a r w ic k , 1994) and NCSS

F ig u re  2. R e p resen ta tiv e  exam ples of sea  floor m orphology revealed  
from  384 kH z side-scan sonar da ta , 4 m onths post-dredging: (a) sandy 
dunes in th e  control site; (b) p it  of 15 m d iam eter an d  3 m depth; (c) 
dredge furrow s of approx im ately  2 m in  w idth; an d  (d) m u ltip le  dredge 
track s, b u ild in g  a depression  of up to 5 m deep a t th e  ex trac tion  site. 
Note: uncorrec ted  sonographs, w ith  a s la n t ra n g e  of 75 m.
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( H in t z e , 2001). Original data were stored and reassigned for 
calculations, using Access and Excel (Microsoft). The results 
were visualised using G rapher (Golden Software) and Sigma- 
Plot (SPSS Inc.).

RESULTS 

Seabed Morphology
From the UW video observations and side-scan sonar 

data, it is evident th a t the subaqueous dunes were present 
seafloor off W ustrow was predom inantly sandy, w ith small 
patches of coarse-grained lag deposits to the west of the  su r­
veyed area, w ith w avelengths of 40 to 70 m (Figure 2a). In an 
area outside of the designated boundary, to the  northeast of 
the dredging sites (Figure 2b), side-scan sonar im agery (val­
idated by diver observations) revealed dredge p its of 10 to 
40 m in diam eter and up to 4 m in depth (Figure 2b). Dredge 
tracks of approxim ately 2 m in width, w ith a m ean depth of 
0.5 m (Figure 2c), were widely distributed. W here the sea­
floor was dredged repeatedly, m ultiple dredge tracks created 
larger depressions. In such areas, the seafloor was deepened 
by 3 to 5 m (Figure 2d).

Such multiple dredge tracks were present in the southwest 
of the designated extraction site (Figure 3a and 3b).

The intensity  of the dredging impact was estimated, by 
evaluating the num ber of dredge tracks found in 100 m x 
100 m blocks of the seabed. Some 142 blocks were assum ed to 
lie within the extraction site, covering an area of 1,420,000 m2 
(Figure 3a). Four months after dredging, at least 59 % 
(840,000 m 2) of the site, had at least one visible furrow (Fig­
ure 3a). Ten months post-dredging, 53 % (750,000 in2) of the 
dredging site had at least one furrow. This calculation does 
not consider the “out-of-area” dredge zone, to the SE and N 
(approx. 520,000 in2, Figure 3b). Most disturbances occurred 
in the southwestern p art of the extraction site (Figure 2d). 
This area contained fewer dredge tracks in September, than  
in March 1998.

Alteration of Sediment Characteristics
SCUBA diver observations, 6 and 10 months after extrac­

tion, indicated differences between the sediment character­
istics between the control and impact sites. The flat sea bed 
at the control sites consisted of yellow sand whereas, follow­
ing extraction at the impact site, the seafloor was composed 
of black and muddy sediments; occasionally, Beggiatoa m ats 
were observed in the depressions and furrows.

Before dredging, the upper 10 cm of the control sites con­
sisted of fine to medium sands (mean d = 2.4 (f>); they were low 
in organic carbon (Corg) content (< 0.2 %) (Figure 4a). Sedi­
m ents from the licensed dredging areas consisted of sim ilar 
medium-sized sands (mean d = 1.8 (f>), w ith a sim ilar low or­
ganic carbon content (C < 0.35 %) (Figure 4a). Following 
extraction, the sediments of the dredged sites were altered 
fundamentally, whilst the sedim ents of the control sites were 
unchanged. Following dredging, the upper sediment layer con­
sisted of fine sands (mean d = 2.7 (f>) enriched in organic con­
ten t (Corg ~ 1.9 %) (Figure 4a).

The core samples showed th a t sediments at the control sites 
were relatively homogeneous, not changing markedly over 
time. Conversely, the upper sediment layer at the impact sites 
revealed a fining trend, over tim e (Figure 4b). Thus, it may 
be concluded, at the impact sites, finer sediments enriched in 
organic carbon were accum ulated on top of the original sedi­
ment (Figure 4b).

