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Grain-Size Trend Analysis for the Determination of Non-Biogenic 
Sediment Transport Pathways on the Kwinte Bank (southern North Sea), 
in Relation to Sand Dredging
Serafi m E. Poulos and Arnaud Ballay

INTRODUCTION

The establishments of sediment transport direction is one of 
the major concerns in the study of sedimentary systems with-
in the marine environment. The analysis of spatial changes in 
grain-size parameters (mean, sorting and skewness) is one of 
the methods used for the identifi cation of net sediment trans-
port pathways. The initial studies undertaken focused upon 
variations of an individual parameter, such as mean grain-size 
(e.g. PETTIJOHN, POTTER, and SIEVER, 1972). However, the use of 
a single parameter is not always diagnostic for sediment move-
ment because, depending on the type of environment under 
consideration, grain-size parameters may increase or decrease 
down-drift. A major improvement in grain-size trend analysis 
was presented by MCLAREN (1981), who used a combination 
of the three main grain-size parameters: mean size, sorting 
and skewness. Subsequently, MCLAREN and BOWLES (1985) de-
veloped a statistical treatment 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 statisti-
cal parameters, only 2 combinations have a higher possibility 
of existing in natural environments, where sediment trans-
port occurs in a downstream direction: (1) fi ner, better sorted 
and more negatively skewed; or (2) coarser, better sorted and 
more positively skewed. Subsequently, McLaren’s method has 
been used with satisfactory results as in the case of the Severn 
Estuary (UK) (MCLAREN et al., 1993), in a fjord of British Co-
lumbia (MCLAREN, CRETNEY, and POWYS, 1993); this approach 
was eventually standarised, i.e. patented (MCLAREN, 2001).
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GAO and COLLINS (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-
ther that some trends occur in the transport direction, with 
a higher frequency of occurrence than in any other direction. 
For comparison, in the McLaren method, it is assumed that 
in the transport direction only certain types of trends can oc-
cur, whilst others do not occur. Thus, these latter authors de-
veloped an analytical procedure for grain-size data, based on 
a semi-quantitative fi ltering technique; this incorporates an 
adequate signifi cance test and uses the combined trend of the 
two main cases (GAO and COLLINS, 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 anal-
ysis, following the GAO and COLLINS (1992) procedure, for the 
Kwinte Bank in the Belgian part of the North Sea. This method 
was adopted, primarily, as it is widely-accepted and has pro-
duced good results in tidal environments; and, secondarily, due 
to the fact that it has also been applied previously and success-
fully in the case of the Kwinte Bank (GAO et al., 1994). Within 
the context of the environmental impact of dredging activities, 
the present trend analysis is focused mainly upon the transpor-
tation of the non-biogenic sedimentary material, whose grain-
sizes have been deduced from their settling velocities. The fi nd-
ings of the present study are discussed further, within the con-
text of the existing knowledge of the hydrodynamics, whilst the 
effect of dredging is examined through comparison with earlier 
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investigations undertaken on the Kwinte Bank (e.g. BELLEC et 
al., this volume; GAREL, this volume; GAO et al., 1994; LANCK-
NEUS, 1989; and VAN DEN EYNDE et al., this volume).

THE STUDY AREA

The present investigation concerns one of the sandbanks 
located off the Belgian coast, i.e. the Kwinte Bank (Figure 
1.); this is one of a series of NE-SW trending linear sand-
banks. These banks are some 10-20 m in height, overlain by 
water depths of less than 10 m, over their shallowest parts. 
Superimposed upon these banks are N-NW / S-SE trending 
dunes (widths of several tens of metres and heights of up to 7 
m) and megaripples, with spatially-variable asymmetric pat-
terns. Such linear sandbanks are formed in an environment 
associated with strong currents. High-resolution refl ection 
seismic surveys have revealed that the banks consist mainly 
of Holocene deposits, with the sands being supplied by the 
reworking of Tertiary and/or Pleistocene deposits (LIU, MIS-
SIAEN, and HENRIET, 1992). The deposits lie on an erosional 
surface of Tertiary strata, whose upper layer is comprised 
mostly of gravely material. The formation of these sandbanks 
is related strongly to the existing hydrodynamic regime and, 
in particular, to the tidal currents and storm waves; the 
former reach mean surface speeds of between 0.9 ms-1 and 
1.2 ms-1 offshore of the Belgian coast (HOWARTH and PROCTOR, 
1992), whilst the latter can reach signifi cant wave heights up 
to 5 m, with signifi cant periods of 7 s (HOUTHUYS, TRENTESAUX, 
and DE WOLF, 1994). Thus, storm waves restrict the vertical 
growth of the Flemish Banks to water depths of less than 5 
m (MLLWS).