Six months after dredging the oxygen profiles from the 
impact sites were almost identical to these representative 
of pre-dredging conditions. There was a significant (n = 23; 
p = 0.05; Wilcoxon rank  test) difference in the oxygen pen­
etration depths, between the control site cores (mean depth: 
-10.9 ± 3.9 mm (11 cores; 22 profiles) and those collected from 
the bottom of the dredged pits (mean depth: -7.4 ± 3.6 mm 
(12 cores; 24 profiles)) (Figure 5a). Ten months after dredg­
ing, oxygen depletion was m easured in sediment cores from 
the dredged furrows (mean depth: -1.6 ± 2.8 mm (3 cores; 6 
profiles)), whereas the typical control site cores were more

Journal o f  Coastal Research, Special Issue No. 51, 2010



European Marine Sand and Gravei Resources 219

2.5

O control site 
a impact site

k Impact site

0.5

g O  03

-4 0 4 8 12
m onths  be fo re  (-) an d  after (+) d red g in g

Q .0~o
c0
■o
0

CO

-25

-50

-75

-100

-125

I O I

— — A- —(

[ 1 I 1 I 1 I 1 1
1 2 3 4 5

<E> 6 months 
after dredging

P T T T H
1 2 3 4 5

O10 months 
after dredging

F ig u re  4. (a) M ean organic
carbon con ten t o f one d issected  
rep re sen ta tiv e , core a t  th e  control 
(open circles) an d  im p ac t s ite  
(closed triang les), before an d  after 
dredging. E rro r  b a rs  in d ica te  th e  
s ta n d a rd  deviation  betw een  th e  
v e rtica l sections of th e  core; an d  
(b) M ean grain-size ((j)) in  1, of 
th e  6 sed im en t cores, u se d  for th e  
oxygen profile m easu rem en ts , a t 
th e  contro l s ite  (open circles) an d  
th e  im pact s ite  (closed triang les), 
6 an d  10 m onths a fte r  dredging. 
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oxygenated (mean depth: -38.3 ± 7.6 mm (3 cores, 6 profiles)) 
(Figure 5b).

Alteration of Macrofaunal Assemblages
Fifty macrobenthic taxa were sampled from the control 

and the  im pact sites; th is is a representative num ber for 
th is  region of the Baltic Sea (Ze t tl er , B ö n sc h  and G o sselck ,
2000). The most frequently-occurring taxa were: Nereis (.He­
diste) diversicolor (100 % occurrence, m ean abundance (MA) 
= 85 individuals m'2); Hydrobia ulvae (95 % occurrence, MA = 
2475 individuals m'2); Pygospio elegans (95 % occurrence, MA 
= 2703 individuals m'2); Macoma balthica  (95 % occurrence, 
MA = 7 7  individuals m'2); Scoloplos armiger (91 % occurrence,

MA = 281 individuals m '2); and M ytilus edulis (86 % occur­
rence, MA = 313  individuals m'2). Six species with 'sensitive ' 
population characteristics were sampled before dredging. Four 
of these species were recorded in, a t least, 50 % of control sites 
samples: M ya arenaria (91 % occurrence, MA = 407 individu­
als m-2); Bathyporeia pilosa  (82 % occurrence, MA = 121 indi­
viduals m'2); Travisia forbesii (68 % occurrence, MA =148  in­
dividuals m '2); and Cerastoderma lamarcki (50 % occurrence, 
MA = 188  individuals m '2). Of the other two sensitive species, 
Ophelia rathkei (29 % occurrence) was collected regularly, but 
only a t the  control sites; whereas Bathyporeia pelagica  was 
generally rare  (10 % occurrence).

Table 1. Im p a c t  o f  d r e d g in g  -  S A B  a p p ro a ch . T o ta l n u m b e r  o f  ta xa , a b u n d a n c e  in  in d iv id u a ls  ( in d  m~2), in c lu d in g  s ta n d a r d  d e v ia tio n  (sd ) a n d  
b io m a s s  in  g r a m s  (g m~2), w ere  e x a m in e d  a t  th e  co n tro l a n d  th e  im p a c t s ite s . K ey: T im e  B e fo r e /A f te r  = m o n th  before a n d  a fte r  e x tra c tio n  ( y e a r /  
m o n th ); (S a m p le  typ e ) G rab  = V a n  V een  g r a b  sa m p les , C ore — core s a m p le s  o b ta in e d  b y  S C U B A  d iv e rs  (n u m b e r  o f  s a m p le s  fr o m  co n tro l s ite  /  
n u m b e r  o f  sa m p le s  fr o m  im p a c t site); n d  = no  d a ta ; s ig n ific a n ce  te s te d  b e tw een  sa m p le s  fr o m  co n tro l a n d  im p a c t s ite s  (M a n n  W h itn e y  U -test); (ns) 
n o t s ig n ific a n t, (*) p <  0 .01 , (**) p <  0.001.

T im e S a m p le
ty p e T o ta l n u m b e r  o f sp e c ie s A b u n d a n c e  

in d  m-2 (sd)
B io m a ss  

g  m -2 (sd)

(n control / n 
im pact) Control Im pact Control Im pact Control Im pact

B e fo re

4 (97/07) Grab (7/7) 27 31 ns 4031 (253) 6622 (316) ns 88 (8) 119 (8) ns

2 (97/09) Grab (7/6) 24 25 ns 12894 (1308) 8297 (907) ns 1072 (186) 222 (31) ns

A fte r

1 (97/12) Grab (6/3) 31 18 * 3122 (218) 2679 (366) ns 56 (3) 87 (18) *

4 (98/03) Grab (5/3) 22 6 ** 3508 (469) 199 (45) ** 53 (6) 0.6 (0.1) ns

6 (98/05) Core (5/5) 17 15 ns 12535 (1540) 4153 (448) ns 88 (15) 6 (0.5) ns

10 (98/09) Grab (3/3) 23 19 ** 3517 (329) 6195 (714) ** 62 (5) 21 (2) **

10 (98/09) Core (5/5) 11 2 ** 5605 (759) 191 (0) ** 438 (120) 0 (0) **

13 (98/12) Grab (-12) nd 4 nd 1155 (473) nd 2 (1)
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Two cores and a single grab sam ple collected, respective­
ly, 10 and 13 m onths after dredging, contained no m acroben­
th ic anim als. Com parison of Van Veen grab samples, from 
both the control and im pact sites, 4 (n = 14) and 2 m onths (n 
= 13) before dredging, showed no significant differences (p 
> 0.05, M ann W hitney U -test) in num ber of species, abun­
dance, or biom ass (Table 1). One m onth afte r extraction, the 
num ber of species was lower at the  im pact sites, th a n  before 
the  dredging. Abundance and biom ass in the  control and 
im pact sites decreased significantly, com pared to the  s itu a ­
tion before dredging (Table 1). Four m onths after dredging, 
the  num ber of species, abundance and biom ass were lower 
a t the  im pact sites, th a n  at the control sites (significant, for 
richness and abundance) (Table 1). Ten m onths afte r dredg­
ing, control and im pact sites differed significantly for the 
num ber of species, abundance, and biom ass (Table 1).

The num ber of non-vulnerable species (Table 2) decreased 
after dredging at the im pact sites (Table 3); they were less 
abundant 1 m onth after dredging (Table 3). Sensitive species 
were not found at the impact sites after dredging (Table 3),

Table 2. List of vnon vulnerable' and vsensitive' taxa. From 50 sampled taxa, 28 were used for multivariate statistical analysis. Taxa were 
determined according to Hayward and Ryland (1990) and Hartmann-Schröder (1996). Abbreviations: RL = red list of endangered species; MV = 
Mecklenburg-Vorpommern (local list); and BS  = Baltic Sea. Class: O = Oligochaeta; P  = Polychaeta; A = Amphipoda; C = Cumacea; I  = Isopoda; 
and B = Bivalvia. Feeding Type (categories according to Fauchald and Jumars (1979)): gr = grazer; f f  — filter feeder; sdf — selective deposit feeder; 
n-s df — non-selective deposit feeder; p — predator; gr = grazer; om = omnivore; and sc = scavenger. Category (ICES 1994; 1995): nks = biology 
not known sufficiently; nv = non-vulnerable; s = sensitive; and b = both. Red list: ** = presumably not endangered at present; P  = potentially 
endangered; 3 — endangered; and 2 = critically endangered.