The present investigation is focused upon the central part 
of the Kwinte Bank (Figure 2.), which includes an elongated 
depression (5 m deep, 700 m wide and 1 km long); this is the 
morphological result of intensive dredging identifi ed in 1999, 
which subsequently lead to the decision of the Belgian Gov-
ernment, in 2003, to stop dredging for a period of at least 3 
years, hoping to the regeneration of the bank.

The bank itself has an asymmetric morphology; its crest 
lies along its western fl ank, which deepens to the WSW, 

with slopes of up to 5%. The crest itself lowers from the SW 
to NE, with water depths on both sides being deeper than 
10 m. The eastern fl ank of the bank slopes are more gently 
(1.5-3%), towards the SE. Over this area, bedforms, such as 
sand waves and megaripples, are present extensively; they 
are of various wavelengths, heights, orientations and asym-
metrical patterns. These bedforms consist mainly of well-
sorted sands (200-400 μm), with a very small gravel frac-
tion (LANCKNEUS, 1989). A detailed morpho-sedimentological 
analysis of the study area is presented elsewhere (BELLEC et 
al., this volume).

Some former studies undertaken into sediment transport 
pathways over the region have been undertaken; however, 
they were located over the northern part of this particular 
bank and did not include the central depression (GAO et al., 
1994; LANCKNEUS, DE MOOR, and STOLK, 1994; and VANWESEN-
BEECK and LANCKNEUS, 2000). Analysis of the bed morphology 
indicates a general NE direction of sediment transport, coin-
ciding with the direction of the fl ood currents (VANWESENBEECK 
and LANCKNEUS, 2000). The grain-size trend analysis, applied 
to the northern part of the Kwinte Bank, showed a similar 
direction for the western fl ank of the bank, whilst its eastern 
fl ank has a NW direction; this becomes SW, at water depths 
of more than 20 m (GAO et al., 1994). Differences between 
sediment transport directions given by the grain-size trend 
analyses, with those indicated by bedform morphometry (e.g. 
megaripples), may be attributed to their different spatial- and 
time-scales of operation. The former are infl uenced often by 
other local structural (geological) characteristics and, being 
the result of extreme events, occurred over a much longer pe-
riod of time (tens to hundreds of years).

Figure 1. Geographical location of the Kwinte Bank, in relation to the 
North Sea (inset) and the Belgian Continental Shelf.

Figure 2. Morphological characteristics and sampling positions 
(for details, see text) of the Kwinte Bank.
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DATA COLLECTION AND METHODOLOGY

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 HCl solution, in order to estimate 
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 determi-
nation using settling velocities; its abundance on the sea fl oor 
is variable, depending upon localised benthic environmental 
conditions.

In addition, shell fragments are somewhat different from 
the quartz grains, in terms of their density and morphology; as 
such, they differ in terms of their settling, transport and sort-
ing characteristics. Besides, shell fragments 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 determine the settling veloci-
ties (Ws) of the individual particles; these, in turn, have been 
converted into equivalent sieve diameters, according to the 
SOULSBY (1997) equations. Sediment grain-size fractions were 
identifi ed according to the Wentworth classifi cation (1922); 
their statistical parameters needed for the trend analysis 
method, i.e. mean grain-size, sorting, skewness, were calcu-
lated using statistical moment theory (RIVIERE, 1977).