Taxon Class Feeding type Cat ICES RL MY RL BS
Arenicola marina (LINNAEUS 1758) P n-s df nv
Aricidea (Allia) suecica ELIASON 1920 P n-s df s P **
Bylgides sarsi (KINBERG 1865) P n-s df nv
Eteone longa (FABRICIUS 1780) P P nv
Marenzelleria viridis (VERRILL 1873) P ff& sdf nv
Neanthes succinea (FREY & LEUCKART 1847) P sc & om nv
Nereis (Hediste) diversicolor (O. F. MÜLLER 1776) P n-s df & p nv
Ophelia rathkei McINTOSH 1908 P n-s df s P P
Pygospio elegans CLAPARÉDE 1863 P sdf / gr nv
Scoloplos armiger (O.F .MÜLLER 1776) P n-s df nv
Spio filicornis (O. F. MÜLLER 1776) P ff& sdf nv
Spio goniocephala THULIN 1957 P ff& sdf nks
Travisia forbesii JOHNSTON 1890 P n-s df s P P
Heteromastus filiformis (CLAPARÉDE 1864) P n-s df nv
Capitella capitata (FABRICIUS 1780) P n-s df & p nv
Oligochaeta O sc & om nv
Tubificoides benedeni (UDEKEM 1855) O sc & om nv
Bathyporeia pelagica (BATE 1856) A sdf / gr nks
Bathyporeia pilosa LINDSTRÖM 1855 A sdf / gr s P P
Corophium volutator (PALLAS 1766) A n-s df nv
Gammarus oceanicus SEGERSTRÀLE 1947 A p & gr b
Gammarus salinus SPOONER 1947 A p & gr b
Diastylis rathkei KR0YER 1841 C (non)-sdf / gr nv P **
Cyathura carinata KR0YER 1848 I p & om s 3 3
Idotea baltica (PALLAS 1772) I sdf / gr s
Cerastoderma lamarcki (REEVE 1844) B ff s 3 2
Macoma balthica (LINNAEUS 1758) B sdf / gr & ff nv
Mya arenaria LINNAEUS 1758 B ff b

oxygen concentration 
(mgM)

oxygen concentration 
(mgM)

(A) - Four months 
post-dredging

O control 
•  impact

(B) - Ten months 
post-dredging

O control 
•  impact

Figure 5. Sediment oxygen profiles at the control and impact site: (a) 
4 months (N (cores control) = 11; N (cores impact) = 12); and (b) 10 
months ((N (cores control) = 3; N (cores impact) = 3), after extraction, 
in November 1997. Error bars indicate one standard deviation.
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F igu re  7. N on-m etric M DS o rd ination  of S te in h au s  (B ray-C urtis) sim darities, com puted  for fo u rth  root tran sfo rm ed  abundances, of 28 m acro 
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Table 3. E ffe c t o f  d r e d g in g  o n  a b u n d a n c e  o f  n o n -v u ln e ra b le  a n d  se n s itiv e  species. T o ta l n u m b e r  o f  la xa  a n d  a b u n d a n c e  ( in d  m  - a n d  s ta n d a r d  
d e v ia tio n )  a s  e x a m in e d  o f  th e  'non  v u ln e ra b le  ' a n d  'se n s itiv e  ' species (T a b le  2.), fr o m  the  to ta l a n a ly s is . T im e  B e fo re / A fter: M o n th  before a n d  a fte r  
ex tra c tio n  (Y e a r /M o n th ) ;  s a m p le  type: (G rab) V an  Veen g ra b  sa m p le s  a n d  (Core) core s a m p le s  by  S C U B A  d ive rs  (n u m b e r  o f  sa m p le s  fr o m  con tro l  
s ite  /  n u m b e r  o f  s a m p le s  fr o m  im p a c t site); n d  = no d a ta ; s ig n ifica n ce  o f  each species type  te s ted  betw een  sa m p le s  fr o m  con tro l a n d  im p a c t s ite s  
(M a n n  W h itn ey  U -test): (ns) n o t s ig n ific a n t, (*) p <  0.05, (**) p <  0.01.

Non vulnerable species (16 present) Sensitive species (7 present)

Time Sample type
Total number of 

taxa Abundance ind m"2 (sd)
Total number of  

taxa Abundance ind m"2 (sd)

(n control / 
n  im pact) Control Im pact Control Im pact Control Im pact Control Control

Before

4 (97/07) Grab (7/7) 16 16 2307 (368) 4292 (403) ns 5 4 949 (299) 217 (21) ns

2 (97/09) Grab (7/6) 16 15 6650 (997) 5029 (994) ns 3 4 662 (270) 426 (142) ns

After

1 (97/12) Grab (6/3) 15 10 1784 (298) 611 (61) ns 7 0 158 (27) 0 (0) **

4 (98/03) Grab (5/3) 13 3 903 (132) 43 (4) * 5 0 263 (67) 0 (0) *

6 (98/05) Core (5/5) 9 12 6714 (1388) 4108 (433) ns 3 0 786 (147) 0 (0) ns

10 (98/09) Grab (3/3) 13 12 1681 (344) 3825 (751) ns 5 2 890 (271) 331 (156) ns

10 (98/09) Core (3/5) 4 1 2229 (615) 127 (0) * 3 0 828 (210) 0 (0) ns

13 (98/12) G rab (-12) ncl 2 ncl 38 (10) ncl 1 ncl 28 (0)
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except for a few small individuals of the  bivalve Cerastoderma 
lamarcki and a single individual of the polychaete Travisia 
forbesii, 10 m onth after dredging (Table 3). At the same time, 
sensitive species were still sam pled regularly  at th e  control 
sites (Table 3). Differences in abundance before and after 
dredging of M ytilus edulis (non-vulnerable species), Pygospio 
elegans (non-vulnerable species), and Travisia forbesii (sen­
sitive species) are illu stra ted  in F igure 6. M ytilus edulis, as 
an indicator for ‘non-vulnerable’ and robust species, showed 
some abilities to cope directly with potentially-harm ful a l­
tera tions of the seafloor, after extraction. Pygospio elegans 
showed slow, bu t im m ediate recovery, most likely by m igra­
tion, indicating ‘non-vulnerability ' with good recolonising 
abilities. Travisia forbesii, as a ‘sensitive’ species, dwelled 
constantly at the control site, bu t its population did not re ­
cover at the im pact site w ithin the first year post- extraction 
(Figure 6).

Differences before and afte r extraction, at th e  control and 
im pact sites (all the  n values in Table 1) were analysed also 
by a non-m etric m ulti-dim ensional scaling (nMDS) (Figure 
7), based upon B ray-C urtis (Steinhaus) sim ilarities of the 
fourth-root transform ed abundances of 28 m acrobenthic 
species (Table 2), from the  grab sam ples (Figure 7a) and 
core sam ples (Figure 7b). The resu lts  obtained illu stra te  
th a t m acrobenthic com m unities at the  control sites were 
sim ilar a t all tim es. Additionally, no differences between 
the  grab sam ples of th e  im pact sites, before extraction, to ­
gether w ith control sites before and afte r dredging, were 
p lo tted  (Figure 7a). Flowever, some 4,10, and 13 m onths 
afte r extraction, some sam ples at the  im pact sites showed 
a modified macrozoobenthic com m unity;showed sim ilarities 
(Figure 7a).

This observation illustrates the locally-heterogeneous ef­
fect of dredging. In particular, cores sampled by SCUBA 
divers from within the furrows in the impact sites, showed an 
overall difference between the macrobenthic community at the 
control and impact sites (Figure 7b).

DISCUSSION

In general, methods selected for analysis (as outlined 
above), focus on an improvement of the understanding of the 
effects of extraction on macrobenthic communities at differ­
ent spatial scales. The num ber of samples is in general at 
the lower lim it to describe alterations of benthic assemblages. 
Flowever, the distribution of macrofauna in the Baltic Sea is 
due to only a few species occurring, which is less patchy than  
in other m arine ecosystems (Z e t t l e r , B ô n s c h  and G o s s e l c k , 
2 0 0 0 ).

Seasonal effects have been controlled by sampling at the 
control and impact sites, at the same time. Flowever, it was 
not possible to compensate for the influence of stochastic ef­
fects, such as locally-different salt-water intrusions in the 
study area ( P r e n a  et al., 1997).

Additionally, only a small portion of the dredged area was 
sampled at high densities. This was possible for th is site only, 
because of intensive observations (by both divers and a towed 
underw ater video camera) showing that, prior to dredging, 
sediment surface texture and morphology were homogeneous. 
In the extraction area, the sample sites were relocated after 
extraction, to a more intensively dredged area. This approach 
was adopted to describe a "worst case’ scenario and to avoid

ambiguous results, as the singular extraction of 320,000 m 3 at 
Wustrow II could be considered to be a small- to medium-sized 
dredging operation.