For the determination of sediment transport pathways, 
using the statistical parameters of the grain-size analyses, 
the procedure described by GAO and COLLINS (1992) has 
been adopted. This method is based upon the relationship 
between spatial changes in grain-size trends and the resid-
ual transport directions. Thus, grain-size parameters are 
compared between pairs of sampling sites, considering the 
increase or decrease in three parameters: mean grain-size 
(Mz), sorting (σI) and skewness (Sk). Consequently, 8 cases 
are theoretically possible; of these, only 2 are representative 
of physical reality in non-extreme marine conditions (GAO 
and COLLINS, 1992; GAO and COLLINS, 1994a; and MCLAREN 
and BOWLES, 1985). If transport takes place from Site 1 to 
Site 2, 2 cases can be valid, either Case 1: σI2≤σI1, Mz1>Mz2, 
and Sk2≤Sk1 (in a downstream direction, sediment becomes 
fi ner, better sorted and more negatively skewed); or Case 2: 
σI2≤ σI1, Mz2>Mzl, and Sk2≥Sk1 (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 this reason, a 
three-step approach has been followed: the fi rst step, as pro-
posed by GAO and COLLINS (1992), consists of the verifi cation 
that the two aforementioned cases are indeed valid for a 
study area (see below); the second step refers to the calcula-
tion of the three grain-size parameters (according to FOLK, 
1974), by means of the equations issued from the statistical 

moment theory (RIVIERE, 1977); and, fi nally, the third step 
incorporates the application of the computerised analytical 
procedure developed by GAO (1996), to the calculation of the 
transport vectors.

The Kwinte Bank is under the infl uence of tidal currents 
and oscillatory fl ows related to wave activity, which are se-
lective transport agents; this means that the particle sorting, 
in all cases, increases in the downstream direction. Further-
more no sediment accumulation has been observed over the 
study area between 1992-1997 (DEGRENDELE et al., this vol-
ume), which is consistent with the relatively “homogeneous” 
grain-size distribution pattern. Therefore, the two aforemen-
tioned cases are expected to be representative of the local 
non-biogenic sediment transport, in the case of the Kwinte 
Bank area. Realising step 3 (see above), initially, a critical 
maximum distance (Dcr) has to be selected between two 
neighbouring sampling sites, whose grain-size parameters 
are compared. Thus, with the use of all sampling locations, 
contour maps for the grain-size statistical parameters 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 Dcr.

Subsequently, dimensionless “trend vectors” are drawn be-
tween every two sites (separated by Dcr), following the GAO 
and COLLINS (1992) procedure; this 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 “resultant vector”, which is the sum of the trend 
vectors; and (2) the “transport vector”, calculated with the fi l-
tering procedure developed by GAO and COLLINS (1992, 1994a). 
This approach allows the resultant vectors from the neigh-
bouring sites (e.g. within the Dcr), to be taken into account; 
this 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 main transport directions.

It should be noted that it is impossible to attribute any 
quantitative signifi cance to the length of these composite 
transport vectors, without introducing a bias towards one of 
the grain-size parameters (LE ROUX, 1994). Hence, with the 
use of the GAO and COLLINS (1992) method only the sediment 
transport pathways are determined and not the associated 
transport rates.

Figure 3. Transport patterns: September 2003 (black arrows) 
and February 2004 (grey arrows), shown in relation to the grain-size 
distribution over the sampled area (see Figure 2.).
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RESULTS AND DISCUSSION

The results of the application of the GAO and COLLINS (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 similar results, which indicates the dominance of 
relatively similar prevailing hydrodynamic conditions, either 
for a short period of time prior to the (two) campaigns and/or 
for the whole of the period between them.

Over the western part of the bank and, more specifi cally 
along its crest area and the western fl ank of its central de-
pression (formed by dredging), the transport vectors have a 
NE orientation, indicating sediment transport towards the de-
pression. Here, the bed material is composed of heterogeneous 
medium to coarse shelly sand (shell content 40-55%) (BELLEC 
et al., this volume). On the other hand, this vector direction 
is in accordance with the main axis of the observed large bed 
forms, i.e. the elongated subaqueous dunes. Further, it should 
be noted that the direction of the vectors become progressively 
NNE towards the northern part of the study area; fi nally, they 
are directed northwestwards, at its northern limit. Here, the 
crest of the bank is higher and the bank itself bends, with its 
elongated axis being directed towards the North.