M arine aggregates are used in at least 14 countries around 
the N orth Sea and the Baltic Sea, for different purposes (ICES,
2001). Such aggregates are extracted using different m eth­
ods (trailer suction hopper and static suction hopper dredg­
ing), in differing environm ents under various hydrodynamic 
boundary conditions (e.g. wave-dominated vs. tide-dominated, 
low-energy vs. high-energy). As a consequence, the impacts of 
dredging, on benthic organism s and in different seas, are di­
verse and mostly poorly understood.

M arine aggregate extraction leads clearly to a physical dis­
turbance of the seafloor and benthic communities. Therefore, 
an increasing num ber of studies examine physical and bio­
logical recovery, but mainly focus upon biological recolonisa­
tion. For example, V a n  D a l f s e n  and E s s in k  (1997) and E s s in k  
(1998) have described the effects of sand extraction on benthic 
communities in the North Sea, reporting rapid recolonisation 
by surrounding fauna, w ithin 2 to 4 years. B o e r s  (2005) has 
m easured the recovery of benthic communities, in a 5 - 12 m 
deep and 1,300 m x 500 m wide pit in the North Sea, on the 
Dutch Continental Shelf; th is showed biomass recovery during 
a period of 1 to >4 years. D istribution trends in benthic com­
m unities of gravel sediments were studied, following a single 
experim ental dredging (K e n n y  and R e e s , 1994, 1996) and ces­
sation of long-term dredging (B oyd  et al., 2003, 2004, 2005; 
D e s p r e z , 2000; and C o o p e r  et al., 2007). Ke n n y  and R e e s  (1996) 
have dem onstrated rapid infilling of dredge tracks, with sand 
and gravel , together with rapid recolonisation by dominant 
species. Flowever, the biomass was still reduced substan tia l­
ly, compared to its pre-dredged state, some 24 months after 
dredging. The results obtained by B oyd  et al. (2005) show th a t 
the effects of high dredging intensities, on the composition of 
sediments and fauna, are discernable have some 6 years after 
the cessation of dredging.

Few studies have analysed the effects of extraction in the 
Baltic Sea. B o n s d o r f f  (1980) investigated the causes of m ain­
tenance dredging in the Gulf of Finland. O r e s u n d k o n s o r t ie t  
(1998), have recording the effects of sand extraction on a sand­
bank in the western Baltic Sea. Both of these studies have 
documented only minor impacts, w ith a rapid recovery of the 
original macrofauna. Recently, studies have described the 
physical recovery of extraction sites in the German Baltic Sea 
(D ie s in g  et al., 2006; Z e il e r  et al., 2004). D ie s in g  et al. (2006) 
showed a clear influence of w ater depth on physical recovery, 
under sim ilar wave energy levels. Dredge tracks in Tromper 
Wiek were clearly discernable in 20 m of w ater after 12 years: 
sim ilar tracks were almost obscured off Graal-Müritz, in 8 - 
10 m w ater depth, w ithin a year.

The modest short-term  sediment extraction, examined 
in th is study, resulted in heterogeneous alterations of the 
bottom morphology (Figures 2 and 3). During the first year 
post-dredging, physical recovery of areas with single furrows 
(Figure 2c) was more rapid, than  in areas with dense furrows 
(Figure 2d); th is was indicated by the decreasing num bers of 
detectable tracks by side-scan sonar, particularly in the north ­
ern p art of the extraction field (Figure 3). Recently published 
results show th a t recognisable, but heavily w eathered dredge 
tracks, were lim ited almost exclusively to the highly impacted 
southwestern part, some 30 months post-dredging (D ie s in g , 
2007). B oyd  et al. (2005) had  described already such differ­
ences, in the long-term recovery of a gravel extraction site.
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Quantification of large-scale heterogeneity was made possible 
by using side-scan sonar data sets. Therefore, its use is rec­
ommended as a standard  tool for sediment extraction-related 
environm ental impact assessments, albeit combined w ith ad­
equate ground-truthing.

Major grain-size and organic carbon modifications occurred 
after the cessation of extraction activities. The new depression 
(which was previously a flat sea floor), functioned very likely as a 
sediment trap, collecting fine-grained and organic-rich material. 
Sediment fining after dredging has been described, elsewhere, 
by many authors (e.g. J o n e s  &  C and y , 1 9 8 1 ; K apla n  et al., 19 7 5 ; 
van  d e e  V e e r , B er g m a n  and B e u k e m a , 1 9 8 5 ; and Ze il e r  et al.,
2004),but was ascribed to onboard screening of fine material (e.g. 
D e s p r e z , 2000). According to the licensing procedures, this was 
not allowed for the extraction site, at Wustrow II.

In many studies, in terpretation  of the recovery trends is 
based upon the concept th a t the impact on the benthic commu­
nities ceased immediately following the cessation of dredging, 
when recolonisation can commence. However, in the present 
study, 6 to 10 m onths after dredging, oxygen deficiencies de­
veloped in the depression of the impact site: this was related 
to enrichm ent of organic m aterial and the presence of stag­
nan t w ater bodies in the furrows. The accumulation of silt and 
the development of a black and nearly anaerobic surface layer 
have been observed by v a n  d e e  V e e r , B er g m a n  and B e u k em a  
(1 9 8 5 ) ,  in the W adden Sea. Similarly, in  the Baltic Sea, the 
accumulation of organic detritus and oxygen deficiency, dur­
ing periods of w ater body stratification, has been described 
for deep extraction, resilting in the creation of p its (N o r d e n - 
A n d e r s e n , N i e l s e n , and L e t h  ( 1 9 9 2 ) .  Conversely, in a 6 5  m 
deep natu ra l pit, formed by gas eruption in the North Sea, 
T ha t  j e , G e r d e s  and R a c h o r  ( 1 9 9 9 )  observed faunal changes; 
however, no oxygen deficiencies were detected. It is postulated 
th a t these dram atic consequences, on the macrobenthic com­
munities, m ight occur more easily in low-energy seas, such as 
the Baltic Sea. However, as relevant m easurem ents are rare, 
th is effect might have been overlooked in previous studies.

The accumulation of fine sediment enriched in organic m a­
terial and oxygen deficiencies, during summer, can be regarded 
as a local pa tte rn  ascribed usually to eutrophication (B o e s c h , 
1 9 8 5 ) .  According to local monitoring programmes (L u n g , 1 9 9 9 ; 
L u n g , 2 0 0 1 ) ,  these alterations occurred in an area previously 
affected less by eutrophication (see also R u m o h r , B o n s d o r f f  
and P e a r s o n , 1 9 9 6 ) .  W hereas eutrophication is often wide­
spread, the observed dredging effects were restricted locally 
and disturbed areas were located adjacent to less disturbed, 
or undisturbed, areas.

Physical and biological recovery is in terlinked and the rec­
olonisation of benthic com munities can be expected to differ, 
depending upon: (a) the natu re  of the physical impact; (b) 
the physical recovery stages; and (c) the regional structure 
of the benthic community. Typically for the W estern Baltic 
Sea, the original fauna was structu red  mostly by the physical 
environm ent, characterised as a m arginal sea w ith estuarine 
circulation, low salinity, an annual high tem perature fluc­
tuation, and stochastic events such as sa ltw ater intrusions 
( P e e n a  et al., 1 9 9 7 ) .  The salinity gradient from south to north, 
in combination w ith the geological youth of the Baltic Sea, 
are considered to be the prim ary factors for the poor taxon 
richness (B o n s d o r f f  and P e a r s o n , 1 9 9 9 ;  R e m a n e , 1 9 4 0 ) .  The 
benthic com munities in  such an environm ent are considered 
to be able to cope well w ith additional physical stress factors 
(W il s o n , 1 9 9 4 ) .  In the ir classical model, P e a r s o n  and R o s e n -

i '100

species type

N (%) 1) non-vulnerable, robust

  2) non-vulnerable, recolonlslng
“  “  3) Sensitive

undisturbed dredged alteration of physical recovery 
sea bottom furrows sediments of the sea bottom

F ig u re  8. C onceptual m odel of th e  changes in th e  re la tiv e  abundance 
(N), th ro u g h o u t tim e (t) of: (1) a n o n -v u ln erab le ’ species h av in g  the 
ab ility  to cope w ith  d irect a lte ra tio n s  of th e  physical conditions after 
dredging (i.e. robust); (2) a n o n -v u ln erab le ’ species th a t  recolonises 
very  rap id ly  after ex traction , due to h igh  reproduc tion  ra te s  (non- 
vu lnerab le , recolonising); an d  (3) a se n s itiv e ’ species w hich cannot 
cope w ith  post-d redg ing  physical a lte ra tio n s  an d  h av in g  lim ited  
m ig ra tion  an d re p ro d u c tiv e  abilities, respectively.