Within the lower (southern) and middle part 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, this 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 artifi cially-made depression appears to act as a 
sediment transport pathway, rather than being a depo-centre. 
Here, the sediment are more homogeneous (Mz≈400 μm and 
10-40% shell fraction; BELLEC et al., this volume). This inter-
pretation is in accordance with the fi ndings of DEGRENDELE et 
al. (this volume), who state that over a period of 8 years (1992-
1999), no signifi cant morphological changes can be identifi ed. 
Furthermore, this pattern is in accordance with the observed 
currents acting over the area (VAN DEN EYNDE et al., this vol-
ume), which permit the transport of these coarse and shelly 
sediments. Overall, it appears that sediment is transported 
from the crest, towards the eastern fl ank of the bank, despite 
the presence of the dredged depression. 

The gently-sloping eastern fl ank of the bank, characterised 
by homogeneous fi ne to medium sand with a shell fraction 
generally <20% (BELLEC et al., this volume), presents a trans-
port pattern that 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 attributed 
to the ‘edge effect’. Transport vectors on the edge of the grid use 
less neighbour points, for their calculation (GAO and COLLINS, 
2001). The latter limitation would explain also some differences 
in direction along the east boundary of the study area, between 
the September 2003 and February 2004 results.

In terms of the prevailing tidal regime, the sediment trans-
port pathways of the surfi cial non-biogenic (<2 mm) material 
of the western side (crest and depression) of the bank appear 
to be controlled by the fl ood phase of the tide, whilst its east-
ern fl ank by the ebb tide; this is in accordance to the residual 
fl ows identifi ed by GAREL (this volume). Moreover, the derived 
transport pathways do not coincide with the mean fl ood/ebb 

directions, as they are infl uenced also by the presence of bed-
forms and, more specifi cally, by the presence of asymmetrical 
dunes (wavelengths >30 m) and megaripples (wavelength of 
5-10 m) (LANCKNEUS et al., 1993). Furthermore, the infl uence of 
wave activity, under storm conditions and, particularly for the 
crest region of the bank, could not be excluded. For example, 
in the case of similar sandbanks in the Bristol Channel (UK), 
it has been established that the height of the banks is control-
led by the storm conditions (BRITTON and BRITTON, 1980). The 
latter observation is a matter for further investigation, relat-
ing to the combined effect of storms and tides.

Finally, if the fi ndings of the present investigation are com-
pared to those produced previously by GAO et al (1994), for the 
northern end of the Kwinte Bank (where sediment pathways 
are directed towards its crest, having an E-ESE direction 
along its steep western fl ank and NW along its eastern more 
gentle fl ank), on the assumption that the whole body of the 
bank is subjected to the same hydrodynamic (tidal) regime, 
then it may be concluded that the presence of the depression 
(due to dredging) has modifi ed signifi cantly the near-bed hy-
draulic regime (GAREL, this volume). This regime now favours 
the transport of sediment from the crest over the bank, to-
wards its eastern fl ank. The pattern is in accordance with the 
observations made by DEGRENDELE et al. (this volume), where 
an overall lowering of the height of the bank (by ca. 0.5 m) has 
been identifi ed, between 1992 and 1999.

CONCLUSIONS

On the basis of grain-size trend analysis, the residual 
transportation pattern reveals that, on the western steeper 
slope and within the central depression of the bank, the prin-
cipal transport pathway of the non-biogenic sandy material 
is directed towards the northeast. Further, it can be assumed 
that the relatively coarse (>500 μm) and less well-sorted (>1.2) 
sediment, within these two sedimentary provinces, are asso-
ciated with erosion (and/or transportation) during the fl ood 
phase of the tide. However, wave action should not be excluded 
from the analysis. Over the eastern gently sloping part of the 
bank, characterised by medium sized (250-500 μm) sediments, 
an overall southerly transport pathway is identifi ed; this is 
induced, most probably, by the ebb currents; 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 sediment transport pathways. Finally, the presence of the 
central depression appears to act as a ‘by-passing’ zone, rather 
than as a depo-centre for sediments.
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