b e r g  (1978) have described different successional sta tes of 
macrofauna, under increasing eutrophication levels. At the 
extraction site studied here, the common species of the w est­
ern  Baltic Sea, e.g. the bivalve M ytilus edulis, were collected 
regularly after dredging. Conversely, sensitive species such 
as the polychaete Travisia forbesii and the amphipod B athy­
poreia pilosa, p resen t continuously a t the control sites, were 
not recorded a t the im pact sites after dredging (Figure 6). Ac­
cording to the concepts of sensitive and non-vulnerable spe­
cies (ICES, 1994, 1995; K r a u s e , v o n  N o e d h e im  and G o s s e l c k ,
1996) and the Pearson-Rosenberg model, th a t a t least 3 dis­
tinct categories of m acrobenthic species population recovery 
are proposed.

(1) Robust non-vulnerable species: species for which occur­
rence and abundance decrease only slightly after dredging, 
due to the robustness of individuals to physical disturbances 
and post-dredging alterations of sediments and w ater column 
characteristics (e.g. oxygen conditions). Additionally, such 
species are om nipresent in the surrounding area, and, as such, 
larvae and adults can m igrate easily into the dredged area 
(e.g. M ytilus edulis, Figure 6)

(2) Recolonising non-vulnerable species: species which are 
removed alm ost completely from the sediment, due to dredg­
ing and which cannot cope w ith post-dredging alterations 
of sedim ent and w ater column characteristics. However, 
due to the ir omnipresence in  the region and rapidly m igrat­
ing adults and larvae, these species are able to recolonise a 
dredged site rapidly (e.g. Pygospio elegans, Macoma balthica-, 
F igure 6).

(3) Sensitive species: species which cannot cope with post­
dredging, grain size alterations and oxygen depletion and can­
not recolonise an area rapidly, due to low m igrating abilities of 
the adults and larvae (e.g. Travisia forbesii-, Figure 6).

In F igure 8, idealised developm ent curves of relative 
abundances are proposed, for the species types described
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above. Species Type 1, due to its robustness, never d isap­
pears from the  dredged area. Species Type 2 d isappears but, 
due to well-developed m igrating  abilities of the  larval and 
adult forms, reappears rapidly in the  area. Species Type 
3, w ithout the  abilities of the  two first types, can only rec- 
olonise the  region afte r a long phase (time) lag, in which 
the  physical conditions of the  sedim ents and w ater column 
have recovered and naturally -sporad ic larvae settlem ents 
appear.

It should be noted th a t  non-vulnerable species contrib­
u te  most to the  overall abundance of the  local ben th ic com­
m unity: non-vulnerable species types dom inate the  fluctua­
tion of to ta l abundance, w ithin a given community. T here­
fore, population trends, following sedim ent extraction  of 
the  sensitive species and which are equivalent p a rts  of the 
local biodiversity, m ight be overseen when using the  SAB- 
approach only. Even m ultivaria te  analyses, which reduce 
the  dominance of abundan t species in s ta tis tic  analyses, 
could be m isleading.

CONCLUSIONS

The dredging operation has been tend  to have had  varied 
effects on the seabed. The response of areas with isolated fur­
rows differed from areas with dense furrows, or pits. The im ­
pacts did not leave with the cessation of dredging. The sedi­
m ent composition continued to change and oxygen deficiency 
developed, at the base of the dredged furrows. For a complete 
evaluation of the biological effects, it is insufficient to analyse 
only the overall richness, abundance, and biomass, as any ef­
fects on less abundant species can be overlooked. Such species 
may be characteristic and sensitive indicators for the region. 
Therefore, analysis at multiple scales is required, to detect 
any changes.

Dredging-induced impacts on benthic communities can be 
only minimal and short-lived, when the physical impact is 
lim ited and the site recovers rapidly to pre-dredging condi­
tions. However, when the physical alteration cascades into 
subsequent prolonged harsh  conditions, e.g. oxygen deficiency 
in sum m er time, a potentially rapid recovery is interrupted, 
un til physical recovery occurs.

The planning and licensing of extraction areas and m eth­
ods used in the western Baltic Sea need to be based upon solid 
guidelines, to retain  the physical impact at a minimum, in 
space and time. Likewise, they need to consider the different 
regional conditions of the physical and biological environm en­
ta l param eters, of the various sea regions.
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